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Suzuki-Miyaura Coupling

Suzuki-Miyaura coupling

PFH Pd?
R1—B\ + R2_X — R1_R2
OH

* inexpensive to prepare
* broad functional-group tolerance
* high stability of the organoboron compounds toward air and moisture

Simplified generic mechanism

OH

/
R1_B\ R1 N e
R X Pd° R . OH /B(OH)Z
2= —_— —pPd'-X ———mm>» _

oxidative 2 R Pd"-O\@

addition H

— R,—Pd'-R; — > Ri—R;

. reductive
transmetalation P
elimination

1) Lennox, A. J. J;, Lloyd-dones, G. C. Angew. Chem. Int. Ed. 2013, 52, 7362-7360.



Chain Extension by Suzuki-Miyaura Coupling

Suzuki-Miyaura
coupling

X=R=B(OH); —— R;—R{=B(OH); + R;—(R¢),=B(OH), + X—(R4),—B(OH);
R,—B(OH), (desired) (undesired) (undesired)



Chain Extension by Suzuki-Miyaura Coupling

Suzuki-Miyaura

coupling
X—=R=B(OH); ——— > R;—R=B(OH); + R;—(Ry),=B(OH); + X—(R4),—B(OH);
R,—B(OH), (desired) (undesired) (undesired)

protect
boronic acid

Suzuki-Miyaura
coupling
X—R1_B(PG)2 —_—l R2_R1—B(PG)2
R,—B(OH),

deprotect
boronic acid

Suzuki-Miyaura

coupling
R;—R4=B(OH); ——— » R;—Ry-
X_
oxidation

RZ_R1-OH

It is thought that by lowering the Lewis acidity of the boron atom, the reactivity of organoboronic acid
can be suppressed.
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Protect Boronic Acid (1)

1. protecting boronic acid by 1,8-diaminonaphthalene (dan)?

H2 NH;
B(OH), “ O
dan H’]‘
B\
Br PhMe, reflux N
98% H
Br
Br—R4-B(OH), Br—R4-B(dan)
2. Site-selective Suzuki-Miyaura coupling
B(dan)
B(dan) Pd(Pt-Bus);
CsF
+ —_—
Br THF/H,O
60 °C, 95%
Br—R=-B(dan) R,— R,—R=B(dan)

Completely site-selective Suzuki-Miyaura coupling was achieved.

1) Noguchi, H.; Hojo, K.; Suginome, M. J. Am. Chem. Soc. 2007, 129, 758-759



Protect Boronic Acid (2)

1. protecting boronic acid by N-methyliminodiacetic acid (MIDA) ")

Me
N

™

HO,C  CO,H

B(OH), . 1
MIDA -0\ N0
—_— N
PhH/DMSO @( 0" No
Br

reflux, 97%
Br—R-B(OH), Br—R-B(MIDA)

2. Site-selective Suzuki-Miyaura coupling

Pd(OAc),

PN oo

B(MIDA) oc O
B K3PO,, THF O
65 °C, 80%

Br—R~B(MIDA) R,— R,—R~B(MIDA)

1) Gillis, E. P.; Burke, M. D. J. Am. Chem. Soc. 2007, 129, 6716-6717



Optimization

CHO CHO
B(PG)
/©/ /©/ Pd(OAC)z
phosphine ligand
1.0 eq n-B

1.0eq KsPOy, THF
65 °C

entry B(PG) A:B

1 B(OH) 1.0:1.0
Me'Nl
2 “‘1.,/ k (¢ 24:1.0 PCy>

(0) (0) phosphine ligand
(MIDA)
i-PrN
3 l& 26:1.0
B— (o)
7
% \o o
MeN—X
4 ! 1.0:1.0
n,/B\ CB

1) Gillis, E. P.; Burke, M. D. J. Am. Chem. Soc. 2007, 129, 6716-6717



Tolerance of MIDA (1)

MIDA boronates are compatible woth a wide range of common synthetic reagents?).

MelNl
/\/\/B_(ko
Ph™ N X7 " N0
B(OH

oy B(OH):
Suzuki-Miyaura

coupling
92%

MeN

l& TMS ——= M‘f.”l 2 snBu,

BE—0\ N0 «— ;) o
// N7 Mo N0 Sonogashira B r/\/B\T O

V

couplin (o) (o)
™S o 91%
\
Heck reactlon
90%
N
'

’
4

MeO B O o)
AN \ O 0
O
MIDA boronates are stable under various coupling conditions.

MeN

(o) B
Stille couplmg\/\/

Ne

(o)

1) Lee, S. J.; Gray, K. C.; Paek, J. S.; Burke, M. D. J. Am. Chem. Soc. 2008, 130, 466-468



Tolerance of MIDA (2)

MIDA boronates are compatible woth a wide range of common synthetic reagents?).

MeN

o 0 :

MeN MeN ’
(COCl)z, DMSO; \)j\ ._1
Et;N (Eto)z" OFt B—O'\ O

\
8% 71% o "0
é
Swern Horner
ox:datlon -Wadsworth |
-Emmons O
PMBOC(NH)CCI; CrCl;, CHI;  reaction
TfOH
M

88% OEt
64%

Takai
PMB protection olefination

MelN—x
BT ck

OPMB

Jones oxidation, oxidation by TPAP and Dess-Martin periodinane were also tolerated.

However,
MIDA boronates are

that are commonly used in the Suzuki-
Miyaura coupling. Moreover,

with MIDA protecting group.

1) Lee, S. J.; Gray, K. C.; Paek, J. S.; Burke, M. D. J. Am. Chem. Soc. 2008, 130, 466-468 12



Mechanic Study of Hydrolysis (1)

MIDA boronic acid is hydrolyzed at different rates depending on the base?),

MeN NaOH aq OH
THF I MeN

B o 23 °C, 10 min B\OH 1
S + .
:j ] Fast HO O
/ HO (o)
K3;PO,4 aq
M?:N dioxane CI)H MeN
a (k o 60°C, 4h B . 1
\ .
\ o X0 Slow \ OH HO'\ NO
o) HO (o)

The rate of boronic acid hydrolysis was verified under various conditions?).
THF/H,'°0(98%) (5/1)

21°C

K 1 condition> ?H .

B—O'\ >0 B
o HO
condition

NaOH (2.9 eq, slow addition), 1000 rpm, 10 min
NaOH (3.0 eq), sat. NaClaq, 1000 rpm, 24 h
NaOH (3.0 eq), sat. NaClaq, 100 rpm, 24 h
K3PO4 (5.0 eq), 1000 rpm, 24 h

K3PO4 (5.0 eq), 100 rpm, 24 h
none, 1000 rpm, 24 h

rpm: rotation per minute

=

(1]

L pa

7
@)

o

>
Il
AV, ¥,V
.|
TMOO W >

1) Gillis, E. P.; Burke, M. D. J. Am. Chem. Soc. 2007, 129, 6716-6717 2) Knapp, D. M.; Gillis, E. P.; Burke, M. D. J. Am. Chem. Soc.
2009, 131, 6961-6963 3) Gonzalez, J. A.; Ogda, O. M.; Morehouse, G. F.; Rosson, N.; Houk, K. N.; Leach, A. G.; Cheong, P. H. Y ;
Burke, M. D.; Lloyd-Jones, G. C. Nat. Chem.. 2016, 8, 1067-1075



Mechanic Study of Hydrolysis (2)

THF/H,'¢0(98%) (5/1)

MeN 21°C MeN
N 1 condition» ?H . 1
B—O'\ YO Bl HO'\ N0

P ”
Ar” N0 Ar®  "OH HO” o
condition
A NaOH (2.9 eq, slow addition), 1000 rpm, 10 min
B NaOH (3.0 eq), sat. NaClaq, 1000 rpm, 24 h
C NaOH (3.0 eq), sat. NaClaq, 100 rpm, 24 h
D K3PO, (5.0 eq), 1000 rpm, 24 h
E K3PO, (5.0 eq), 100 rpm, 24 h
F no base, 1000 rpm, 24 h
A B,C DE F

Metastable

= Biphasic Biphasic Homogeneous MeN TH F/HZ (98%) (5/1 ) MeN MeN
emulsion ’, 1 21 °C 1
’ ) HO®

Fast Slow Slow Slow —
le= — e — Ar” B\ > 0
B e 0”0 HO'®
High e‘?‘" o "‘., 0 THF (aaq.
pH “"B‘oatro “"B‘:?k° %) A NaOH (slow addition) 1,000 r.p.m. 10 min 0.02 0.98
M- s B NaOH, NaCl 1,000rpm. 24h 0.05 0.95
‘,,BN\(:))\QO aEe)) (T N,;@: C NaOH, NaCl 100rpm.  24h 0.24 0.76
R amTace D K3POq4 1,000rpm. 24h 0.75 0.25
— E K3PO4 100 r.p.m. 24 h 0.94 0.06
3 PO, 3
\/ w w \/ F No base Homogeneous 24 h 0.97 0.03
Krel 3,500 >1 0.4 1
The reaction mechanism is thought to differ between the “fast” hydrolysis
with NaOH and the “slow” hydrolysis with K3PO,
1) Gonzalez, J. A.; Ogda, O. M.; Morehouse, G. F.; Rosson, N.; Houk, K. N.; Leach, A. G.; Cheong, P. H. Y.; Burke, M. D.; 14

Lloyd-Jones, G. C. Nat. Chem.. 2016, 8, 1067-1075



Mechanic Insight of Hydrolysis (1)
v%;cm

N \ f
I " R 23A
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e S
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1a + NaOH (OH—C attack)
0.0 +2.2 15.7

+ H,0
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-6.9 TS-9 i
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K \ (H,O-B attack) ( _14.2 ge)
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1) Gonzalez, J. A.; Ogda, O. M.; Morehouse, G. F.; Rosson, N.; Houk, K. N.; Leach, A. G.; Cheong, P. H. Y.; Burke, M. D.; 15

Lloyd-Jones, G. C. Nat. Chem.. 2016, 8, 1067-1075



Mechanic Insight of Hydrolysis (2)

B
v
TS-12 +H0
(Frontside-B-Sy2 attack) TS-14 TS-16
+25.7 (+23.6) (B-O cleavage) (Backside-B-Sy2 attack)
+25.7 (+18.6) +21.3 TS-18 TS-20
’ (intramolecular (B-O cleavage)

proton transfer) +18.9
+15.9

ff_\
o]
E
g 2+3
Q R Hooc>
. ~
. /1O COOH k > A~___OH
Me\/N"' ¥ Ar V 0 Me—y O‘( “Me +N B'/
, O _
— "ty -t
0 © AT\ O H,0, OH Ar=g HoOC— *
OH + /" \ 0 \\
+ Hy0 o HO ~ OH N—Me
H,O
M06-2X/6-31G* COOH
The differing rate and sites of thefirst-stage attack can be rationalized:
1. hydroxide is much more nucleophilic than water.
2. anionic hydroxide attack more electrophilic carbonyl group.
3. B-N bond can function as a Bronsted base and Lewis acid for water.
1) Gonzalez, J. A.; Ogda, O. M.; Morehouse, G. F.; Rosson, N.; Houk, K. N.; Leach, A. G.; Cheong, P. H. Y.; Burke, M. D.; 16

Lloyd-Jones, G. C. Nat. Chem.. 2016, 8, 1067-1075
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Introduction of Prof. Martin D. Burke

Prof. Martin D. Burke

1998 B.S., @ Johns Hopkins University (Prof. Henry Brem and Gary H.

Posner)
2003 Ph.D., @ Harvard University (Prof. Stuart L. Shreiber)

2005 M.D., @ Harvard University

2005-2011 Assistant professor @ The University of lllinois at Urbana-
Champaign

2011-2014 Associate professor @ The University of lllinois at Urbana-
Champaign

2014- Professor @ The University of lllinois at Urbana-Champaign

Research topic: “Lego Chemistry”’(Connecting small molecules),
Molecular Prosthetics, Antifungal medicine

1)  https://burke-group.chemistry.illinois.edu 18



Optimization of Lewis base (1)

o
60 °C HO16 (0] 0
X Y Z
Y:Z =99:1

MeN
X l& K,CO; MeN MeN
! . 18QH,/THF
B—O (@) 2 1 1
0" o > H& o H(k o
H
F

X was found to be hydrolyzed with cleavage of the N-B bond.

Rt R: K,C0;5(3eq) Ri R

N—' R, THF-d8/D,0 (1&) N—R,
/\/B ) & 60 °C H&O
Ph HO” Yo

A

remaining percentage of A was measured after 1 h, 3 h, 6 h

1) Blair, D. J.; Chitti, S.; Trobe, M.; Kostrya, D. M.; Haley, H. M. S.; Hansen, R. L.; Ballmer, S. G.; Woods, T. J.; Wang, W.; Mubayi, V.; Schmidt, M.
J.; Pipal, R. W.; Morehouse, G. F.; Palazzolo Ray, A. M. E.; Gray, D. L.; Gill, A. L.; Burke, M. D. Nature. 2022, 604, 92-97.



Optimization of Lewis base (2)

R1 ,,Rz K,CO; (3 eq)

<~ LR, THF-d8/D,0 (10/1) .
& P  percentage remaining of A

60 °C
Ph/\/B J 1h 3h 6h

A
Me —\__\ <
\
,Nl N N
B— — ’
PR N0 ™ oNo PRI (k

Ph B O
O (0] (@) ph/\/ \O 0
MIDA (1) 2 3 4
77% 48% 20% 22% <5% <5% 23% <5% <5% 51% 11% 8%

Me Me . Me } /
M e\ ‘s‘ \/\ \N 0 \ \ W \N

IN_\ /\ U _\‘ 1] _\s ’ A
NN é—&? B'—CK\O B—0\ o
Ph/\/ \O o Ph/\/ \O 0 Ph/\/ \ Ph/\/ \0 0
5 6 7 8 (TIDA)
71% 63% 37% 97% 72% 44% >99% 83% 59% >99% >99% >99%

1) Blair, D. J.; Chitti, S.; Trobe, M.; Kostrya, D. M.; Haley, H. M. S.; Hansen, R. L.; Ballmer, S. G.; Woods, T. J.; Wang, W.; Mubayi, V.; Schmidt, M.
J.; Pipal, R. W.; Morehouse, G. F.; Palazzolo Ray, A. M. E.; Gray, D. L.; Gill, A. L.; Burke, M. D. Nature. 2022, 604, 92-97.



Stability of TIDA (1)
A
Me N"

Bg—(lxc BI\—O'%O
Y e
Br Br

MIDA TIDA

I
ROA
Me

N-C bonds of TIDA were rotated relative to B—O bonds more than 10 degrees more than those of MIDA.

C C

Me

1) Blair, D. J.; Chitti, S.; Trobe, M.; Kostrya, D. M.; Haley, H. M. S.; Hansen, R. L.; Ballmer, S. G.; Woods, T. J.; Wang, W.; Mubayi, V.; Schmidt, M.
J.; Pipal, R. W.; Morehouse, G. F.; Palazzolo Ray, A. M. E.; Gray, D. L.; Gill, A. L.; Burke, M. D. Nature. 2022, 604, 92-97.



Stability of TIDA (2)

Me
\

,Nl
B\—Ck (o)

TIDA is thought to have been twisted to avoid steric hindrance between methyl groups.
This results in an interaction between the o orbital of the N-C bond and the o* orbital of the B-O
bond. Therefore, N-B bond is expected to be stronger.

1) Blair, D. J.; Chitti, S.; Trobe, M.; Kostrya, D. M.; Haley, H. M. S.; Hansen, R. L.; Ballmer, S. G.; Woods, T. J.; Wang, W.; Mubayi, V.; Schmidt, M.
J.; Pipal, R. W.; Morehouse, G. F.; Palazzolo Ray, A. M. E.; Gray, D. L.; Gill, A. L.; Burke, M. D. Nature. 2022, 604, 92-97.



Stability of TIDA (3)

. Me . 101.4° Me M Me 101.0°
105.8 | 106.7 Me | e Mo
“ TN L N~
e an 20 o
MIDA TIDA

The four methyl groups in TIDA reduce the bond angle.

It is also possible that Lewis basicity of the nitrogen is strengthened by electron donation
from the methyl groups to the nitrogen.

1)  Blair, D. J.; Chitti, S.; Trobe, M.; Kostrya, D. M.; Haley, H. M. S.; Hansen, R. L.; Ballmer, S. G.; Woods, T. J.; Wang, W.; Mubayi, V.; Sé:lswmidt, M.
J.; Pipal, R. W.; Morehouse, G. F.; Palazzolo Ray, A. M. E.; Gray, D. L.; Gill, A. L.; Burke, M. D. Nature. 2022, 604, 92-97.



Stability of TIDA (4)

MIDA has the problem of reacting with carbon nucleophiles.
However, TIDA is stable towards carbon nucleophiles (i-PrMgCI-LiCl and t-BuL.i).

MIDA TIDA

The reason of this stability may be that the four methyl groups prevent the nucleophile from approaching
the carbonyl groups from the Burgi-Dunitz angle.

This stbility is expected to be utilized in a new synthetic strategy based on the Matteson reaction.

1)  Blair, D. J.; Chitti, S.; Trobe, M.; Kostrya, D. M.; Haley, H. M. S.; Hansen, R. L.; Ballmer, S. G.; Woods, T. J.; Wang, W.; Mubayi, V.; Schmidt, M.
J.; Pipal, R. W.; Morehouse, G. F.; Palazzolo Ray, A. M. E.; Gray, D. L.; Gill, A. L.; Burke, M. D. Nature. 2022, 604, 92-97. 4



Application to Matteson Reaction

Matteson reaction

OR Rana X R Ox P R
V. ) (\r 1,2-migration 2
H3C_B\ y /B\ o) y )\ /OR1
OR H;C” \ “OR, - X H;C™ B
1 OR CI)R
L - 1

Since the Matteson reaction uses a carbanion formed by a carbon nucleophiles, MIDA could not
be used.

new strateqy
Rs__X[ R, Ox 1© B(TIDA)
OR¢(TIDA)B” """ | (TIDA)B” ° o RY
/ ) 1,2-migration
H;C—B B > )\ ~OR
3 H,C” \“OR H,c” °B
OR;  OoRrR, " l
_ L OR,
_B(OH), Ry
deprotection R3 R3
OR OR
- H3C)\B/ " Suzuki-Miyaura H3C/l\B/ 1
6R1 coupling (I)R1

1) Xie, Q.; Dong, G. J. Am. Chem. Soc. 2021, 143, 14422-14427



Deprotection of TIDA

NaOH (5 eq)
KHF; (3 eq) S / |pinacol (2 eq)
MeOH MeN dioxane
BFsK reflux, 24 h ' "% 45°C, 6 h ?
-« B—O B
88% /@/ \oo O™ g4% /©/ ~0
F (0)
F F
NaOH (5 eq)
dioxane
45°C,3 h
>95%
OH

B
/©/ s
F

MIDA is hydrolyzed in a few minutes at room temperature, whereas TIDA reqgiures more
time under heating conditions for hydrolysis.

1) Blair, D. J.; Chitti, S.; Trobe, M.; Kostrya, D. M.; Haley, H. M. S.; Hansen, R. L.; Ballmer, S. G.; Woods, T. J.; Wang, W.; Mubayi, V.; Seghmidt, M.
J.; Pipal, R. W.; Morehouse, G. F.; Palazzolo Ray, A. M. E.; Gray, D. L.; Gill, A. L.; Burke, M. D. Nature. 2022, 604, 92-97.



Reaction Efflclency of TIDA

Me

NJ/R

T M
e

V

X

\
R = H: MIDA N
O BF3K R = Me: TIDA Q  Bdan o
B—0O'\ YO
N \
(o Bdan P(t-Bu);-Pd-G2 (3 mol%) O o0~ O

K,CO; (3.0 eq)
toluene/H,0
80°C,6h R=H: 0%
R = Me: 93%

NH, NH, O
sellber
- -
dan O Cl
P(t-Bu);-Pd-G2

* Possible to synthesize substrates with TIDA on a kg scale.
* Stable to a wide range of common cross-coupling reactions.
 Stable to a wide range of chemical transformations (oxidation, reduction, borylation, olefination)

1) Blair, D. J.; Chitti, S.; Trobe, M.; Kostrya, D. M.; Haley, H. M. S.; Hansen, R. L.; Ballmer, S. G.; Woods, T. J.; Wang, W.; Mubayi, V.; Schmidt, M.
J.; Pipal, R. W.; Morehouse, G. F.; Palazzolo Ray, A. M. E.; Gray, D. L.; Gill, A. L.; Burke, M. D. Nature. 2022, 604, 92-97.



Summary

* Resistant to hydrolysis under mild aqueous basic conditions

R\ V4 _
E—0O' /%0 - Stable towards carbon nucleophiles.
7o\ . . . . . . .
R (o) (0 Tolerable against various coupling conditions and chemical formation

TIDA boronates

Suzuki-Miyaura
coupling
X—R4=B(TIDA) —>» R,—R=B(TIDA)
R,—B(OH),

deprotection
(aqueous basic conditon)

Suzuki-Miyaura
coupling
RZ_R1_B(OH)2 —— RZ_R1-
X —

1) Blair, D. J.; Chitti, S.; Trobe, M.; Kostrya, D. M.; Haley, H. M. S.; Hansen, R. L.; Ballmer, S. G.; Woods, T. J.; Wang, W.; Mubayi, V.; Schmidt, M.
J.; Pipal, R. W.; Morehouse, G. F.; Palazzolo Ray, A. M. E.; Gray, D. L.; Gill, A. L.; Burke, M. D. Nature. 2022, 604, 92-97.
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Hydrolysis of MIDA using K,CO; at 60 °C

In([0]/[t])
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MIDA - K,CO; Hydrolysis at 60°C
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In([0]/[t])

Hydrolysis of TIDA using K,CO; at 60 °C

TIDA - K,CO; Hydrolysis at 60°C

2.5
.9
y = 0.00000677x
2 R = 0.998
1.5
Lo
1
e
0.5 el
0o &
0 50000 100000 150000 200000 250000 300000 350000 400000

time /s
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Hydrolysis of TIDA using NaOH at 21 °C

TIDA - NaOH Hydrolysis at 21 °C

-
- &
75 y =0.00002190x :
' R?2=0.97
2 O
~ .
S 15 _ﬂg!--‘
y— 0 A —— .
1 ......
0.5 it . o
e®®
0 @
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000
time /s
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Mechanism of B-ring construction




