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General mechanism of Pd-catalyzed cross-coupling
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M Less is known about TM step

B Transmetalation in Suzuki-Miyaura coupling?

Minireview on SMC: Lennox, A. J. J.; LIoyd-dones, G. C. Angew. Chem. Int. Ed. 2013, 52, 7362



Transmetalation pathways in SMC

W Path A: “Boronate” pathway

pre-TM intermediate
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B Other metal complexes
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pre-TM intermediate

M Nickel system

Proposed mechanism

Role of hydroxide (base) ions
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Early experimental evidence
B Role of alkoxide bases

Miyaura and Suzuki (1979)

Bu.  _~ )
\/\B\/ Br\/\ 1 mol% Pd(PPh3), Bu_ A~
+ > \/\/\
0] Ph x equiv. NaOEt Ph
THF, rt, 2 h .
x=0, 0% vyield

x=2, 80% yield
W Poor transmetalation w/o alkoxide bases
B Upon addition of NaOEt, 80% cross-coupling product obtained, high stereospecificity

B Base was proposed to react with a 3-coordinate boron center to give a more nucleophilic boronate
(“Boronate” pathway proposed)

Miyaura, N.; Yamada, K.; Suzuki, A. Tetrahedron Lett. 1979, 20, 3437.
Miyaura, N.; Yamada, K.; Suginome, H.; Suzuki, A. J. Am. Chem. Soc. 1985, 107, 972.



Early experimental evidence
B Role of alkoxide bases

Miyaura and Suzuki (1979)

Bu__~ )

AN 5 1 mol% Pd(PPhs), 5
| + PN e > U NP pn
o x equiv. NaOEt

THF, rt, 2 h

x=0, 0% yield
x=2, 80% vield

B Poor transmetalation w/o alkoxide bases

B Upon addition of NaOEt, 80% cross-coupling product obtained, high stereospecificity

B Base was proposed to react with a 3-coordinate boron center to give a more nucleophilic boronate
(“Boronate” pathway proposed)

Miyaura and Suzuki (1985)

L Cl THF, rt, 16 h
CI\Pd/ HGXV/\B/O » No reaction
G + |
% cl 3
Cl
lOMe
Cl
THF, rt, 1 h
MeO. at Hex (A~ -0 - HexN\m
Pd__~ + \
/ j)\Cl O\G Cl
Cl 79% yield

W activation of Pd center prior to TM (“Oxo-palladium” pathway proposed)

Miyaura, N.; Yamada, K.; Suzuki, A. Tetrahedron Lett. 1979, 20, 3437.
Miyaura, N.; Yamada, K.; Suginome, H.; Suzuki, A. J. Am. Chem. Soc. 1985, 107, 972.



Early experimental evidence

Soderquist (1998)

D D

@ cat. Pd(PPhs), via: O n
u . '
THF, 50 °C f

D D

B Stereochemistry: complete retention (w.r.t. carbon)
B Pre-transmetalation intermediate containing a Pd—O-B linkage was proposed.

Matos, K.; Soderquist, J. A. J. Org. Chem. 1998, 63, 461.




Early experimental evidence

Soderquist (1998)
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cat. Pd(PPh3)4
tBu
Ph—Br + BBN-9
THF, 50 °C

D

o tBu
> Ph

D

B Stereochemistry: complete retention (w.r.t. carbon)
B Pre-transmetalation intermediate containing a Pd—O-B linkage was proposed.

IT R\ /OH
B OH- BO®
%
favored

VS.

R, R/
N
B-0O ©B-0
-—

not detected

B Borane is more Lewis-acidic
(less Lewis-acidic borinic ester)

Matos, K.; Soderquist, J. A. J. Org. Chem. 1998, 63, 461.
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Early experimental evidence

Soderquist (1998)

D D [Lin- H ]
B cat. Pd(PPh3), via: 0.
u < BR!
Ph—Br + BBN-9 NaOH > Ph/k‘/tB“ PheP—Pa_ PR
! THF, 50 °C

D

B Stereochemistry: complete retention (w.r.t. carbon)
B Pre-transmetalation intermediate containing a Pd—O-B linkage was proposed.

IT R\ /OH
B OH- BO®
%
favored

VS.

R, R/
A
B-0O ©B-0
-—

not detected

B Borane is more Lewis-acidic
(less Lewis-acidic borinic ester)

competition experiment:

hex Bu_ cat. Pd(PPhs),

B-0O PhBr, NaOH

B
+
% % THF, 50 °C, 12 h

{ Vs

R=hex, 86% yield
R=Bu, 0% yield

B Cross-coupling product originate solely from borane
m Fast TM of borane through the boronate pathway
Slow TM of borinic ester through oxo-palladium path

Matos, K.; Soderquist, J. A. J. Org. Chem. 1998, 63, 461.



Early experimental evidence

R Br cat. Pd(PPhs),
B 2 equiv. NaOH
+ > R
% THF, reflux
R, Br cat. Pd(PPhs),

1 equiv. NaOH
+ > R
% THF, reflux

fast

rate = k [PhBr]'[borane]’[NaOH]°
TOL step: oxidative addition of PhBr
boronate pathway

slow

rate = k [PhBr]°[borinate]’[NaOH]'

TOL step: hydrolysis of (PPhs),Pd(Br)(Ph)
oxo-palladium pathway



Early experimental evidence
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B 2 equiv. NaOH
+ > R
% THF, reflux
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oxo-palladium pathway



Early experimental evidence

Br

R
|I3 gat. PQ(IT\IPFS,& fast
. equiv. NaOH ®_R rate = k [PhBr]'[borane]’[NaOH]°
% THF, reflux TOL step: oxidative addition of PhBr

boronate pathway

cat. Pd(PPhg), slow

B-0O [
.\ ! equiv. NaOH Q_R rate = k [PhBr]%[borinate]°’[NaOH]’
THF, reflux TOL step: hydrolysis of (PPh3),Pd(Br)(Ph)

oxo-palladium pathway

Ho‘a’gH " "
& @ ? B{C Possible role of bases:

mqpa’o> * B Formation of 12 (more nucleophilic)
R m Complexation of R,B(OH) byproducts
8(a) W Hydrolysis of (Ph)Pd(Br)(PPhs),

RRPdL,

B Accelerated coupling rates for 11
PhBI m Catalyst regeneration
RR' PdL, RPdXL,
AN,
H

O __,
Al e PhsP—Pa\RzBRZ R delivered through
X HOPGRIL, a 4-membered TS
Ripd” \BE% ‘_,,/« - (retention of configuration)
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B-O 8(b)
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W Stoichiometric reactions
Hartwig (2011)

IIDPhg, Me
PPhs  K(HO);B

1 equiv.
||3Ph3 Me
PPh;  K(HO)3B
(in situ generated from 1 equiv.

[(PPhg),Pd(Ph)(u-OH)l2)

Kinetic studies
1 equiv. PPhy

g Me
THF/H,O (50:1)
—40°C

<10% after 11 h

8 equiv. PPhg

THF/H,O (50:1)
—40°C

@@

full conv.

Carrow, B. P.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 2116.



W Stoichiometric reactions
Hartwig (2011)

IIDPh3 Me
Pd—Br +
IIDPh3 K(HO);B
1 equiv.
FI>Ph3 Me
PPh;  K(HO)3;B

(in situ generated from 1 equiv.

[(PPhg),Pd(Ph)(u-OH)l2)

Kinetic studies
1 equiv. PPhy

l Me
THF/H,0 (50:1)
—40°C
k=17x107s" <10% after 11 h

o

8 equiv. PPhg

THF/H,O (50:1)
—40°C

- 3 o1
k=24x107s full conv.

Carrow, B. P.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 2116.
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Kinetic studies
W Stoichiometric reactions
Hartwig (2011)

Me
PPh, Me . @
@ | 1 equiv. PPhg
Pd—Br + >
’ ' THF/H,0 (50:1)
PPh;  K(HO)sB 40 °C
1 equiv. k=17x107s") <109 after 11 h
Me
PPh, Me . @
@ [ 8 equiv. PPhg
Pd-OH + >
’ ' THF/H,0 (50:1)
PPhs  K(HO);B 40°C
(in situ generated from 1 equiv. k=24x103s"
[(PPh3),Pd(Ph)(1-OH)]) full conv.
larger k for oxo-Pd pathway
by a factor of 10*
W Equillibrium constant
Me K,CO3 (x equivﬁ Me x=0.5, K=1
< = x=2.5, K=2.5
(HO),B acetone/H,0 K(HO);B
PCYs TBAI (1 equiv.) PCys
PCys THF/H,0 (25:1) bCys

Carrow, B. P.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 2116.
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W Stoichiometric reactions
Hartwig (2011)

IIDPh3 Me
PPh;  K(HO)3;B

1 equiv.
FI>Ph3

Me
PPh;  K(HO)3;B

(in situ generated from
[(PPh3),Pd(Ph)(u-OH)],)

1 equiv.

W Equillibrium constant

K>CO3 (x equiv.)

Kinetic studies

THF/H,0 (50:1

%)

<10% after 11 h

Me
(HO)ZB/ ‘@ acetone/H,0

8 equiv. PPhg
THF/H,0 (50:1)
—40°C
k=24x103¢s" full conv.
larger k for oxo-Pd pathway
by a factor of 10%
Me
x=0.5, K=1
x=2.5, K=2.5
K(HO)3B
IIDCY3
PCy3

| TBAI (1 equiv.)
Pd-OH == >
' THF/H,0 (25:1)

Carrow, B. P.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 2116.

Me
1 equiv. PPhy @
)
—40°C

k=1.7x107s"1

o

003fa 'a ' al = -
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M Similar populations of
(1) boronic acid and borate ion
(2) [Pd]X and [Pd]OH
in the presence of water & K,CO3

M oxo-palladium pathway is ~4 orders of
magnitude faster

Bl SMC under these conditions proceeds
through oxo-Pd pathway.



W Stoichiometric reactions
Hartwig (2011)

IIDPh3 Me
PPh;  K(HO)3;B

1 equiv.
FI>Ph3

Me
PPh;  K(HO)3;B

(in situ generated from
[(PPh3),Pd(Ph)(u-OH)],)

1 equiv.

Kinetic studies

Me
1 equiv. PPhy @
THF/H,O (50:1)
—40°C

k=1.7x107s"1

8 equiv. PPhg

L
’

THF/H,0 (50:1)
—40 °C
k=24x103s"

%)

<10% after 11 h
! Me

full conv.

larger k for oxo-Pd pathway

W Boronic esters

<2 min

by a factor of 10*

<2 min

PPh,

THF, —55 °C, time

>95% conv.

Carrow, B. P.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 2116.
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Kinetic studies
Amatore and Jutand (2011)

F|>Ph3 PPhs Me
DMF) (HO),B (OMF)  (Ho),B

PPhs PPhs
sluggish TM unreactive
via Ar2 Ar1—Ar2

L B Formation of trans-[ArPd(OH)(PPhs),]
p ' .*ﬁdﬂ( B Unexpected promotion of RE
i B Formation of the unreactive anionic ArB(OH)3"

B(OH), /

| L
Ar'=Pd<| + Arl-X
OH
/ \ Triple role of OH"
[
d

Arz—B(OH)Z Pd OH
L
N OH
Ar2—B(OH);"

Amatore, C.; Jutand, A.; Le Duc, G. Chem. - Eur. J. 2011, 17, 2492.
Amatore, C.; Jutand, A.; Le Duc, G. Angew. Chem. Int. Ed. 2012, 51, 1379.



Kinetic studies
Amatore and Jutand (2011)

F|>Ph3 PPhs Me
Pld—X + OH" .—Pd OH + X + OH =—= @
DMF) (HO),B (OMF)  (Ho),B

PPh,

sluggish TM unreactive

Similar observation for F
in DMF

F F- F
_ 1 , Ar’-B(OH), === Ar2-B(OH),F- === Ar>-B(OH)F, == Ar?— —BF5
via Ar2 Ar A OH OH OH

| L
AI‘1 Plde + Ar1—X
OH / \ Triple role of OH / F
|
d

L B Formation of trans-[ArPd(OH/F)(PPh3),]

.,p ' .*ﬁdﬂ( B Unexpected promotion of RE
|'_ B Formation of the unreactive borate anions
B(OH); /
Arz—B(OH)Z Pd OH
L
N oH-
Ar2—B(OH)3"

Amatore, C.; Jutand, A.; Le Duc, G. Chem. - Eur. J. 2011, 17, 2492.
Amatore, C.; Jutand, A.; Le Duc, G. Angew. Chem. Int. Ed. 2012, 51, 1379.



Kinetic studies
Amatore and Jutand (2011)

F|>Ph3 PPhs Me
Pld—X + OH" .—Pd OH + X + OH =—= @
DMF) (HO),B (OMF)  (Ho)sB

PPh,

sluggish TM unreactive

Similar observation for F
in DMF

F F- F
o Ar?-B(OH), === Ar?-B(OH),F" === Ar2-B(OH)F, === Ar2-BF;’
via Ar2 Ar A OH OH OH

| L
AI‘1 Plde + Ar1—X
OH / \ Triple role of OH / F
|
d

L B Formation of trans-[ArPd(OH/F)(PPh3),]
p ' .*ﬁdﬂ( B Unexpected promotion of RE
|'_ B Formation of the unreactive borate anions

B(OH)3 /

Arz—B(OH)Z Pd OH
]
l+ oH
The rate of the overall reaction is controlled by the ratio
Ar2-B(OH)5" [base]/[Ar'B(OH)2] when the base is either F or OH".

Amatore, C.; Jutand, A.; Le Duc, G. Chem. - Eur. J. 2011, 17, 2492.
Amatore, C.; Jutand, A.; Le Duc, G. Angew. Chem. Int. Ed. 2012, 51, 1379.



Amatore and Jutand

Kinetic studies

(2011)
PPh, F-or OH"
Pld—X . 2 equiv. PPhj
| 0 g
PPhs (HO).,B DMF. 25 °C @

20 equiv.

The rate of the overall reaction is controlled by the ratio
[base]/[Ar'B(OH)2] when the base is either F or OH".

b)
0.04 -
0.04r  Art = p-CNCgHy, X = 1
0.03 L ¢ - 003}
: (/)]
: 3
002k ! = 002}
0.01} 0.01} :
0 R R RN SR N TN SR N S N 0 L1 i\ ! 1 ! 1 )
0 10 20 30 40 50 0 10 20 30 40 50

OH or F~/ a.equiv vs Pd" complex OH or F~/ a.equiv vs Pd" complex

[ Oxo-palladium pathway is favored over boronate pathway.}

Amatore, C.; Jutand, A.; Le Duc, G. Chem. - Eur. J. 2011, 17, 2492.
Amatore, C.; Jutand, A.; Le Duc, G. Angew. Chem. Int. Ed. 2012, 51, 1379.



Observation of elusive reaction intermediate

By ESI-Ms
observed by ESI
PPh3 PPh3
@/ /‘ cat. Pd(PPha)s, NazCOs O/‘ @Pd Br @ ~.
N (HO),B toluene/MeOH, 80°C || Ar
OA product TM product

Aliprantis, A. O.; Canary, . W. J. Am. Chem. Soc. 1994, 116, 6985.



Observation of elusive reaction intermediate

By ESI-Ms
observed by ESI
—\  PPhs — PPhs
1 - 1
‘A o cat. Pd(PPhs)s, NaaCOy @ @’F’F Br @’P'd
. N HN PPhs HN PPhs
NZ toluene/MeOH, 80 °C | Art ® ®
(HO)B _
N OA product TM product

.

Aliprantis, A. O.; Canary, J. W. J. Am. Chem. Soc. 1994, 116, 6985.

By 3'P NMR spectroscopy

~— observed by ESI —

B cat. Pd(PPhs), @ PPhs
NlAi + Na,COs ~ N N Ar / Pd@ (H0)35

(HO),B toluene/H,0 N Ar/ PPh3

Ph
Ph L proposed based on DFT calculations )
t=14h
t=11h
t=8h

o J

|]_/ owy t=3h

| ./ __t=2h
wae . t=0h

] L] Ll Ll 2 I Ll . | L . L) L ]' L L) L} L3 ] L} L} L . "’

ppm 30.0 25.0 20.0 15.0
Sicre, C.; Braga, A. A. C.; Maseras, F.; Cid, M. M. Tetrahedron 2008, 64, 7437.




Direct observation of TM product using RI-NMR technique

Denmark (2016)

RI-NMR: Rapid injection NMR (see JOC, 2010, 75, 5558.) F

<2s between injection and first scan
PiPrs 2 equiv. PiPrs _
F Pd-OH + - FI’IF’rs /B\OH
| _ _ano
B(OH), ' ds—30°C.3h FPd—O

PiPry

|
1 (1 equiv) quant. PiPrs

3

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Direct observation of TM product using RI-NMR technique

Denmark (2016)

RI-NMR: Rapid injection NMR (see JOC, 2010, 75, 5558.) F

<2s between injection and first scan
PiPrs 2 equiv. PiPrs ,
F Pd-OH + - FI’IF’ra /B\OH
| _ _ano
_ B(OH), HF-ds—30°C,3h de_o

PIPI"3 |
1 (1 equiv) quant. PiPrs
3
NOE
HP Ha N i\H
M l JL H p|pr3

Pd—

CH3 of IPr3P I
E ~ 7"‘ PiPrs

T ' L5 from NOSEY:
frans-bisphosphino sq. pl. Pd complex

~N

ES
(ppm)

P L7
7 !
- 8

otk

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
(ppm)

Fig S 10. NOESY spectrum of 11 at —30 °C, referenced to THF-ds (1.72 ppm).

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Direct observation of TM product using RI-NMR technique

Denmark (2016)

RI-NMR: Rapid injection NMR (see JOC, 2010, 75, 5558.) F

<2s between injection and first scan
PiPrs 2 equiv. PiPrs _
F Pd-OH + - FI’IF’ra /B\OH
| _ _ano
_ B(OH), THF-dg, =30 °C, 3 h de_o

PIPI"3 |
; quant. PiPr
1 (1 equiv) 3
3
NOE &\H
Ha
STD PlPr3
_ F Pd—
broad singlet at 29 ppm PlPr3
'l from NOSEY:
MMW frans-bisphosphino sq. pl. Pd complex

from "B NMR:
tri-coordinate boron compound

15 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -2
(ppm)

Fig S 5. ''B NMR spectrum of 11 at —30 °C, referenced to PhyBNa (—6.14 ppm).

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Direct observation of TM product using RI-NMR technique

Independent synthesis of 3

1 equiv

F
F 3 equiv.
B(OH), F
2 equiv. PiPry @
PiPr THF-dg, =30 °C, 3 h B(OH),TI
3
| quant. PiPr dibenzo-22-crown-6
F Pd-OH -or- ————> s /B\ - F Pd—I
Lo 0.33equiv (Ar2BO)s de_o OH 1 equiv. PiPrg
3 2 equiv. PiPrj

|
THF-dg, -30 °C, 3 h PiPrs

|
PiP
1 THF-dg, —60 °C, 36 h T3 10% conv. 2
50% conv. 3 (+ 30% cross-coupling product)

3 can be formed w/o the intermediacy
of Ar[Pd](OH) complex

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Direct observation of TM product using RI-NMR technique

Independent synthesis of 3

1 equiv

F
F 3 equiv.
B(OH), F\‘\
2 equiv. PiPry @ @
Ii’iPr3 THF-dg, =30 °C, 3 h B(OH)sTI

PiPr
quant. . dibenzo-22-crown-6 ;o
F Pd—OH -or- ————» PiPr; B - F Pd—I
[ / 0 .
PiPr 0.33equiv (Ar?BO)g F @ Pd—O H 1 equiv. PiPrs PP
3 2 equiv. PiPr3 Ly THF-dg, =30 °C, 3 h IPrs
1 THF-dg, —60 °C, 36 h s 10% conv. 2
50% conv. 3 (+ 30% cross-coupling product)
3 can be formed w/o the intermediacy
loss of H,0 of Ar[Pd](OH) complex
( \
PiPrs F | M Formed initially,
FPg—?H then rapid loss of H,O
Ho—B B addition of H,O to 3
OH —> No change
L 4 ) M addition of OH™ (CsOH-H,0)

—> No change

Reaction not observed due to steric hindrance resulting from two
iPr3P ligands on 3?

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Direct observation of TM product using RI-NMR technique

Preparation of tetracoordinate boron reaction intermediate:

2 or 4 equiv

PiPr; \‘\B(OH ‘ ’ No change with an excess of Ar?B(OH),
de_OH ~ (PrP-Po— 0— Pd—PiPry
N THE-dg. Cross peak between 5 and Ar?B(OH),

2 60 °C then —100 °C O~ B/OH

N in EXSY even at 100 °C
quant. OH

F 5
2:1 adduct

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Direct observation of TM product using RI-NMR technique

Preparation of tetracoordinate boron reaction intermediate:

2 or 4 equiv

PiPrs \‘\B(OH ‘ - No change with an excess of Ar?B(OH),
de_OH ~ (PrP-Po— 0— Pd—PiPry
N THE-dg. Cross peak between 5 and Ar?B(OH),

2 60 °C then —100 °C HO\ B/OH

N in EXSY even at 100 °C
quant. OH

F 5
2:1 adduct

Ar2B(OH),
THF-MeOH

quant.

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Direct observation of TM product using RI-NMR technique

Preparation of tetracoordinate boron reaction intermediate:

2 or 4 equiv

PIF’rs \‘\B(OH ‘ ’ No change with an excess of Ar?B(OH),
. Pd oH > (Pr)sP—Pd— 5— Pd—PiPrs
THF-dg, Cross peak between 5 and Ar?B(OH),

—60 °C then —100 °C HO\B/OH

N in EXSY even at 100 °C
quant. OH

2:1 adduct

Ar?B(OH),
THF-MeOH

quant.

broad singlet at 9 ppm STD PiPrs

F
|
l 2 FP‘\’_?H 4-coordinate boronate complex!

HO—B
OH

30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35
(ppm)

Fig S 57. ''B NMR spectrum of 20 at —60 °C, referenced to PhyBNa (—6.14 ppm).
Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Kinetic analysis of TM
Transfer of Ar from 4-coordinate B to P

. F

@ 0.5 equiv Pip .
H Ar2B(OH), RRE
0.5 (iPr)3P—Pd—O—Pd—PiPry ——— > F Pd— OH —> Arl-Ar2
\ I THF-MeOH v

“oH OH + Pd(PiPrs)n
4

F 5

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Kinetic analysis of TM
Transfer of Ar from 4-coordinate B to P

F

@ @ 0.5 equiv Pip .
H Ar2B(OH), R
05 (iPr)P-Pd—O—Pd—PiPr; ————> F Pd—OH — Ar'-Ar?
| I THF-MeOH Voo

HO ;—OH (fast) Ho—B +B(OH)3

“oH OH + PA(PiPry)n
4

[P] = [Alo(1 — ™)

E

45.00

+ R A A AA S 1— 2
0,007 oy e g [Ar'-Ar] in THF-MeOH (from 4 to prdt)
35.00 - Kops(-4) = 1.41(1) x 103 &1
30.00 - Kobs(*+prdt) = 1.55(3) x 1073 ™
s 25.00 -
€ 2000
15.00 in THF (from 5 to prdt)
10.00 - [A] = [A]pe ™ Kops(-5) = 7.6(2) x 104 s
| 49 — 4 -1
Z.gz Ve _ ) e, . (4] or (5] Kops(tprdt) = 5.78(4) x 10 s
o 500 1000 1500 2000 2500

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Kinetic analysis of TM
Transfer of Ar from 4-coordinate B to P

F

@ @ 0.5 equiv Pip .
H Ar2B(OH), RRE
0.5 (iPr)3P—Pd—O—Pd—PiPr; ——— > F Pd—OH — Ar'-Ar2
\ I THF-MeOH v

HO ;—OH (fast) Ho—B + B(OH)3

“oH OH + Pd(PiPrs)n
4

[P] = [Alo(1 — ™)

vy [Ar1-Ar?]

E

45.00

40.00 A i

in THF-MeOH (from 4 to prdt)

35007 : Kops(-4) = 1.41(1) x 103 s°*

30.00 - Kops(+prdt) = 1.55(3) x 103 s~
s 25.00
E 20.00

15.00 in THF (from 5 to prdt)

1000 | [A] = [A]pe ™ Kops(-5) = 7.6(2) x 10 8'14 1

ZZZ ft | ) ne . (4] or (5] Kops(tprdt) = 5.78(4) x 10 s

0 500 1000 1500 2000 2500
time (s) Decay of 5 and formation of product
coincide!

Similarity of rate constants observed in THF and THF-MeOH mixture supports that
5 is converted to 4 before transmetalation.

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Kinetic analysis of TM

Transfer of Ar from 3-coordinate B to P

Ar?
PiPrs é\
/
FPId—O OH - Arl_Ap2
PiPr
8 + B(OH);
3 + Pd(PiPr3),

Thermally stable at —30 °C
in the presence of excess PiPrsj.

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Kinetic analysis of TM

Transfer of Ar from 3-coordinate B to P

25.00 -

20.00

= Arl-Ar?

Ar?
PiPrs B
~N
PiPrs
3

Thermally stable at —30 °C
in the presence of excess PiPrsj.

15.00
+ B(OH)3

+ Pd(PiPrg),

[6B3] mM

10.00

5.00

0.00 +
0 2000

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.

S-shaped curve fitted using[g]q below:
0

141 = (Al +9) g 3y~ explk, AT, +

Maximum rate:

2

6000 8000 10000 12000

time (s)

4000

q)t]

U -

14000



Kinetic analysis of TM

Transfer of Ar from 3-coordinate B to P

‘?‘rz 25.00 S-shaped curve fitted usmg[g]q0 below:
PiPr [A] = ([A]p +
B o o+ D 1, - explic, (@1, + 081
F Pd—0 > Ar'-Ar?
; S 15.00 ;
PiPr; +B E Maximum rate:
(OH)3 = 2 2
2 Alo + Al +
3 + Pd(PiPr), £ 1000 v=k, {([ ]"2 q) - ([A] _l ]"2 q) }
Thermally stable at —30 °C 5.00
in the presence of excess PiPrs. 000 | | ,
. 0 2000 4000 6000 8000 10000 12000 14000
time (s)
Plot of log[v,,.,] vs. log[P'Pr;]
-2.2
19 2 21 2.2 23 24 2.5

y=-(1.05 £ 0.05)x -(0.25 + 0.12)
-2.4 R?=0.995 + 0.019

-2.5

-2.6

loglvmax]

-2.7

-2.8

-2.9

logli-Pr,P]

3
Fig S 92. Order Determination of i-Pr3P.

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Kinetic analysis of TM

Transfer of Ar from 3-coordinate B to P

25.00 - - i i :
erz 5 S-shaped curve fitted usmg[g]q0 below:
PiPr Al = ([A], +
e B 141= 4o + @ p g el (Al +
F Pd—0 > Ar'-Ar2
. S 15.00 ; .
PiPrs + B(OH); é Maximum rate.2 ,
. @ [A]o +q [4]o +q
3 + Pd(PiPr3), < 10.00 v=k, ( 2 ) — ([A] B )
Thermally stable at —30 °C 5.00
in the presence of excess PiPrs. 000 | | ,
. 0 2000 4000 6000 8000 10000 12000 14000
time (s)
Plot of log[v,,.,] vs. log[P'Pr;]
-2.2
1.9 2 2.1 2.2 23 24 2.5
e W /nverse dependence on phosphine
y= —(1.0:5 +0.05)x =(0.25 £ 0.12)
2 e raon W Dissociation of phosphine is a pre-equilibrium
25 process
E-zs érz Ar?
37 PiPrs & !
) | o7 TOH /B~
SO e O
: I
28 PiPrs PiPr,
3 PiPr, 6

-2.9

logli-Pr,P]

3
Fig S 92. Order Determination of i-Pr3P.

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Pre-transmetalation complexes observed so far

3-coord. B complexes 4-coord. B complexes F F

5 &
PiPr g PiPrs F H
. . Ao’ “OH de_OH (PrigP~Pd—O—Pd—PiPrg
L HO- ,_-OH

‘\—-B
HO—
|OH \OH
3 4

F 5

W contain a Pd—O-B linkage & are able to transfer Ar groups from B to Pd.
m Empty coordination site on Pd is needed for the TM to take place. (phosphine dissociation)

Thomas, A. A.; Denmark, S. E. Science, 2016, 352, 329.



Pre-transmetalation complexes
Phosphine ligands:

2 equiv

F\‘\|®
i BOH), _
AHEZ THF, -10 °C + PA(PiPry),

HO’B
- dppf PiPr; PPhs
Kops = 2.75(2) x 103 5! 8.09(3) x 103 57" 9.95(2) x 103 571
krel = 1 2.9 3.6

Thomas, A. A.; Wang, H.; Zahrt, A. F.; Denmark, S. E. J. Am. Chem. Soc. 2017, 139, 3805



Pre-transmetalation complexes
Phosphine ligands:

2 equiv

=L
i BOH), _
- THF, —10 °C + PA(PIPry),

HO’B
- dppf PiPr; PPhs
Kops = 2.75(2) x 103 5! 8.09(3) x 103 57" 9.95(2) x 103 571
krel = 1 2.9 3.6

B Smallest k with dppf: Ligand dissociation prior to TM (coordinatively unsaturated Pd center)
W Faster rate with PPh3: More electrophilic Pd center —> faster TM

Thomas, A. A.; Wang, H.; Zahrt, A. F.; Denmark, S. E. J. Am. Chem. Soc. 2017, 139, 3805



Pre-transmetalation complexes

Boronic esters 2 equiv

WL
L BOR), _

THF, =10 °C

F—ar)—rg-or
2

O/B

= Arl-Ar?

+ B(OH),
+ Pd(PiPr3),

substrate complex “formk, 107 s K substrate complex “formk, 107 s ke
B(OH), i
0 4 0.578 +0.013 1.00 0&\
E 2 /@/B“O 18 - -
9,9 : 16 (prdt formation: 5.5 h)
/@’B‘O 9 246 +0.39 4.27 O,Aj
F 8 8. - .
a o F,@ < 27 = (prdt formation: 0.3 h)
o cl PN 0-iPr
. 0.0013 = ;
0" 11 0.0022 Poirr 21 0.824 +0.016 1.42
e 0.0004 J -
10 =
0O-Me B‘O
3.3 . 3.
) . F Q - 19 13.3 0.7 23.01
BT e 14 2.73+0.54 4.20 e
FQ 12 FO . 6 12.440.2 21.45
MeO ]
o 30 539+ 0.07 9.33
é\oQMe 15 3.34+£0.21 5.78 FO/H i 28
il g 13 e
B);“ 31 0.226 +0.031 0.39

W Faster rate with PPh3: More electrophilic Pd cen O 0
.

29

Thomas, A. A.; Zahrt, A. F.; Delaney, C. P.; Denmark, S. E. J. Am. Chem. Soc. 2018, 140, 4401



Pre-transmetalation complexes

Boronic esters 2 equiv

F
L B(OR),
FPd_OH g Pd_OH ~ Ar'-Ar? 4+ B(OH),
ﬁ THF, =10 °C + PA(PiPrs),

W Ease of rehybridization of B:
steric accessibility, electrophilicity, angular distortion

W Ease of formation of a coordinatively unsaturated Pd complex:
Lewis basicity and steric demand of the oxygen atoms

m Migratory aptitude of the Ar group:
Lewis basicity of O (inverse dependence compared to the factor above)

Thomas, A. A.; Zahrt, A. F.; Delaney, C. P.; Denmark, S. E. J. Am. Chem. Soc. 2018, 140, 4401



Pre-transmetalation complexes

Boronic esters 2 equiv

F
L 'E “B(OR),
de'OH g Pd_OH > Ar'-Ar? 4 B(OH),
e THF, —10 °C

RO’B + Pd(PiPr3),

W Ease of rehybridization of B:
steric accessibility, electrophilicity, angular distortion

W Ease of formation of a coordinatively unsaturated Pd complex:
Lewis basicity and steric demand of the oxygen atoms

m Migratory aptitude of the Ar group:
Lewis basicity of O (inverse dependence compared to the factor above)

...............................................................................................................................

1. Lewis basic oxygen atoms: .
favorable Pd-O interaction —> higher barrier for dissociation and less stable \Q\ OQ
pre-TM intermediate ?‘o
Catechol > glycol > boronic acid : (easily dissociated) F‘@‘F’l"‘O\H

2. Lewis basic oxygen atoms: i-PrsP

hyperconjugative activation of migrating Ar group —> lowering barrier to TM

3. boronic acid (free to rotate) > glycol, catechol (geometric constraint)

B(eg) >> BCat > B(OH),

................................................................................................................................

Thomas, A. A.; Zahrt, A. F.; Delaney, C. P.; Denmark, S. E. J. Am. Chem. Soc. 2018, 140, 4401



Other metal complexes containing M-O-B bonds

W Pt: Osakada (2005)

PMe,Ph PMe,Ph

e Buy;NOH
Ph—Pt—O\B/ + Ar=B(OH): —Jpr36h Ph—Tt—Ar
PMe,Ph OH PMe,Ph

(Ar = CgH,OMe-4)
Organometallics 2005, 24, 3815

W Rh: Hartwig (2007)

Ar
A

Et;P. O—B : Et.P. A
AN N\ 3 r
Rh< oH PEL e TEN T + [0=B(OH)),
7 0 /
Et3P F)Et3 C6D6, 70 C Et3p \PEt3

J. Am. Chem. Soc. 2007, 129, 1876.




Proposed mechanism for Ni-catalyzed SMC

Ni(0)-Ni(ll) cycle Ni(I)-Ni(lll) cycle
Ar-Ar' [NI(O)] Arx - Ar-Ar' [NI Ar B OH)3
a 2/
Ar-[Ni(I1)]-Ar’ Ar-[Ni(I1)]-X AFINIITAFR B(OH)3
\/{Ni(l)]Ar'
B(OH)s + X @ ArB(OH)s OA A

m OA: either in a concerted fashion or by a single-electron transfer pathway via free radicals
B RE: less information is available due to the difficulty of isolating TM product.
W TOL.: either OA (poorly reactive substrates such as ArCl) or TM (for other electrophiles)



Ni-catalyzed SMC: Ni(l/lll) cycle

......................

10 mol% Ni(IMes), E !
CeHg, 80 °C 5 B :

......................

B Reaction of Ni(0) cat and electrophile

PhX
Ni(IMes), > Ni(IMes),X + Phe

X =1, Br, Cl

\

Never detected OA product
—> general mechanism may not be applicable to Ni-based cross-coupling

B Alternative mechanism was proposed Ni°L,,
JAr—X

Transmetalation, - Ar-
M-Ar'

followed by OA and RE Ar—Ar Nl —X
>/ \&\ Ar'—X
Ar

1 c
Ar'—lei'”—Ln Ni'L,—Ar
A \%
Ar—X
Zhang, K.; Conda-Sheridan, M.; Cooke, S. R.; Louie, J. Organometallics 2011, 30, 2546.




Ni-catalyzed SMC: Ni(0/ll) cycle

2.5 mol%(dppf)Ni(tol)(Cl)
+ (HO),B >
toluene, rt, 4 h

OSO.NMe;, 2.5 equiv.

B Formation of Ni(l) is deterimental to catalysis

Ph Ph
@—th RS e N

\ ,Cl . | .
Ni_ >  Fe /N|—CI + Fo Ni—o-Tol
/ “o-Tol
@—PPM <P, e,
Ni(Il) precatalyst ldecomposmon

or formed during catalysis

(dppf)Ni(0) + Ar + Ar-Ar

m Ni(0/ll) cycle was proposed.

Beromi, M. M.; Nova, A.; Balcells, D.; Brasacchio, A. M.; Brudvig, G. W.; Guard, L. M.; Hazari, N.; Vinyard, D. J. J. Am.
Chem. Soc. 2017, 139, 922



Mechanistic study on B-to-Ni transmetalation

B(OH),

Cl.,, WPC .
NI 1y3 > </Ar1\>—<\Ar2/>
CysP Ar with or without KOH \—

Christian, A. H.; Muller, P.; Monfette, S. Organometallics 2014, 33, 2134



Mechanistic study on B-to-Ni transmetalation

B(OH)2 PhB(SrH)Z 4

K[PhB(OH)s], 6
@ Complex 2 or 3 %’
— 5
Clu,  wPCys </ N\
‘Ni: e > ( Ar' Ar? 0 A
oP” A < e OB = "

very slow
75 -
KOH et 2 with PHB(OH);
THF-H,O (20:1 - g 3 with PhB(OH),
20 ( ) B(OH), 3 == == 4= == = 2 with K[PhB(OH);]
% 50 = = == 3 with K[PhB(OH)]
‘% 2 with PhB(OH), and K;PO,-H,0
K
0.5 Al 'El) PC
- I" 1, ”.\\ / 1, ot y3
NI TN ] 25 S —dmmmmmm—— e .
Cy;P (|_3| Ar »
'4
3 0 7‘—.—[ e o mssnss oo o=
catalytically active O ‘ s ) :

Figure 3. Yield of § over time. Conditions: 17 mM [Ni], 1.5 equiv of 4
(solid line) or 6 and 18-crown-6 (dashed line), THF, 22 °C, N,
atmosphere. Values are +3% in replicate runs.

MW bridged hydroxo dinickel complex:
reacts with PhB(OH), faster than NiCl complex with PhB(OH),

B TM does not proceed in the absence of hydroxide

Christian, A. H.; Mdller, P.; Monfette, S. Organometallics 2014, 33, 2134



Mechanistic study on B-to-Ni transmetalation

Hydrolysis of NiBr compound:

. H 1— (;‘
Br""N"“PPh?’ 1 equiv. TBAOH Ar1,,,.N_“\\O,,,,_N_“\PCy3 Ar'=
| > | |
PhsP”  NAr! CysP” YYo= MAr!
H Me F
+ jsomers
20 = T T T .l 1 2 2

Scheme 5. Reaction of Complex 1 with PhB(OH), in the
Presence of TBAOH to form the Biphenyl Product 12

B(OH),
PheR g O
Ni
/@ PPh, _
. TBAOH
dioxane/H,0

1

o

15 -

I
—
I
1

10

N
|
|

In(1-[12]/[12]c,)

[12] (mmol L'1)

w
|
|

o

Payard, P.-A.; Perego, L. A.; Ciofini, I.; Grimaud, L. ACS Catal. 2018, 8, 4812



Mechanistic study on B-to-Ni transmetalation

Hydrolysis of NiBr compound:

Brs.,  «PPhj 1 eqUiV. TBAOH o

Ni
PhsP”  NAr!

H
Ar1l,,_ __‘\\O’I,,_ _‘\\PCY3

+ jsomers
34

Scheme 5. Reaction of Complex 1 with PhB(OH), in the
Presence of TBAOH to form the Biphenyl Product 12

B(OH),
PhsP g, [:::]’
Ni
/[:::I;\PPh3 _
. TBAOH
1 dioxane/H,0

a) 10F 100
gl PhB(OH), 10 equiv. 80
Various amounts of TBAOH
$ 6 60
<
g 4 40
x
2 20
0 0

02 03 04 05 06 0.7 08
TBAOH / PhB(OH); (mol / mol)

Species 34 (%)

b)

Karn (102 &1

T T T T T

2 equiv. TBAOH
Various amou

0
0.05 01 0.15 0.2 025 0.3 035 04

TBAOH / PhB(OH), (mol / mol)

Payard, P.-A.; Perego, L. A.; Ciofini, I.; Grimaud, L. ACS Catal. 2018, 8, 4812

100

80

60

40
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Species 3-4 (%)



Mechanistic study on B-to-Ni transmetalation

Hydrolysis of NiBr compound:

Br/,,,N_“\PPhs 1 equiv. TBAOH Ar ""N"“‘O""'N"“PCY3 r
| > | |
PhsP” Ar! CysP” Y07 Ar!
. Me F
+ isomers
3-4

Scheme 5. Reaction of Complex 1 with PhB(OH), in the
Presence of TBAOH to form the Biphenyl Product 12

m at low [TBAOH]/[PhB(OH),], fast reaction

PhsR BIGH) ’
3

NirE" O m [3-4] should kept low.

/@ PPhj - Plot indicates dimeric 3 and 4 are not directly
E TBAOH involved in TM.

1 dioxane/H,0

a) 10F 100 b) 4F ' ' ' ' ' 100
2 equiv. TBAOH

gl PhB(OH), 10 equiv. 80 Various amou 80
Various amounts of TBAOH| . 3 -
= g & g
q-m 6 60 ; ‘T’m 60 " §
o ) o %
— 7)) — 2 (]
= Q e 1
& 4 0 g g 40 g
< & < )

1
2+ 20 20
0 0 0 0
02 03 04 05 06 07 08 005 0.1 015 0.2 025 03 0.35 04
TBAOH / PhB(OH), (mol / mol) TBAOH / PhB(OH), (mol / mol)

Payard, P.-A.; Perego, L. A.; Ciofini, I.; Grimaud, L. ACS Catal. 2018, 8, 4812



Mechanistic study on B-to-Ni transmetalation

Hydrolysis of NiBr compound:

Br/,,,N_“\PPhs 1 equiv. TBAOH Ar ""N""\O""'N"‘\PCY3
| > | |
PhsP” Ar! CysP” Y07 Ar!
. Me F
+ isomers
3-4

Scheme 5. Reaction of Complex 1 with PhB(OH), in the
Presence of TBAOH to form the Biphenyl Product 12

m at low [TBAOH]/[PhB(OH),], fast reaction

PhsR el 21
3

NiE" ©/ m [3-4] should kept low.

/@ PPhj - Plot indicates dimeric 3 and 4 are not directly
E TBAOH involved in TM.

1 dioxane/H,0

Control of [OH7] is very important!!
M poorly soluble inorganic bases (carbonate, phosphate) in low-polarity solvent

B amount of water added
M portionwise addition of bases in case reaction is slow.

Payard, P.-A.; Perego, L. A.; Ciofini, I.; Grimaud, L. ACS Catal. 2018, 8, 4812



Hammett plot at high and low [OH']

o
Clu,.  WPCys R
CysP 5 Ar

TBAOH

a) TBAOH / ArB(OH); = 4 : 10 (equiv / equiv)
1.6 T T l T

In(kx/kn)

| at high [OH]
pre-equilibria to Ni(OH) dimer

electron-poor —> more Lewis-acidic
—> reacts with hydroxo-bridged dimer
—> fast reaction

Christian, A. H.; Muller, P.; Monfette, S. Organometallics 2014, 33, 2134



Hammett plot at high and low [OH']

;;1_,;\ ™
\I’bk }V.u; o Po
H QR Y7
a B v Bow a L owMg | K4S _
Ni\ ,Ni\ —_— NI\ ‘—-> o — Ar-Ar
0 Ar / x  ATB(OH), 5
H fé: v

a) TBAOH / ArB(OH); = 4 : 10 (equiv / equiv)
1.6 T T l

In(kx/kn)

m at high [OH]

pre-equilibria to Ni(OH) dimer

electron-poor —> more Lewis-acidic

—> reacts with hydroxo-bridged dimer
—> fast reaction

Christian, A. H.; Muller, P.; Monfette, S. Organometallics 2014, 33, 2134



Hammett plot at high and low [OH']

R

CI/,,.N__\\PCY3 \/ - R
DS 1 N\ -
VT, A TBAOH
a) TBAOH / ArB(OH); = 4 : 10 (equiv / equiv) b) TBAOH / ArB(OH), = 2 : 20 (equiv / equiv)
1.6 T T T T 1 0.4 T T T 1 T
OMe
0 -
T T
< =<
£ 5
E =l
-0.8
| | | | |
-0.2 0 0.2 0.4 0.6
Op Op
M at high [OH] M at low [OHT]
pre-equilibria to Ni(OH) dimer e-rich boronic acid reacts faster
electron-poor —> more Lewis-acidic (Ni: electrophile, B: nucleophile)

—> reacts with hydroxo-bridged dimer
—> fast reaction

Christian, A. H.; Muller, P.; Monfette, S. Organometallics 2014, 33, 2134



Boron reagents

W Nucleophilicity

In SMC, boron reagent tends to
be nucleophilic component.

Mayr’s nucleophilicity scale:

R
O
‘/\‘ MeCN, rt, 5m|n O O

benzhydrylium ion

.84 6.38
O s
B/O B’O BLi*
Increasing
nucleophilicity (N)
8

110 1|2 1|4
|

H ‘ ng\/j/
D’ _BF3K g "
R (0]
290

3.61 7.66 12.55

G. Berionni, B. Maji, P. Knochel and H. Mayr,
Chem. Sci., 2012, 3, 878



Boron reagents

B Nucleophilicity

In SMC, boron reagent tends to
be nucleophilic component.

Mayr’s nucleophilicity scale:

Me

: |
MeCN, rt, 5 min
benzhydrylium ion

1.84 6.38

;\/:0 3 9.09

_B<O o /Bzg \YB'Li“
R @) R R g

Increasing
nucleophilicity (N)
0 2 4 6 8 10 12 14
i i i i { } i I >
N . ‘ 0%
/ / _BF3K _B_
R/B\O R . R” "0
290 3.61 : 12.55
G. Berionni, B. Maji, P. Knochel and H. Mayr,

Chem. Sci., 2012, 3, 878

W Stability
The extent of transesterification is used to assess the
stability of boronic esters of interest.

o o)
¢ HO
B\O HO K
-
5 HO

47% 0%
7 i BoNles
~ B\
Ph” \ e PR 0
98% 91% 89% 75%
0 0 0
éﬁL ° éJ§< g; \
X >>
Ph” O Ph” O Ph” O
85% 88% 28%

Fig. 4 Stability sequences for a range of boronic esters, with percent
transesterification from the glycol boronic ester indicated.

- trans diols: completely unreactive

- 6-membered esters: more thermodynamically stable
(favorable orbital overlap btw B and O)

- Methyl group substitution: further stabilization

- Catechol: the decreased pi-donating ability of O to B

Lennox, A. J. J.; Lloyd-Jones, G. C.
Chem. Soc. Rev., 2014, 43, 412.



Use of boronic esters in transmetalation

W Direct transmetalation
Boranes, Boronic acids

B Pre-activatiopn necessary
Organotrifluoroborate salt, MIDA boronate, BDan

W Still ambiguous

Boronic esters; BPin, BNeo, BCat, ...
Trihydroxyborate ion

Ho\,OJ§<
Boronate _  _ XX B [Pd"R(X)
Direct > 2T _
O’& Transmetallation

]

5 i Pd"R(OH)
i ®/B S Oxo-palladium [ (OH)Ly] z; R
L Prior Activation N

Oxo-palladium  [Pd"R(OH)L ]

Boronate T[Pd”R(X)L”]
?Jﬂ@“ g Ho Q"
B N B B-

oH o OH . Yy oM
Z > L

Scheme 8.24 Possible transmetallation mechanisms for the coupling of an arylpinacolboronic ester.

Zy

Lennox, A. J. J.; Lloyd-Jones, G. C. Boron Reagent Activation in Suzuki-Miyaura Coupling, Chapter 8 in “Modern Cross Coupling: Evolution and Application” Edited by Thomas
Colacot, RSC, 2014



