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B.ab'kfground

Well developed:
gCTTTTIII e ~: (
! Ho FG
' benzylic C-H X OR X R
: [N E R
: R | R
! allylic C-H Y R =
: H i C-H Functionalization — FG
: n 5 FG
. secondary C-H : H
5 R"R ! RkR
: o Jre
. tertiary C-H '
] R R | R” "R
Nl 0 .

Less developed:

1 H C-H Functionalization
primary C-H R)<H

H
> H
RkFG

C-H bonds are stronger and less electron rich

> A

exclusive selectivity R™ "BR;

H H  undirected C-H borylation H
primary C-H Rki {

Hartwig, J. F. J. Am. Chem. Soc. 2016, 138, 2.



Bab'k‘ground

| App:li'cation of Alkylboron Reagents:

| R”NH, Amination
Homologation -\~ Bpin

MPML, HgCl,
N

‘

R CHO H,0,

MPML = LiCH(OMe)SPh

H202, NaOH P
» R OH idati
or NaBO, Oxidation

‘4
R BOH)Y, Pd O o~
(OH). [RX] Y R™ "H Protodeboronation
Base ™
aS
R™ TR
Suzuki-Miyaura coupling operational simplicity

environmentally benign nature
thermal stability of the transmetalation agents

Brown, H. C. et al., Pure & Appl. Chem. 1987, 59, 879.

Aggarwal, V. K. et al., Chem. Eur. J. 2011, 17, 13124.

Sigman, M. S. et al., Chem. Rev. 2011, 111, 1417. ANy
Morken, J. P. et al., Synlett 2018, 29, 1749. N
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_A Tranditional Synthesis of Alkylboron Reagents:

(1) From Grignard and Lithium Reagents

.78 °C . R'OH .
RM+ B(OR); o [R_B(OR)s| M* —— R_BIOR",
2

M = Li, MgX
R"OH = H,0, alcohol or diol

Cons: Multistep synthetic sequences
Functionalized precursor
(2) via Hydroboration Limited functional group compatibility

0 [RCIPPha] R\/\B’O
F +HE y
0

HBcat
Je [(ICl(cod)/dppe > g-C
&t HB > ‘O

0

HBpin
-78 °C R"OH

R&Z + HBBry»SMe; —— R\/\BBrZ-SMez — R__B(OR"),

Et,O

R"OH = H,0, alcohol or diol

Sigman, M. S. et al., Chem. Rev. 2011, 111, 1417.
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hv
Cp*M(CO),Bcat’ + NN —» _~ _~_Bcat' + HBcat
(1eq.) excess
M=Fe,n=2, 28% oC: W \Bceat'
0 Me Ru, n =2, 40% oc’ 'co
4 W, n =3, 85%
Bcat' = o
Me

Hartwig, J. F. et al., Science 1997, 277, 211.

[Cp*Re(CO)3] (2.4-5 mol%) .
R/\H + szinz - RABpln + HBpIn
Neat hv, CO (2 atm), 25 °C

Hartwig, J. F. et al., Angew. Chem., Int. Ed. 1999, 38, 3391.

[Cp*Rh(n*-CgMeg)] (2.5-5 mo|%)>
150 °C

R Y + Bypin, R” Bpin + H»

neat 1 eq.

Hartwig, J. F. et al., Science 2000, 287, 1995.

Rh, Ir, Pd, Co, Ru,...
R™H + Boping » R~ “Bpin
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|
,||"I Ir'l
MesP” 11 MesP” 3R

Bergman, R. G. et al., J. Am. Chem. Soc. 1982, 104, 352.

hv
P g
-CO
CcO oC & R

OC/Ir\ ll‘r'/

Graham, W. A. G. et al., J. Am. Chem. Soc. 1982, 104, 3723.
Graham, W. A. G. et al., J. Am. Chem. Soc. 1983, 105, 7190.
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Borylation of activated substrates--Benzylic C-H

" [Ir(OMe)(COD)], (0.5 mol%) Bpin t-Bu t-Bu
Xy Ve dtbpy (1.0 mol%) 7\ —
R— + B,pin, > 1 N Bpin \ /
iMe->H THF, 50 °C Q —N N
SMezl 2 eq.) 2 siMe,H
0.5 mmol dtbpy
selected examples:
Bpin Bpin Bpin Bpin
M
TN Bpin TN Bpin © Bpin Q
Me—r P Cl—r _ Bpin
SiMe,yH SiMe,yH Me SiMe,yH SiMe,yH
o-Me: 90% (12 h) o-Me: 85% (12 h) 84% (12 h) 80% (12 h)

m-Me: 80% (12 h)

m-Me: 84% (6 h) p-Me: 87% (12 h)

p-Me: 96% (2 h), 93%2 (12 h)

a8 5 mmol scale

_______________

H
( No, [AiSiMe,
Nid |\Bpin
Bpin

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

.
L

Hartwig, J. F. et al., Chem. Sci. 2014, 5, 694.
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Borylation of activated substrates--Benzylic C-H

Bpin
N Bpin
R P
SiMe,H
TMSCI (1.2 eq.)
Kl (1.2 eq.)
H,0 (1.2 eq.)
CH4CN, 25 °C
A B
Bpin ArBr (1 eq.) Bpin Arl (1 eq.)
Pd[P(t-Bu 5.0 mol% Pd[P(t-Bu 5.0 mol%
N C < [P(t-Bu)s]z ( 0) N Boin [P(t-Bu)s]2 ( 0)> R
RT CsF (2 eq.) R NaOH (3 eq.)
THF, 70 °C, 16 h THF/H,0, 70 °C, 16 h
(1.5eq.)

Hartwig, J. F. et al., Chem. Sci. 2014, 5, 694.

N

Ar

N



Borylation of activated substrates--Benzylic C-H

s Et3SiBpin (1 e?.) _ /i
X Ir cat. (1-2 mol%) T Bpin Ir
R—=+ > R
= MeCy Z
(1.5eq.) 100°C

Ir precat.: X' = H, X2 = Cl
Active cat.: X' = X2 = Bpin
CF;

selected examples:

©/\Bpin MeOOC\©/\Bpin /©/\Bpin ©:\Bpin
MeOOC Cl

51% 38% 61%
Bn:Ar=9:1 Bn:Ar=2.7:1 Bn:Ar=23:1
68% 52% 80%
Bn:Ar >99:1 Bn:Ar > 99:1 Bn:Ar=19:1
af=63:1

35%
Bn:Ar = 3:1

N Bpin
/
N Cl
60%
Bn:Ar=4:1

Hartwig, J. F. et al., J. Am. Chem. Soc. 2015, 137, 8633.
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Borylation of activated substrates--Benzylic C-H

AGso " SiEt,
kcal/mol \ Bpin

|r
P SiEt : ‘
| N,'Ir"fI i Phj Bpin IV
s.EBpm N, S0l N, N,, \Bpln
'"' H ( | (
'lr‘Bpln SiEt pin pin
1=l SIEt3 SIEt3
S'Ets + PhCH,Bpin

+ PhCHs MO06, LANL2TZ, 6-31++G**

Hartwig, J. F. et al., J. Am. Chem. Soc. 2015, 137, 8633.
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Borylation of activated substrates--Benzylic C-H

F3C
N,, .Bpin are O3
N'Ir‘Bpin
Et;SiBpin SiIEts
Et,SiH
N, H A Bpi
. Bpin
SiEts N™| “Bpin
v Il SIEt3
Ar : Turnover-Limiting Ste
Bpin 9 P
/\ . N/ >N
Ar Bpin ( vlrQH
|_ Bpin
SIEt3

Hartwig, J. F. et al., J. Am. Chem. Soc. 2015, 137, 8633.
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Borylation of activated substrates--Silanes

Bopins (1 €q.)
. [Ir(OMe)(COD)], (2.5 mol%) ) i-PrOH ) e e
FI\)_,CI Mesphen (5 mol%) . FI\)_,CI _ EtsN Fn\)_/Oi-Pr. Me / \ \ Me
R( I‘CHQ, cyclohexane R1,S|va|n cyclohexane R1,S|\/Bp|n =N N=
(0]
(4 eq.) 80°C,12h Me4phen
1.2 mmol
selected examples:
. HC .
-  OI-P
H:Q oipr H3C\S,,0i-Pr_ ! Pro\s_,Oi-Prl H3C\S_/\/Si\/|8rpin HQ HG oip
H3C'S'\/Bpin n-Bu” '\/Bpln H3C’ '\/Bpln i_PrO’éIH l_PrS céSI‘O’SI\/Bpm
3 3
55 (93)%2, 78%" 82% 58 (77)%2 81% 67%

214 NMR yield before isolated in the parentheses. ® 120mmol scale.

Suginome, M. et al., J. Am. Chem. Soc. 2012, 134, 17416. ,:' | 15



Borylation of activated substrates--Silanes

R
_Si.
H,C~ Cl
2l X
H—=[Ir]—Bpin
Me 7
Et\s,i#m ¢
Me T | n.c gt Me
gl Nzl Bpin si-Cl
H,C ( S H2CL
22y N( . "Bpin N
N,,‘: R Bpin ( ’Air»i.‘apin
Ay Bein TSa4S0 N
N épinp 1314 Bpin
AGey 1S1a 5
kcalfmol : . A52a
' 27.1
Me ' .
g \194
, .
HaC INT2a-1SO
1a £t Me
si-©l
HC
N Bpin
INT2a ( "‘ir"Bpi”
1 Me N( \il-g
: N, Bpin ;-G Bpin
INT1 i ;
N( 1 TBpin HiC

Bpin N ﬁ .
( f.;r-‘...Bpsn

PR
Bopins N ép%pm
.0
INTO
N Bpigpm b .
( ’;lr'-;-'Bs?iﬂ N'ép?#“f N, { Bpin /N, Bpin
N B MO6, LANL2TZ(f), 6-311+G(2d,2p) ( (0
Himo, F. et al., Chem. Sci. 2015, 6, 1735.

r
7" VBpin

HBpin Bpin
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Borylation of activated substrates--Silanes

SiMe,
Me;-SiMes Bopin; (1 eq.)
7 [Ir(OMe)(COD)], (5 mol%)
Mezphen (10 mol%)
Me; cyclooctane

eZSi/Si‘§iMe2 100-135°C, 12 h
eZSi\Si,SiMez

Me,

(4 eq.)
1.2 mmol

Me;3Si_, Bpin

Me,

Me\M,?Sivain

Me2

. SiL .
MGQSI §|Me2
Megsi\Si,SiMeg
Me/ \—Bpin

“a-silyl effect”
a-carbanion stabilizing effect of silicon

Suginome, M. et al., Organometallics 2013, 32, 6170

Me

Me

Me
/7 N\ \
=N N=
Me,phen

Me

gy



Borylation of activated substrates--Silanes

Control experiments:

(1) NS~ standard conditions A~~~ Bpin

(4 eq.) 17%, GC

standard conditions
(2) M B = 1o borylated products

(4 eq.)
SiM63
Me’ ;
Bpin
SiMe3 standard conditions 81%
r
(3) /©/ SiMe;
- e
(4 eq.) Bpin
23%

Reactivity: Ar-H > Ar-CH, > Si-CH, > alkyl-CH,

) standard conditions f

(4 eq.) 52%

Suginome, M. et al., Organometallics 2013, 32, 6170

Bpin SiMe3
Me’ ;

Bpin
2%
M92

/O/Sivain
Me

13%

IR



Borylation of activated substrates--Silanes

(>‘/\ O)SSi—Me

(4 eq.)

szinz (1 eq>
[Ir(OMe)(COD)], (5 mol%)
Mephen (10 mol%)

t-BuOK (2.5 mol%)
neat, 110 °C, 18 h

Me Me
Me /7 N \ Me
=N N=
Me,phen

Suginome, M. et al., Organometallics 2016, 35, 1601

(>‘/\O)Sivain
3 —

70%

d

|
. ® I
—Sll‘O—SI—O‘Sli—
FG
FG = Bpin, Ar, OH

NIRRT



Boﬁlation of activated substrates

o [I(OMe)(COD)], (1.25 mol%) 0 SiH(i-Pr);
L1 (2.5 mol% N

R11LN'Me + Bypin, : L R11LNABpin >

Il?z (1.5 eq.) dioxane, 120 °C, 20 h Il?z =

L1
o) 0 0 0
Me\ Jl\ N . S i
Me)L[}l/\Bplﬂ t—Bu)j\l}l/\Bpln N N Bpln N Bpln
Me Me v
63 (99)%3 50% 96% 56%

2TH NMR vyield before isolated in the parentheses.

j)j\ BCl,, CH,Cl,, -78 °C JO]\
R™ N Bpin 3, ~M2v12, > N/\B/OH
y then MeOH, H,0 I i
Me Me OH
R'=Me 91%

t-Bu 74%

OH Cl o

T
/g‘/ 0 Ogy Nr, B
N \/ ~OH
EJ* P ﬁr Cj (J.cor
Me \rMe RS
\ S
Me Cl Me
Bortezomib (Velcade®)

Ixazomib (Ninlaro®) RPX7009 (Vaborbactam®)

Hyland, S.N. et al., Tetrahedron Letters 2019, 60, 1096
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Borylation of unactivated substrates

[I(OMe)(COD)], (1 mol%)
A _ Silica-SMAP (2 mol%) N
| _ Me + B2Pin2 > |
N € TBME, 25 or 60 °C N Bpin

(3 eq.) 0.3 mmol

\

Silica-SMAP

Selected examples:

I
D ® ® e &
| Z _ = Bpin Z . N/ “y
N/ Bpin N Bpin N Me N Bpin
Me Me

25 °C, 66 (64)%"°

T E5 I 60 °C, 109 (74)%2  60°C, 83 (59)%2 25 °C, 82 (53)%* 60 °C, 72 (51)%2
y o’

2jsolated yield in the parentheses. ® 5 mmol scale

Sawamura, M. et al., J. Am. Chem. Soc. 2013, 135, 2947 22



Borylation of unactivated substrates

/

i
5 (i/ + szinz
N7 Me (35eq.)

[I(COD)CI]2 (5 mol%) ¢ _
> N Bpin
n-octane, reflux | _ Bpi
N B

selected examples:

OMe
N Bpin N Bpin
| _ Bpin | _ Bpin

N Bpin MeO N Bpin
95 (81)%? <1%
X Bpin N Bpin

| P Bpin | _ Bpin
N Bpin N Bpin

77 (52)%32 57 (44)%32

pin
pin
NO,
N Bpin
| _ Bpin
N Bpin
1%

| N Bpin
Z
N

2%

Bpin
Bpin

disolated yield in the parentheses.

Sato, Y. et al., Chem. Commun. 2013, 49, 5601



Borylation of unactivated substrates

Me
CsF (3 eq.)
COQ (1 atm) n—CSH13I AN
> | _
NMP, 140°C, 12h  Cs;COs N On-CeH13
Me @)

S Bpin 58%
' Bpin '
N  Bpin ! stable
O\)<Bpin : Ar\/@\Bpin ' carbanion
N Bpin  s-eeeeeeeeamaa ’
\ H20, (10 eq.) Me
TsOH+H,O (1 eq. n-CgHa2l
20 ( )> shisl m

THE ,3h  Cs,c05 U

7
N On—C6H 13
56%

Sato, Y. et al., Chem. Commun. 2013, 49, 5601
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Borylation of unactivated substrates

X ]
B,pin, (1 €q.) ey RO BRK
Ir(ng-mes)(Bpin); Ny Me Me
Me,phen =
_X_CH 4 X 7\
R Mn 3 > [R' M?Bpir] //00, Me \ '\{ = Me
(9 eq.) m x
X=NR, O GC yield RN ar Me4phen
n
selected examples:

Et IIEt IIEt IIEt

N N N N .
Me” \/\Bpin Et” \/\Bpln n-Pr” \/\Bpln n-Bu \/\Bpm

84% 103% 108% 129%
Et:n-Pr = 83:17 Et:n-Bu = 86:14
I\I/Ie
' @) 0] @)
n_Pr/N\/\,Bpln n-Pr” \/\Bpin n-Bu” \/\Bpin t-Bu” \/\Bpm
69% 146% 130% 112%
n-Pr:Me = 96:4 Et:n-Pr = 85:15 Et:n-Bu = 87:13

[-selectivity

Hartwig, J. F. et al., J. Am. Chem. Soc. 2014, 136, 8755.

M55



Borylation of unactivated substrates

N,,Irngin NEt,
. v i
HBpin N"| BRI rate-determining step
Bpin
a NEt,
Bpin Bpin
s H Me Me
N/'Ir“;:- (NziryBein (N - _
e Bpinpln N"| “Bpin N Me N/ 7\ Me
Bpin N N=
b
>y %-a 00
-B O NEt
0" %0 ﬁ: g 2
(N/,ir\\H _ @)
N'| ~Bpin N"I N
Bpin N'|r‘|3pin
d ‘?{ Bpin
c
EtZN/\/BPi“ Bapin ,B—Selectivily ?
®

Hartwig, J. F. et al., J. Am. Chem. Soc. 2014, 136, 8755.



Borylation of unactivated substrates

Ed(lr-Bz) =2.02 A (0.6231)
Ed(ll‘—Bs) =2.16 A (0.7748)

3-TS

C-H---O Enpo(C-H activation TS) d(C-0) d(O-H) HOILD

interaction (in keal/mol) (inA) (inA) (C-H-0)
C1-H1---O1 0.7 3.25 2.49 125.0°
C2-H2:--O1 1.0 3.31 2.51 128.9°
C3-H3---:02 1.2 3.57 2.50 163.9°
C4-H4---02 2.8 3.18 2.26 140.0°
C5-H5---03 0.7 3.39 2.46 142.1°

Hartwig, J. F. et al., J. Am. Chem. Soc. 2014, 136, 8755.

d(Ir-N1) = 2.29 A (0.3364)
d(Ir-N2) = 2.16 A (0.4029)

o2

d(Ir-C) = 2.20 A (0.6029)
. d(ir—H) = 1.61 A (0.4828)
d(C—H) = 2.40 A (0.0641)
d(Ir-B1) = 2.07 A (0.6211)
d(H-B1) = 1.60 A (0.2643)

1. Weak Lewis acid-base interaction

2. C-H---O interaction

i



Borylation of unactivated substrates

Et
~N<

Et

B2pin; (1 eq.)
Ir(ng-mes)(Bpin)s

Me,phen

d(H-B,) = 1.91 A (0.1387)
@(B1,Ir,C,N) = -8.7°

d(B1-N) = 3.56 A

0.56 kcal/mol stabilization
energy from N to B1

B,pin; (1 eq.)
Ir(ne-mes)(Bpin);

Et Et Me.phen Et Et
I 719
N o _* Bpi
Me” " Bpin Me™ “Et Me)\/\Bpm pm\)\Et
84% 95%, Et-Me = 20:1

1. Repulsive steric interactions

d(H-B4) = 1.89 A (0.1414)
o(B1,Ir,C,N) = 11.8°
d(B1-N)=3.73A

no stabilization energ
from N to B4 i

2 o 2. Weak Lewis acid-base interactions

3. C-H---O interactions

[-selectivity

AG amine 383 K

AG =
15-TS-Et Eg'g; [AH i ::i:} (8.4)
-erEka : in kcalimol 15-T5-Me-a [7.2]

C—H--- O EnpolC-H activation TS) gic-0(M)) diOin—H)
interaction (i kealimol) inAy  fin Ay SIE-H-OMND
C1-H1--- 0.7 3.25 2.47 12'.".1c C-H--0 EngolC-H activation TS)  dic-0)  d(O-Hj _—
Ce—Hz---On 0.7 356 2.59 1265 interaction {in kealimol) (inA) (inA) £
Ca—H3---M 0.7 3.85 268 147.8° B
Ca=Ha- 0z a7 3,19 2 28 138.6° Ca=Ha 02 2.4 3.25 2.32 141.8
R 16 3% 239 4413 Cs—Hs-0a 0.8 335 243 142.1°

Hartwig, J. F. et al., J. Am. Chem. Soc. 2014, 136, 8755.
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Borylation of unactivated substrates

Bopin; (1 eq.) Me Me
[Ir(OMe)(COD)], (2-5 mol%) _
Me4phen (5-10 mol%) 7\
RAH 4 ° - RABpIn Me \ / _ Me
4 eq) t-BuOK (1-2.5 mol%) N N
eq.
110 °C, 20 h Mephen
selected examples: i-Pr
Bpin
Mew/\ , Me Me ; : Me Me
O/YBpm , (/-Bu)zN/\/\Bpm ,
B B
Me Me Me)\o)\’ - Me Me)\/K’ - i-Pr
7% 71% 64% 67% 85%

without t-BuOK 11% without t-BuOK 10%  without -BuOK 17% without t-BuOK 26% without t-BuOK 17%

Suginome, M. et al., Chem. Commun. 2014, 50, 6333



Borylation of unactivated substrates

Bopinz (1 eq.)
[Ir(OMe)(COD)]5 (5 mol%)

Ligand (10 mol%) P U U
NN > Bpin
neat, 120 °C
Me Me
- X X X X
ve—Q < e | | | |
NON= N Nz N Nz
Me,phen L1 L2
82% 4% 20% .
F
/ F) postulated
«3-binding mode
F F
F
~-N N = ~-N N2 ~-N N2 ~-N N~
L3 L4 LS L6
7% \ 180% J 48% 22%

Schley, N. D. et al., J. Am. Chem. Soc. 2020, 142, 6488




Borylation of unactivated substrates

F
szinz (1 GQ)
[(Mes)Ir(Bpin)s] (1 mol%)
L4 (1 mol%) KHF, (aq., 4.5 eq.)
R H > R Bpin e ra i
S,120°C : MeOH, 23 °C, 3 h 3 N Nz
(neat or 5 eq.) NMR yield (isolated yield) L4
selected examples: 2ol _ .
Me/\e/):\/ n_BuO/\/\/Bpm B \/\Bpin
neat, 24 h >199 (156)%2 183 (167)%*? 159 (126)%*?
cyclohexane, 48 h 103 (76)%*? 89 (79)%? 99 (74)%?
@) t-Bu
0 r o:e/\C;\/\ )
i M N
Bpin \/\/\)J\OABpin < \/\Bpin Bpin
neat, 24 h 125 (89)%2; 4:96 2% 0%
cyclohexane, 48 h 82 (64)%? \ 96 (64)%? 68 (48)%* /

djsolated yield in the parentheses.

Schley, N. D. et al., J. Am. Chem. Soc. 2020, 142, 6488
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Borylation of unactivated substrates

Bopin, (2-3 eq.)
[Ir(OMe)(COD)], (2.5 mol%) I N\
2-mphen (5 mol%)
R™NH —> R”Bpin Dt
limitimg reagent cyclooctane, 100 °C NN Me
O: open vial under Ny 2-mphen

selected examples:

/\H/\,Bpln Pg Bpin -
Bpln\/\H/\,Bpm XH/\,BPIH G\H/\,Bpln w Q/\

Bpin

O: 79 (65)%2 R=H O:60 (47)%?2 0: 73 (63)%2 O: 58 (36)%? O: (49)%?2
mono:di = 6:1 Me O: 81 (54)%?

disolated yield in the parentheses.

Hartwig, J. F. et al., Science 2020, 368, 736.



Borylation of unactivated substrates

(MesH)Ir(Bpin)s (5 mol%) Bpin
H (o)
{ 5 + Bypin, Ligand (5 mol%)
@) (047 M) neat, 100 OC 0]
I /N

2-mphen-d;

L(} —
]
v — ;
=
3
o
5§ =7
B
i
[
8 3
o
Q
= [}
g 4 e & € [
I I I I I I I
500 1000 1500 2000 2500 3000 3500
Time (s)

Hartwig, J. F. et al., Science 2020, 368, 736.
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Boﬁlation of methane

A Thermodynamics of methane borylation with B,(OR), or HB(OR),:

HsC—-H + H—B(OR), — H3C—B(OR), + H, AH, = -1 to +1 kcal/mol

H;C—-H + (RO),B—B(OR), — H3;C—B(OR), + H—B(OR), AH, =-13 kcal/mol

A/O\ /O\L metal catalyst /O\L /O\L

H;C-H + B-B, | et » H3;C—B, + H-B,
/0 O\ solvent o™\ O™\
(Bopino) (CH3Bpin) (HBpin)

C Selectivity challenges:

( )
@ o
H3C® H,C—E
0~ \\.
Desired reactant Initial C-H borylation product Reaction solvent
\ J
sterically activated electronically activated statistically favored
(most sterically accessible C-H bond) (most acidic C-H bond) (highest concentration C-H bond)
Poor selectivity
Overfunctionalization C hd l l én g e ./

Mindiola, D. J. et al., Science 2016, 351, 1424. NN
Sanford, M. S. et al., Science 2016, 351, 1421. | SBD



Boﬁlation of methane

[I(OMe)(COD)], (1.25 mol%)
L3 (2.5 mol%)

CH4 + Bypin, » H3;C—Bpin + CHy,(Bpin), +HBpin + O(Bpin),
2068 kPa cyclohexane, 120 °C, 16 h 1 2 3 4
-MeOBpin 2.0%
1:2 =3.9:1
Me Me
<\ /:/ \> Bpin \ 4 7\ Bpin Me \ 4 /7 N Me
N N= N N= N N=
L1 L2 L3

[I(COD)CI], (0.25 mol%)
L4 (0.5 mol%)

CH4 + Bypiny » H3;C—Bpin + CHy(Bpin), +HBpin + O(Bpin),
3447 kPa cyclohexane, 150 °C, 16 h 1 2 3 4
-CIBpin 52%
1:2 = 3:1
TON =104
I?h
P
~Ph Ph
/ N\ .Ph Ph< P
HEEE PENE P P ph
Me Me Ph Ph
L4 L5 L6

Mindiola, D. J. et al., Science 2016, 351, 1424.
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Boﬁlation of methane

N _x /‘D A
112 \/"(X,n\\‘/j + (N +2 R,B-BR,

-XBR, N
| X = OMe, CI (
- R, = pinacolate N
|
H—BR
R.B—BR ? CN;II’<BR2 CH;
2 2 N BRz\ |1|
CN\Ir/H BaRZ N : BR
|
N?| “BR; (i
BR; d N"] BRz p
H;C-BR, BR;
H,C ’ \
ey |
CN:|r1—H Vo
éRBRz CN\\"// Br, | b-TS
2 N'| \BRZ
c-iso-TS \ BR,
CH, (|3H3
N BR N H
SIrgH == (_ SIrTBR,
N"| "BR, N™| "BR,
BR BR,
c-iso c

Mindiola, D. J. et al., Science 2016, 351, 1424.
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- Summary R

“* Activated substrates:

_ An electron-deficient
= Ar Hartwig, J. F. phenanthroline as Iigand|:>

Et,SiBpin as reagent

A
1
1
1
1
1
1
1
1
1
1
1
]
]
]
1
1
1
1
1
1
1
1
1

Ir precat: X' =H, X2 = Cl
Active cat. X! = X? = Bpin:

= Siliyl Suginome, M. a-silyl effect

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

Unactivated substrates :

Sawamura, M.
Sato, Y.

H

®)<H Directed by N or O
H

1. Repulsive steric interactions
Hartwig, J. F. p-selectivity 2. Weak Lewis acid-base interactions

3. C-He++O interactions
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 Summary

Unactivated substrates :

H

ca

H Undirected
H

Methane:
Suginome, M. cat. t-BuOK

Mindiola, D. J.

Me Me
Schley, N. D.
dmpe
postulated CHj CHs
i>-binding mode N |/ CN I/BRZ
JIrsBR, == SIreH
N"] "BR, N"| *BR,
BR2 2
/ N c c-iso
—
Hartwig, J. F. / =
NN Y e
2-mphen
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Summary and outlook

~ Outlook

. The utilization of HBpin
. The utilization of phosphine ligands
. The borylation of tertiary C-H bonds

. Metal-free
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