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Problems of the Day

Predict the Major Site of Borylation

H
.m\ [Ir(COD)OMe], (10mol%) N [Ir(COD)OMe], (1mol%) [Ir(COD)OMe], (1.25mol%)
OTBS tmphen (20mol%) Y/ dtbpy (2mol%) tmphen (2.5mol%)
HBpin (4eq) NBoc B,pin, (1.5eq) B,pin, (2eq)
octane/THF, 80°C, 6h 4 THF, 90°C THF, 80°C
co,Me
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Introduction

Aryl Boronic Compounds in Organic Chemistry

Iz

BR, Downstream / T
X - R— CO,H
R Transformations / L _ ‘ :

(o]
Versatile Building Blocks \ Ar




Introduction

Conventional Borylation Methods

X Lithiation LS
R— [
| R—|
Lz or L —
X X
Miyaura Borylation
X =Br, I, OTT ...

- SM not Readily Available
- Harsh Conditions (Lithiation)

6



Introduction

C-H Borylation Methods

7N " Direct C-H Borylation AN BR;
R— [
||\ _ y R—”\ P
X

X

- Abundant Starting Material



Introduction

Ir-Catalyzed Borylation

[Ir] source

H
€
R
NG B,pin, or HBpin

Ligand, Solvent

FGs Tolerated

o BR
» R
=

X

Solvents

THF, 1,4-dioxane,
Alkane, MeCN, DCM
NMP, ‘Pr,NEt, 'PrOAc

Cycloalkane, Arene
(as reactant)

N
< =<

[Ir(cod)Cl],

N R R
R{H} ) M re PR,

Phen type

2

Common Precatalysts

\/II'\ \)/lr\
2 2
[Ir(cod)OMe], [Ir(cod)OH],
Commonly Used Ligand

Bipyridine Type Biphosphine Type

R = Me dmpe
R = Ph dppe
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History of Discovery

Heat for C-H Activation

Activation of C-H Bonds with 16e- Organometallic Species

Bergman (1982)

, —_— -
Ill’\ Qa, /|lr or > Ph.P” Ir\"’/ + /Ilr 'y,
7
Ph;P” | "H I Ph;P Intramolecular 3 H H™ |
H . Ph,P
Insertion

16 e

Metal-Boryls-Mediated C-H Borylation

= I
: N /7
Fe 0C—M—B D
oc” | ~B-© oc/| ‘o
ocC o}
D T
M = Mn, Re

(Stoichiometric sp? Borylation)

J. Am. Chem. Soc. 1982, 104, 352-354

Me

Fe _0 Re
oc o \
OC co
Me

Me
(Stoichiometric sp® Borylation)

Science 1997, 277, 211.

(Catalytic sp® Borylation)
Angew. Chem., Int. Ed. 1999, 38, 3391.

10



History of Discovery

First Ir-Catalyzed Aromatic Borylation
Milton R. Smith (1999)

Bpin
Cat. (17mol%)
+ HBIin -
150°C, 120 h

TON = 3 53%

First Efficient Ru-Catalyzed Aromatic Borylation
Hartwig (1999)

Bpin
Cat. (5 mol%)
+ Bypin, >
150°C, 2.5 h

92%

( Solvent Amount)

J. Am. Chem. Soc. 1999, 121, 7696.
Science 2000, 287, 1995

=

|
r

Ir,,
MesP” |/
H | b\
Cat.

:\ o
Cat.

11



History of Discovery

Discovery of Bipyridine-Ir System for Catalytic Aromatic Borylation

Table 1. Ir-Catalyzed Direct Borylation of Arenes with 1 (eq 1)2

Hartwig (2001)

ield/%? ield/%?
arene product é:m:p)% arene  product J,5u p"
R\ bpy (3 mol%) R Boin
N [Ir(COD)CI]; (1.5 mol%) AN 1 pinB—< } 95 dﬂm pme—dm 83
2 | + szinz > | @

pin

= . =
80°C, 16 h 2 )-OMe me,Q—OM 0 7425) 2
(60 eq)
340 ping@’ ©:8531)
= 80
4 C)cr ek CFs 0 300)

* Room Temperature Reaction with [Ir(COE),Cl], pin U Me Me
and dtbpy 5 d_ pinB—d— %3 10 pin 72
4

Me
* TON as high as 8000 with [Ir(COE),CI], + dtbpy C,;om p.ns—C;OMa 86 11

J. Am. Chem. Soc., 2002, 124, 390-391
12



History of Discovery

Mild, Catalytic Borylation of Aromatics with Stoichiometric Substrate

Entry 3 Time Yield® Entry 3 Time Yield®
[(h]  [%] [(h]  [%]
Hartwig (2002) CFs
1 pins Q “ 8 82 7 pinBQ 2 84
R dtbpy (3 mol%) R “ on
Bpin cl Br
N ~ [I(COD)OMe], (1.5 mol%) XXX | |
| P + B,pin, > | 2 pinB %453 g  pinB 2 83
B = cl CN
(0.5 eq) 27°C, "octane,0.5-8 h o o
3 pinBQ 2 84 9 Pi"B‘Q 8 80
tBu tBu cl GOphte
CF3
7/ \ \_ 4 pinB—Q 4 91 10 pins_é_\Q 2 81
S
=N N / o
dtbpy 5 pinB Q g8 81 1 pms_(/_D 4 8
OMe °
Cl
6 pinB 4 8 12 pinBi:Q 05 88
H

Angew. Chem. Int. Ed. 2002, 41, 3056-3058 13
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Mechanistic Understanding

Isolation of Potential Intermediate —+[EhBeiny
Hartwig (2001) 35 10"
dtbpy _ 310"
| [I(COD)CI], Bpin
2 + Bypin, > v ,25101
60°C 5
S _
(60 eq) e 210 '
£1510"
* Induction Period Observed T
§ 110"
e COD converted to COE during the induction period & 102
0 10°

* [Ir(COE),Cl],reacts faster than [Ir(COD)CI],

0 10" 110° = 2107

COE-Coordinated-Ir might be an intermediate or resting state
J. Am. Chem. Soc., 2002, 124, 390-391

15



Mechanistic Understanding

Isolation of Potential Intermediate
Scheme 1
[I(COE),Cl}, +
(4,4'-di-+-Bu)Bpy
B2oping l CegHzMes

COE

N h,_llr ..\\Bpin
(x: *"| ~Bpin
Bpin 4

RT 10505

Ir-N1=2.177 A, 1r-N2=2.221 A, Ir-B1=2.055 A Ir-B2=2.057 A,
Ir-B3=2.027 A, Ir-C1=2.308 A I-C2=2.318 A Pinacol methyl
groups and hydrogens have been removed for clarity.

Intermediate Observed in reaction identical
to synthesized complex

No Induction Period Observed

Identical KIE and Selectivty

Ir(COE)(dtbpy)Bpin, is an intermediate or resting state

J. Am. Chem. Soc., 2002, 124, 390-391 16



Mechanistic Understanding

Plausible Reaction Pathway

tBu o tBu =
. = N Bpin
S N\I/Bpln \ ~ -
Ir N N, .
<N" I\Bpin BN Bpin
| — . tBu — Bpin
tBu Bpin
Reversible
or - Bypin,
Irreversible
tBu—_— |
=~ _N
> Ir —==Bpin
| SNT
tBu —

tBu

Ir(ll) Pathway < N H
S . >Ir<
+ Ar-H I =N Bpin

- Ar_Bpin tBu — Bpin

+ Bypin,
tBu
Ir(l) Pathway : N
> TS Ir——H
- Ar-Bpin tBu —

J. Am. Chem. Soc., 2005, 127, 14263-14278

~ I/Bpin

\N/"l\

— H

Bpin

Observed by NMR

17



Mechanistic Understanding

Distinguishing Ir(l) - Ir(lll) versus Ir(lll) - Ir(V) Pathways

. P tBu tBu

Labeling Studies i N._ _Bpin Ir(lll) Pathway < N _H

NG - AN
| ~N | Bpin + Ar-H | =N | Bpin

Cl (3 3 ) tBu — Bpin - Ar-Bpin tBu — Bpin

.0 €(Q
. Reversible _

tBu _— Cl (Bpm)z or - Bopin, + B,pin,

| ) Irreversible
\ N\l/Bp'" (Bpin-dg), (2.4 eq) or
/Ir\ _ - . . tBU— =~ tBu
l : N | Bpin ] (Bpin)(Bpin-dg) ~N_ _ Ir(l) Pathway 1
By Bpin 7.5°C I \N/Ir—BPIn Y >Ir—H
not observed tBu— - Ar-Bpin Bu )
Bpin .
Q . tBu Bpin
. —
tBu—_— | I _ (Bpin-dg), (Bpin), ~ IN \/ Bpin
< -N__ /Bpln > and \Ir/
Ir . . v
SN Nepin 25°C1060C (Bpin)(Bpin-dy =37 | “eein
tBu — Bpin AS#*=9 eu By P

Inconsistent with Ir(l) Pathway r



Mechanistic Understanding

tBu Q tBu——= ; tBu—_— ; tBu ©

= .
— 'N\l/Bpin : Bpin Ir(lll) Pathway ~ _N H

~- ~- = -N__ |/Bpin
Lo = e T e = LR
tBu — Bpin tBu Bpin - Ar-Bpin tBu — Bpin tBu — H
Reversible Observed by NUIR
or - Bopiny + B,pin,
Irreversible
tBu = Bu—_—
= N\I Boi Ir(l) Pathway ~_ _N
p—opin > “Sir——H
=N +Ar-H <N"
tBu — i !
- Ar-Bpin tBu —
Kinetic Order Analysis:

First Order in Arene Half Order in Catalysts Zero Order in Diboron
Rate Limiting Step is or is COE Dissociation B,pin, Elimination in
after C-H Activation Equilibrium excluded

Rate Limiting B,pin, ( Negative Order Expected)

Elimination Excluded
J. Am. Chem. Soc., 2005, 127, 14263-14278

19



Mechanistic Understanding

+ Bypin;

l

tBu

tBu — | - 'N Bp_n
. - 1
S N\ |/Bpm —_— \|I"/
Ir —~~——— r & h
\N/ |\Bpin ] =N Bpin
| — . tBu — Bpin
tBu Bpin
Reversible
or - Bopin,
Irreversible
tBu —
>~ _N
N
tBu —

- HBpin ‘

tBu

Ir(Ill) Path g BU—=
r(ll) Pathway < N\Ir/H S IN\I/Bpin
+ Ar-H | ;N Bpin | \N/l Bpin
- Ar-Bpin tBu Bpin tBu — H
Observed by NMR
+ Bypin,
tBu
Ir(l) Pathway _
)—H
+ Ar-H : N
- Ar-Bpin tBu =

J. Am. Chem. Soc., 2005, 127, 14263-14278 20



Mechanistic Understanding

Complete Mechanism of C-H Activation

tBu—_—~Bpin  Bpin tBu—_—

tBu Bpin
\/ Bpin
I ~ N/ I\Bpln
tBu =  Bpin

| |
B i . .
= N /\ pin ~ N\ _Bpin RDS ~ N\\Ir/’,Bpm
— é
| / | Bpin | <N"" | VBpin E ,=24kcal/mol , SN I\Bpin
tBu Bpin tBu — Bpin tBu — Bpin

DFT calculation supports a hepta-
coordinated Intermediate

E =4.7kcal/mol

tBu
S N \/ Bpin
I I\Bpln
tBu = Bpin

J. Am. Chem. Soc. 2003, 125, 16114-16126

tBu—_—
|
—_— 3 N\Ir/l-|
~
E=4.9kcal/mol | <N" Bpin
tBu — Bpin
E =21kcal/mol
+ HBpin
21



Mechanistic Understanding

14 + CgHg (0.0) 15(-4.5)
Ir(Beg)s(bpy)(CeHs) Ir(H)(Ph)(Beg)s(bpy)
14 + CgHs 15 TS1ess 16
Ir 0 (76.968)? —0.131
bpy 0(81.823) —0.00 —0.0 —0.117
Beg!  0(37.101) 0.025 —0.064 -0.047
Beg2  0(36.993) —0.006 0.101 0.065
Begd  0(37.115) 0.006 —0,065 -0.096
Ph 0 (41.204) 0.240
H 0 (0.796) =000 ~0070 0.086

J Am.

TSys.16 (+19.7)

Coordination and Addition Both
Favors Electron Poor Arene

1,3-di-CF;-C,H, reacts > 10 times
faster than 1,3-di-Me-C,H,

22

Chem. Soc. 2003, 125, 16114-16126
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General Selectivity

Simple Benzene Derivatives Selectivity under Ir-biyridine system

Me OMe CF,
— Crowded 7-coordinate Ir Centre ——

69% 74% 70%

31% 25% 30%

F CN
38% 25%
50% 50%

Steric Effects Predominates
12% 25%

Electronic Effects Also Plays a Role

Angew. Chem. Int. Ed. 2020, 60, 2796-2821 4



General Selectivity

Selectivity under Ir-bipyridine system

1,2- Di-substituted

Cl OMe
©/CI ©/0Me

1,3- Di-substituted

F.C. : Br MeO : Cl

0%
NC CN

26%

74%

1,4- Di-substituted

/©/t5u
HO Z
Me. : Me

UCHO
NC Z
O
SF;
17%

33%

50%

25



General Selectivity

N-H is Different

Selectivity under Ir-bipyridine system Boc 2 mol% [Ir(OMe)COD],

cl \©,NH 4 mol% 4,4'-di-(R1)-2,2"-bipyridine Cl_~NH

-
F o

0.2 equiv. HBpin, 1 equiv. Bypin,

.—\ .
Doc Doc MTBE, 50 °C, 20 h Bpin
N Cl N Cl 4
H™ Boc” ‘
VS. NMEE {
66% . 3 | /
33% 100% ‘ﬂE"J t-Bu /
2 L L ]
g H ,‘/f
NHCO,Me S 1 |_ 002Mi/ Ph OMe
L ]
90% | CFGI.-" Br
D 1 [l 1 1 [l 1 [l 1
5% 1 2 3 4 5 6 7 8 9 10
5% 100%

pK, of 4-R'-pyridinium

N-Coordination and N-H Metalation Excluded

26
J. Am. Chem. Soc. 2012, 134, 11350-11353



General Selectivity

N-H is Different

Selectivity under Ir-bipyridine system

I§x

N-H Hydrogen Bonding with the Ligand Bpin



General Selectivity

Five-membered Heterocyles

CO,Me CN p-Tol
[N Y D . O3 7% S
0 N S 0 0 43% S° 5795  ~100% S
More Acidic a-Proton
24% ~100%
d \ z \) z \)
~100% N 76% N N
Me TIPS

Tett. Lett. 2002, 43, 5649-5651 28



General Selectivity

Six-membered Heterocyles

szinz (05eq) . Bpln
N [IF(COD)CI], X PN
| > | + | X +
NP dtbpy NZ _
octane, 80-100°C N
42% 2:1 m/p not observed

* Nearly statistical m/p ratio
* «a-Bpin often not observed

* Reacts Slowly with Coordinating N

Tett. Lett. 2002, 43, 5649-5651
29



General Selectivity

Six-membered Heterocyles

Kinectic Studies

Me

B,pin, (0.5eq)
N [Ir]
| >
~ THF, 65°C

First Order in Catalyst
Zero Order in Arene

Zero Order in Diboron

Bpin = |
AN S N\I /Bpln
I
= l ~N | Bpin
— :
tBu Bpin
[lr]

A Change in Mechanism

J. Am. Chem. Soc. 2014, 136, 4287-4299

30



General Selectivity

Six-membered Heterocyles

Mechanistic Studies

Q Me
tBu
= 3 | . Me
> N__ /Bpln | X \ Bpln
Ir + +
I \N/ |\Bpin N/ / |\Bp|n
tBu — Bpin Bpin

* Substrate-Ligated Ir is the Dominant Species During Catalysis

J. Am. Chem. Soc. 2014, 136, 4287-4299

31



General Selectivity

Six-membered Heterocyles \(j fj
N
CN .Bpin | Bpin Resting
vl "Bpm - I ~Bpin State
Bpln Bpln
Me X
Examination of Kinetic Studies (O = coE, cop &m
N
= dtbpy or Mephen
(N py 4P N, .Bpin ME
' "Bpl
* First Order in Catalyst Resting State Change HBpin Bpln
Turnover—llmntmg
C-H Actwatmn
Bopiny
» Zero Order in Substrate Saturation
(N | Bpin
"1 H B in
Bpln C P!
e Zero Order in Diboron Rate Determining C-H Activation BDIE’P'"
Me s Bpin
|
J. Am. Chem. Soc. 2014, 136, 4287-4299 z

N 32



General Selectivity

Six-membered Heterocyles

— Reaction pathway for borylation
at the 2-position of pyridine

Reaction pathway for borylation \ N CN .
at the 3-position of pyridine ¢-H_ / }Bp'“
. | N, /\Bpin N, . Bpin
——— Reaction pathway for borylation N"'T *Bpin NT r\.H
A at the 4-position of pyridine Bpinp |

Bpin

30.4
25.0
24.8
Structures depict the borylation at
the 2-position.

Free Energy
(kcal/mol)

, 8
m 3
0.0 " 9

N v o
L
| ” N i .Bpin Bpin—@

N , ( elrs . hl‘l :
CN’..'[lr;:Bpm N Ell Bpin tBu tBu (N','I ;Bpm
N é Bpin pin CN — — N"]"H
pin = Bpin
= Y/

| I N \ Y /

Vi



General Selectivity

Origin for Lack of a-Borylation

Bpin
d4 . d4
B.pin, (1eq) Ny P N
L — [ J -«
pin Ir(dtbpy)Bpin3(COE) N N
(5 eq) (0.25 eq) d8-THF 3% 2%
A Reacts Until A Fully Consumes
Me Me
Bopin, (1eq)
| N o | = + Unindentified Products
= Ir(dtbpy)Bpin,;(COE) —
N N +  HBpin
d8-THF

40% Conversion 10%

Lack of a-Borylation is due to Fast Product Decomposition
34



General Selectivity

Examples on Selectivity of Borylation of Pyridine Derivatives

N N

P \
N7 S
Me” \F c1” N ai Z

Cl
] N &SN
-
| N z
N SMe
cl
N
|

CO,Et



General Selectivity

Bicyclic Heterocycle: Benzo-fused-azines

.
>
Z
N/ Bopin, (1 eq), octane, 100°C N
(10 eq) 849,

Reaction at More Electron-Deficient Heterocycle

Chem. Sci., 2012, 3, 3505

30% 70% Cl
>95%
<5%
Z Z
F,;C N Me F,C N

>95%

Mem -
Z
N Me

36



General Selectivity

Benzo-fused-five-memebered Heterocycle

[Ir(COD)CI], (1.5 mol%)
N\ >
X 3mol% dtbpy

B,pin, (1 eq), octane, 80°C

Tett. Lett. 2002, 43, 5649-5651

mein
X

X =S >99:1
X =NH >99:1
X =0 >97:3

37



General Selectivity

Benzo-fused-five-memebered Heterocycle

COzMe COZMe COZMG
NHBoc  [1r(COD)OMe], (1.5 mol%) NHBoc NHBoc
r . .
1 st N dtbpy (3mol% ) Je—Bpin Ye—Bpin
. N N
H N szln? (0.7 eq), MTBE N N
* Microwave, 1.5h 5:1 Bpin

Hydrogen-bonding

& MeO 1%
Electron-withdrawing effect ©j\>’COZEt mMe @ .
N N N

H H \
Me

J. Org. Chem. 2014, 79, 11254-11263
J. Am. Chem. Soc. 2006, 128, 15552-15553 38



General Selectivity

X-H Bond Matters : Aniline, Acidic Azoles

‘Abnormal’ Selectivity

CD
ZN

N

[Ir(COD)OMe], (1 mol%)
tmphen (2mol% )
B,pin, (1.5 eq) N
THF, 80°C

 More Diboron Needed for High Conversion

* Gas Evolution Observed on Mixing

J. Am. Chem. Soc. 2014,

Cl
tBu—_— I
~ N\| /Bpln AN \
S *
l N | Bpin N/ N
tBu =  Bpin H
d®-THF
Q rt
tBu = Cl
| .
N N\Il/Bpm | A \
+
<N" I\Bpin _
| N N
tBu H ‘B
pin

136, 4287-4299 39



General Selectivity

X-H Bond Matters : Aniline, Acidic Azoles

N
\
O/B\0
H
Me
Meﬁe | XN [ \ [\
Me Z / N/ N/
N H |

Me

In-situ Borylation

J. Am. Chem. Soc. 2014, 136, 4287-4299

40



General Selectivity

X-H Bond Matters : Aniline, Acidic Azoles

Ortho-selective Borylation

3.0 eq HBpin /@\ Boi
in
> F,C N ©
F,C NH,

[Ir(cod)OMe],, tmphen H
THF, 80°C _ 18 NMR i

Bpin Bpin
/@[ MeOH, workup
F,C NH = »Bpin
3 2 N

F.C
3 H

Angew. Chem. Int. Ed. 2013, 52, 12915 -12919




General Selectivity

X-H Bond Matters : Aniline, Acidic Azoles

Ortho-selective Borylation

L—Ir
H‘b

N
|
pinB

;’? Bpin
B!

NH, NH,

48%
31%

- -Bpin
HL

21% Cl
NH,
NH
Y
7
Cl N
F
NHMe

e

Angew. Chem. Int. Ed. 2013, 52, 12915 -12919

NH,

Cl
CN

NH,

72%

Vg

F;C

28%

42
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Directed Selectivity

Ir Catalyzed C-H Borylation

Sterically or FG-Direc_ted
Electronically Directed Borylation
: | | l DG
: Inner Sphere Outer Sphere FG
O fieaiSubstrate Ligand-Substrate .
tBu—_—~ H--- ' chelate foramtion . . =53 "\
NN/ : : H supramolecular interactions ~ _N_*/ Bpin
>~ N/ .Bpin ' . ~ L
~ Ir? ' DG ~ /Bpln Ir\
<N “Bpin N —<N"" | epin
& Bpin : L7 | ~Bpin /\’/1 cy =  Bpin
tBu p : Bpin <! L
NH

[
/
\
4
N
NG
Z
\ b4
i
N
=
(]
&
- \
vs]
c i
=
()

44



Directed Selectivity: Inner Sphere

Methods to achieve Substrate-Directed Borylation

0

DS # fQ
tBu—_— ' N | H
~ N\Ir/Bpm DG __ Ir/Bpm
| \N/ |\Bpin L/ |\Bpin
tBu — Bpin Bpin

Non-directed Borylation Directed Borylation

45



Directed Selectivity: Inner Sphere

Monobidentate Ligand

(Sawamura)
(o) Bpin O
Silica-SMAP-Ir (0.005mol%)
OMe > OMe
B,pin, (0.5eq)
neat, 100°C
(20 mmol) 89%
N
\Ir
IL\OMe * Reaction also proceeds with :
_ [?j PCy, (P/Ir =1:1 or 2:1),
“"ess'\? s PPh, (P/Ir=1:1) and PMe, (1:1)
O’s\i\O ,Sli\
r o\ 7 01

Silica-SMAP-Ir
J. Am. Chem. Soc. 2009, 131, 5058-5059

temp time  yield” ratio of
entry arene product ("C) (h) (%) oltm+p)
0
0
| do@u dﬂhu 50 I 87(101) >99:1
1k ak Bpin
0 9]
2 @J\NME? d\weﬁw 50 3 79(97) >99:1
1l al Bpin
SOgMe SO4Me
3 @’ ©: 50 2 89(103) >99:1
im Bpin
im
8]
o’j /\/|
4 @2\0 0 70 2 105(116) >99:1
in an Bpin
QMM
5 go”om | 100 6 72095 991
1 ap BRIn
cl Gl
9. = .
s J, E;[Epm 50 24 5071 9238
Cl ’C[CI
T 1. b N4 7563 S0
O 0
8 /©)L OFt ,(:]\)L OFt 70 20  87(105) >99:1
Cl ’ oo Bpin
46 Z



Directed Selectivity: Inner-Sphere

Anionic Ligand

o

DG Bpin
\ Ir<
Bpin

Maintained Stability via
Bidentate B-N Ligand

Previous Work

(Pengfei Li)
Me,N Me,N
[Ir(COD))OMel], (1mol%)
>
2mol% L
Me,N B,pin,(1 eq), CPME, 100°C Me,N

Proposed Active Species

HN ;
\

B—N

kD
N\B}Ir\’N _

H Bpin

J. Am. Chem. Soc. 2015, 137, 8058-8061

47



Directed Selectivity: Inner Sphere

Anionic Ligand

/
Pengfei Li (2016) OO X 0 /@ COMe X - |
=N N
N ¥
o) .
[I(COD)CI], (1mol%) oMo | g Bpin
o | = 0
OMe 2mol% L . _N SiPhMe, ; _ gﬁi:"gps%,go % 8q, 67% 8r, 67%° X= - C, 8s, SE%;’AC
B,pin, (1 eq), hexane, 80°C pin NMe X=0, 8t,68%
OMe L 2 ~NOMe H, Y = Bpin, 8v, 80%
Bpin Bpin Bpin X =OMe, Y = Bpin, 8w, 94%
X =OMe, Y = H, 8x, 65%
X =CFs3, Y =H, 8y, 73%
8u, 92%
OMe
= _N Me.__N
/ OMe 8z, 93% , X =H, 8ab, di-, 90%
Bpin Bpln O Bpin N Bpin x =5.F, 8ac, di-, 92%
= — Xr X = 4-CF3, 8ad, di-, 92%
/ \ L 3 , di-,
\/ N I Bpin 8aa, 81% 6 4
OMe Bpin

J. Am. Chem. Soc., 2017, 139, 91-94
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Directed Selectivity: Inner Sphere

Cyclometallated Catalysts Chattopadhyay (2021)

—
[Ir(COD)OMEe], (1.5 mol%) S

NS

@/’G L (3 mol%) @EDG X

. > N
szlnz (1 5-3 eoq> Bpln Me y/
THF, 60 - 100°C L
DG = Diverse O, N, S, Based Functional Group
H

~ N
Pa 2
N\
N
me” NF I — N"i\Bpin

DG __ II'/Bpin
b
Bpin

Bidentate C-N Ligand

U/ Bpin
Synthesized Precatalysts Catalyst Resting States

1D and 2D NMR characterized

J. Am. Chem. Soc. 2021, 143, 5022-5037 49



Directed Selectivity: Inner Sphere

Ligand-Free Cyclometallation

a)
/Urpmducﬁ\edirecﬁnggmms\
X o 0

+
S %—ﬁ—ME N -
o Me NH o
o 0 Me
\HLN/BU "l(\ﬂ/ *-Me . N,M
H 0 <
Me O_ Et r
O Y N
o Y

H

ligand free

i COD)OMel,, (5mol% )

Bpin, (1 equiv)

@;a

70

. - DG
o
°C, 0.2 M MeTHF, 20h

Bpin

N,DMB
S,
H-LMB i‘{‘ Me

30%

‘HLN ‘Me \)J\Bu

27 %

3 %

0 n
\RLN/BU
H

38% 53%

Chimia 2024, 78, 513-517

Me
68%

g N HN

73%

Me

V\N#ME \/Nﬁ‘g
| 1,

N

Me

75%

Me
EY

81% Conversion, %
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Directed Selectivity: Inner Sphere

Ligand-Free Cyclometallation

G
D\Ir
I\Bpin

Bpin

Possible Catalysts

ol




Directed Selectivity: Outer Sphere

Van der Waals Repulsion Driven Selectivity

Itami (2015) v
e
, Me
= O Q Me
B,pin, (1.0 eq) Meo P T
[Ir(cod)(OH)], (1. 5mo|% ,,p oMe Me
L (3mol%) O
hexane, 85°C, 20h
H Bpin e

Deep Ligand Cavity

Me Me Me
Me\SI_/Me Me Me Me Me EtO,C CO,Et
i
94 % 84 % 82 % 64 %
p/m =88: 12 p/m =90: 10 p/m = 58: 42 p/m=87: 13

J. Am. Chem. Soc., 2015, 137, 5193

L,;P//,,,j"lr_,_Bpln
‘ P/ |\Bpin
l Bpin

OH

58 %
p/m=71: 29
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Directed Selectivity: Outer Sphere

Van der Waals Repulsion Driven Selectivity

Nakao (2017)
O N
o)
~ LA (20mol%) Bpin Bpin
sz|n2 (1 0 eq 0 O tBu
[Ir(cod)(OMe)], (1mol%) “ai” o
(cod)( )2 ( ° tBu | tB 7\ \
L (2mol%) Me —N N
hexane, rt
H Bpin LA L

EtO_Il OEt
N "Nipr °~" ~p”
95 % 71 % 92 %
p/m > 20: 1 p/m=1.7:1 p/m=6.6:1

Angew. Chem. Int. Ed. 2017, 56, 4853 —4857 53



Directed Selectivity: Outer Sphere

Electrostatic Driven Selectivity

(Phillps, 2017) WesN
0S0;°
- . OTs~
Me;N* O)TS MesNy, ) S _ _
n , n H---
Bopin, (1.5 eq) / \ — NBu,* : 'N N Bpin
AN [Ir(cod)(OMe)], (1.5mol%) X Me—O—Q—\ ~-7
| ¢ L (3ol > | ¢ =N N 0S0;] l <N" |\Bpin
H ZR (3mol%) Bpin ZR / — Bpin
THF, 50°C - Me -
Me‘ Me *NMe, *NMe, *NMe, *NMe,
H Bpin ” H
80 % 52 % Bpin
>20: 1 >20: 1 1.1:1
dtbpy 2.1:1 dtbpy 5:1 dtbpy 10:1

J. Am. Chem. Soc. 2016, 138, 12759-12762
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Directed Selectivity: Outer Sphere

Electrostatic Driven Selectivity

(Phillps, 2019) ((
NBus®  so,- NBu4 _so /\/
X/ ‘\|N+'|
sz|n2 -03S\X
AN [Ir(cod)(OMe)],, dtbpy
| >0 1,4-dioxane, 70°C ,\ /©
H Bpin \H
Cation Shileding
NHSO,’ 0SO05
85 % 72 % 74 % 64 %
p/m > 20: 1 p/m=14:1 p/m=4:1 p/m=9:1

J. Am. Chem. Soc. 2019, 141, 15477-15482



Directed Selectivity: Inner Sphere

Coordinating Side-Chain Driven Selectivity

(Kanai, 2015)

| O\ L (1.5mol%) X
p-Xylene, rt, 16h

i B,pin, (1.56q) Boir
H X Ir(cod)(OMe)l, (0.75mol%) P N
N
R

Nat. Chem. 2015, 7, 712-717

CyHN
L
B o ] Selected Scope
1 : \ ,
H H _
N/ ™~ NMe, S N P—OEt
| NS OEt
\ N
/N o) Z Me
[Ir] ] V 44 % 44 % 44 %
\N | >27: 1 4.3: 1 7.5: 1
B | N dtbpy 1.5:1 dtbpy 1.3:1 dtbpy 0.59:1
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Directed Selectivity: Outer Sphere

Coordinating Side-Chain Driven Selectivity

=N_ _N=
[ir]
Y 1
0\~K---O\(©
N
NR,
(2018, Chattopadhyay) (2019, Nakao)

Angew. Chem. Int. Ed. 2017, 56, 14951499 Angew. Chem., Int. Ed., 2017, 56, 13351 J. Am. Chem.Soc., 2017, 139, 7745. J. Am. Chem. Soc., 2019, 141,7972.



Problems

Predict the Major Site of Borylation

H
.m\ [Ir(COD)OMe], (10mol%) N [Ir(COD)OMe], (1mol%) [Ir(COD)OMe], (1.25mol%)
OTBS tmphen (20mol%) Y/ dtbpy (2mol%) tmphen (2.5mol%)
HBpin (4eq) NBoc B,pin, (1.5eq) B,pin, (2eq)
octane/THF, 80°C, 6h 4 THF, 90°C THF, 80°C
co,Me
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