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1. Introduction

Common Syntheses of /T | ™ \ -'E_Btmf{;‘h .
Arylboronate Esters gl T Ysom,
and Acids

R. - {R"O0)B-B(OR"): R, — + R s

Ei‘_}—x or SE[GH"PE ?{_Ts—mﬁn":g o -'Zi"_::;—BqDH]E

Pd(0), base o

X=8r, |, OTf

B,(OR)4 as B-Source:*®

HsC-H + (RO)B-E(OR),

H3;C-B(OR), + H-B(OR),
104 keal 104&&' 111 Keal kcal

mol mol mol 110 “mol . ]
ABDE= .13 keal Thermodynamic of Methane Borylation
= 13 kea _
HB(OR), as B-Source:* Wlth BZ(OR)4 or HB(OR)Z
HC-H + H-B(OR), HC-B(OR), +H;
104 Kcal 110 Keaf 11 Ke8 o4 kel

= _4 kecal
ABDE= -1 o)




2. Stoichiometric Borylation

2.1. lron

« Summary of the Reactions of the Iron Boryl Complex CpFe(CO),(Bcat)

L Beat -y /
O0% + "'“'a_:"r S iy L }% 1}2_-—;—"" W l,-" Beal
HWE#BC&[ I' . 1 |'| . CFI .____,_.-' HT:HJ
0% Fe -Beat <_}— \
hv, Th __ OC &7~ e
_H__,-'-"'. -____‘ _,r" -,“'-
HBcat + [CpFe(CO),l; <~ Hain hv, 1h J—Boat + Ecat
B0% 56%. pentane @r OMs /
= 1.1:1, 70%
hv, 1h
Oke MeaD

1:1.6: 11, 52%



2.2. Tungsten

 Reactions of Cp*W(CO),(Bcat’) with Various Alkanes

Beat' [/ *} cor g
A e
I *- - m DD -

Beat
N E5% 2%

o DG

/

cal'B
TG BE%

* Proposed mechanism for the reaction of Cp*W/(CO),(Bcat’) with alkanes

f’p Cp* _ Cp*
{?JC p.,. Beat' CI'CH,I,.',I,--H + R-Bcat'
oc” YCo oc” +C oc” “co




3. Metal-catalyzed Borylation

3.1. Rhenium
Cp*Re-Catalyzed Borylation of Alkanes

2.4-5.0 mol%% Cp*Re{C0O),
hv. GO, 25 °C H-Epin

R-H (neat) + Byping + HBpin

Bpin
H?G:’V“Bpin <:>—/ nBu O~ Bpin 1B~ ~""Bgin

25% 75% 100% 82%

Proposed mechanism for Cp*Re-Catalyzed Alkanes Borylation

R-Bpin + . Baping
H-El:lln A,\"l Gﬂ‘ REEC'D.:IE == Ir,v
cO
|r x‘
Cp" E: Cp*
pinB- Hi:r -CO OR PINB.Re-CO Cp*Re{CO):(Bpin);
pinB, R pinB” H R
W ]




3.2. Ruthenium

 Borylation of Octane with B,pin,

catalyzed Ru complexes

catalyst
"'Iﬂ'ﬂ"ﬁf;e {2 mol* in Ru)
{solvent R N T .
+B.pin, 1=48h, 150°C Bpin + HBpin

catalyst yield® conversion®
[Cp*RuCl;]; 98% (75%)° 99%
[Cp*RuCl] 65% 00%
Cp*Ru{H)}COD) 58% 80%
Cp*Ru(C1)}(TMEDA) O5% O8%
[Cp*Ru(OMe)]; 1% 65%
(COD)Ru(2-methylallyl), 7% 59%
Fulacac), 4% T6%

a Determined by GC. “Isolated yield in parentheses. 5 mol % Ru
used.

The reaction of arenes with B,pin, in the presence of Cp*Ru-

complexes did not form functionalized products in good yields.

Ru-Catalyzed Terminal Borylation of
Heteroatom-Containing Substrates

2.50 moit [Cp*RuCly], or
1.25 mol% [Cp*"RuCl]y

R-GH4 (naat) + Baping =  R-CHzBpin + HBpIn
150 *C, 24 b or 48 h
; ~Bpin
Bughy e~ foo n-CaFire =~ .
Pl W 1 Bpin .._. I.N_,-" |- L e BFIIF'I
BOY ¥ BO%: & =00% ©
:\"'._:’; D"'-\-._-J.-H'BD . ":J.\:h_.--""\--\.\,___-.-""ha:”n

70% ° 84% °

“ Conditions: [Cp*RuCl)s neat, 150 *C, 24 h, yield determined by GC.
* Conditions: [Cp*RuCl:]: neat, 150 °C, 48 h, yield determined by GC.



3.3. Rhodium

« Rh-catalyzed Borylation of Aliphatic
Substrates

2.5-5 mol% Cp*Rh{n*-CgMeg)

R-CHy + Baping = R—-CHyBpin + H;

150 %C, 14 h
pinB
Oﬁﬂpm .:'W«.—-"Bpin * J\/\/\
49% T3% (5:1)
0~ 0.0 -
SrTTBpin PSS g B
91% Td% B3%
.'r.' ] _/'H Bﬂln
" BusM -~
NCaF 7- “Bpin ';."‘-. JIIl‘\l N~ Bpin
0% 555% TEY

* Conditions: 2.5—5 mol % Cp*Rh{n*-CiMes), 1 equiv of B;pin; in neat
substrate, 150 "C, 24 h. yields were determined by GC analysis.

 Electronic Effect on Aliphatic
Borylation

n-CaFi7-_~ *nCeHys™ ™

More electron-deficient C-H bonds in aliphatic substrates
undergo borylation catalyzed by Cp*Rh(n*CsMe,) faster
than more electron-rich C-H bonds.

The presence of heteroatoms, such as nitrogen and oxygen,
are known to activate the C-H bond a to the heteroatom
toward cleavage by many metal complexes. However this
property of the heteroatoms did not override the preference
of the catalyst for the functionalization of the least
hindered of the primary C-H bonds.

5 mol% Cp*Rhi(n*-CgMeg)

1 aquiv. Bapina - 0. - + ~ o
- plnB"’ R o Wﬂapm
1 : 4
5 mol%e Gp'Rh[rg‘-CEMEE:I
1 equiv. Bopin;

."'r-CaF- ?prm " l'1‘_{-.:..._:)_"13_,.--""‘-‘\_h“__,.- Ell‘.'llr'l

96 : 4



« Rh-Catalyzed Benzylic Borlation of
» Rh-catalyzed Borylation of Arenes Toluene

RhCIPPr)(N — Bpln pinB. —
plnB ping
:,N'l

Y . 2 mol% Cp Rh(n*-CeMe 140°C
{_}?—R + HBpin i ;.{1] Mo, @—R
— 150 °C pinB " =

% yield
Bpin
_[RhCUPPrala{Nz)
Mc—*’{; y Me + HBpin 140°C —@—/ + Me \\ ,;, Me

(para:meta.ortho)
Me. — CFy./— OMe . — _
72% 84% 65% Me Bpin
{1.00:1.93:0.15) (1.00:2.00: 0.00) (1.00:2.63:0.30) = [nhcupprs],mzn
Me )+ HBpgin }—Bpm
W T \ /

{amp 1&13}

MeM . i Pr = Fs. ) Me
“‘ Y Bpin % {; Bpin Q )}—Epm 17%
i 1.00 :2*;? 0.02 A I I
(1.001.740.04) (1.00189002) « Two Potential Mechanisms
E
J_ ElOZC._ — E[zNI:Q}C = IL)RhCKN?]] + HBpin
F L,Rh(CI)(H)(Bpin)
» yield not determined 2%
46% 1001 740,29 (1.00:1.88:4.17) [\_ s
pin
PhMe
F3C>_\_ Me Me | ——  L,Rh{H) Bpon
- ;’ Y ) £ )
'{:\ 4/ Bpin 4 Bpin N.“ .f'; Bpin PhCHZBpm

s Rh )
FLC Me e
) L,Rh(Bpin)
86% T3% 419%, |
=
in Bpm }hMe
2 - L;Rh )

\ |



3.4. Iridium

« Arene Borylation

|. Arene Borylation with Iridium catalysts
containing Phosphine Ligands

7N, HEpin 2 maod S(indIr{COD), 2 mol® L . .-"F'{" ‘:‘h Bpin E-E . — [PR;:.]'n"Illiﬂﬂ"nHE]z — / PhH
LI 150 °C NS ~ -
R = R / |
F F cl, /
A F\ 7 M |
i k! {i h a W i ¥
{1_ 1> Bpin F x\‘. {_; Bipin .\; ,r’l Bpin 'y .IJ Bpin E‘F'IE'
r r “ (PR3)Ir(Bpin}E)y (PR IrY —Ph
L = dppe L = dmpe L = dppa, 104 °C L = dppe, 100 *C ¥
85% yield B3% yhald B1% yiald 63% yiald . E }H
Br, Cl CL (8 \
I\ —\ 7\ Q} \ Hz =
\"_} Bpin W Bpin (Ir ;_J Bpin Mel— —Bpin *\\ |
/ y=/ Yo =/ ~ (PR MHYER N
Br Cl MaD,C H-Bpin PhBpin
L= dppa, 100°C L = dppa, 100 °C L = dppe, 100 °C L = dmpa or E-E E= |:|. Bpin
B2% yinld BB yiakd 65% yiakd 62% yield n=12

Proposed Mechanism



3.0 mol% b
AH + Bypin, i 2 ArBpin + H,
B0°C, 16 h
product yield % product yiald % product yiekd %
Me
— - \
VAR a5 R 7R _
~)—Bpin Me {‘_ *—Bpin 83 (- ;}—Bpm 86

MeO

a
m_f_\ a5 I N ) MeQ,
MeO Bpin g6 \
N— ,- Bﬂll"l 1_1 T4: 25] e -rf' 1"\:
{o. m p) Bpin 72

cl —
A" I
) ] MeO
Me—dd 3 82 ci—{ \; Bpin 83
\—>"Bpin (069:31) MeO
{oc m: p} ‘\t
2 \ Y—Bpin 73
Fc— 80 wme—{ “—me 58 /"~
N gpin (0:70:30) — Br
{o: m: p)

[1. Arene Borylation with Iridium catalysts containing Bipyridine Ligands

1.5 mol%[ICODICI);

1.5 mol% [IfCODHOMe));
szinz + 2 {

s
f_\>7H 3.0 mal% bipyridine ligand Hy + 2 ﬂﬁpin
FG raom temperatura FG™

M L]

_ { ) cf‘ Y~

wod 3w TN 04 e W)
=N M =N N—

82% B9% 60% 0%

Me,N NiMe; OMe By

O~ Cw@ NS O

89% 83% X =Cl, 0%
X = NO,, 0%

& Me

Steric effect

Electronic effect



[1. Arene Borylation with Iridium catalysts containing Bipyridine Ligands

1.8 mol% [If CODKOMe)];
3.0mol% dibpy

hesans, room temperature

Boping + 2 I::f WE)—H

Hy + 2 ﬂﬂﬂin
FG .

i )
Ci S—Bpin &2
W
_I:-I\)_/_

It was faster in nonploar solvents, such as hexane,
than in more coordination, more polar solvents,
such as dimethyl ether (DME), and dimethyl
formamide (DMF).



» Heteroarene Borylation

1.5 malt [IfCOD)CIk

fn % !
Bopin, + 2 {.,.' ) 3.0 mol% dibpy - My + 2 A.I“ -.;
‘5 oclang, BD °C pInE" Sy
product % yield prosduct Y yiaeld product % yield
oo oMo i I:": tll.
iy At o / r -
ping 'l'ﬁ' L pinB . g Ma i1 plnB=" N —
H
f ; =, Bpin, —
.'Illl I:I' 5 l':'l i;':" ,-"':": RO { 5 4 P:.'--.’
I"II"IB'-E\.:}"} oy pinB - \5“'.-""} '-"L{'-_hi"
{F—-.—._ _\)f ;.rH'
e [ (! § i [
i ¥ N pinB—G B4b
plnH-'{\. ﬂ."’ &7 p.nB" \"H.G.-"J_'-’ a1 W N

“ Diborylated products were produced in 12—17% yield. * Reaction
conducted at 100 °C. “Ratio of 3- and 4-boryl pyridine was §7:33.

1.5 mal% [If(COD)CI); pinB
fi ] T 1
E';zl}lf";? 1 ? l'l"'l ﬁ 3 L:l mf]l .'r;| l‘j.l] ﬂ"' HJ " 2 I ﬁ
M oatans, B0 "C Y]
Si{Pr)s Si(iPr)s
T9%
== 1.5 mol% [Ir(COD)CI|, pinBH (:.
Boping + 2 'L{ '\ __eff' 30mole dibpy Hy + 2 L'i jl'-__>
M octane, 80 °C M
Si(Pr)s Si(iPr);
BA%
1.5 mol% [ICODNOMe}: o
. y 3.0mol% dibpy
Ea[,ll"'d + 2 ' L8 . AN
“x” TR hexane, room temparature ’ pinB ™ R
product % yield produect % yield product % yield
pinB g Me 9 pinB- ""g'}-' e 85 g "-"-qxj'- e
H
F R 01 ) oM 80 )
ping= g "B ping™ gy . pinB ="y < COMe
i
) , .
pnB—~g”~cN ®  pine—Sg~COMe 80




* Indole Borylation

Bpin
H J\ H
SN ) 1.5 mol% [I{COD)YOMe)]s, 3 mol% dibpy N
R— J—X + 1.5HBpin - R f\)—x

= hexanes, 60 °C ~F
product % yield product % yield product % yield
Bpin in Bpin

P H Bpi B

= H
N i N N

mw 8% /«/j\/}_CD?Ft 83% @ —CONEt, 90%
C Rt s

Bpin in Bpin
H H H
.lﬁ“-\\_VN N | = N
1 pMe o1 S—COEt  82% ,2 450
o~ MeQ” ~F s j 5%
N
Bpin H Bpin H Bpin H
E\\ N . N N
| e BB% Me 64% | —SiMey  76%
MeD” ~F N =
COEx
Bpin H Bpin W Bpin M
’J'M‘iv ~ N N
| J—COEr 82% >—COMe T9% | »—Ph 69%
P e A
OMe
Bpin Bpin H
| N
[ L p—een 2% o —8pin 90%
Y

075 mof [MCODNOME];

e R 1.5 mol % dibpy P,
g, A R e 0T equiv. Byping [e———yTE— I‘._ .|[_.N__.- R
50 9% or 100 °C I
Bain
~0
|‘.||DI"I
@y, OE e N ey, DEL
T T« Q<
T H C R T H
Bpin Bpm Bpin
BI% oo, TE%
(50 °C) (100 °C (50 °C)
o Bpin
Gl OiEt H— Foo s L
w-'“z.ﬂ{, [.- |l“" L”l]_}*'{
] =N 0 =N b
A k [ H
Bgin Bpan Bpifi
45% Fel AE%
{100 7C) DO°C {50 %)



Proposed Mechanism for the Iridium-Catalyzed Borylation of Arenes

N
\
\

Bu' . |

L 1 N it ~Bpin
[ “N"") "Bp-
BU‘ o~ Bpln
+ COE u COE
~Bpin
HBPin
ql s N/ \Bom
|/ Bpin
Bppiq_g ‘/‘v'
/N/ A |r H
t
\N” \‘Bpm
pin \
"
N

PhHI

\
\ oxidative addition or

\.,l o-bond metathesis

" Potential B-H
bond

} Bpin

\ N’ \Bpln



4. Application

* One-Pot Syntheses of Organic Compounds

I. One-Pot Syntheses of Phenols and Arylamines

R o R‘ 1) 2 mol% (ind)in(COD), 2 mol% dppe R
2 mol% clmnlr[EOD: N = of dmpe, 100 or 150 °C, 5-18h —
) 2 mol% dmpe, 150 °C \ 4 3+ 1.5 HEB| M 'R?
y 4 X eauiv. HBpin g aq. Oxone®, acetone N OH ] O +1.58qu. Hopm 2) 1.2 equiv. R'R*NH, 1 mol% Pdzdba,, % } NRTR
’ 25 9C 7 min — 3-4 mal% P'Busy, K3PO,. DME, Boi
R ' 100°C, 17-20 h P
HBpin  borylation phenol HBpin  boryl; % yield® amine product % yisls®
equiv tima (h}) product Yield™ equiv time| \
: FiC
Br, i
= 75 © PhieNH NMePh &5
2.0 18 QOH 87T% 25 50 B3 (X=Br):
:. ' Bpin
Br
Br, MeQ
3 '
N 1 N
1.5 12 ( J—OH  B1% 20 3 73 : FhiNH, __J—NHPh 1
Me - ' Bpin
i Meah
cl - : —
) }—\\ PhMaNH Q NMaPh 83 ! PhNH, <\;\ ) NHPh 73
20 18 <}0H 79% 1.8 3 o o 8% ! \
N i L
/ Bpin ' Bpin
MeO cl M ! (o]
2] '
Ma0,C Br, ) !
= . = X BugNH i > NBu. 5 i PhNH PhHN B
15 3 ( p-on To% 0.25 35 ( pon 8% iz :\ y: 2 50 ! 2 y 4 Bein
\ /4
o \ Bpin ; A 46
' P R
c Br Me0,C . hHN (19:1 A:B)
A Y — h -
b — S, J '
15 3 N ;_\_OH 649 45 53 \{ }}—OH 74% PhNH; "} JNHPh a7 : ':'4@73"'"
W b -
— ) B
o’ HO  F Bpin I
cl, HO  F FiC j Vs
= = ‘-‘r:\ - H,
20 12 c— ,)—OH 85% 5.0 63 F— ,—OH 51% PhNH, U_NHPh 2 PhNH; F;CUHHPh 45
& .
/ / /
Me HO F Bpin



I1. One-Pot Syntheses of Aryl Bromides and Aryl Chorides

1. 0.1 mol % [INCOD) OMejl
| 0.2 mal % dtbpy, THF, 80 °C

R
B B *-]|: thian evaporation B
- r
- || 2. 3 equiv, CuBry,
' MeQHMT {1:1) =1

1. 0.1 mal % [IfCODKOMe))s,
0.2 mol % diopy, THF, 80°%¢ R

then evaporation —
Wal
£
R

B-E
D :)/ t: 2. 3.5 equiv. CuCly,

B.-Lrlrn MeOHM,0 (1:1)
- entry  product yieid® entry product yield® entry product  yield®
entry pmduct yield? entry  product yield®  entry product yeld® e NG ELNOIC
MeQ ElN(O)C. . @7 5 C\!_ — s \_5=\
1 4 cl 1% G T% g Cl 65%
— N W u>_
61% 11¢ Br  80% . / /
' <;\ >_fBr 5% ;\ 7 Me Me Mé
Me
cl Me ) ~. Me
Bl NC M }—'\ ' =l :
eQ, "'} 2 Um sss & W g B6% 'D\-WTS —ci 7%
I — \J L I \ )
&}gr B5% 7 N Br B5% 120d M . Br T2% F-'GC: Ml {\D Mé o
} i b Mad TIPSO, )
MeO g ¢ N ad i
FsC Me Br 3 < o’> i cosiw Ny § o
= N, 0,0 ) B ! Me
3 A ;} Br 62% 8 { ;} g es% 137 Ny {> 51% Fif Me
' Me MeQ PIvO
FyC MaQ ) \ =
{ 5 8 % 4 C B%
MeO Pivo © 4§ o s e
= ! Me
4 \_>—B 7% 9 > Br 749 . sl £ . ;
%‘J' ' <‘ 4 ! © Average isolated yield from two experiments. All reactions were
F.C Me run on 2 2.0 mmol scale. *0.5 mol % 1 and 1.0 mol % 2 were used.
“3{: fContained 2% pinacol by 1H-NMR spectroscopy. ?3.0 mol % 1 and
v TIPSQ 6.0 mol % 2 used. * 1.0 mol % 1 and 2.0 mol % 2 used. '2.0 mol % 1
5 R o Br are and 4.0 mol % 2 used.
(] Me

* Average isolated yield from two experiments. All reactions were run on a 2.0 mmeol scale,

“0.5 mol % 1 and 1.0 mol % 2 used. “Contained 2%

pinacol by '"H NMR spectroscopy. “3.0 mol % 1 and 6.0 mol % 2 used. ® 1.0 mol % 1 and 2.0 mol % 2 used. '2.0 mol % 1 and 4.0 mol % 2 used.




[11. Conversion of Arenes to Arylboronic Acids and Potassium Aryltrifluoroborates

R'..‘& Ir-catalyzac
S i A
Y _,._:J' + Baping biary v
—

R
FsC

Ml

Mé FiC
54%

R
Mmly S BIOH!
THRHZO rt. B g o
»
Cl

Cl
A B{OH ) A B{OH}
—/ b M 2

Mal Me
B1% 80% B9%

Cl Fal, e
@—E.{GH 12 Q—E-{GH b B({)r- b
il Mall MED}C
94 % 85%

85%

" Borylation of arene was carried out on a 10 mmol scale using (0.1 %
[Ir{COD)C1]; and 0.2% dtbpy in THF at 80 “C. Nal0Q, (15.0 mmol)
was added to 5 mmol of crude ArBpin in a 4:1 THFEH;O mixture.
“Isolated yields on a 5 mmol scale of arene. Yields are the average of

two reachions.

R
R
=\ _ 1. Iridium Borylation® . Nprk
G 4 *BPM gl KHF, HOMHF, RT % Jor
R R
e FaC 1::|1l Br,
— — - i
/ < \ / h
QEFEIK N .:.;I.?_BF3I{ '5-.\\ :.-::’—BFal‘i b, J__.':.'_E-F-jﬁ
; ri
Ma FiC Cl Br
B1% a2, B7% §7%
MaQ) Me, FiC, cl
. & BF K —BF 3K
Mac Mo MeD Me
* gam, Rl T 85% a7%
Mel
"% _.-'""\-\.\,H‘__'_,-
By i T %
BF;K BF4K || BF K
Q ' I\F:f*“ o "HJP"‘"?_ ’
ci
78% 459

%
" Borylation of arene was carried out on a 10 mmol scale using 0.1%
[Ir{COD)C1]; and (.2% dtbpy in THF at 80 "C. KHF; (5.7 mmol) was
added to 5 mmaol of crude ArBpin in a 4:1 THEHO mixture. Isolated

yields on a 5 mmol seale of arene.




1.

5. Conclusion

In contrast to many of these methods, the borylation of aryl C-H bonds occurs
under mild conditions, with high turnover numbers and with a broad tolerance

for functional groups.

Considering the rapid development of this C-H borylation chemistry, one can
anticipate that further advances will lead to C-H bond functionalizations with
main group reagents that will lead, in turn, to additional, widely used synthetic

methods.



¢ *E?J" O (5 3
2 h(cH*) x Loq

Thank you






1.5 mol% [Ir(COD)(OMe)],

S 3.0 mol% dtbpy pinB__-S . S._Bpin
\ /) ) \ \_/
1.5 eq. HBpin
COzMe  Hexane COzMe CO-Me
95% (>99:1)

1.5 mol% [Ir(COD)(OMe)],»
3.0 mol% dtbpy

Cl S\ _TMS ~ G T™MS ., Cl—S\_TMS
\@/ 1.5 eq. HBpin \§——/7/ \Q/

Hexane pinB Bpin
93% (>99:1)

1) 2 mol% [Ir(COD)CI],, 4 mol% dtbpy

7\ 1.5 eq. Bypin, n-CgHy4, uW 100 °C
TMS/Q + | 2 2 o / \ N02
! NO 2) 2 mol% Pd(OAc),, aq. K3PO4
BOC 2 5 mol% S-Phos, nBUOH, 100 °C TMS™oN
BOC
2 mol% [I(COD)Cl], Bspin, 80 °C %
TMS\/\ ' ’ > TMS X B\o
18 InBpinjal,
I Bpin}al, - Bpin__=xH
“" [inserfion) 1 SiMe;
11 AH 12
]
; Ir{BpinjslL,
, IrH{Bpin)sL J
da=me—PinB | - H._NH
- IrH{ Bpin}s L, h— [ plimm ) g SiMe;

14 13 \—SiMe, Bpin 1



