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Transition Metal-catalyzed
Direct Borylation of Arenes and Alkanes

Introduction

Organoboron compounds have the vesatility in organic synthesis (boronates can be directly converted to alcohol, halogen,
amine, and C-C bond formation etc.). Recently, direct borylation of unreactive C-H bond have been developed by several
groups (as shown in the square). In this seminar, those development would be shown.
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1. Borylation of Arenes
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Ishiyama, T.; Miyaura, N; Hartwig, J. F. et al..J. Am. Chem. Soc. 2002, 124, 390,
J.oAm. Chem, Soc. 2005, 127, 14263,

2. Borylation of Alkanes
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Cp*Rh(l) cat. 2 T
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B,pin, or HBpin

Alkanes H,

Hartwig, J. F. et al. J. dm. Chem. Soc. 2004, 126, 15334,
J. Awm. Chem. Soc. 2005, 127 2538,

The Active (or lead to the active) Catalst

ir (111} catalyst (For Arenes)

t-Bu~ = a
=~ N.,,,!r‘\Bpin
= N’|‘Bpin
EBu = Bpin

Electrophilic Ligand (Bpin, dtbpy)
= Stabilize Ir (V) complex
Sterically Crowded Environment

— High Chemoselectivity (Only Arenes)

Rh (V) catalyst
(For Alkanes & Arenes)

-

H. apy-+Bpin
Bpin® Bpin

Electrophilic Ligand (Bpin)

—> Stabilize Rh (V) complex
Sterically Crowded Environment

— High Regioselectivity

B-C bond formation
Strong Thermodynamic Driving Force

Bond Dissociation Energy
C-H: ~100 kcal/mol
B-C: 110 ~ 120 kcal/mol

Caluculation of borane bond dissociation energies
Rablen, P. R.: Hartwig, J. F. J Am. Chem. Soc. 1994. 116,4121.
J. Am. Chem. Soc. 1996. 118, 4648.

High Regioselectivity
Both of them...
The driving force of these reactions >
S
= N""lr .Bpin
= N’ | “Bpin
t-By— == Bpin
o O
HBpin N...  .Bpin
I:N’ir\Bpin
. Bpin C-H activation
Bapiny
R I:’h\ "HB i
N’| “Bpin I:N s pfn
Bpin N~ | ~Bpin
Bpin
%bond formation
PHBpin

(Reductive Elimination)

—> Driving Force of The Reaction




4 C-H Activation (Oxidative Addition Process) O

There are several paternes in the C-H activation (or C-H bond cleavage), such as oxidative addition process,-g-bond
metathesis, C-H insertion by metal carbene complex, electrophilic aromatic substitution, and so on. In this time, oxidative
addition process would be discussed.

# Oxidative Addition Process #
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aMHME o#uE (4)
b 1
| H L L H
Pt + [ —_— Pt :\‘:--}5{ _ \P[/ ‘ )
I H 7/ “H / N\
L L L” 'H

O e PUID a8, 16e | o i %

L=#27 ¢ omiy B 101 P BCHT S KR F ORI R B oo (&)

The metals required in this process...

1) An Accessible (n + 2) Oxidation State
2) Coordinative Unsaturation (to access to metal vacant orbital)
3) Electronic Unsaturation (to accommodate the electrons supplied by the C and H ligands)

U

Low-valent & Coordinatively Unsaturated Metal Complexes
(Ni(0), Pd(0), Pt(0), Rh(l), Ir()), etc. late transition metal )

Mainly utilized metals in C-H activation. ..

Still unclear, but.

oxidative R et L T :
RH+M =t o MH ! First-row metals (Co, Nietc) | | Ontheotherhand..
reductive . + M-H: ~60 kcal/mol, M-C: ~30 kcalimol | Ir-H: 74 kcal/mol, ir-Cy: 51kcalfmol
elimination ~ Metal hydride complex : (C-H: ~ 100 kcal/mol) | ir-Ph: 81 kealimol
Unstable = --orrrmsmeeeooeee ’ L
(Reductive elimination process is favored) \§2

Thermodinamically Favorable
Same tendency was observed in Rh or Pt.

Toward the unsaturated metal complex... (ref. K2RHEB T p.426)
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! Bergman, R. G. et al. 1995, 28, 154. (Aoc. Chem. Res.)

¢ Shilov, A. E.; Shul'pin, G. B. Chem. Rev. 1997. 97. 2879.




O The First Direct Borylation of Arenes & Alkenes (Stoichiometric) (3

J Am. Chem. Soc. 1995, 117. 11357, Poi
oint #
Organometallics 1999, 18. 3383. #

C-H ativation — C functionalization
Hydrocarbon Functionalization by Transition Metal =~ .. ————————— \

Boryls : c¢f. C-H activation —- C-C bond formation was major because... :
PR R RCH; 1
Karen M. Waltz, Xiaoming He, Clare Muhoro. and : g ML I
Jobn F. Hartwig* ; z :
— ; red. : hydride i
Scheme 1 Bu’hy __JBu /_/Bu : R? Ly el :
/ Beat 559, *Bcat : ™ ;
(OC)M-pcal Mefio o2 6. "Beat20.25% : L H Mg !
| O @_ Q—Bcat +—©—Bcat ! ¥ CHR' 2 :
M=Mn 45% ! [ Hydride trap was necessary. ]
M=Re 50% 5 ' R?
O-Beat : o =~ :
+ HBcat 10-20%
+ Mp(CO)yo + (Hp) . ClBcat™
+ Rey(CO)aHs # Preparation # o B'O

Scheme 2 'a) Mn(CO)g [Mn(CO)s]” Na* (CO)sM-Bcat
O—acat + Fpp+ (Hp)
/ hv, 1h
; = m@_ch -Boat+ Fpg+ (Hy) # Electronic Effects (Substrate) #
, Fo-Beat * 1.1:1, 70%
‘ 000(‘3 . Ih oy Beat Bcat
AT gon e
\ hv, 6h +Fpz + (Ha) CpFe(CO)QBCal
HBcat + Fp, Beat
Hz (2 atm) 60% 56% Bcat
product isomer ratio
[ Alkanes did not react at all. J X 0 m )
i Me 1.1 1.0
Table 7. Produect Ratios from Competition OMe 1.0 1.6 1.1
Reactions of CpFe(CO);Becat (1) with Mixtures of cl 15 1.0
Substituted Arenes CF;3 15 1.0
Substrates Product Ratio NMe; 1.0 8.0
Cl OMe: Interaction with Boronate ?
&
, Not so large electronic effect was observed.
CFs (Especially electron withdrawing group)
v S S
OMe # Proposed Mechanism # ¥e. Beat
. (Arenes) oc™ red.
C} H3 S O P w
NM CeHs
ez . ﬂ PhBcat + CpFe(COMM
\ v Fe—Bca‘
1:24 Fe—Beat —=5
) CsHs CcO
oc Yo oo/ o-bond 1
t-Bu NMe, - met. 4 CpFe(CO)H
@ @ 1:34 Fo—Bal
OC \—ph
# Proposed Mechanism # --------- - om i
(Alkenes)
- = 2?7
Intermolecular KIE (sp? C-H cleavage) Intrermolecular & Intram?lt‘ecular. kulkp 1..0 .
CoFe(COMBeal  + — / D_ D hv Rate-deyermining step would be insertion step ?
D: D AN
=/Bcat Y z _ |ical oc ie> Bcat o
ox. add'’n / elim
1 : 1 -4 & c,H \
Intramolecular KIE (Shydride elimination) \I:,_._Bca( hv \Fe—Bcal + CpFe(COM
CpFe(CO),Bcat oc \CO <o / co
or + D\T\ hvv' msemon ﬁ}H l
(CONRoBcat o yi_ o CpFe(CORH
D D Beat
N—. . = <a ) OC/ e_\—Bcal




L The First Direct Borylation of Alkanes (Improvement / Stoichiometric) O

Selective Functionalization of Alkanes by  scienece 1997, 277,211,
Transition-Metal Boryl Complexes

Karen M. Waltz and John F. Hartwig* v 7~ .~ Bcat
( ) / 85%
==, wOn

Me
| PLA-AY
oC W B ﬁ Ve at
oc’ coO oc ...w.....B'ZIQ’ 74%
’ Me oc’ Yo A )vBca,
e
Effective for Alkanes + \/‘\,Bcat‘

L Borylation N v O O-Bcat‘
22%

Why alkanes did not react under previous system ?

Z o
o C""lFe_B\o:© :> ( Cp ligand or Bcat react with

oc another CpFe(CO),Bcat.

Cp*Fe(CO)chat'

. 2~ »
Effective for Arenes (sp” C-H) sp?-hybridized positions blocked

- _. ~~Beal — The yields Increased by changing Fe (first-row metal) to Ru (second-row).
!{ B8 +HBcat
00*’ 7 M= Fe 28% -10% U
Me M = Ru 40% trace
A third-row metal ? =) “"W"
Further Investigations ------------ooo oo
Steric Effects
Hatwig, . F. etal. J. Am. Chem. Soc. 2000, 122. 11358.
2 o G ot G o
oc' T %% P Bl ot %o
% oc oc Ta o) )
\ hv B(OR < 1% 159% °Y 20% €
( )‘I‘M—B(OR)Q —< ASNN-BOR), o
g 0 tBu o
Fe-B Fe-g' :@ Both Cp and Bcat
O% é o] oc'l o need to protect.
t-Bu ocC
<1% <1%
(Metal Effects Borone Effects
o Me /¢ T D
Ru B ~Ru~B_
oc 0% Cl o] oc l co o
20% Me 40% Me 40% M 78% 72%
N /% /& Me
W, Mo+B Ru-B ] < § Ru—B D’
OCOCI‘CO OI;/ oc ’ =0 OI;/ oc'l OC‘\,ru—BCyz OC"‘;RU BMe, OC
Me oc oc ocC
85% 7% 20% <1% <1% <1%
Third-row metal was effective. Pinacolester was also effective.
(Cp*Os(CO)," was difficult to prepare.) (higher g-donation & less Lewis acidity than Bcat)
# Mechanistic InSights # -~~~ ---- - e
Scheme 3
Scheme 2
e PO -
o hv . \ O&«Ekgw 1od.
oc~~7“-~qo Py ‘»“AR' _;422- o e 'Téz'. - -;gq-'
oc \C 00 mBoat = gt ABcar + oAy =00 h
3a ) p €O oc” IOO Beat Q + / Q¢ 1 o %o
ocKH " i ez
PN od %o 0T M ~fear
hv]-co & ée-h




O Catalytic Direct Borylation of Arenes & Alkanes O

Under Irradiation Conditions
Hartwig, J. F. ctal. Angew. Chem. Int. Ed. 1999, 38. 3391.
Catalytic, Regiospecific End-Functionalization
of Alkanes: Rhenium-Catalyzed Borylation
under Photochemieal Conditions**

Huiyuan Chen and fohn F. Hartwig*

NNt [CP'M(CO)a)
_h_.\/\/\apin + HBpin
O hv, €0, 25°C
B—Bb - 4

Baping

Scheme 1. Stoichiometric Yeaction of B,pi i ' i
' 2pin; with [Cp'M(CO),] in pentane.
Cp'=CHy, C;H Me, CMA: M = Mn, Re. i

Without additional CO (2 atm),

- the catalyst was decomposed (dimerization).

R-H 2.4-5% [Cp*Re{CO)3]
+p ———————» R-Bpin + HBpin
o hv, CO, 25°C
Boping

Scheme 2. Reaction of B,pin, in pentane catalyzed by [Cp*Re(CO),).
Cp'=CH;, CHMe, CMe;: M=Mn, Re; R=n-CH,,. i-CH,,.
CH,CeH,.

Table 1. Regiospecific, catalytic functionalization of alkanes, alkyl ethers, and

benzene !

En- Substrate Catalyst t[h] Conv. of _Yield[%] ‘

try (amount [%]) Bypin,|%] RBpin  HBpin

1 n-pentane 3(2.4) 56 94 95I l$I4) 3i

2 2-methylbutanc 3 (34) S5 89 83 2

3 methylcyclohexane 3 (5.0) 60 88 75 (6) 2’;

4  di-n-butyl cther 3(5.0) 45 100 100(7) 2

5 tert-butyl ethyl 3(49) 46 100 82(8) 26
ether

6 benzenc 1(10) 36 97 76(9) 23

7  n-pemtane 10a (2.5) 56 92 97(4) 31

[a] A solution in pentane containing [Cp*Re(CO);]: dod.ecahydx:otriphcnyleqc
(internal standard), B,pin,, and CO (2 atm) was lrrac-halcd with a ‘Hanovm
medium-pressure mercury arc lamp. Yields were detemlch by GC or H NMR
spectroscopy, and yields of isolated products were determined after.punﬁcatlon
by chromatography on silica gel eluting with pentane or pf:nlar?eldlelhyl elhgr.
[b] The two terminal regioisomers Sa and 5b were obtained in a 3.6:1 ratio.

Under Thermal Conditions
Smith 1T, M. R.etal. J Am. Chem. Soc. 1999, 121, 7696.

| Appendix :
E QO air-stable, solid E
E o o /\ expenive E
: BB, 1g: ¥10.200 ;
‘ c © 253 ¥190,000 (Aldrich)
3 B,pin, 500g: ¥683,000 !
BB,
; BBr— e e NyB ———2—a (MeN),BBr |
H pentane pentane H
i 2Na 2 pinacol / 4 HCI o
: Me,NJ,B- £y . n
: Toteng . HeeNIB BINMEZ): 7 ) ene f ether sz'"zi

¢f. Graham, W. et al. J. Chem. Soc. Chem. Commun. 1982, 27.

=" 8
Q hv C

Reco ‘th%\i*’\e"
0C <
co OC/ CcO
Stoichiometric Reaction with 10
. ngin") . .
[Cp*Re(CO)3l [Cp™Re(CO)2(Bpin)2]
cyclohexane
=z "
OC le~-~-ESpin AN Boi )
Bpir \CO — /\/?, Pin + HBpin
10a 100%

Oxidative addition of Bypin, —— then CH activation

HBpin + Bopinz
R-Bpin cp
(=}
oc”§8°
2C0 co

cp* t Cp*

oo..cP .Bpin Ho-Boi Houn:
. o e -Bpin ocC Bpin
R"le‘BPm OCR'- ’ﬁpln OC/ \Bpin
stereochemistry >< + lrans isomer
unknown
cO R-H

Scheme 3. Proposed mechanism for the photochemical reaction of Bypin,
with alkenes catalyzed by [Cp*Re(CO);].

For catalytic reaction they examined irradiation system

From CH activation products (Stoichiometric)

- é . HBpin i . .
= {0.89 mmol) \Q’ _L» F'hEpm
II'"H - [', -
Aoy + 12 [HB(CgFs)ly —— Aty +  CyB(CeFsly Me-P” S CeHs lr, CeHg Heolr o H 4
MesP ™5 T ope MeP T %" H MesP" “Bpin Bpin Ph |
0.15 mmol 4

1 3 >5min

In the case of boronate (Stoichiometric)

i _. e, 2-d; + CyBPin + CyH
1 + 6HBPn 3G, MeyP ‘é’;in + i >
CeDe 13% 40% 60%

4.87%

HBpin, 150 °C

To complete the reaction, five thermal/photolytic cycle would be required. But
after third cycle the reaction was completed.

U

Thermal Catalysis ?

more harsh conditions were needed.

4,17 mol% CgHsBPin  + M, ~3
150°C, 120 h 53%

CgHs + HBPin




Thermal, Catalytic, Regiospecific

Functionalization of Alkanes
Huiyuan Chen," Sabine Schlecht,! Thomas C. Semple,?

Scienece, 2000, 287, 1995.

# Complete Conversion #

John F. Hartwig'* J§<
M cat. ] O O~
A N P B,pin, \/\/\/\/B\o PN :[dB B\oj:

neat

£ (pinBBpin}
M=lr, Rh
: \Q/ \%* | unreactive S, | L=Catta CattsSiMes, Ha, HSIEt
i Ly=1"-CeMeg
Heoole o H i Rh Rh ligand 2
- 1 . :
WY N N ey o o
1 <20% 2 58% 3 84% 6 88% BLOI + HB\O:I,:
To achieve thernal reaction... ’ , :
cat.
Ligand: CO — polyhydride (1) or alkene (2 ~ 6) CrML,
- . NSNS
(These ligands would dissociate under thermal condition.) B
Pj:
8
Table 1. Regiospecific, catalytic functionalization of alkanes, alkyl ethers, and benzene. A solution of NN ‘o

catalyst and diboron compound was heated at 150°C. A known amount of dodecahydrotriphenylene
(internal standard) was added to the reaction after complete consumption of both pinBBpin and HBpin.

# Reaction with Pinacolborane #
Yields were determined by GC for the overall reaction pinBBpin + R-H — RBpin + H,.

NN
Entry Substrate Catalyst Time (hours) Yield of RBpin (%) .
/0 L ——

1 n-Octane 3, 5.0 mol% 5 84 + H-B :l: 5% Cp*Rh(n*CeMey)
2 n-Octane 3, 1.0 mol% 110 64 o7, 150 °C

3 n-Octane 6, 5.0 mol% 25 88

4 n-Octane 6, 1.0 mol% 80 72

5 2-Methylheptane 3, 2.5 mol% 30 73 /\/\/\/-B’OI +H,

6 2-Methytheptane 6, 1.0 mol% 60 61 ‘o

7 Methylcyclohexane 6, 6.0 mol% 80 49 65% -

8 n-Butyl ether 6, 4.0 mol% 80 64

9 Benzene 6, 5.0 mol% 2.5 92
10 Benzene 6, 0.5 mol% 45 82 HBpin was also reactive in this system.

J.Am. Chem. Soc. 2004, 126. 15334,

Regiospecific Functionalization of Methyl C—H Bonds of Alkyl Groups in
Reagents with Heteroatom Functionality

Joshua D. Lawrence, Makoto Takahashi, Chulsung Bae, and John F. Hartwig*

N 4
Functional Group TN * Bupi Cp"Rhin*-CeMes) FG iy~ gyin* HBPIN
FG‘Hn/\H 2PNy ~IEnec ~Bpin
excess o O . ,O:C
oo ‘8-B° ; HBpin= HB,
B2ping -:[O'B B‘OIC P! o
Table 1. Rhodium-Catalyzed Terminal Borylation of Alkyl Groups? # Electronic Effects of Heteroatoms #
Reactant Product reactant: | ig 1 Yield(%) 1) Oxygen E"ecfs °
_B.pin, o 1 . _o i+ Boin”~~"""Bu
>r°\/ >|,o\/\5pin 1 s 91 BUBY Bopin, © “s/\ﬂp';‘ " Boin
1:1 10 48°
,0., 1 .
H H 10:1 5 74 Bu",Bu __, i o. .0, ,.Bpin
o, 0 o, 0 0. Bpny s 0wt gpin ™ Bu+BuT
X/\/ X/\/\Bpin 12 17 2 Et" "Bu 142
Fr F\H/\Bpln 10:] 5 83¢ Acidic Me was functionalized.
7
CoF ! 12 10 46 2) Nitrogen Effects
n- T~ 10:1 5 90
"'CUF"\/\Bpin 12 o o a &t £ JU Et
' ) L 'N—(—\Bpin cping N
Bu,N Bu,N 10:1 s 75 N~ PR B &
\H:/ 7 Bpin £ & Bping Bt &
3 1:1 10 33 1: 15
{ W/ < :N_/_Bp'n 10:1 5 = Not so different {compared to 0)
12 10 67

g 3) Fluorine Effects

° Conditions: Baping, I, neat, 150 °C, 24 h. ? Yields calculated by GC 1 Bpin + Bpin
areas. “ In cyclohexane solvent (3 equiv). 7140 °C, 12 h. * Yield based on CaFi7 ™ + Cohhyg E—’ 08F17/\’ P CeHys >
conversion to H,. 2PNz % - 4

Another functionalized compounds were not observed. Less electron-rich methyl group )
(Only terminal CH was borylated.) was favored in this reaction.

cf. C-H (alkyl): 105 kca/mol, C-H (arene): 113 keal/mol
C-F (alkyl): 128 kcal/mol)




# Limiting Reagent (alkane) # ~ from supporting information ~

Cp*Rh(n*-CsMeg)
. 5 mol¥%
F\/\/\/\/ + Bypin, F\/\/\/\/\Bpin
cyclohexane, 150 °C
+ HBpin

F-octane : Bopin, : cyclohexane yield (%)

Neat conditions were favored.

1 10:1:10 55

2 1:1:3 39 (entry 4, 5)

3 1:2:3 40 Excess B,pin,

4 10:1:0 83 —> not so effective
5 1:2:0 46 (entry 3, 5)

What is the factor for low conversion ?
... Mechanistic Insights |

f
Proposed Mechanism \Q

[
Rh

il
{n*-CeMeg)

szinz
l or HBpin

=

XRh

(X=Hor Bpin)\&

® = By

HBpin

H Rh X X+RhH
X Bpin Bpin’ R
Bypin H tlah
2PN e :
or HBpin X R-Bpin

J. Am. Chem. Soc. 2005, 127, 2538.

Rhodium Boryl Complexes in the Catalytic, Terminai
Functionalization of Alkanes
John F. Hartwig,*t Kevin S. Cook,t Marko Hapke, Christopher D. (ncarvito,t
Yubo Fan* Charles Edwin Webster,* and Michael B. Hali*t

Contribution from the Departments of Chemistry, Yale University, P.O. Box 208107,
New Haven, Connecticut 06520-8107, and Texas A&M University, College Station,
Texas 77843-3255

[ What species are involved in this catalytic reaction ? ]

Cp*Rh{n*-CeMeg) HBpin \%ﬁ‘ N ﬁ’ @7
1

. |
95°C.4h W Rh: ‘Bpin H' R Bpin
v 7 .
Bpin (In proposed mechanism)
3

Bpin M Bpin
2
Not separable

é HBpIn ! )
HBpin I neat : Pure 2& 3

—

Scheme 1°

LY
*Rh(n*-CgM X
Cp Rh(“1 sMes) hv H'Rh:Bpin 4 H Rh ‘Bpin were obtained.
gpin’ H Bpin  Bpin
2 3
P 51vs2
ptn-OZCzMe4 N

51% isolated

95% by 'H NMR isoa

86% isolated

Are 2 and 3 active (or led to active) species ?

Figure 2. ORTEP drawing of ane of two independent lxiclccul;.s of Cp*Rh-
(H)2(Bpin); (2) in the asymmetric unit with 30% thermal ellipsoids.

Scheme 5
CgH1g 2 NN i
/126°C, 14 h 70%
H l}h; ‘Bpin .
pSnB2 H AN CsDe X Bpin
g0C 1an 2B g
Figure 4. ORTEP drawing of one of two independent molecules of Cp*Rh-
(H)(Bpin); (3) in the asymumetric unit with 30% thermal ellipsoids.
Catl1p
250G ah 37 7 2 epin . :
H: Rh- Bpin ' 2% What is the factor for low conversion (Alkane) ?
ping’ 3 Bpin CaDe X BPin In proposed mechanism...
N\ 3deie | el |
80°C, 14 h 5(;'/85%
o dissociation: tR-H
Bpin =B, — I . H [ | —— |
o l Reaclivity of substrate: arene > alkane ] H::Rh-Bpin i‘ i X+-Rh |oxidative  y.Rp.H
Bpin X | Bpirl i addition g ¥ R
Scheme 6 HBpinor ¢ ~" : P

X=H

(X =H or Bpin) B,pin, or
H,

Cs0s <10% conversion of 2 Scheme 4 2
/55 °C, 90 min
. o ~c>~  |HBpin might dissociate. |
pind Caon Bpin H Rh Bpin — 2k, gy
X=H 2 » 6Vs -2 d@ + HBpinVDBpin pInB’ i 85°C.4h pinB ':( P(p-tol); o
X=Bpin 3 55°C.90min 95% 86% 4 Bpin=g

beactiv]ty of Catalyst: 3>2 }

2
- | -
H"Rh;'Bpin
pinB‘_’Bpin

~cb °
Els RI

85°C,1h pinB"]h‘pE‘a
pinB 5




In the reaction of 2 with P(p-tol)s... In the absence of P(p-tol);

jg‘fi P(p-tol)s \Q\’ \5?’ 2 (60 - 70%)

BRI imasce  HoRh e r Rl Bpin - 24h.45°C
Bpin +45°C Bpirl | P(P-tol)3 Bpin’ ‘4
2 major e
' P cordination or H
; \Q’ . \Q R-H addition :
Zj This dissociation pathway is reversible. ! u l:l{h Boi HBpin ] —_ ;
! CRhBpin  w——= - :
. Bpirl \Y reversible X«-}Rh i
‘i ) Bpin !

[ Does the generation of HBpin inhibit the reaction pathway (especially alkane's case) ?j

Indeed...
NSNS .
- —_—— - TN ivity: ithout in > with HBpi
H'Rl\w Bpin with or without Bpin Reactivity: without HBpin > with HBpin
Bpin Bpin HBpin
3 As reaction proceeds, HBpin generates and prevents the reagent from binding to the catalyst. R
, 4 Ir-Catalyzed Borylation of Arenes O

J. Am. Chem.Soc. 2002, 124, 390.

Mild Iridium-Catalyzed Borylation of Arenes. High Turnover Numbers, Room
Temperature Reactions, and Isolation of a Potential Intermediate
Tatsuo Ishiyama,* Jun Takagi, Kousaku Ishida, and Norio Miyaura*
Division of Molecular Chemistry, Graduate School of Engineering. Hokkaido University, Sapporo 060-8628, Japan
Natia R. Anastasi and John F. Hartwig*
Department of Chemistry. Yale University, P.O. Box 208107, New Haven, Connecticut 06520-8107

catalyst: 1/2[IrCI{COD)}/bpy

. Lr(1)fbpy cat . (3 mol %)
Bypin, + 2ArH s emperatore 10 80 °C 2ArBpin + H, =N  N=
oV,
Table 1. Ir-Catalyzed Direct Borylation of Arenes with 1 (eq 1)° # Full convertion (HBpin) #
ieldgd ield/%? 172{CCODY]bpy (3 mal %)
srene  product  YAAM'  arene  product lzmp HBpin + PhH —— PhBpin + H,
! ! (60 equiv) ‘ 80%
1 el 95 7 {J-cton ct 83
) 95 )
2 oM | Lome B s ohe-sj 58 # High Catalyst Loading #
82
3 O_ pinEQ—- (0:69:31) 9 " 86 1/2[bCUCOE), ) /dtbpy (5 mol %) ) )
% e B,pin,+ 2PhH o~ — s 2PhBpin+H,
LKW Loy S (60 equiv) ’ 83%
10 in| 7 172{irCl(COE), }/dibpy (0,02 mol %) )
¥ SR, G C{“P CS B,pin, + 2PhH . 2PhBpin + H,
Mo Mo (60 equiv) 80%
6 pinl Mo 86 19} pin 73
B /20l ikt

* All reactions conducted at 80 “C for 16 h with 1 (1.0 equiv), an arene
(60 equiv), and 1/2[IrCI(COD))2/bpy (3 mol %) without solvent. ® GLC
yields based on boron atom in 1. ¢ Isomer ratios determined by 'H NMR.

t-Bu t-Bu

# The Effect of dpy Ligand #

N |

LCyclooctene ligand is effecti\a

1/2[1rC{COD)],/bpy

. (3 mol %) i Ishiyama, T; Miyaura. N. Chem. Comm. 2003, 2924.
Boping + 2PhH 50°C 2PhBpin + H, Cl 1/2[Ir(OMe)(COD)1,-Ligand Ci
‘ (3.0 mol %) o+ R
There was an induction period. + (??;325) hexane/25 “G/b h pin 2
Further analyzing... Ci cl
Entry Ligand Yield (%)
The reaction proceeded ) p dtbpy a6 P .
after COD ( ©) reduction to COE( Q )- 5 4,4-di-Me-bpy 75 'Erectrondonating
3 4.4-di-NMe,-bpy 88 ! Planar Conformation
U 4 4,4'-di-NOy-bpy 0 ’ favored
- . . 5 4,4'-di-Cl-bpy
(o] showed no induction period. ] °
[ 1/2[IrCI(COE)],/bpy p o 3.3 Me-bpy 5
Arternative way: 1/2[irCl(COD)]y/bpy + HBpin 7 5.5"-di-Me-bpy 46
8 6.6-di-Me-bpy 1




# Active (or led to active) Species #

B,pin,: Oth order
e Zping

Scheme 1 = LT g0 ! benzene: 1st order
U;(ic::):;‘b; s Bpm i COE: -1st order
:3 4-0i-+Bu) p; . =N UBRIn i 42th order
. -Bu H
2ping leHa e3 Bpin : C-H activation pathway
COE : i - ini
(:: .4 Boin Proposed Mechanism ll 2 _ta,t.e_ fj .e.tf rmining s .t .
- in =
iy HBpin ~N... _.Bpin oni
G " Bpin
RT leDs é .
] . pin
3
mm Bgpin, rds
1-N1=2.177 A, 1r-N2=2.221 A, 1r-B1=2.055 A Ir-82-2.057 A, . Ph H
Ir-B3=2.027 A, 1r-G1-2.308 A1r-C2-2.318 A Pinacol methyl I:N}lr‘s'H . NN B
groups and hydrogens have been removed fos clarity. N™| Bpin C AN pin
Bpin NT | Bpln
4 was also observed in reaction mixture (1H NMR). Bpin
# Turnover Number # --------vvmmmmmme
Table 1. Maximum Turnover Numbers for Borylation Reactions PHBpin

afler 24 h at 100 °C

calalyst
loading yiekd turnover
catalyst (%) (%) numbers

(dtbpy)(COE)(Bpin), (§) 0.0027 39 14 300
[Ir(COE)>Cl]/dtbpy 0.0023 18 7900
[INCOD)Cl]y/dtbpy 0.0091 9 10 300
[I{COD)YCI}2/dtbpy 0.0030 75 24 800
[I(COD)CI},/dtbpy 0.0030 72 23 800°
[I(CODYX OMe))/dtbpy 0.0091 100 10 900
{In(CODYOMe)}»/dtbpy 0.0030 49 16 000

“ Sample contained 25 uL of pinacolborane to assist in catalyst initiation.

# Regioselectivity & Substrate Scope #
Sl})ith I, M. R.etal. J Am. Chem. Soc. 2005, 127, 10539,

CN HBPin or B,Piny, 1.6 mol% CN CN
[IOMe)XCOD),, 3.0 mal% BPin
dibpy. thf, 25 °'C .
-~ H, or HBPin X
BPin
z 0 z b4
BPin = & :lé 1 2
0
Table 1. Regioselectivities of 4-substituled Benzonitrile
Borylations?
entry Z borane {equiv) tme (h) % yield® %1:%2°
1 F HBPin (0.25) 8 71 11:89 (8:92)
2 Cl HBPin (0.25) 36 76 80:20 (81:19)
3 Br HBPin (0.25) 48 73 95:5(97:3)
4 I B;Piny (1.0) 40 70 >99:1 (>99:1)
54 CH, HBPin (0.25) 72 64 94:6 (92:8)
6 OMec HBPin (0.25) 24 65 67:33 (67:33y
7 SMe B;Pin; (0.25) 18 55 90:10 (87:13)
8¢ NMe; B,Pin; (1.0) 72 58 >99:1 (>99:1)
9 CO;Me  BjPin; (0.8) 48 65 >99:1 (>99:1)
1020 NHAc  BPin; (1.6) 18 62 >99:1 (>99:1)
114 CFy HBPin (1.1) 24 68 >99:1 (>99:1)

2 Unless otherwise noted, all reactions were run in thf solution at 25 °C
with [I1] = 3 mol %. # Yiclds are for isolated products based on the limiting
reagent. “ The major isomer was assigned by NMR, and ratios were
determined from crude reaction mixtures by GC integration. Isomer ratios
for isolated products are in parentheses. 4[Ir] = 6 mol %. < Isomer ratio
was determined from NMR intcgration. / Reaction run at 80 °C. £ (Irf] = 8
mol %. * Reaction run in n-hexane.

Steric Ovder
FCCNSQL<LBL I

Hartwig, J. I'. etal. J. Am. Chem. Soc. 2005, 127, 14263.
Theoretical Study: Sakaki, S. et al. J. Am. Chem. Soc. 2003, 125, 16114.

_ — =\
N NH Ny NH - N NH
2 .
cat. I Pd(PPha)JKzCOa
80°C DMFI100 °C o
2 Ph  46% (1:2)

Sugihara. Y. et al. Eur. J. Org. Chem. 2003. 3663.

. ap.n

80°C 70%

Datta. A. et al. Chem. Commun. 2004, 1508.
0P, e Pow
Fe
cat ir
B;—@ 126 °C —@ 81%

Ishiyama. T.; Miyaura. N, Chem. Comm. 2003, 2924.

1/2[ir{OMe)}(COD)},-dtbpy
A—H + 2 (3.0 mol%}) X
1.1eq) hexane/25 °C Ar=Bpin + H,
HBPin >
product yield (%)
MeO,C
Q»Bpm Q—Bpin @—Bpin
CF3 73(24h) Cl  67(8h) 70(24 h)
NC Cl
Bpin Cl—@epin @—Bpin
B 74(2nh) 73(8h) 22 (24 h)
Cl
e S
MeOzC—[;)—Bpln /S\ Bpin N\ Yy, Bpin
95 (0.5 h) 99 (2 h) Me  75(2h)

4\
Xt
J



»

# Transformaion of Boronates # J. Am. Chem. Soc. 2003, 125,7792.

. . ) C—H Activation/Borylation/Oxidation: A One-Pot Unified Route To
Hatrwig. 1. F. ctal. J Am. Chem. Soc. 2004, 126, 15334. Meta-Substituted Phenols Bearing Ortho-/Para-Directing Groups

ArX, base
pdcat_— "o _ .
*Rh(n%-CaM Robert E. Maleczka, Jr.,* Feng Shi, Daniet Holmes, and Milton R. Smith, It*
Cp*Rh(n*-CgMeg) o eng
FO L~y ——————= FO g L P
o M Byping o Bpin o
FG=CH3C(OR)z~, F-, A,N-, RO- KH}- FO o~ Scheme 1
n BFK Ir-catalyzed o
C-H activation/ oxidation
; Ar-H [ Ar-BPin j Ar—OH
Table 2. Tandem Functionalization of Methy! Groups borylation
Entry Reactant Product Cond” Yicid(%) seh ,
(o) [s) cheme
! >|/ ~ >( “NCHetBu AR g 2.0 eq. H-BPin, o o
E F Be. cl 2 mol % (lnd)!srécgog.s h
o , 150 °C, 3.5 h;
2 i W CeH B AC 29 U 2 mol % dmpe
then aqueous oxone®, acetone, H (1)
3 n-CeFy7n~ nCst\/\C HetBu  AB 64° 25 +C. 7 min (83%) lo]
’ < ) Scheme 3
! 0P 0,0 AD o8 0.6 eq. B,Pin,, Br. g
Ao P on | 1.5 mol % [Ir(OMe)(COD)]2,
0 o Br 3 mol % dibpy, n-haxane, 26 “C, 11 h;
5 ~ N BRK AE 86
' then aqueous oxone®, acetons, oM (18)
25 °C, 7 min (76%)
_/ _/—BF;;K
6 N ') AE 6%
" Conditions: (A) Bypiny, 5 mol % 1, neat, 150 °C; (B) |-bromo-4-rers- Ind: Indene CO

butylbenzene (2 equiv), CsOH (4 equiv), Pd(dba), (10 mol %), and
Fe(PPry); (10 mol %) in toluene, 100 °C; (C) Same as B, but CsF and
MF used in place of CsOH and toluenc; (D) HO; and KOH in THF and

MeO,C ci Me,N
H;0; (E) KHF; in MeOH. ® Yields calculated by GC. < Yields calculated =
by '"H NMR. 4 Yield based on the reaction of B;pin; with R—H to form N
Cl Ci

Ci Br, Cl
Ct MeO Me Ci

Br, Br F;,C
P
c e cl etc.

HBpin (1.5 ~ 2.5 eq, tri-oxi: 5.0 eq)

R-Bpin and H,.

&= P-Pr,

Fc(PPry),: Fe
P-Pr,

# General Method for Boronate Synthesis #
Hydroboration

R? 2
(R10),BH + iy _ (R‘O)ZB/\/R
Organolithium or Grignard Reagent
(R'0)3B + R®MgBr ————— RIB(OR'), or R3B(OH),

Cross-Coupling (Miyaura et al. J. Org Chem. 1995, 60, 7508. etc.)

o 0 PdCly(dppf) 0
B-B + ArX ——— B-Ar
o o (X=1,8r) KOAc/DMSO o

rERE




