Rhodium-Catalyzed Borylation
of Aryl 2-Pyridyl Ethers through
Cleavage of the Carbon-0Oxygen
Bond: Borylative Removal of the

Directing Group
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Transition Metal Catalyzed C-H
bond transformations

Traditional cross-coupling N A
R,
£ A
X \_'R2
S [ML,] X
Ry~ _— Ry
= Pz

Y = Sn, Cu, Ni, Zn, etc

C-H activation
Direct cross-coupling /\ Y XN H  Dehydrogenative cross-coupling

—yR2 I N
C ML,] . [ML] [Ox] h
R'_()/Q RTC < A

SN
d oo

Chem. Soc. Rev., 2011, 40, 5068-5083
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Substrate dependent

o/

O.N

\ H O
H O I 5 mol% [RhL,(CO)CI]
@ ) Q 1.0 equivAg,CO; _ § )
200 *°C (uw), 30 min
i W,
O:N

51%

27 equiv 1.0equiv ;L =P[OCH(CF3); } (paralortho = 71:29) o
...................... - §
3 P ao
Br F. F 5 mol% Pd(OAc), . e §
10 mol% PtBu,;Me HBF 4

- F I . ®
1.1 equiv K,CO4, DMA — F <
H F 120°C \ / Z
<
<]
1.0 equiv 1.1 equiv 98% o
........................................................................................................ £
Selected examples: &

- H FE H 3 e H =

o\ F F H H H F
92% 69%!2) 85%!el 29%8l 8%
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Common directing groups
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Directing groups in C-H
activation

X X
N Ar-X N removal of DG?
S Ar
H Ar > .
N X |
| | (F
[ [ = R
R R
Arl
1) 1) =
ZCo,Me CO,Me COH Pd(OAC), i 3
Pd(CH5CN),ClI / AgOAc/AcOH Ar =
N\ -H bl C s N\ X goAciAC TN o
R — > R 2
N N= 2 %rrhyg%u N ~  2)Cu0, 1,10-phen = =
o¢§@ NMP, 160 °C 24h ®
o S
£
OH PRRSE(PPS%) a v
1 HSIEt o ror ) )
_ ) HSiEty B(OH), X ArX o £
) RuH,(CO)(PPhy)s - | T =
HN. _N. - . X OF [ = toluene [
B~ N 5 ,
2) HCl ag., RT, 2h | " reflux
R

Angew. Chem. Int. Ed. 2011, 50, 2450 — 2494
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2-pyridylsilyl directing group

Pd(OAc), _ .
iPr_ iPr PhI(OR), iPr__iPr

Si AgOAc NI
RL B DCE R:_(/\[ @
N = P
= 2 100°C, 8 h OR

22 examples

Pd(OAc),
iPr_ /I r Phl(OR), | r

NXS

D
70°C,1h

24 examples
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iPr_iPr 1) Pd(OAc), PhI(OR), Xipr__iPr

N s.YN\ NXS, DCE, 50°C,12;h N Si\rN\
R I Ri— |
L N__  2)Pd(OAc),, PhI(OR), L N~
AgOAc, DCE, 80°C, 20 h OR
21 examples
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Angew. Chem., Int. Ed. 2011, 50, 2450
Chem. Soc. Rev. 2014, 43, 6906.
Synlett 2013, 24, 145.




Removal of 2-pyridylsilyl group

D

Pi\‘r0\©L
H Me |
PivO 3-d,, 95% PivO
AgF
M THF’Dzo Me

e AgF

3,92% it ley 4,100%
AgF ! o
MeOH, rt x . 3
| . Pri &
N” " Si-Pr-i =
RO 1) BCls, DCM =
5% sz(dbﬂ)s'CHCla . ! ®
Phl, TBAF, tBuONa . 2) pinacol, TEA, DCM, t .
THF-H,0, 60 °C 2a or 2g W"’e'f"") 2
<
1) B, B(pin) 2
- H ()
O 2) HyOp, (one-pot) PivO g
NaOH, rt D

HO OH Me
o oo
7, 93% (from 2a) Me

6, 89% (from 2g)

Chem. Soc. Rev. 2014, 43, 6906




2-Aminopyridine directing groups

O 80%
Ar b
NO,
SR

/i N
—N ArBF3;K
{ Pd(OAc), 1) MeOTf, CH.Cl,
O i, 24 h

2T

AgNOs, BQ
_—

s

tBuOH
60°C, 24 h 2) NaOH, MeOH OMe
24 examp|es requx, 12 h ‘zz?‘ 20%
o
>
=
oo
Y
I 7N =
=N ﬁLB&H)Z N 1) Pd/C, Hy, HCI =
(OAc) iPrOH, rt, 16 h ®
HN Ag,0, BQ HN A o, HoN c
—_—
7\ THF 2) NH,NH, AcOH 2
R 80°C, 24 h 5 f\\ iPrOH, 120°C, 2.5h 15
15 examples 78% (2 steps) o
=
IS
HetAr N
Cu(OAC), Hetar 1) MeOT, CH,C, /w
| = PIVOH ] | AN e
N_N >~ NH
S ~ xylenes 2) KOtBu, EtOH
o) ) 150°C, 24 h Et,O rt. o
35 examples 60%

J. Am. Chem. Soc. 2010, 132, 8270
Angew. Chem., Int. Ed. 2010, 49, 8729.
Angew. Chem., Int. Ed. 2013, 52, 10800.




2-Pyridyloxy directing group

Pd(OAC), OAc
PhI(OAc), O N
Y R'_ j|/
Ac,0O/AcOH = N ArX
100 °C, 12 h
[RuCly(p-cymene)],
20 examples X O | AN MesCO,H, KZCOS
R_
ArB(OH), \ N~ toluene
Pd(OAC), Ar F 120 °C, 20 h
Y Cu(OTf)z, Ag,0 i XN O\f N\ 23 examples
toluene = N\) ArBF3K
120 °C, 24 h Pd(OAC),, AgoCO5

20 examples BQ (1 eq), DMSO (4eq)
O/ \O CHQCI2, 130°C \O

1) BBrs, DIPEA
CHZCIZ,O °C, 12h N O | N h;gted in blomb
D) EtN, tizh R N examples

HO OH
20 examples

James Johnson @ Wipf group

JACS. 2000, 122, 12882

JACS. 2001, 123, 10935

JACS. 2012, 134, 12924

OL. 2014, 16, 2748.

J. Organometallics 2013, 32, 272




Deprotection of 2-Pyridyloxy

PhNH,

1) Pd(PPhg),, PhMe 1) Cu(OAc)y, Oy, 4A MS
OH Na,COg, reflux 12h 90%

CH,Cl,, 40°C, 15h, 60%
- R(jo\‘@ 2Clp, 40°C, ,;0 ° /©:OH
o T R
2) MeOTf, PhMe, 100°C, 2h — /BfN ~ 2) MeOTf, PhMe, 100°C, 2h NHPh
O O

3) Na/MeOH, reflux 30 min 3) Na/MeOH, reflux 30 min
92% 70%

> OMe 1) MeOTY, PhMe oL,
, H
ST ¥ )
R
O 2) Na/MeOH,
reflux, 30 min
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X NO> 1) MeOTf, PhMe NO,

AIEO O 100 °C 2 h OH O
O 2) Na/MeOH,
reflux, 15 min

79%
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JOC. 2009, 74, 7203.
J. Organometallics 2010, 29, 4058.
OL. 2012, 14, 1154.




C-O bond cleavage

Y 5 mol% [Ru(p-cymene)Cl,]» N
RT,\ / 20 mol% PPh3 RT!\
N O > N O
k K?_CO3, PhMe
1a-z Ar 80-120 °C Ar 2a-z
[Ir(cod),]BARF (10 mol %) R2
>N R? NaOAc (0.2 - 1.1 equiv) P
o —mame - C LT
S 1 ,135° - S
R, R2 = H, Alkyl, Aryl R? 5
®
e 5-20% Ni(COD),, HO S
@ \O . H, 1040%SIPPHCI | TNy TN £
2 =
— ¢ NaOBu, m-xylene, P X 2
R1/ \R2 (1 bar) Temp, Time R1/ \R2 £
1. TCT (0.37 mmol), NaH (2 mmol)
dioxane (5 mL), 100 °C, 12 h, Ar R
Ar—OH > Ar=N [ 11 J
2. NiCl,(dppf) (5 mol%), R-R R

Tmmol kPO, (2 mmol), 100 °C, 12 h, Ar  H




Early work

SizMee
CN  [RhCl(cod)], 5 mol%
Ri— - R
ethylcyclohexane
130°C, 15h

38 examples

SiMe3

6 i o P
OV [RRCICod) 5mole A\ -SiEly >< B8 ><
R|_/ - > R,—/ 0] o

S50 R XantPhos 20 mol% OjL
: antPhos 20 mol% i
13 examples o X CN  [RhCl(cod)], 5 mol% o B.
' DABCO 1 eq. '
HSi(i-Pr)s toluene 100 °C, 15 h
[RhCI(cod)]2 10 mol% 60 examples
CN  P(O-i-Pr); (20 mol%) -
Ri— - > Ri—
O/ ethylcyclohexane L
160 °C, 15 h
17 examples
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SigMeg MesSi
[RhCI cod ]25 mol% i SN N .
ethylcyclohexane Z 2

130 °C, 15 h X

10 examples
JACS. 2006, 128, 8152.

JACS. 2008, 130, 15982.

JACS. 2009, 131, 3174

Bull. Korean Chem. Soc. 2010, 31, 582.
JACS. 2012, 134, 115




Title paper

i cat |
O — DR
y N A FGN Z Ba(pin); FG

directed C-H borylative cleavage
functionalization of OPy directing group
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OH
1. MeOTf @E
2. NaOMe R
cleavage a

functlonallzatlon
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Optimization of conditions

NMR vyields (%)

entry ligand (mol %) temp (°C) 3 4 2

1 PPh; (30) 130 26 9 46

2 P(4-MeOC.H,); (30) 130 35 9 37

3¥ P(4-MeOC;H,); (30) 130 30 35 16

Bypinky 2 equiv. 4 PCy; (30) 130 65 0 0

[RhCl{cod)]l, 5 mol% 5 PCy; (30) 100 89 0 0
05, ligand x mol% 6 PCy; (30) 80 4 0 89 o
NI _- toluene 7 IPr (20) 130 33 2 4 S
2 temp, 15 h 8 IMes (20) 130 70 0 0 o
o
0J§< 9 IMes(10) 130 36 0 0 =
B. + OH 10 IMes (20) 100 27 0 72 ®
0 Me =
11 (20) 130 59 0 0 S
Pr R _é’
S
]
£
o

3 4
Mes’N N‘Mes

R=H: IMes
Me: IMesMe

“Reaction conditions: 2 (0.50 mmol), B,(pin), (1.0 mmol),
LRhCl(cod)]z (0.025 mmol), ligand, toluene (0.50 mL) for 15 h.
Bis(neopentylglycolato)diboron was used instead of B,(pin),.

[15])




Optimization of conditions

NMR yields (%)

entry ligand (mol %) temp (°C) 6 7 5

1 PCy, (30) 100 0 38 21

PCy, (30) 130 18 34 30

Bz(pin); 2 equiv. 5 IMes (20) 130 22 3 7

o [RhC(Ij{ood)]; 5 mol% 4 IMesM(e?J?) ) 100 0 0 99

0.7~ ligan " 5 IMes™e (20 130 77 0 0
. ¢ H =3 X mOl - b SAk o
, N._ .~ toluene 6 IMes™* (20) 130 76 0 0 3
Gu 5 temp, 15 h 7 Mes™ (20) 100 31 0 54 S
o- 8 IMes™ (20) 130 56 0 0 §
By + OH 9 6-Mes (20) 130 15 4 1 5
/Cr Q 10 6-Mes (20) 80 13 2 15 -
‘Bu 'Bu Ph Ph m :
6 7 = <
Mes’NvN‘Mes ~N__N. =
- Mes T Mes 4
IMes™ 6-Mes =

“Reaction conditions: § (0.50 mmol), B,(pin), (1.0 mmol),
LRhCl(cod)]z (0.025 mmol), ligand, toluene (0.50 mL) for 15 h.
[RhCI(C,H,),], was used as the Rh source.
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[RhCl(cod)]; N—=(
i 0O condition A: PCy3, 100 °C

\ ligand - N. N
R--OPy + B,(pin), oluens = R-B condition B: IMes™®, 130 °C X R x
_ condition C: IMXyMe, 160 °C
2 equiv. X =Me: IMesMe
OMe: IMXxyMe
entry ether product condition? yield (%) entry ether product condition? yield (%)
/O/OPy /O/B(pin) @[OPY B(pin)

R R R
1 R=Bu(5) B 77 R = Me (19) B 42
2 Ph (8) B 80 19 C 63
3 OMe (9) B 68 20 Ph (20 Bf 50
4 OPh (10) B 71 (20) p 70 =
5 OCF; (1) B 62 S
6 F (12) Bbe 70 OPy MeO B(pin) 5
7 Cl (13) A 219 =
8 B 0 B 40 -
9 CF3 (14) A® 65 =
10 B 61 OMe 21 3
1 CO,Et (15) A® 75 %
2 ® % OPy B(pin) 3

R OPy R B(pin) 23 <O <o A®® 53 £

24 B 30 =
(@) 22 (0]

13 R =O0Piv (16) Abe 72
14 B 0 OPy B(pin)
15 OCONMe; (17) Abe 66
16 3] 0 25 B 60
17 NMe, (18) B 68 o~ Yo o” Yo 17




[RhCl(cod)], By ) H
\ ligand je condition A: PCy3, 100 °C N N
R--OPy + B,(pin), >~ R-B condition B: IMesMe, 130 °C X 7 X
 toluene 0 condition C: IMXyMe, 160 °
2 equiv. X =Me: IMesMe
OMe: IMXxyMe
entry ether product condition? yield (% entry ether product condition? yield (%)
26 OPy B(pin) A 89 B(pin)
. O, dJ &
OPy B(pin) 34 B 66
28 “ A 61 MeN MeN
29 B 65
seliee o Lo :
>
B(pin) 3
/ -
%0 B 82 (< (- &
m /(Njij/ 35 N~ CO;Me N~ CO;Me A 68 §
OPy B(pin) 36 O;\CL o)\©\ B 21 S
31 \\ ©f\> B 60 30 OPy B(pin) 5
N N <
26 Me Me S
38 B 21
32 OPV B(pin) B 60 3 i)
N N
Me 27 Me
. . .
OPy B(pin) 29 /OA OPy O/\ Bpin) "
33 S S B¢ 65 MeO 32 MeO
\ | 28 \_/ [ 18 J




Sequential functionalization

1) cat. Ru
COEt CO,Et

B(pin) cat. Rh OPy cat. Pd Z > CO,Et cat. Rh
Bz(P'n MeOH 65% Bz pin);
OMe " grop OMe 6, ‘ 2) PAIC, Hy o B(pin)
0
condltlon EtO,C condltlon EtO,C
B(pin) cat. Rh OPy cat. Ru cat. Rh
Bz(P'")z ot Pd Ar-Br Bz(pln)z
52% MeO EtOH/CO 66% OPy 72% B(pin)
40 O condltlon 65% condltlon
EtO,C EtO,C

cat. Pd

Ph——
OO g
63%
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Ba(pin), B(pin)
|

[Rh'—CI [Rlii"']—B(pin)
A Cl B
F(pm)B—CI 0 | XN
[Rh'|—B(pin) N~
C
. O
C-B reductive . —_— . &
elimination C-0 activation (9) I}J -— (pln)B\o \N 5
B(pin) =
E E' =
_ J 3
Yo £
B(pi .
I(pm) | lH :
(pin)B—[Rh"']—@ [Rh] S

F B-B activation D = |
NS
HO N

B,(pin)s observed by NMR

(0]




C-OPy cleavage

(a) via N-B interaction

0 e
N._. = >
, - ot
. =

[Rh']—B(pin) Q\(,O\ N OQ
[Rh] N~ Lo

B’ (pin)
i (pin) _

(b) via N-Rh interaction

O k) T

N._ = O’TN "1,
[Rﬁ"] Q[Rh"']—B(pin) [l}h\] |
I|3(pin) H  B(pin)

oxidative addition  oxidative addition
of C-O bond of C-H bond
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(a) C-CN bond cleavage

5+ 5-
O+ vy s (O
Ph<

Y = SiMe, C=N
5 8 B(OR) P
RAI—Y ’ thl Y

|
Ph Y
(S|M63)2 o . C\ //N —_— P
o N CN [RhCl(cod)], 5 mol% N SiMe; [|TI|I1] [Rh]
' ethylcyclohexane '
130 °C, 15 h (b) C-O bond cleavage

o}
5- &+ ﬁ
[Rh]—Y
g0 )
& Ore 7 O
(SiMeg),, PCy;

O N [RhCI(cod)], 5 mol% \R 7

\l\@ toluene, 100°C, 15h [Rh]\Y/ Z

v

(SiMe3),, IMes

) o Ba(pin),, PCys
Q @ MO0, © mole NR O, [RnCi(cod)], 5 mol% Ol
Bu N__~ toluene, 130°C, 15h OO | _N toluene, 100°C, 15h

92%

PhB(OH),, PCys Bo(pin)o, IMes
O© RrClcod s mae [RhCl(cod)], 5 mol% QOH
N__~ toluene, 100°C, 15h toluene, 130°C, 15h By

90%
PhB(OH),, IMes

O RhCl(cod)]> 5 mol%
I A [ (cod)], 7 -
Bu N_~ toluene, 130°C, 15h
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Bs(pin),, IMes
[RhCl(cod)]> 5 mol%

toluene, 130°C, 153
90%

NR




Deuterium Exchange

Bs(pin),, IMes 23% D _
/@/0© [RhCI(cod)], 5 mol% 3% UB(pm)
N . o~ 4
Bu = toluene-dg, 130°C, 15h By
73%
° 90% D o
Bs(pin),, IMes 17% D 28% D =
/©/O\® [RhCl(cod)], 5 mol% 3% B(pin) 2% /©/ O 86% D ueo
By N~ toluene-dg, 130°C, 6h J©/ 87% D §
78% D ®
AR 65% -
(@]
=
S
19% D 78% D IS
IMes . >
/©/O© [RhCl(cod)], 5 mol%  10% /@/ O 72% D %
'Bu N~ toluene-dg, 130°C, 15h N__2 74%D I

78% D
87%

—
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Conclusions

* Developed Rh-catalyzed borylation reaction for Ar-2-pyridy!
ethers.

* A new application in directed C-H activation that can be used
as a handle for further manipulation.

Ba(nep)o, o
opiy P (4-MeOPh), .
X [RhCl(cod)l, B

Ri™ > R
= toluene =
130°C, 15 h
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