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Previous ether synthesis

William ether synthesis™""

DMF
R—X + R'O'Na* R—0—R
Hydroalkylation
R—OH + % > R—0—<

R|

1. Williamson, W., Justus Liebigs Ann. Chem., 1851, 77, 37.



Pathways to hinderd dialkyl ethers

X
X=LGorOH

% Sn2; problematic on hindered tertiary systems E

0 7 BF,-cat. addition "'  HO
(11% yield)
ENCbz - - -« -« NCbz
Hidroalkylation; <4% overall yield (>6 d) P

1, kinase 2

1. Abraham, S.; Bhagwat, S. S.; Hadd, M. J.; Holladay, M. W.; Liu, G.; Milanov, Z. V.; Patel, H. K.; Setti,
E.; Sindac, J. A. WO2011088045, 2011, A1. 5



Previous decarboxylation etherications

Electrochemistry

R' _CO,H §/ R _O
Rh/ + Alkyl—OH >

R® Anodic R3
oxidation




Kolbe Electrolysis

o) electrolysis

2 )]\ > R—R 2 CO,

R o]

0 anodic

oxidation -CO, homocoupling

R O@ -1e R

Kolbe, H., J. Prakt. Chem., 1847, 41, 137.



Hofer-Moest reaction

R3 A.nod.ic R2
oxidation
Alkyl acid Carbocation
¢ Ubiquitous ¢ Reactive
¢ Inexpensive e Non-acidic generation
Typical acid scope
R2 H02C R2 COzH
1
X_|_R &
-
.,
CO,H ¢ \
A} - 74
| S 4
X =N, O, Si

Alkyl-CO,H (Me, "Ph, etc.)

R—OH R_O._R°
- Rh/ *Rf’

R} R4

Hindered ethers

e Difficult to acsess
e Medicinally important

Alcohol scope (solvent)

OH

) MeOH
J/OH OH
» PR

Hofer, H.; Moest, M. Ann. Chem., 1902, 323, 28.



Previous decarboxylation etherications

Photochemistry

[Ir] cat.

R [Cu] cat. R
= S - =L
R3 TCO,A* HO hv R O

FG

FG
Alkyl NHPI esters Phenols Alkyl aryl ethers



, R [Cu] cat. , R
Lon ~ =l
R® TCO,A* HO hy R® "0

Photochemistry

[Ir] cat.

FG FG

Alkyl NHPI esters Phenols Alkyl aryl ethers

OA

LnCu' (@)
Tl Ar” R
= W, Alkyl aryl
Visible ether
light
Photoredox

Copper
Tl catalytic SET Catalytic I
\ Cycle Cycle ArO—Cu Ln
SET\ LnCuII
\ fl "\\_ Radical
trapping
(o) T fragmentation ‘A
)j\ @ R ArOH+base
OA* R [-CO] [-A%]

Mao, R.; Balon, J.; Hu, X. Angew. Chem. Int. Ed. 2018, 57, 13624.
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Direct decarboxylative etherification

R' _CO.,H R'®_R3 R—OH R" _O RS
A~ Y AR

R3 R2 [Alkyl alcohol]
[Alkyl acid] [Carbocation] [Hindered ethers]
“Ubiquious e Reactive « Difficult to acsess

"Inexpensive e Non-acidic generation e Medicinally important




Ph

Ph—éH
6

X

Reaction optimization

Base

t Electrolyte (0.1 M)

CO,H HO"™ “Ph  Additives, solvent, RT

+C/-C, 10 mA, 3h

Ph X A\
\( Ph OH ) Ph
7

[P“\@r] > PhXO“Lph

AAm # o

via

(

Ph

From radical Elimination Hyd:ation Anodic c9>xidation Ionilgtion
Entry Conditions Yield (%) 5 6 7 8 9 10
1 Et3N, "Buy/NCIO,, DMF or acetone <1 - - <1 <1 -
2 K,CO,; "BuyNCIO,4, DMF <1 15 <1 40 <1 -
3 2,4,6-collidine, "BuyNPFg, DMF 6 3 28 14 <1 -
4 24,6-collidine, "BuysNPF4, CH,CI, 40 4 - 14 6 -
5 2,4,6-collidine, "BuyNPFg, 3A MS, CH,Cl, 43 5 2 <1 3 -
6 AgPFg, 2,4,6-collidine, "BuyNPF5, 3A MS, CH,Cl, 79(77) - - - T -

(continued to the next page)



Reaction optimization

Base

Electrolyte (0.1 M) Ph _®
Moo L T .\
Ph CO,H Ph 0" “Ph

HO" “Ph Additives, solvent, RT
+C/-C, 10 mA, 3h

3 4 5
Byproductds (from 3) Byproductds (from 4) o .
via
Ph
VAL S 'S G N Y
Ph OH o) Ph Ph o)
6 7 8 9 10
From radical Elimination Hydration  Anodic oxidation lonization
(continued)
Entry Conditions Yield (%) 5 6 7 8 9 10
7 ASin entry 6, 1 equiv. alcohol 34 <1<1 <1 6 <1

8 AgPF6, nBu,"PF, 3A MS, CH,ClI, - <1 <1 - 22 54

(

Ph



Anode
o)

R
X e

ek
o

Cathode

2 Cl/\

Cl

Reaction mechanism

anodic anodic

oxidation Q -CO, R oxidation
» R ’\ - )l ° L.
-1e Os -1e

Cathode
reduction

1. the rate-limiting oxidation of a carboxylate
on the anode to generate a carbocation

2. nucleophilic attack by an alcohol to
afford the ether product
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Substrate scope (applications)

Q 4
Rng\ ) RS
R? R3 HO” "R®
(0.2 mmol, 1.0 eq) (3.0 eq)

% ;ONC/NCbz
""/OH

Current route: 2 steps
(51%, 15 h)
Previous route: 3 steps
(<4% over all, >6 d)

BocN 0 /I/ij@\/\/
0/\/\)1\ o

1 steps
(21%, 3 h)
6 steps
(24% over all, 2 d)

2,4,6-collidine (3.0 eq)
nBU4NPF6 (01 M) R1 R4

0
G<\|/kNHCbz

(31% over all, 2.5 d)

(47% over all, >2 d)

> R2>|\ R®

AgPFg (1.5 eq) RS O RO
3A MS, CH,CI, (3 ml), rt
+C/-C,10 mA, 3 h

CO,Me CO,Me

/7< O\/kNHCbz

1 steps 1 steps
(32%, 3 h) (40%, 3 h)
5 steps 7 steps

(37% over all, >3 d)

0/\/BI'
1 steps 1 steps
(42%, 3 h) (81%, 3 h)
4 steps 2 steps

(<2% over all, >5d)



Substrate scope (carboxylic acids)

2,4,6-collidine (3.0 eq)

R4 nBU4NPF6 (01 M) R1 R4
ook - ok
R? HO” “R® R3” N0~ RS

AgPFg (1.5 eq)

R3
(0.2 mmol, 1.0 eq) (3.0 eq) SAMS, CHCl, (3 mi), rt
+C/-C,10 mA, 3 h
NBoc
l [ lCOzMe 0 @
BocN Q\O
45% R =R = -(CH,)s-, X = F, 46% 58%
95% ee R =R = Me, X = BPin, 54%

O

18

4\/7<°

42% 35%, dr = 1:1




Substrate scope (alcohol)

2,4,6-collidine (3.0 eq)

R4 nBU4NPF6 (01 M) R1 R4
S ¢ - % L~
R2

R3 HO” "R® AgPFg (1.5 eq) R® "0~ "R®

(0.2 mmol, 1.0 eq) (3.0 eq) 3A MS, CH,CI, (3 ml), rt
+C/-C, 10 mA, 3 h

CD; /C/NCbz
o) J<D

0~ cD,

Cl
65% 82% 70%

Cl
NC
CN

o X 0
/"l, o+
d AU i G S
o o. .O O (\r\{
O Ph N=

(0

Oﬁv
52% 52% 42% o



Substrate scope (fluoride, ether)

2,4,6-collidine (3.0 eq)

R4 nBU4N PF6 (01 M) R1 R4
o ¢ - " L®
R2

HO RS AgPF¢ (1.5 eq) R} O R

R3
+C/-C,10 mA, 3 h

CF.,H

F F F,C OMe )\%\
P 0
(@) (@) Ph
46% 88%, dr = 1:1 51%
AN AN OH
(@) (o) o o

J\ (@) /\)l\ J<

Cl N 0/\/ \/\O o

59%
(0

57% 20



Substrate scope (applications)

2,4,6-collidine (1.5 eq)
n
" . " Buy,NPFg (0.1 M) o R1>I/Nu
2 R?
R acetone (3 ml), rt R3

+C/-C, 10 mA, 3 h

(0.2 mmol, 1.0 eq)

IE 5C()zH F COZMe ? NH, CO-Me
MeO HO MeO

HO
Current route: 2 steps 1 steps 2 steps 2 steps
(56%, 9 h) (66%, 3 h) (31%, 24 h) (22%, 27 h)
Previous route: 7 steps 5 steps 7 steps 14 steps
(21% over all, >4 d) (15% over all, >5 d) (12% over all, 3 d) (5% over all, >9 d)
F
F
3 steps 1 steps
(17%, 21 h) (61%, dr =1.1:1, 3 h)
7 steps 5 steps

(8% over all, 62 h) (yield not reported)

HO 21




Substrate scope

2,4,6-collidine (1.5 eq)
n
o + " BusNPFg (0.1 M) _ R%/ Nu
2 R?
R acetone (3 ml), rt R®

+C/-C, 10 mA, 3 h

(0.2 mmol, 1.0 eq)

°OH
PhO\/\>< OH
OH

MGOzc R

66% 51% yield R =Br, 67% 32% (dr = 3:1)
(67.1% 130 labelled) R = Bpin, 55% from dehydroabietic acid

Ao ol Jr

40% 36% 62%
from indoprofen 29
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Previous research

Radical-Polar Crossover (RPC) Reaction

TTF o

(@)
\/Y OMe
® O + MeOH —
N, BF,
(\S A
S
-‘g\—s SET o (\S o _ MeOH
BF, S
S S ®s
0 @ \
L S — \
S
—
persistent BF,4

radical cation

Organophotoredox-Catalyzed C(sp3)-O Bond Formation

o PTH
R1 OH (o) R1 (0] R4

R2<R3 N \o)g( R¢ Blue LED> RZHR: \|IQ§ R®




Screening of Catalysts and Bases (1)

o PTH1 (10 mol %)
OH 0 LiBH, (10 mol %) O\|<
+ N -
TsN \0J>< MeCN TsN
o

Blue LED, 24 h
MeO OMe
% % %
N N ,!1
0D 0D T ~
S
PTH1 PTH2 PTH3 PTH4
Entry Change from standard condition Yield
(%)
1 none 81
2 PTH2 instead of PTH1 26
3 PTH3 instead of PTH1 54
4 PTH4 instead of PTH1 40

(continued to the next page)



Screening of Catalysts and Bases (2)

O PTH1 (10 mol %)
OH 0 LiBH, (10 mol %) 0
+ N o
TsN ~o MeCN TsN
o]
C

Blue LED, 24 h
N

o L
L “(;”jjg SO,

S
Ar = 4-biphenyl
PTHS5 PTH6 POX1

(continued)

Entry Change from standard condition Yield
(%)

5 PTHS instead of PTH1 86

6 PTH6 instead of PTH1 19

7 POX1 instead of PTH1 40

(continued to the next page)



Screening of Catalysts and Bases (3)

o PTH1 (10 mol %)
OH 0 LiBH, (10 mol %) O
+ N >
TsN ~o MeCN TsN
o) Blue LED, 24 h
(continued)
Entry Change from standard condition Yield
(%)
8 Ir(ppy); (2 mol%) instead of PTH1 5
9 Ru(bpy);(PFg). (2 mol%) instead of PTH1 and LiBF, 8

10 Ir[sF(CF3)ppylo(dtbbpy)PFg (2 mol%) instead of PTH1 and LiBF, 1




Mechanitic Studies (A)

PTH1 (10 mol%) NTs
LiBF, (10 mol%) o

o)
OH o)
N >
NTs ~0 MeCN, 16 h H
0 Blue LED OBn

Blue LED

\

S o6 CIENN

33%
A

OBn
OH
PTH
NTs

OBn

OBn 1,2-hydride shift e



Mechanitic Studies (B)

PTH1 (10 mol%) O

LiBF,, (10 mol%) 0O
o
MeCN, 24 h
Blue LED
55% 19%

Blue LED Q

\

or Hf'\
@

1,2-Carbocation rearrangement



Reactionphmechanism

|
R4 N

6

@
_— 4\ organophotoredox
RPC catalysis

/
Ph SET
: Y@ Th Y@ PhthN
N N A
0 - L0
$ $
v/—\ R4

R* \__§<
radical-radical :I<R5 single electro;‘ RS 25

coupling RS oxidation

(o)



Scope of redox active ester with secondary alcohol

PTH1 (10 mol%)
LiBF,4 (10 mol%) o R*
o L O
MeCN TsN R
Blue LED, 24 h

R6 R®
tertiary
K =< K )
TSNO/ TSNO/ TSNO/
79% 65% 83% 53%
Secondary benzylic o -heteroatom
0\|/ OY\ o) o)
TSNO/ Ph TSO/ Ph TSNO/ \(O TSNO/B;IQ
50% 33% 90% 50%

pharmaceutical drugs

O N Pl

44% 91% PTH1 31




Scope of alcohol with tertiary benzylic redox ester

PTH1 (10 mol%)
LiBF, (10 mol% \|<R4
5
MeCN O/ R® R
Blue LED, 24 h

R6 R®
primary
I|°h
0 N
O
Boc Boc
S
3% 96% 79% PTH1
secondary

o)

X BocN ' 7<
Boc
Cber/ N :H
75% 56% Q
chemoselective H "0
H'
OH NHBoc . o A\Ph
\/\)\/o Ph )\/o Ph
>< X 74% 77%
83% 93% 32



Scope of water, amine and thiol

R'R?0H PTH1 (10 mol%) \
LiBF, (10 mol%) R, _O_ _R
R'R2NH Ré > Rl ™
MeCN R2 R5
Blue LED, 24 h

R'R?SH RS RS

HO Boc Boc
HO Ph rll Ph )\/r!l Ph
HO e Vs
SR O R A

67% 82% 65% 80% 30%

TR et w1 SO

67% 65% 57% PTH1

33



Summary

Hindered dialkyl ether synthesis with electrogenerated carbocations

2,4,6-collidine (3.0 eq)

. R4 "BuyNPFg (0.1 M) R R4
e T = S kD
R? HO~ “R® AgPF (1.5 eq) R ~0~ RS
3A MS, CH2C|2 (3 ml), rt

+C/-C,10 mA, 3 h

Hindered dialkyl ether synthesis with photoredox catalysis

PTH1 (10 mol%) .
R* | LiBF, (10 mol%) O R
HO” RS MeCN TsN RS
Blue LED, 24 h

R3 R?
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