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(i) Classical activation using strong base
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(ii) Soft enolization strategy using stoichiometric amount of boran and base
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« Two equivalent of base for efficient enolization

« Two equivalent of boron triflate and base to
complete the direct aldol reaction
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(iii) Boran-catalyzed reaction using stoichiometric amount of base

 Catalytic amount of borane and one equivalent of
base

(iv) This work: redox active heterobimetallic enediolate generation strategy

* One electron radical process, other functional
group tolerance
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(i) Biochemical reaction in higher plant

O P— o O o o * Biochemical reaction tends to
Ho)j\(H = Ho)l\(OOH =% HO)J\(OH t AL oA, form preferentially aldehyde
R ; R o s B with dehydrative
2 2

decarboxylation

(ii) Strong base-mediated reaction
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(iii) Transition metal, photoredox catalyst-mediated decarboxylative radical formation
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Fe(OAc), (20)
FeCl, (20)
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Cu(OAc)5 (20)

Optimization Study

catalyst (x mol%)

ligand (y mol%) Me
TEMPO 2a (2.1 equiv) O

desiccant, THF B HO

60 °C OTMP R R

Sa8 N7\

{Jiﬁ,.a(;}udﬁ) desiccant ﬁmf 5?;!? —N N=
L1 (20) MS3A 3 53
L1 (20) MS4A 3 75 R R
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catalyst (x mol%)

ligand (y mol%) Me
TEMPO 2a (2.1 equiv) O
desiccant, THF } HO
H 60 °C OTMP
1a 3aa
entry (ia,:.?g;f; ) {Jiﬁ,ﬂ ga) desiccant ti[rr? f }El.:.i!?
8 Fe(OAc), (20) — MS4A 3 47
9 Fe(OAc), (20) L2 (20) MS4A 3 83
10 Fe(OAc), (20) L3 (20) MS4A 3 25
11 Fe(OAc), (20) L4 (20) MS4A 3 91
12 Fe(OAc), (20) L5 (20) MS4A 3 96
13 Fe(OAc), (20) L6 (20) MS4A 3 80
14 Fe(OAc), (20) L7 (20) MS4A 3 74
15 Fe(OAc), (20) L8 (20) MS4A 3 62
16 Fe(OAc), (20) L9 (40) MS4A 3 63
17 Fe(OAc), (5) L5(5)  MS4A 24 >99 (95)°

18 — L5 (5) MS4A 24 N.D.
19 Fe(OAc), (5) — MS4A 24 24
20 Fe(OAc), (5) L5 (5) — 24 5
21° Fe(OAc), (5) L5 (5) — 7 75

Optimization Study

All yields are determinated by *H NMR analysis
using 2-methoxynaphthalene as an internal standard

b : Isolated yield

¢ : 100 °C in 1,4 dioxane
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Substrate Scope

Fe{OAc): (5 mol%)

O LS {5 mol%:) Q
J\rﬁ_ TEMPO 2a (2.1 equiv) JJ\(H
HO MS4Aa, THF - MeD
H B0 °C, 24 h; OTMP
1 TMSCHN,, MaOH Mo-3
a Me R'= m-Me (Me-3ba) BB% R = oCl (Me-3ha)  B4%
o o o-Me (Me-3ca) BE%T ol iMe-3ia) B1%
el —R p-Br(Me-3da) 80% pPh (Me-3ja)  75%
OTMP a = m-Br (Me-3ea) BB p-OMe (Me-3ka) 86%
3aa: 95% 7 OTMP a-Br (Me-3fa) 93%° m-OMe (Me-3la) 88%
Jaa: 97% 0 oF (Me-3ga) 63% o-0OH (Me-3ma) 50%¢
Me-3aa: 85%
Cikde ':-Fg
o -0 o OH
. . MeO . MeO
el Obde gl CF OTMP OTME
OTMP oOTMP
Me-3ta: 82% Me-3ua: 67% Me-3va. B6% Me-Iwa: 79%

“Isolated as carboxylic acid. ®1 mol % of Fe(OAc), and LS were used for ?2 h

LA 119

R' = o~CF5 (Me-3na) 81%
m-CFs (Me-30a) B
p=0sMe (Ma-3pa) 79%
p-She (Me-3qga) 81%
p-MHBoco (Me-3ra) 0%

P2CN (Me-3sa) 5%
O = | Er
P
MeO %
Me-3xa: 36%

amount of the product 3aa was isolated as carboxylic acid.

4.0 equiv of TEMPO 2a and 10 mol % of Fe(OAc), and L5 were used. 4. (4-Acetoxyphenyl)acetic acid (1m-Ac) was used as a substrate. 4.0
equiv of TEMPO 2a and 20 mol % of Fe(OAc), and L5 were used. /Yield was determined by 'H NMR analysis usmg dibenzyl as an internal
standard. ¥2.1 equiv of corresponding TEMPO derivatives (2b—2d) and 10 mol % of Fe(OAc), and L5 were used. "Yield based on recovered

esterified starting material (Me-1y) was shown.



Substrate Scope

Fe{OAc): (5 mol%)

O L5 {5 mal%) 0
J\[/ﬁ TEMPO 2a (2.1 equiv) R
HO MS4A, THE MeU
H 60 °C, 24 h; oTMP
1 TMSCHN,, MaOH Me-3
o & —5 o s o
e § SIS eY
= A ==
MeD Mels Mal Mal MeO -
i
OTMP TMFO OTMP OTMF OTME 4
Me-3ya: 91% Me-3za: Q3 Me-3- 525 Me-3: 40% Me-3: B5%
o MED\? \ o o e o = | o= o Oe
i i = -
e cl Kﬁ § MeO MeO MeO
o A= ! LY
TMPO  HN N 0., N O,
HO | o
cl T™MPO  Ms OH 0Ty NHAe
Ma-5 748, * 3 E51% o f Me-3yb: 88% 7 Me-3ye: 0% 7 Me-3yd: B2%7 (TH%")
Fa{OAc); (5 mol%)
8] LS (5 mol%:) ]
. TEMPO 2a (2.1 equiv) e
Hﬂlu\l/\/\ Me MS4A, THF MeQ Me
H &0 50, 24 hy TMF
1 TMSCHN,, MeOH Me-3: A%

“Isolated as carboxylic acid. 1 mol % of Fe(OAc), and L5 were used for xl h. A 1.19 g amount of the product 3aa was isolated as carboxylic acid.

“4.0 equiv of TEMPO 2a and 10 mol % DFFE{DAC} and LS were used. 92- (4-Acetoxyphenyl)acetic acid (1m-Ac) was used as a substrate. “4.0
equiv of TEMPO 2a and 20 mol % of Fe(OAc), and LS were used. *Yield was determined by "H NMR analysis usmg dibenzyl as an internal
standard. ¥2.1 equiv of corresponding TEMPO derivatives (2b—2d) and 10 mol % of Fe(OAc), and L5 were used. "Vield based on recovered
esterified starting material (Me-1y) was shown.



(i) Transformation into ester
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BnOH (1.5 equiv)
DCC (1.5 equiv)
DMAP (0.10 equiv)
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n&h
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60°C,2h
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i1} Chamosalective reaciton with a—ary| ketane

O /ﬁ\l-lme
H':Fux“ =

Fe{DAc)/L5
(5 male)
o | Me 0 LETESJﬁ? OTMP
~. o + Fh wu\r Ph : f;ui
HO MS4A, THF -
H H B0 °C, 24 h o
1a 4a pn._AL__ph
1.0 i 1.0 i
s mau OTMP
Gaa
465
(i) Chemoselactive reacitan with a—alkyl ketone
Fe(OAc)./LS
(5 mol%e)
Ma 0 TEMPO 2a Me
= : O =
Q - | . ,J'L\_,.Mﬂ (1.4 equiv) |
HO ' Ph MS4A, THF  HO =
H H g0 *C, 24 h OTHP
1a 4b Jdaa
1,0 agquiv 1,0 eguiv BE%:

(236% of 4b recovery)
(ii') Chemaoselective reaciton with disthyl malonate

Fe(OAc),/L5
(5 molbe)

o FoMe o Q TEMPO 2a

T I e R T
- = .
HO ” =0 OFt “\iSaa THF  HO™ S

H H 60 *C, 24 h OTMP
1a 4c daa
1.0 aquiv 1.0 equiv 86

(23% of 4¢ recovery)

(i) Chemoszelactive reaciton with a—ary| aster

FelOAc)./L5

(5 maol%:)

=, _Me 0 TEMPO 2a

o ;

J_L | A Ph (1.4 eguiv)
HO' = ToORDT YT MS4A, THF
W H 60 °C, 24 h

1a ad
1.0 aquiv 1.0 eguiv

iv) Chemoselective reaciton with o—ary| amide

OTMP

daa
3B8%
(108% ol 4d recovery)

Fe(OAc)./L5

(5 mal:)

o o oMe s, TEMPO 2a

| J\[’Ph (1,4 equiv)

T, +
HDJ\‘/ Et:N MS4A, THF
H H 60 °C, 24 h
1a qe
1.0 equiv 1.0 eguiv

* Not efficient with a-aryl ketone

Chemoselective activation of carboxylic acids

OTMP

Jaa
D%y
(101% of de recovary)



Proposed catalytic cycle
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|
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oM
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(RERRIe “u”’l\s resting state Lo(RCOO);Fe"'OTMP 2: Carboxylate exchange
2
Vi \Y

[
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iy

facilitation effect of ligand 4 : Cross-coupling with TEMPO
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+ .
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\ R furnover-fimiting I R H
redox active w | ]
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enediolale M = Na, K



(i) Parallel kinetic isolope effect study under oplimized conditions - =
Fe(OAG) (5 mols) Kinetic Isotope Effect study
Me L5 (5 mal¥a) Me
O TEMPO 2a (2.1 equiv) O
HO MS4A. THF HO » Enolization of carboxylic acid limit the turnover
HR i H TP « Formation of an active monomeric species from inactive
N Fe(OAc), (5 mol%) 3sa i i :
e Elade Eim: - multinuclear iron species
8] TEMPO 2a (2.1 equiv) o
HG’NY@/ MS4A, THF Hﬂﬂlﬁ(@/
DD 60 °C D OTMP
1a-of ki'kp = 2.0 3aa-d
{ii) Parallel kinetic isotope effect study without LS
Me Fe(DAc), (5 molih) Me
0 TEMPO 2a (2.1 equiv) ’_5"| I: ]
HGJ@/ MS4a, THF HO
H H B0 °C H OTMP
1a Jaa
Me Fe(OAc): (5 mol%) Me
O TEMPO 2a (2.1 aquiv) O
HO MS4A, THF HO
DD B0 °C D OTMP
1a-d® ky'kp = 1.36 Jaa-d
i) Ligan-d effect for chamical :,,liald of 3aa using irgnflll) compleax
Fe30(0Ac): - CIO,
(1.7 moiss)
Me LS (x mol%) Me
j"Y@ TEMPO 2a (2.1 equiv) 3\(@’
HO MS4A, THF HO
H 60*C,24 h OTMP
1a 3aa
95% (x = 5)

57% (x = 0)



(i) Parallel kinetic isolope effect study under oplimized conditions = =
Fe(OAS), (5 mal) Kinetic Isotope Effect study
Me L5 (5 mal%) Me
O TEMPO 2a (2.1 equiv) O
HO MS4A. THF HO » Enolization of carboxylic acid limit the turnover
B i H TP « Formation of an active monomeric species from inactive
N Fe(OAc), (5 mol%) 3sa i i :
e Elade Eim: - multinuclear iron species
8] TEMPO 2a (2.1 equiv) o
HG’NY@/ MS4A, THF Hﬂﬂlﬁ(@/
D D B0°C D OTMP Fe(OAc), (5 mol%)
1a-of kylkp = 2.01 3aa-d Mo L5 (5 mol%) Me
(i) Parablel kinetic isolope effect study without LS w TEMPO 2a (2.1 equiv) /L/@/
additive
Me Fe(DAc), (5 molih) Me HO = HO
o TEMPO 2a (2.1 equiv) o H THF OTMP
HO MS4A, THF HO 60 °C, 24 h
H H 60 °C H OTMP 1a 3aa
1a Jaa o .
Me  Fe(OAc), (5 mols) Me LI additive yleld (%)
O TEMPO 2a (2.1 aquiv) o 1 0
>
HO MS4A, THF HO MR In0mg)
DD B0 °C D OTMP 2 — 5
1a-of Kiylkp =1.36 3aa-d 3 NaOTf (20 mol%) 11
(i) Ligand efiect for chemical yield of 3aa using iron(lll) complex 4 NaOAc (20 mol%) 64
Fe,0(0Ac)-CIO
. o N 5 KOAG (20 mol%) 47
e L5 (x mol%) e
j'Y@ TEMPO 2a (2.1 8quiv) 3\(@’ 6 Ca(OAc),*H,0 (20 mol%) 8
HO MS4A, THF HO
H 60*C,24h OTMP .
1a - Effect of alkali Metal salt study

95% (x = 5)
57% (x = 0)



Effect of sodium ion for
Enolization with Fe(lll) complex

Fe;0(0Ac)g+ClO,4
(0 or 1.7 mol%)

o Me L5 (0 or 5 mol%) o s
additive .
HO THF ~(D)HO

D D 60 °C, 24 h H/D H/D
1a-c# (97% D)

Fes0(0Ac)g*ClO4/L5S NaOAc (20 mol%) 37
— NaOAc (20 mol%) 4

1a/1a-dl1a-?
entry catalyst additive (H/H+D %)
1 FesO(OAC)e'ClO L5  MS4A (100 mg) 51
2 FesO(0Ac)s*ClO4/L5 — 6
3 — MS4A (100 mg) 6
4 — — 3
5
B

* Proton exchange observed with moleular sieves

and NaOAc
 Enolization probably achieved by bimetallic
system

Radical Clock Experiments

O Fe(OAc), (10 mol%s) 0
LS (10 mol%s)
HO TEMPO 2a (4.0 equiv) MeD MeO
H MS4A, THF TMPO TMPO
| 60 °C, 24 h;
=) A TMSCHN,, MeOH R R
R= H:18 Me-3Ba: 76% Me-38a’: N.D.
Me: 1 Me-3i1a: 51% Me-3i1a": N.D.

No observation of the formation of cyclized product

a-radical species highly reactive and coupled with
TEMPO
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