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Historical reaction

TaBLE 2,

ESTERIFICATION OF CARBOXYLIC ACIDS BY MEANS OF TRIPHENYL PHOSPHINE
AND DIETHYL AZODICARBOXYLATE IN THE PRESENCE OF ALCOHOLS

rboxylic Product

Caa'::?dz Aéc,gif_’lls Esters, RCOOR'

RCOOH

R R’ R R' Yields, % Bp, °C/mmHg

n-CyHg CHy,=CHCH, n-CyHy CH;=CHCH, 35 57—59/12
n-CyHy CQH:. ﬂ-C'Hg GsHs 34 60-—53;’23—-—33
H-C;Hn t'Jo-GsHT H-G;Hg iSO-C;Hf 43
CgHs CH,=CHCH, CgHsy CH;=CHCH, 85 102—105/12
CygHs CyHs CgHj C.H; 85 97—100/19
GaHu is0-CyH; cgl'l,-, iSﬂ-c;H-; 920 103— 106," 17
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Historical reaction general reaction
OH PPh; (1 eqw.v) g
,'\ + NuH DEAD (1 equiv) <
R1” O R2 u R1T R2

Inversion of configuration

TasrLe 2. ESTERIFICATION OF CARBOXYLIC ACIDS BY MEANS OF TRIPHENYL PHOSPHINE
AND DIETHYL AZODICARBOXYLATE IN THE PRESENCE OF ALCOHOLS

Carboxylic Product
acids Aé‘:,g’gs Esters, RCOOR'

RCOOH

R R’ R R' Yields, % Bp, °C/mmHg

n-CyHg CH,=CHCH, n-C4Hy CH,=CHCH, 35 57—59/12
ﬂ-C;Ho CQH:. N-G'Hg GsHs 34 60—-53}'23-—-33
H-G;Hn fJﬂ-CsH-; ﬂ-C;Hg iSO-CaHr 43
CyH; CHy=CHCH, CgHs CH,=CHCH, 85 102—105/12
CgH, C.H;, CgH; C.H; 85 97—100/19

CaHg isa-C;H-,- GBH,-, I:Sﬂ-caﬂ-; 90 103— 106“.7
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PPh; (1 equiv
f')\H DEAI:;((1 e(;uiv)) =
R1” O R2 2 Wl R1T R2

Inversion of configuration

- Efficient chemical transformation

TasrLe 2. ESTERIFICATION OF CARBOXYLIC ACIDS BY MEANS OF TRIPHENYL PHOSPHINE
AND DIETHYL AZODICARBOXYLATE IN THE PRESENCE OF ALCOHOLS

Carboxylic Product
acids AII{C,%’{_’IIS Esters, RCOOR'

RCOOH

R R’ R R' Yields, % Bp, °C/mmHg

n-CyHg CH,=CHCH, n-C4Hy CH,=CHCH, 35 57—59/12
ﬂ-C;Hg CQH:. N-G'Hg GsHs 34 60—-53}'23-—-33
H-G;Hn fJﬂ-CsH-; H-C;Hg iSO-CaHr 43
CyH; CHy=CHCH, CgHs CH,=CHCH, 85 102—105/12
CgH, C.H, CgHj; C.H; 85 97—100/19

CaHg iSO-CaHg GBH.'. I:Sﬂ-caﬂ-; 90 103— 106“.7
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Historical reaction general reaction

PPh; (1 equiv)

OH ) u
J\ + NuH DEAD (1 equiv) <
u /\
R1 R2 y R R2
TaprLe 2. ESTERIFICATION OF CARBOXYLIC ACIDS BY MEANS OF TRIPHENYL PHOSPHINE Inve rSIOn Of Conflguratlon
AND DIETHYL AZODICARBOXYLATE IN THE PRESENCE OF ALCOHOLS L. . .
r—r — Product —> Efficient chemical transformation ©
RO R'OH Esters, RGOOR —> Used very frequently :
R R’ R R' Yields, % Bp, °C/mmHg
n-C,Hy CH,;-CHCH, 1-C,H, CH,=CHCH, 35 57—59/12 Synthesis 1981; 1981(1): 1-28:
ﬂ-G;Hg CQH:. l't-C'Hg GsHs 34 60—-53}'23-—-33 1 H .
>y O, Py o Ol o Use of Mitsunobu reaction : +20 examples
CgHsg CH=CHCH, CgHy, CH,=CHCH, 85 102—105/12
CygHs CoH, CgHy C.H; 85 97—100719

CaHg iSO-CaHg GBH.'. iSﬂ-03H1 90 103— 106“.7
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Historical reaction

TasrLe 2. ESTERIFICATION OF CARBOXYLIC ACIDS BY MEANS OF TRIPHENYL PHOSPHINE
AND DIETHYL AZODICARBOXYLATE IN THE PRESENCE OF ALCOHOLS

general reaction

PPh; (1 equiv)

Carboxylic Product
acids AEI{C,?;’{_’IIS Esters, RCOOR'

RCOOH

R R’ R R' Yields, % Bp, °C/mmHg

n-CyHg CH,=CHCH, n-C4Hy CH,=CHCH, 35 57—59/12
ﬂ-Cqu CSH:. E-C'Hg GsHs 34 60—-53}'23-—-33
H-G;Hn fJﬂ-GsH-; ﬂ-C;Hg iSO-CaHr 43
CyH; CHy=CHCH, CgHs CH,=CHCH, 85 102—105/12
CgH; CsH;, CgHj; C.H; 85 97—100/19

CaHg iSO-CaHg GﬁHa iSﬂ-03H1 90 103— 106“.7

gl DEAD (1 equiv) “
equiv S
Inversion of configuration
- Efficient chemical transformation O

- Used very frequently :

Synthesis 1981; 1981(1): 1-28 :
Use of Mitsunobu reaction : +20 examples

- involve hazardous stoichiometric reagents Q




Interest of developping Mitsunobu reaction ?

Table 1 Reactions companies use now but would strongly prefer better reagents

Research Area

Number of Roundtable companies voting for
this research area as a priority area

Amide formation avoiding poor atom economy reagents

OH activation for nucleophilic substitution

Reduction of a mides without hydride reagents

Oxidation/Epoxidation methods without the use of chlorinated solvents
Safer and more environmentally friendly Mitsunobu reactions

Friedel Crafts reaction on unactivated systems

Nitrations

6 votes
5 votes
4 votes
4 votes
3 votes
2 voles
2 votes

D. J. C. Constable et al., Green Chem. 9, 411-420 (2007).



Interest of developping Mitsunobu reaction ?

Table 1 Reactions companies use now but would strongly prefer better reagents

Number of Roundtable companies voting for

Research Area this research area as a priority area

Amide formation avoiding poor atom economy reagents 6 votes
OH activation for nucleophilic substitution 5 votes —
Reduction of a mides without hydride reagents 4 votes
Oxidation/Epoxidation methods without the use of chlorinated solvents 4 votes
Safer and more environmentally friendly Mitsunobu reactions 3 votes
Friedel Crafts reaction on unactivated systems 2 voles
Nitrations 2 votes

D. J. C. Constable et al., Green Chem. 9, 411-420 (2007).



Toward a Greener Mitsunobu reaction ?

The 1967 Mitsunobu inversion protocol

PPh3
OH (1.0 equiv)
/'\ Nu—H >
R R2 EtO C,N\\N,002Et R1
2
(1.0 equiv)



Toward a Greener Mitsunobu reaction ?

The 1967 Mitsunobu inversion protocol

PPhg _N_ _CO,Et
OH (1.0 equiv) Nu s S
Nu=—H - 3
-\ O
R‘J\RZ N5 _COEt R!'" "R? I
(1.0 equiv) Ph I!’ . Ph

Catalytic amount of phosphine or azo species ?

PR3 O=PRj
OH Nu
J\ Nu=—H %—< > 1/'\ "
R R? . N iR R
1/N¢N/R /N\ ,R2
R1 N



Toward a Greener Mitsunobu reaction ?

The 1967 Mitsunobu inversion protocol

H
PPh; _N_ _CO,Et
OH (1.0 equiv) Nu R H
Nu=—H - 3
N O
R? *RZ 2 N\\ ,COzEt R1 R2 "
Et0,C” SN _P_
(1.0 equiv) Ph IID . Ph

Catalytic amount of phosphine or azo species ?

/\ redox stoichiometric reductant

P(U(V) recycling /_<

PR3 O=PR;
OH relu
Nu=—H %—( R .
R1J\R2 N R1/\R2
2
1,N\\N’R /N\ /Rz



Toward a Greener Mitsunobu reaction ?

The 1967 Mitsunobu inversion protocol

PPhy ,H\ _CO,Et
OH (1.0 equiv) Nu EtO,C™ N
R1)\R2 o Etozc’N“N’co2Et> R R E
(1.0 equiv) Ph” ! h\ Ph
Catalytic amount of phosphine or azo species ?
RsP=0: PhR,SiOH PhR,SiH

/\ redox StDiChiOﬂ'lﬁtf‘iC I"ﬁdl.lct.al'lt Cazalytic

PUI)  PMV) oeyciing Cp\;fh in phosphine
‘\/ Y 12 examples

PR3 O=PR;

R.P RsP=0
OH Nu 2 ;
R! R? R! R~ Y OH + Nu-H - >._Nu
,N\ ’Rz “ 2 R1 / R1
1” SN .~ ‘N’R COEt ' CO,Et
H N N-N
Ar Ar

J. A. Buonomo, C. C. Aldrich, Angew. Chem. Int. Ed.
54, 13041-13044 (2015).



Toward a Greener Mitsunobu reaction ?

The 1967 Mitsunobu inversion protocol

H
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OH (1.0 equiv) Nu s S
Nu=—H - 3
N 0)
R‘I*Rz /N\\ /COZEt R1 R2 I
Et0,C” SN _P_
(1.0 equiv) Ph l|Dh Ph

Catalytic amount of phosphine or azo species ?

/\ redox stoichiometric reductant

P(U(V) recycling /_<

PR3 O=PR;
OH relu
LT I
R! R2 N R R
2
1/N¢N/R 1/N‘N’R2
R H

stoichiometric oxidant



Toward a Greener Mitsunobu reaction ?

The 1967 Mitsunobu inversion protocol

H
PPhs _N___CO,Et
OH (1.0 equiv) Nu s S
NU_H > : O
R/'\Rz _Ns _COEt R “R2 T
Et0,C” SN _P_
(1.0 equiv) Ph l|Dh Ph

Catalytic amount of phosphine or azo species ?

R'CO,H + R-OH
/\P redox stoichiometric reductant PhsP /U\ Jk Phl + 2 AcOH
P(‘l.t/(V )recycling /_< catalytlc oxrdant
) O
O=PR, s ol

Nu PhsP=0 EtO OEt PhI(OAc),

OH >_< : O HI HI hiom d.
a— > stoichiometric oxidant
R R R' OR
/ \\ / \

R1
2

T.Y.S. But, P. H. Toy, J. Am. Chem. Soc. 128, 9636-9637 (2006).

stoichiometric oxidant



Toward a Greener Mitsunobu reaction ?

The 1967 Mitsunobu inversion protocol

PPhs _N___CO,Et
OH (1.0 equiv) Nu e 1’:
Nu—H > : 0
R‘)\Rz N, COEt R R2 Il
Et0,C” SN SR
; Ph™ | “Ph
(1.0 equiv) Ph
Catalytic amount of phosphine or azo species ?
/\ redox stoichiometric reductant H Et
PUI)  PMV) oeyciing /_< Cl N -CO2E of N-N-C02
) i iy ) S
» OH Cl (10 mol %) Cl
PR3 O=PR; N 1 Mitsunobu T | cat. Fe(Pc)
OH Nu 1 »  Fe(Pc) (10 mol %) : air
- R R : OCOR? reaction
* Nu=H - >N Pph3 (2 equw) H —{o N =
1 2 R! R2 + - " R Cl N=N" 2
R R N R2 H s 5AMS, air R R
17 N N, _R? R°COH  THF,65°C inversion
R1 u Cl

stoichiometric oxidant

D. Hirose, T. Taniguchi, H. Ishibashi, Angew. Chem. Int. Ed. 52,
4613-4617 (2013).



Toward a Greener Mitsunobu reaction ?

The 1967 Mitsunobu inversion protocol

H
PPh; _N_ _CO,Et
OH (1.0 equiv) Nu R +
Nu=—H : ol 2 0
R‘)\Rz N5 _CO.Et R"” R2 Il
Et0,C” SN _P
(1.0 equiv) Ph l!’h Ph

Catalytic amount of phosphine or azo species ?

P(m(V) redox stoichiometric reductant

=< Atom economy ?

N 2 H ,&
R1, \\N’R R,/N\N/Rz
) ’

stoichiometric oxidant
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Ideal Mitsunobu reaction ?

— No stochiometric Oxydant
— No stochiometric Reductant
—> Catalytic Inversion

— Non-Hazardeous by-product

Ideal hypothetical SN2 :

)



Ideal Mitsunobu reaction ?

— No stochiometric Oxydant
- No stochiometric Reductant

Ideal hypothetical SN2 :

2

—> Catalytic Inversion /L Nu=—H
- Non-Hazardeous by-product R'" 'R?

Other catalytic systems :

OH O=s
H—Nu\/\/f\ H3PO,, & H __.'H Ny
R 1 -H3P02 ",R

Nu--._|..--O_
% Hl -HOH
Nu=0 R = aryl, R

allyl .
ﬁAr prgpargw up to 99% yield
alkyl up to 100% chirality transfer

one stepv  low energy./ stereospecific/  atom efficient/ no waste/

A. Bunrit et al., J. Am. Chem. Soc. 137, 4646—4649 (2015).



Ideal Mitsunobu reaction ?

— No stochiometric Oxydant
— No stochiometric Reductant
—> Catalytic Inversion

— Non-Hazardeous by-product

Other catalytic systems :

MH
O‘.—.F?\—H
OH Oss
H—Nu i HPOy & H ,'H
gt il - ’U -0,
s H
Nu=0 R= aryl. i R il
S allyl
NAr propargyl
alkyl

Ideal hypothetical SN2 : @
Nu

OH

R1 R2

Nu
-H1PO, QR

-HOH

up to 99% yield
up to 100% chirality transfer

one stepv  low energy./ stereospecific/  atom efficient/ no waste/

A. Bunrit et al., J. Am. Chem. Soc. 137, 4646—4649 (2015).

catalyst 0 ~ N
g Ph 0. (92
OH Pph Ph V R‘\ 0\\8,,0 OMs

ROR2 Ms,0, FBugN Ph

0" Me | T~

R'" "R?

cyclopropenium -
activated stereochemically
- - inverted sulfonate

E. D. Nacsa, T. H. Lambert, Org. Lett. 15, 38 —41 (2013).



Ideal Mitsunobu reaction ?

— No stochiometric Oxydant
— No stochiometric Reductant
—> Catalytic Inversion

— Non-Hazardeous by-product

Other catalytic systems :

Ideal hypothetical SN2 : @

o Nu—|

Review :

M. Dryzhakov, E. Richmond, J. Moran,
Synthesis 48, 935-959 (2016).



Ideal Mitsunobu reaction ?

_ , Ideal hypothetical SN2 :
— No stochiometric Oxydant .
—> No stochiometric Reductant OH NU
- Catalytic Inversion /L Nu—H - /\.
- Non-Hazardeous by-product R'" "R? R' R?
This work :
HO
redox
PV) | free R\D
=)
Ph” |
; Ph NU
J\ o organocatalyst - : g
u=—H £
R 17 NRe

Redox-free catalytic Mitsunobu reaction enabled by a redox-neutral dehydration platform
10



Ideal Mitsunobu reaction ?

_ , Ideal hypothetical SN2 :
— No stochiometric Oxydant YP
—> No stochiometric Reductant AH NU
- Catalytic Inversion /L Nu=—H - ,;\ 1,0
— Non-Hazardeous by-product R'" "R? R! R?
This work :
HO
redox HO
PV) | fee ﬁ\n R\D
P P
Ph” | Ph” |
- Ph NU Ph
Ly organocatalyst - N * 68% 2 steps (10 g scale)
/'\ N = = A H20 * no chromatography
R R2 R’ R” » air and moisture stable, m.p. 167 °C

Redox-free catalytic Mitsunobu reaction enabled by a redox-neutral dehydration platform
10



Mechanism :

Ny =t

1

H,0

11



O-Labelling study :

Mechanism : “°

Mo by WO L "SM)
83% "0 enriched ) e ol

NO:  Dean-Stark, 24 h

..) "
]
3
“v=0
8

Nu=—H
Ph
organocatalyst 1
H,0
Ph Ph
,\Pl " o
o’) iy
,L OH Ph
R! ( R? Ph
Nu OH
A

rooomd catalysl
"
m "',
NO2 6% reciaimed
53% (based on 69% conversion) e wgc .:uTcmd

88% '°0 enriched

11



Mechanism :

HO
Nu (o)
? 8¢
organocatalyst 1
H,0
Ph Ph
+ \P’ =
i N
X .
R ( R? =

O-Labelling study :

*o

_ HO
o, :\J@
Ph” 1

Me
W on H'O

83% "0 enriched

recovered catalyst
"o NO, morn
"
Ph  (15mol%) Me ¢
15 ma) _ Moy~ v
xylenes (0.08 M), A, £
N0z DesnStark. 241 NOz * g6% reciaimed
53% (based on 69% conversion)
88% '°0 enriched
Structure — activity relationship :

74% %0 enriched

0
OH

NO;
H;Mo

0 NO,
catalyst (10 mol%) 0
- Mo H
xylenes (0.08 M), A, Dean-Stark, 30 h M Me NO,
0 OH
OHO 8‘00 g
catalyst 0o catalys) 5 ! Ph” |
P71 Ph7 ) Ph
Ph Ph
1 13 14
yleld 10% 84% 8% 10%
0.0.% 19%ee (retention) 98% e.e. (inversion) 22% o.0. (retention) 15% o.0. (retention)

11



Mechanism :

O-Labelling study :

Y UHO rocoveced catalyst
%o NO; P
P71

100
Me & Ph 15 mol%
\P’./\”OH H'"O ( ) \(_‘,./\l )k@ Ph’l
" xylenes (0.08 M), A,
83% "0 enriched NO; tark, 24 h

53% (based on 69% converslon) 72&%8?1:‘?&
88% %0 enriched

Structure — activity relationship :

" - 0 NO,
OH catalyst (10 mol%) 0
" " My
Me N xylenes (0.08 M), A, Dean-Stark, 30 h *H{\M. NO,
o™
catalyst  [no catalyst] - p
-~ ”~
Ph” I Ph” |
Ph P
yiold 10% 3‘* ”‘

0.0.% 19%ee (retention) 98% e.e. (inversion) 22% o.0. (retention) 15% o. o (numion)

Phosphorus NMR monitoring using triflic anhydride :

TIOH * TIOH * Ph\ /Ph
- OH - +
) s T AD w7
+ R
Pre i cocx,n Ph”) Me,MJ OH
Ph 8

1¥P5-383ppm 2¥P 5 -929 ppm 33'P 5« 68.0 ppm



i 0 &)
Py JU Nu

0 OH Ph__ (25 mol%) _ 0" "R OHO Nu-H H,O Ph_ O
R)LDH Me\t“lﬁ)\Me xylenes (0.16 M), reflux, ME\H/J\ME‘ H \/ . Ph/P ®

(>99% e.e.) Dean-Stark, [time] Ph” 1

Ph
Entry R Isolated Yield (%) Reaction time (hours) Producte.e. (%)

— Reaction did not work with unsubstituted

& o
1 @ 48 94 benzoic acid

NO,
) /@ 76 o6 - Pronucleophile needs to bfe acidic enough
O,N NO, to promote dehydration step
F
3 " * 68 20 Pronucleophile m
F F Benzoic acid
F
) g - N . p-Nitro benzoic acid 3,4
(based on 33% conversion) o-lodo benzoic acid 3’0

o-Nitro benzoic acid 2,2

51
5 4 N/G 48 91 Pentafluoro benzoic acid 1,5
2

(based on 50% conversion )

Dinitro benzoic acid 1,4

12



HO
0
0O NO, Ph.,F,’ O NO;

oH Ph  (x mol%
METV);LME "o [snlven:] reﬂux} > Me 9
(= 99% e.e.) NO; Dean-StarI:c, [timé] WME NO;

Entry Solvent Iﬂad?na;;l?{r:‘ltnl%] Concentration / (M) duralzz?lc:i;:urs] yli:Tt_‘liT?;] Product e.e. [ (%)
1 toluene 10 0.080 72 56 98
2 toluene 10 0.16 72 54 96
3 toluene 10 0.40 96 72 89
4 toluene 25 0.080 96 75 96
2 toluene 29 0.16 72 77 a0
6 xylenes 10 0.080 30 84 98
7 xylenes 10 0.16 24 74 96
8 xylenes 10 0.40 24 65 91
9 xylenes 25 0.16 20 76 97



HO
0
0O NO, F,h.-*F,’ O NO;

oH Ph  (x mol%
METV);LME "o [snlven:] reﬂux} > Me 9
(= 99% e.e.) NO; Dean-StarI:c, [timé] WME NO;

Entry Solvent Iaad?:g:z;lr:'ntnl%] Concentration / (M) dural::z?ic:il;:urs] yli:T:IiE:ft?‘i] Product e.e. / (")
1 toluene 10 0.080 72 56 98
2 toluene 10 0.16 72 54 96
3 toluene 10 0.40 96 72 89
4 toluene 25 0.080 96 75 96
2 toluene 29 0.16 72 77 a0
6 xylenes 10 0.080 30 84 98
7 xylenes 10 0.16 24 74 96
8 xylenes 10 0.40 24 65 91
9 xylenes 25 0.16 20 76 97



C-O bond formation :

| alcohols

14



C-O bond formation :

o] O

Ao~ A,

Sa 70%

| alcohols

14



C-O bond formation :

0 0 o O

F'n)'\o"\/\_l)L Ar

Sa 79% 5b 53%

| alcohols ) .
P“‘t-f;\"‘-:]"ﬂ'\n- m"‘l-l’:""r:-"u\nr

51 80% (83%)! Sg BA% (A4%)

NC

5d 84%

14



C-O bond formation :

0o 0

Ph)LO/\/\o )J\m

Sa 79%

| alcohols

S W T
. l\NM/\/\O = N“,/\O)l\m
5b 53% o 5c 85%
i Phosphine-sensitve Substrates
o] 0 0 ;
m"‘H’:\‘n’JL‘m B'\(v)‘/\n)k;\: N’\ﬁ./\())J\m :
Sg BAY (B4%) 5h 50% 51 79% ;

5d 84%

14



C-O bond formation :

o} 0 ,IOL )UJ\ 0 NC , Me Mo a

Ph)LO/\/\o’lkm Ph ‘N“/\/\o Ar Nw\o)l\l\l ()J\N M.)\/\)\/\uk,\:
S8 79% 8b 53% O scas% 5d 84% Se 50%
| alcohols PR s i L
0 ] ' 0 0 - Me *‘H’f
H’t—l“ﬁ‘t':’lkm “"‘?-i"‘“"rrJL‘ar i o o)km Ns o)J\m : *f\ﬂ
? L] H '
51.90% (93%)! 59 88% (84%)! 5h 50% 51 79% Sy Mo

A&

14



C-O bond formation :

0
0 0 o i < ¢( 0 NG o Mo Mo 0
Ph)Lo/\/\o/lkN pn)Lu./\/\o Ar N‘H’/\OJI\A, ())Lm M.)\/\/k/\o)l\'v
Sa 79% b 53% O scas% 5d 84% Se 50%"
| alcohols § . : Pho.phlm-unlgvo Substrates : § 9,0
H 3 Me .
H H 0
H"H‘:ﬂ"n ’Jkﬁu “""I-l‘:ﬁ"'ﬁ)l“nr ' B'\H./\OJLA: " Y‘{\OJ\N ; ‘Hr\ \@
: : Ma
51 90% (83%)! Sg BA% (B4%) H 5h 50% 51 79% : 5 97%:8
(o} 0 0 0 o
alcohol alcohol alcohol alcohol alcohol
. )LN > 9% e.0. (S) 5 ,U\N 7% e.0. (S) : /LA' v Wee® : )l\m 92% 0.0. (R) § )J\N 96% 0.0. (R)
: product : product H product : product : product
Mo‘{\m W% ee (R) MO Me 91% 0.0. (R) Mow Me 89%e00.(5) M AN AN, %ee(S) M.N\WCJ“ 93% 0.0.(S)
20 mmol scale: .
SkBA%  76%, 95% 0.0. (R) 81 8% 5m 62% 8n 82% S
0 0
0 alcohol alcohol ° alcohol alcohol O N0 giconel
Il alcohols AL, wweem O/U\A >99% 0.0, (R) A 9% 0.0, (R) ?Jk,\, Whde RR) >99% e.e. (S)
H product - _Ph  product : product M'WH product : product
Me” N 6% 00, (S) M./\/:’g\o 9% 00.(S)  Mo” ] “osPhiu 97% 0.0.(5) f I MO 9% de. (SR) " Me 85% e.0. (R)
5p 92%* 5q 77% 5r 86% 5s 48%W 5t 92% W11
0  NO; - e,
0
alcohol Me alcohol
g)l\© 99% e.e. (S) OJI\N >20:1 d.r. (exo) -
product product
67% e.0. (R) j\ alcohol Lb{ >20:1 d.r. (exo) o
- o ! >20:1 d.r. (3p) H )L >20:1 d.r. (3p)
F' sraiant Ar (&)
Su 71%¥11 Sv 50%" 20:1 dur. (3a) Sw 49% (retention) Sx 57% (rotention) >20:1 d.r. (3p)

Ar=
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C-N and C-S bond formation :

Sy 83% 5z 88%

Application on steroid derivative :

A
5a-Cholestan-3p-ol ()

> 09% ee. (S)

N(SO,Ph), NMSO:Ph)
47/”\/’\~/ -l - :
= T Me

[20.0 mmol scale]
56% over 2 steps

Sa-Cholestan-3a-ol (7)

Synthesis of active pharmaceutical ingredients:

43% overall yield.
85% TsOH.H,0 recovered.

halides or tosyl chloride.

Thiocarlide (10)

DMAP (10 mol%)



Synthesis of ether using Triflic/Tosylic acid:
Stable final product

Ex : carboxylic acid,
RONu P-Toluenesulfonamide,
Thiocarboxylic acid.

R'-OH
1

HO
(@) NuH
1l —_—
Ph’lla
Ph

1

R2.OH TfOH/TsOH

worm L (KGR

final product if final product if
1 equiv of alcohol 2 equiv of alcohol

Using carbocylic Acids :

— Synthesis of stable ester product

16



TIOH * OHO

" oTf , ?

P OR P

Ph” l!’h Ph” 1

1 Ph 2
10 moi% 10 moi%
MeF I > Me*".\/ov""g Mo
4 toluene (0.08 M), A, Dean-Stark, 30 h 12
va TO 78% with 1
V('*.Ilo 78% with 2
no catalyst: 34%

i Me 1"'-5-.-': e i
S W 0" e | MO, :
1 (10 mol%) ; > "D
TFOH (10 mol%) i (a] -
o Me S We n\D -
luene, A, ‘ D% : Fh“"f
Dean-Stark, 30 h 12 78% ! Mo Ph -
: WNDH O o0 i
i m w [
; ' b 4 R A
: HO CF; -

17



Conclusion :

reaction mass efficiency

—> Better AE

—> Better RME

60% -

50% -

40% -

30% -

20%

10% -

0%

redox-free
catalysis

65%

phosphine
recycling

27%

This work

Aldrich

oxidant
recycling

26%

Taniguchi

oxidant
recycling

13%

Toy

1967
stoichiometric
activation

21%

Mitsunobu

—>No stochiometric oxidant

—>No stochiometric reductant

—> Catalytic Inversion

- Water sole by-product

— Air and moisture stable catalyst

— Catalyst : 2 steps synthesis

- Allows formation of C-O, C-N and C-S bonds
—> Allows formation of ethers

- Atom economy
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