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1. Introduction of "isofunctional reactions"”

2. Shuttle reactions - (retro-)hydrocyanation -

3. Metathesis reations - C-S or C-P bond -
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3 topics are described in his home page (http://morandi.ethz.ch/research.html)
1. Shuttle Catalysis
2. Aliphatic C-O Bond Activation

3. Direct Catalytic Synthesis of Unprotected Amines
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Concept of “Isofunctional Reactions”

«definition of "isofunctional reactions"” by Morandi
— the number and type of functional groups are conserved throughout the reaction.
(one of the reversible isodesmic reactions)

*illustrative example of an isofunctional, isodesmic reaction

OMe OEt
N + _OEt N + _ _OMe
| H — || H
~ ~

ether alcohol ether alcohol

same bonds and same functional groups
*illustrative example of a non-isofunctional, isodesmic reaction

oTf OEt
| N + _OEt | N + _ _OTf
H — H
Z Z

sulfonyl ether alcohol ether sulfonic acid

same bonds but different functional groups

Bhawal, B. N. ; Morandi, B. Angew. Chem. Int. Ed. Accepted Article doi: 10.1002/anie.201803797 4



Classification of “Isofunctional Reactions”

*definition of "isofunctional reactions"” by Morandi

— the number and type of functional groups are conserved throughout the reaction.
(one of the reversible isodemic reactions)
— classified in 3 groups

2. shuttle reaction (more than 2 molecules) 3. metathesis reaction (more than 2 molecules)
+ — + —_—
(@) if toxic —_— | |
Acceptor Donor Shuttled Donor Acceptor C—D C D
less toxic group

Bhawal, B. N. ; Morandi, B. Angew. Chem. Int. Ed. Accepted Article doi: 10.1002/anie.201803797 >



Advantage of “Isofunctional Reactions”

*traditional approach for functional group interconversion

d

d + Reagent A Catalyst A
FGg G,
d + ReagentB M

*functional group metathesis

FG, FGo

O r”-J: Catalyst X
+ —

FG,

+ (By-product)

+ (By-product)

AG<<0-—irreversible process
completely diffrerent reaction conditions

unstable reactive reagent—toxic

AG~0—reversible process
similar reaction conditions

less toxic

Lee, Y. H.; Morandi, B. Nat. Chem. 2018, 10, 1016.



Driving Force of “Isofunctional Reactions”

1. isomerization and rearrangement reaction

Cope

rearrangement

2. shuttle reaction

AcO o

3. metathesis reaction

R +

solvent

X

strain release

OH
Me)\Me

Me—@—f—F’r

Ru

TsN° 'NH
/A

PH Ph AcO OH

(10 mol%) R o
asymmetric Me Me

transfer o

hydrogenation execess amount
of reagent

Noyori, R. et al. J. Am. Chem. Soc. 1995, 117, 7562.
Inoue, M. et al. Org. Lett. 2018, 20, 130.

Ru cat.
— » /\/RZ + A
alkene volatile
metathesis gas release

Bhawal, B. N. ; Morandi, B. Angew. Chem. Int. Ed. Accepted Article doi: 10.1002/anie.201803797



Today’s contents

2. Shuttle reactions - (retro-)hydrocyanation -



Successful Results of “Shuttle Reaction”

R1

PN

(5 eq.)

Ni(cod), (5 mol%)

DPEphos (5 mol%) R
Me,AICI (20 mol%) H
y o R2
toluene, 100 °C, 16 h
CN
without HCN 36 examples
45-97%

Ni(cod), (2.5-5 mol%)
DPEphos (2.5-5 mol%)
Me,AICI (10-20 mol%)

-
toluene, rt, 16 h

R1
3
SR
21 examples
64-99%

Me

Me/&

H
NC

Science 2016, 351, 832.

(1-4 eq.)

nbd
(2 eq.)

Pd,(dba); (5 mol%) H (o)
Xantphos (10 mol%)

’ 17N\
toluene, 100 °C, 16 h R Cl

R2
without CO&HCI 28 examples
28-96%
Pd,(dba); (2.5 mol%)
Xantphos (5 mol%)
y e R1/\
toluene, 100 °C, 16 h
1 examples
88%

H
CloC

Nat. Chem. 2017, 9, 1105.



Problems of Transformation of
Alkenes to Nitriles

*traditional approach from alkenes to nitriles

metal cat. CN

RTX + HCN - )\ e ~CN
R Me

eproblems
1. HCN is a toxic and explosive gas
— replaced to less volatile surrogates (ex. TMSCN, acetone cyanohydrin), but still toxic

CN
N Ho. .cN Ni(cod), DPEphos X CN
+ >< L Me I
Me Me toluene, 60 °C y/
93% 1%
de Greef, M.; Breit, B. Angew. Chem. Int. Ed. 2009, 48, 551.

2. retro-hydrocyanation is difficult (therodynamically uphill)

exothermic
A + HCN ” > Me _-CN
heat of endothermic
formation 52.4 135.1 51.7
(kJ/mol) D. R. Lide, Ed., CRC Handbook of Chemistry and Physics, Internet Version 2005

(CRC Press, Boca Raton, FL,2005)



Design of HCN-free Reversible
Transfer Hydrogenation

BOur Design: HCN-free reversible transfer hydrocyanation

Ry + R-%EH G-EI}-E—IFEt F”“VEN + R Xy

L

Proposed Mechanism

R ~~_-CN __'_______!l'j'_'ll: _____ - R ~~_-CN
oxidative ' how to control d reductive
addition ] equilibrium? y elimination
o ,%M”“E R I'I--'I”+2
Fhydride ‘ " migratory
elimination W insertion
H MH—E R ﬂh“ﬁ.,_‘ﬁ., H MJ’.“"E
CN  grimmemmane / CN
R

ligand exchange

oxidative addition to aliphatic C-CN bond is somewhat difficult
—Ni(0) was used in the presence of Lewis acid

Fang, X.; Yu, P.; Morandi, B. Science 2016, 351, 832.



Optimization of Reaction Conditions

A Thermodynamic Challenge: How can we drive the equilibrium to obtain 1 or 2 selectively ?

cat. Ni(COD),, DPEphos Me
cat. AlMe,Cl CN,
z/l\/CN - -
R Toluene, 16 h 2 PPh, PPh;
DPEphos
B Hydrocyanation: Formation of gaseous disubstituted alkene best driving force
R’ . , : :
ZJ\(CN ! CN ! CN: Me  CN i Mo~ CN driving force:
R X S Me— 1/ 5 :; ! using large excess of reagent
R® (5 equiv.): 3 Me 4  Me 5 : Me 6 volatile alkene formation
yield1->2(100°C) i 3% i  26% .  69% 60% (Le Chatelier's priciple)
[upen Sysfem] — . 41% 86% : 67%
C Retro-Hydrocyanation: Strained alkenes best driving force
1
R : : driving force:
REJN‘ i no acceptgr i / 7 Stl’ain release Of
r3 (1equiv.) : 7 8 norbornene and
"""""""""""""" el norbornadiene
yield 2 -> 1 (28 °C) : <5% : 46% : 99%

cf. Murphy, S. K.; Park, J.-W.; Cruz, F. A.; Dong, V. M. Science 2015, 347, 56.
See also Fujino-kun's LS on 181027.

Fang, X.; Yu, P.; Morandi, B. Science 2016, 351, 832. 2



Substrate Scope - Hydrocyanation -

Ni(cod), (5 mol%)

DPEphos (5 mol%) R R
R  Me Me,AICI (20 mol%)  H NC Me
+ - 2 + 2 + /g
RZ& Me>|\/CN toluene, 100 °C, 16 h R% R% Me
CN H
(5 eq.) linear branched
H Me
H Me
H CN
)\/CN >K/CN
Ph Ph
Cl
86% (I:b = 81:19), 100 °C 91% (I:b > 95:5), 130 °C 84% (I:b > 95:5), 130 °C

73%* (I:b = 81:19), 100 °C
*1.5 eq of hydrocyanide donor

H
TBSO Et j/\CN
N
Me)kl/\CN
97% (I:b > 95:5), 130 °C 65%, 130 °C

Me
Me

Me R
CN

H
Me

H
95% (I:b > 95:5), 130 °C

Fang, X.; Yu, P.; Morandi, B. Science 2016, 3571, 832.
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Limitations
- Compatibility with Functional Groups -

Me
H
Me)k/m
(5 eq.)

HO Et Ni(cod), (5 mol%)
_ DPEphos (5 mol%)
Me Me,AICI (20 mol%)

or ‘el mainly recovered SM

toluene, 100 °C, 16 h
\
Ph/\/\

free OH groups and dienes are not compatible with these conditions

Fang, X.; Yu, P.; Morandi, B. Science 2016, 357, 832.



Limitation - Alkene Isomerization -

Me

H
>|\/CN
Me

(5eq.) CN

} Me\/\/\/\/CN
Ni(cod), (5 mol%) Me\/\/\)\Me

DPEphos (5 mol%)

Me,AICI (20 mol%) A (linear) B
MeM ol
toluene, 100 °C,16 h  Me CN
1-octene \/\/Y\Me M )\/\
90% CN N Me
(A:B:C:D = 48:32:11:9) C D
Me
H
M >|\/CN
e
(5eq.) CN

. Me NN
Ni(cod), (5 mol%) Me\/\/\)\Me

DPEphos (5 mol%) ]
Me,AICI (20 mol%) A (linear) B

MeWM -
e
toluene, 100 °C,16 h Me CN
trans-4-octene \/\/\(\Me
98% Me Me
C D

N
(A:B:C:D = 46:30:12:12) c

Ni"-H mediated alkene isomerization competed.

Fang, X.; Yu, P.; Morandi, B. Science 2016, 3571, 832.



Substrate Scope - Retro-hydrocyanation -

Ni(cod), (2.5-5 mol%)
DPEphos (2.5-5 mol%)

R? Me,AICI (10-20 mol%) R!
NC + y J\/ +
3 3 H
R>I\/R / toluene, rt, 16 h R2 R NC
nbd
(1eq.)
CN
— /\/Ph
Ph Ph Ph EtO,C _CN Et0,C.y y
005, YA — ™
95% (3 eq. of nbd)
Me Me (85% siteselectivity
CN > /& for alkene)
Ph Ph
99%

Me Me Me Me Me Me
NC>|\ — M W
Ph” “Me Ph Me CN Me 71%

94% AT
(100 °C) (100% siteselectivity
for alkene)

(solvent: benzene)

Fang, X.; Yu, P.; Morandi, B. Science 2016, 3571, 832.
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Control over Isomerization

S~

S~

/

(3 eq.)
Ni(cod), (2.5 mol%)
DPEphos (2.5 mol%)
Me,AICI (10 mol%)

-
benzene, rt, 16 h

(1eq.)
Ni(cod), (5 mol%)
DPEphos (5 mol%)
Me,AICI (20 mol%)

>
benzene, rt, 16 h

©/\/\

74%
(84% siteselectivity
for alkene)

©/\/\Me

89%
(100% siteselectivity
for alkene)

isomerization was controlled by acceptor alkene (and equivalents?)

Fang, X.; Yu, P.; Morandi, B. Science 2016, 3571, 832.
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Application to Aromatic Ring Formation

Me /
Me Me NG toluene, reflux
M)\/ ' \%\CN
Diels-Alder NC Me
(+)-isomycoren reaction
NC

/
(2 eq.) Me /

Ni(cod), (2.5 mol%)
DPEphos (2.5 mol%)
Me,AICI (10 mol%)

’ Me
benzene, rt, 16 h

retro- 83%
hydrocyanation (2 steps)

Fang, X.; Yu, P.; Morandi, B. Science 2016, 357, 832.



Application to Mizorogi-Heck-type Reaction

*machanism of Mizorogi-Heck reaction

c bt
ML H‘I-’
} [
baseHxX
._I'._,’—
.I'j:-..
;S PathA
f,f? X = halide, OTs
I .-'"-.-. | 4
|| | |
H-mMll-x - base RI-mM-x
."III RE
/ H S
l‘_'_,_n-'_
~uy R H
F'.1 R1 f
M= X
HE“

when X = CN, a Lewis acid needs for the efficient oxidative addition.
— might not be compatible with base-assisted M° regeneration.

Fang, X.; Yu, P.; Cerai, G. P.; Morandi, B. Chem. Eur. J. 2016, 22, 15629. 19
Bhawal, B.; Morandi, B. Chem. Eur. J. 2017, 23, 12004. (Review)



Application to Mizorogi-Heck-type Reaction

combination of hydrocyanation with Mizorogi-Heck reaction

}:/\r’ﬁz

f
Path B )
X=sCN
t:lasa HXx
;f’ Path A
/’ X = halide, OTs

H- M” nase R1-m"-

f\i/

. HE
i . z <
R,Is' N +H%H‘E + ..;ﬂ_vﬁz S H1.“"‘:'~.‘,_-;,H + X f\”
H
CN H Sacnficial Mizoroki-Heck
donor donor acceptor product
Fang, X.; Yu, P.; Cerai, G. P.; Morandi, B. Chem. Eur. J. 2016, 22, 15629. 20

Bhawal, B.; Morandi, B. Chem. Eur. J. 2017, 23, 12004. (Review)



Application to Mizorogi-Heck-type Reaction

Ni(cod), (10 mol%)

PPh; (20 mol%) Pr
AN RN Me,AICI (40 mol%) N
I + Pr———FPr I Pr + NC\Pr
Y (20eq)  toluene, 60°C, 16 h Z
H
Pr
: NI{COD); y
R ___‘H)’!’::-_'CN L s " ﬁb\)‘[’)ﬁ:‘
Ml = NP — 4PN
" o A ~l T«
(1) ™
B N, H
/..r:{:\ A
R— 7 Ni'L, [
IIH FCN '\_‘é’? I‘I\Ii"L
f B CN
f \ R
| l', “{
|~ 4
s /{ e @ R
- |
R/' . /
|II H ’I
H S R
:NiIIL_,, [_.;{ Ni'L,~CN
NC N
AN K o R
NG oL @
W —MNi 5
L%j\’rg*f-: S o "
. /- —T by
it [\_ ) f_R
R I.R D

Fang, X.; Yu, P.; Cerai, G. P.; Morandi, B. Chem. Eur. J. 2016, 22, 15629. =



Application to Cross-Coupling Reaction

Ni(acac), (5 mol%)
Xantphos (5 mol%)

Cl Al(i-Bu); (20 mol%) CN
Zn (15 mol%), K;PO4 (2 eq.)
toluene, 120 °C, 12 h
(10 eq.)

88%

Ni(cod), (10 mol%)
Xantphos (10 mol%)

OTf AICI; (60 mol%) CN
Et;N (2 eq.)
2.00) toluene, 50 °C, 12 h Me Me
' 93% ! l
(@)
PPh, PPh,
Xantphos

Yu, P.; Morandi, B. Angew. Chem. Int. Ed. 2017, 56, 15693.



Today’s contents

3. Metathesis reations - C-S or C-P bond -



Problems of Transition Metal-Catalyzed
Reaction of Ar-SR

oxidative addition:
less problematic

Ar—R? Pd°L,,
BDE (kJ/mol)
Br-CH;: 284
HS-CH;: 305
Ar—SR' 3
reductive elimination: ; idati H,N-CHj;: 331
less problematic . r;eductlve O)de;l.‘lVe
elimination addition

easier reductive elimination

of ArSR

(in the presence of dppe at

° L Ar
>50 °C \ ¢
JACS, 1995, 117, 2937)) Ar P OpdiL,
I I
Pd\Ln Pd\Ln R1S SR1
R? ligand exchange SR’ \\\\
(transmetallation) L. ‘g\ _Ar
_Pd__ Pd_
Ar S’ L
R
© ; @R2 ligand exchange: problematic
SR competing complex formation

erelatively strong interaction of

oisoning of transition metal:
P g S (soft) and transition metal

ploblematic (R? = RS)

Hartwig, J. F. et al. Chem. Eur. J. 2006, 12, 7782. 24



Successful Examples

stransmetallation is accelerated by CuTC

Pd,dba; (1 mol%)
OMe (2-furyl);P (3 mol%) (o) OMe
CuTC (1.6 eq.) )

o)
Ph
Ph S/\ﬂ/ 7 N\ B(OH),  THF, 50°C,18 h
O —

88%

Liebeskind, L. S.; Srogl, J. J. Am. Chem Soc. 2000, 7122, 11260.

eelectron-donating and bulky ligand (NHC ligand)

SingaCycle-A3

SingaCycle-A3 (2.5 mol%)
(2-furyl);P (3 mol%)

H2N LiN(TMS), (2.5 eq. )
1,4-dioxane, 100 °C, 12 h©/ \©\
Me

91%

Sugahara, T.; Murakami, K.; Yorimitsu, H.; Osuka, A. Angew. Chem. Int. Ed. 2014, 53, 9329.



SARN®

Pd-complex (5 mol%)
Base (2.6 equiv)

SNe

Solvent, 100 °C, 12 h Fpr .prﬁ (;T Jpr
Cl— F"d cl Cl— Pd Cl
N
2.0 equiv ’\ | cl &j\m
Entry Pd-complex Base Solvent Yield (31)°  PEPPSHPr PEPPSI-SIPr
1 PEPPSI-IPr K,CO, toluene 0 . .
2 PEPPSI-IPr KOt-Bu toluene 18% ’P’FN NN
3 PEPPSI-IPr KOAc toluene 0 i-Pr 'Pfﬁ Qf“” ’pﬁ
4 PEPPSI-IPr KsPO. toluene 0 Qij’ ¢ Qfﬁ :
5 PEPPSI-IPr KHMDS toluene 68% & "
6 PEPPSI-IPr NaHMDS toluene 45% SingaCycle-A1 SingaCycle-A3
7 PEPPSI-IPr LIHMDS toluene 81%
8 PEPPSI-IPr LIHMDS o-xylene 78%
9 PEPPSI-IPr LIHMDS dioxane 66%
10 PEPPSI-IPr LIHMDS THF 21%
11 PEPPSI-IPr LIHMDS DMF trace
12 PEPPSI-IPr LIHMDS DMSO trace
13 PEPPSI-IPr LIHMDS DCE trace 1. strong base
14 PEPPSI-IPr LIHMDS acetonitrile trace
15 PEPPSI-SIPr LIHMDS toluene 87%
16 PEPPSI-IPent LIHMDS toluene 63%
17 SingaCycle-Al LIHMDS toluene 92%
18 SingaCycle-A3 LIHMDS toluene 85%
19 (IPr)Pd(allyl)Cl LIHMDS toluene 81%
20" SingaCycle-Al LIHMDS toluene 91%
21° SingaCycle-Al LIHMDS toluene 90%
22° SingaCycle-Al LiIHMDS toluene 90% - 0.4% of Pd cat.

‘GC vield using dodecane as internal standard. 'Pd-complex (1 mol%). *Pd-complex (0.5 mol%). *Pd-
complex (0.4 mol%). IIPd-ccumplew: (0.3 mol%). 71.5 equiv CySH. *2.5 equiv CySH.

Optimization of Reaction Conditions

CH3 ch
CH H;C
cl— Pd ci

\CI

PEPPSI-IPent

ﬁ);
..Pd'

i-P P
Cl

(IPF)Pd(allyl)CI

LiN(TMS), was effective.

—fast transmetallation
2. resulting LiSMe has poor
solubility in toluene.

Hs

Liang, Z.; Bhawal, B. N.; Yu, P.; Morandi, B. Science 2017, 356, 1059.

26



Substrate Scope Using Ar-SMe

F Pr — I-Pr
N
SM SingaCycle-A1 (0.4 mol%) s /_,, JP, i-Pr
e -
, HS_ LiN(TMS), (2.6 eq.) AN \Alkyl F’F’ o
R Alkyl > R N
toluene, 100 °C, 12 h /s éHCHq

(2.0 eq.)
SingaCycle-A1

S P S
g0 o IS
Me I p \O R
92% 54% 93% (R = OMe)
44% (R=CN, 80 °C, 5 h)

Me Me
pe
S
©/ Me
78% 93%

Liang, Z.; Bhawal, B. N.; Yu, P.; Morandi, B. Science 2017, 356, 1059. 27



Further Application

A Late-stage generation of a drug library

MA\/{\/j Pd-cat (0.4 mol%) @ /Jj
LIHMDS (3.6 equiv. }
N™ +HCI
S i 5 HE“H
. o-xylene, 160 °C, 12 h
3 2 equiv.

SMe SR

Thioridazine

anti-psychotic
PN J:AU AT D
| o ' :
= P w o -\H-\"'H. T

. (/)

| . ; ~/ pd Cl pd-cat
; 46 47 48 49 50 N-Me

i 62% 49% 56% 71% 61% Me

B Depolymerization of a commercial polymer

S HS Pd-cat (0.8 mol%) 8.
. N LiHMDS (7.8 equiv.) Q B
1 /n s o-xylene, 140 °C, 12 h b
MW ~10000 4 equiv. 51
85% (gram-scale)
PPS
commercial polymer precursors for OLEDs?

Liang, Z.; Bhawal, B. N.; Yu, P.; Morandi, B. Science 2017, 356, 1059.
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Thermal Equilibrium

Pd-cat (0.4 mol%)

©’© S0, e 0,

o—xyiene 160 °C, 12 h

MeO/MeO H/MeO
J l Pd-cat (0.4 mol%)
PhSLi (10 mol%)
0 o-xylene, 160 °C, 12 hL ‘ l
—u
HH MeO/MeO H/MeO L H/H MeO/MeO  H/MeO

1

Pd-cat (0.4 mol%) 0.26
o PhSLi (10 mol%) l
__ oxylene, 160°C, 12h
L" el \ ¥ /-
H/H MeO/MeQ H/MeO HH MeO/MeO H/MeO

Figure S1 C-S/C-S metathesis using co-catalytic RS".

Liang, Z.; Bhawal, B. N.; Yu, P.; Morandi, B. Science 2017, 356, 1059. 23



Substrate Scope Using Ar-SH

f-Prf\ -Pr
« LN
SingaCycle-A1 (0.4 mol%) é’ ﬁ

SH : S
: A HS LiN(TMS), (3.9 eq.) | AN A d.
R * N, P R Ik :
I Alkyl ; N
Z o-xylene, 160 °C, 12 h \/ yl oo,
2.0 eq. H;
SingaCycle-A1
Me Me
S S
S
We Me
87% 70% 92%

homodimerization
SingaCycle-A1 (0.4 mol%)
XH LiN(TMS), (1.5 eq. )
o-xylene, 160 °C, 12 h

76% (X = S)
96% (X = Se)

Liang, Z.; Bhawal, B. N.; Yu, P.; Morandi, B. Science 2017, 356, 1059. 30



Proposed Mechanism

SingaCycle-A1 (Pd")

+ reduced by thiol é’, P,T, prﬁ
PdCL,, Qp:“_c'
fon

SingaCycle-A1

Ar—R?2

Ar—SR’
(R' = Me or Li)

reductive oxidative
elimination addition

'Ar ’Ar
Pd{'Ln PleLn
SR? ligand exchange SR’

(transmetallation)

low solubility )
(R! = Me or Li) 2 equivalents

Liang, Z.; Bhawal, B. N.; Yu, P.; Morandi, B. Science 2017, 356, 1059. =



Working Hypothesis

@
-oxidative addition to C(sp?)-P Ph;

Ph
@ 0O PPh; |
Ph,P ClI + Pdy(dba); »  PhsP—P—PPh;
THF, 80 °C &
54% confirmed by X-ray

Chang, S. et al. Angew. Chem. Int. Ed. 2005, 44, 6166.

ereductive elimination to form phosphonium salt

PPh; (1 eq.)
sz(dba)3 @
Br »  Ph,P
o-xylene, 145 °C Bre
95%

Marcoux, D.; Charette, A. B. J. Org. Chem. 2008, 73, 590.

— By combining these results, "C-P/C-P cross metathesis" would be realized.



Examples of C-P/C-H Coupling

7 N\ Pd(OAc), (5 mol%) O O H,0, Q O

toluene, 160 °C P P
PPh, I Ph/ \\O
L Ph _
92%
eproposed mechanism fj]
Ph-H Y
Pd(OAC), Q\[ T_I 1a
17 A ~“PPh,
— HOA
HOAcC / ¢
lll. -
o
Ph-Pd(OAC) f “/”’ 3
o s g PA(OAC)
Ph.
,..-_\ / B
—_ == Pd* /
L, / i ! o + —
A )
Ph R 'i‘*ﬁ N 7
F_oa
3a PH Ph ¢
c

Baba, K.; Tobisu, M.; Chatani, N. Angew. Chem. Int. Ed. 2013, 52, 11892. 33



Screening the Catalyst

catalyst (10 mol%)

tolsP + Phgp —PNLAOMOI%) - pppiol, + phyPtol
Slla sl °ovene(02M) gy Slava
140 °C, 16 h
0.1 mmol scale

100% 80% 60% 40% 20%
Ni(COD)2 | | | | —
INi(O/AC)2 |
NiCl2 T
Ni(acac)2 | |
Pd(allyl)cl]2 E—
Pd(dmdba)2 E—
Pd(F6-acac)2 [
Pd(MeCN)2CI2 | I

Pd(acac)2 I
Pd(TFA)2 : [
Pd(MeCN)4(BF4)2 e
Pl C12 |

Pd(OAc)2 |
Pd2dba3

0% 20% 40% 60% 80%
m Yield(SI-llla+SI-1Va)
W Yield(SI-1a+SI-1)

Liang, Z.; Bhawal, B. N.; Yu, P.; Morandi, B. Science 2017, 356, 1059.



Application to Phosphorus Ring Formation

Pd,(dba); (5 mol%)
Phl (10 mol%) H,0,
>
o-xylene, 140 °C
Ar2P PAr2
Cl MeO OMe CI
P
\Y
ph” O P8 4
Ph* "0 4-oMe-Ph” Yo
76% 96% 99%
VAN VN

Ve,

P
N
K Mo

92% 50%
>99%ee from >99%ee SM

P

Liang, Z.; Bhawal, B. N.; Yu, P.; Morandi, B. Science 2017, 356, 1059.



Plausible Catalytic Cycle

Pd°L,,

Y

Ph—Pd'—I
Ar—Pd''—|
(Ar—pai—1)

~

oxidative
addition

ligand
exchange

\®
P—Pd"-Ar

9

oxidative
addition

©

N .

®

reductive
Arz P~ I

elimination
A—\ O “Pd"

PPhAr,

a
I@

Ar2P
Phi O
IX

igand
exchange

PAI"Z

&

reductive
elimination

oxidative

ddition

Ar,p @
oo O PPhAr,
J°

Liang, Z.; Bhawal, B. N.; Yu, P.; Morandi, B. Science 2017, 356, 1059.
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“Functional Group Metathesis” - ArCOCI & Arl -

Pd2(dba)3

(o)
| Xantphos
1 1 1
S R2= - R1—
1 1
~ \/

both directions were realized.

Me Me
i
FG S ;““«P Py 4 ﬂ P FG
+ - g _— - ; +
S © RSO = WO o8
o
-
+
$ TN 0 P N PPh, PPh,
f,;.?F'\ ,F”H — ,,5;-’/_50 . {FF'\ #F’"}a Xantphos
* Pd D T R T Pd O

Q-coci + + COCl
AN R P & N\ @-coci
P P Q CR P
YR e A — Y
A - o Y
oc 9
Vil 0C Vil Vi
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Summary

sshuttle reaction

Catalyst _
E * O’ o) D‘ * O combined with further catalytic reaction

Acceptor Danor Shuttled Donor Acceptor
group

*functional group metathesis

FG; FG; FG, FG;

under developing
Catalyst . 2
+ - - + (in many cases: sp“-X bond)
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Appendix



Aliphatic C-O Bond Activation
via Siloxane Intermediate

eprimary position selective deoxygenation of terminal 1,2-diol

B(CgFs)3 (1-5 mol%) Ph_ Ph Ph
OH PhZSin (1 eq.); Si o SiEt3 -—éi’Ph

)\/OH : - o7 “o” via 075
R Et,SiH (1.1 eq.) )\/ /k/o
R

CHCly rt,24h R H

11 examples
R = alkyl 51-79% yield

Drosos, N.; Morandi, B. Angew. Chem. Int. Ed. 2015, 54, 8814.
Cheng, G.-J.; Drosos, N.; Morandi, B.; Thiel, W. ACS Catal. 2018, 8, 1697.

epinacol-type rearrangement

B(CsFs)s (1-3 mol%) Ph P Ph
OH 6r5)3 =3 MOlIl'/ . .
Ph,SiH, (1 eq.); Sil-SiEt \._Ph
o .
R2 Et;SiH (1.1eq.) R R via 0
R3 CH,Cl,, rt, 24 h H R
R! = alkyl R R
= alky 18 examples
R? = H or alkyl 39-91%

Drosos, N.; Cheng, G.-J.; Ozkal, E.; Cacherat, B.; Thiel, W.; Morandi, B. Angew. Chem. Int. Ed. 2017, 56,43377.



Substrate Scope

Vi ~

~

/Ph  Ph "+,
\ 7/

OH B(CGF5)3 (1-3 m0|%) ‘~~ . . ~“,
JY Ph,SiH, (1 eq.); 575N SiE
R' OH 3 /= Sij
y 2 §~~ ’
R2 Et,SiH (1.1 eq.) R R* *v
R3 CH,Cl,, rt, 24 h H
R1
substrate product substrate product
HO Me OSi
OH . “, .
o Me\/Q/\ i-Bu
Si . i-Bu Me)ﬁ/\/
Me Me Me 6H Me
OH Me ~
o =1
81% (from syn diol) oH 82% (dr =1:1)
64% (from anti diol) N OSi
LOH Las
N Bu N Bu
OH SiO [:::>."./
Ci

Cl 2 2 Cl Cl 88%
2 2 OH WOSi

OH Bu *

64%
OH “Bu
66%

7T
Drosos, N.; Cheng, G.-J.; Ozkal, E.; Cacherat, B.; Thiel, W.; Morandi, B. Angew. Chem. Int. Ed. 2017, 56, 13377.



Confirmation of Reversible Reactions

CN

before 0.50 mmol

after 0.26 mmol
CN
before 0 mmol
after 0.25 mmol

Ni(cod), (5 mol%)
DPEphos (5 mol%)
Me,AICI (20 mol%)
y
toluene, 100 °C, 16 h

0.50 mmol
0.38 mmol
Ni(cod), (5 mol%)
DPEphos (5 mol%)
Me,AICI (20 mol%)
-
toluene, 100 °C, 16 h
0 mmol
0.39 mmol

0 mmol

0.24 mmol

0.49 mmol

0.23 mmol

CN

0 mmol

0.14 mmol

CN

0.50 mmol

0.13 mmol

These reactions are reversible and thermodynamic equilibrium can be reached under these conditions.

Fang, X.; Yu, P.; Morandi, B. Science 2016, 351, 832.



2.5 mol%:
Pdz(dba)a

Me Me

n-Pr G O n-Pr
(0]

Ph” “Ph Ph Ph

¢ cocl
PdXantphos

From A-l: 11%
From Il + A-A: 12%

13%

COoCl

69%
1%

COcCl cocCl

2.5 mol%:
Pds(dba)s

Mz Me

n-Pr G O n-Pr
O

Ph” P~ Ph Ph™ P~ Ph

5 mol%

COCl |
PdXantphos

B S

cOocCl |

79 -1

10%

Cocl

10%

cocCl

CcocCl

A-A
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Table 1| Substrate scope for the transformation of Arl into ArCOCI

Me O Me
cl '
2.5 mol® Q
1 .5 mol% Pd,(dba)s 2
5 mol% Xantphos
+ o o - = | cl + or

PhMe, 100 °C, 12 h ¥ I

cl A /@’
0.25 mmol QN 3 Isolated after O:N a

derivatization
[o] [o} o] 0 0 0 o}
O)Lm Q)Lm Q)Lm cl cl d0| /©)'LCI
MsO MeS TO cl Br O:N Et0,C
9: 94% 10: 76% 11: 80%” 12 72%5¢ 13; 75%°¢ 14: 80%” 15: 83%”

68% pure acid chloride
(5 mmol scale)

0 0 0 0 0 0 0
Cl cl /@*CI cl Q)‘\m cl cl
=2 2 n-Pr NC
Me H CN 0OBn CF,

16: 79%" 17: 53%° 18: 73%°¢ 19:71% 20: 78%"° 21: 76% 22: 71%°
0 0 o] 0y_-Cl 0 0 0,
F. Cl
Cl Cl Cl Cl Cl
I\
Ph Br g
COEt Br F F
23: 86%" 24: 60%°° 25: 28%°° 26: 40%° 27: 62%" 28: 66%:"° 29: 75%"
0,
Me Me
cl )L.Me i Me P
° o] Cl
° p g e 0
cl N 2
= N 0 4 cl cl
N o
N Is) cl O o QOestrone derivative
30: 68%2" 31:83% 32:57%" 33: 82%" 34: 67%"

Adapalene
derivative

- ol
0
0 Me Me /@ F
0 HN Cl

Cl Me Me Me
o (+)-5-tocopherol derivative cl “ "N Pharmaceutical
- )l intermediate MeO
N
35; 8990 36: 42907 (39% recovered SM) a7: g4%?

Yields (%) refer to isolated products atter in situ derivatization of the ArCOCI product (Supplementary Section 9). Reaction conditions: Arl (0.25mmal), 1 (1.5 equiv.), Pd,(dba), (2.5mol%),
Xantphos (5mol%6), toluene, 100 °C, 12 h. =1 (3equiv.). 23 (1.3equiv,). 125 °C. 43 (11 equiv.). “Mesitylene, 180°C. 'o-xylene, 150°C. For 9, a pure acid chloride was isolated on a larger scale. TfO,
trifluoromethanesulionate; Bn, benzyl. 44



Table 2 | Substrate scope for the transformation of ArCOCl into Arl

o]

qg :
2.5 mol3: Pd;(dba)s

5 5 mol%: Xantphos

= Cl o g

5]
+ or +
“ X Xy
J
0.25 mmol O 7 O 8
n-Hep t-Bu MeO' = 0O:zN MeQ:C =
OBn

PhMe, 100 °C, 12 h

38: 70%° 39: 629" 40: 44%%° 41: 39%32° 42: 91% 43: 68% 44: 49%° 45: 40%%
| I 1
: ; O O O O O
NO; Br Cl Cl OMe OFEt Br
46: 78% a47: 72%"° 48:72% 49: 94%L 50: 85%.%° 51: 84%¢ 52: 89%9 53: 76%.°%°
I I ! O N “ 7 : | |
@:f/’ Q: U | N g l' /O/
e P -
OAc N cl” "N cl g |
54: 35%.0° 55: 78%" 56: 68740 57: 79%° 58: 79%" 59: 7239 60: 77%" 61: 55%
[ | I Me Me
O L |
N
@ = o™ ose P
1
O Y o Me,hl.l'le Bexarotene Me Me
derivative
62: 87% 63: 83%° 64: 45%3 65: 83%° 66: 70%7
0 o]
Me Me
\ I \/\bll"\v’ Me’J\O o O‘JLMe
OO
Adapalens 0 Probenecid Diacerein
derivative | dervative I derivative
MeOr
o]
67: 60% 68: 84% 69: 69%"

Al yields are isolated yields (%). Reaction conditiens: ArCOCI (0.25mmal), 5 (Sequiv.), Pdy{dba); (2.5 mal%), Xantphos (Smal%), toluene, 100°C, 12h.*125 °C.*7 (2equiv.). °7 (3 equiv.). ‘o-xylene,
150 #C._ =5 (2 equiv.). 'S {10 equiv.). For 56, a HC| salt of the substrate was used with DABCO (1,4-diazabicyclo[2.2.Z]octane (0.5 equiv.)}.
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Pda(dba); (1 mol%)

O TFP (2 mol%) 0O A\
J__+ RB(OH), _CuTC(16equiv) _ H‘“”"‘HE —
R' "SR
1 2 THF, 50°C, 18 h .03 b 00Cy
R, R? = alkyl, aryl 3 CuTC
R* = aryl, styryl o OH
BL O
3
0 [PdLd LR N
E1’u"‘5FiE RB(OH), _~“'%~ _ \.Tr . S‘jﬂu
1 2 (9] |2 s
R
~0OH):B-TC
-CuSR?
Y
L
D‘ 3 -Ei #L
,J-L\ - R Pd
R1 Hﬁ \fr ‘HZ}
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