DOI: 10.1002/anie.201303916

Transition-Metal-Catalyzed Laboratory-Scale Carbon-
Carbon Bond-Forming Reactions of Ethylene

Vaneet Saini, Benjamin J. Stokes, and Matthew §. Sigman*

Reporter: Huan Sun
Supervisor: Prof. Huang
2013-10-28

Angew. Chem. Int. Ed. 2013, 52, 11206-11220.



Matthew S. Sigman

» 1992, B.S. Sonoma State University
» 1996, Ph.D. Washington State
University (with Prof. Bruce Eaton)

» 1997-1999, NIH postdoctoral fellow,
Harvard University (with Prof. Eric
Jacobsen)

» 1999, University of Utah

Research interests

» Pd-catalyzed alkene oxidations

» Enantioselective Heck-type reactions: enantioselective catalysis
and ligand design

» Novel Diarylmethines as Lead Compounds for Breast Cancer
Therapy

» Stereoselective C-H Functionalization



Ethylene

» colorless flammable gas with a faint "sweet
and musky" odor when pure
> the simplest alkene
» the simplest unsaturated hydrocarbon after acetylene
» more than 140 million tons of ethylene are produced
annually
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Absent ethylene

apprehensions about working with gas-phase reactants

Attractive ethylene

€ abundance of this two-carbon building block

€ functionalization reactions of alkanes (methane and ethane in
particular) are challenging

€ the simplest, readily functionalized hydrocarbon synthon
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Mizoroki-Heck-Type Reactions of Ethylene

Palladium-catalyzed Mizoroki-Heck reactions using aryl electrophiles
a) Mizoroki Protocol (1971):

PdCl, (1 mol %)
| CH3C02K (1 2 equiv) A O
S T o
MeOH O

1 120 °C, 114 psi, 3 h 2

b) Heck Protocol (1978):
Pd(OAc), (1 mol %)

P(o-tol)3 (2 mol %) Me
Br EtsN e O
L CC - o
4 125°C, 18-20 h 5 M

o [psi] Yield [%] 5/61 6

/

20 88 61:39
120 90 96:04

Reaction efficiency: reduction of catalyst load and pressure of ethylene

Optimization: DMF/H,O as the solvent

1. Bull. Chem. Soc. Jpn. 1971, 44, 581. 2.J. Org. Chem. 1978, 43, 2454.
3. Organometallics 1994, 13, 2405 . 4. J. Mol. Catal. A 1995, 97, 73.



Decarbonylative Mizoroki-Heck reactions using benzoyl chlorides as electrophiles

OMe
COCI Pd(OAc), (1 mol %)
BDA (1 equiv)
e
conditions
OMe
7 conditions
° - o MeO
p[atm] solvent T [°C] t[h] Yield [%] pdt. 9
1 p-xylene 120 1.9 45 9
10 ~ PhMe 100 4.0 48 8
selectivity based on the pressure of ethylene
J. Organomet. Chem. 1983, 247, 117.
The C,N-palladacycle-catalyzed Mizoroki-Heck arylation
12 (0.068 mol %) f N I
Br NaOAc (3 equuv) A |
b N . _N_ OTs
NMP MeO 12 Pd
NS ” 90 °C, 290 psi, 1 h ‘PPh,
(5.3 mmol) 95% conversmn

98% selectivity \ /

thermal stability VS product polymerization
1. J. Organomet. Chem. 2009, 694, 683. 2. Tetrahedron 2010, 66, 1102. 6



Palladium-catalyzed Mizoroki-Heck reactions: not found widespread
€ Always using aryl halides as electrophiles
€ High operating pressure and temperature

€ Polymerization of the desired products



Nickel-catalyzed Mizoroki-Heck-Type reactions using allylic electrophiles

[Ni(cod),] (10 mol %)
P(o-anisyl); (20 mol %)
Et3SIOTT (1.75 equiv)
Et;N (6 equiv) R'

RI
7\\,.-J\ t ] W
OR" PhMe
R 43 RT, 1 atm, 15-90 min R 14
Representative substrates
Ph™ ™
/\/\/\
Ph "0oMe OMe PMBO N-"0co,Me
= (D)-13a 13b
75% 83% 73%
(>99:1 product E:Z) (>99:1) (92:8)
Me
Py 0CO,Me
AN
R OCO,Me Me Ph/\/I\OCOZMe
13c 13d 13e
57% 81% 71%
(94:6) (88:12) (>99:1)

J. Am. Chem. Soc. 2010, 132, 6880.



Proposed mechanism

s + @gsom
(13f) ©O2 MeO. .-L @

>J/# | Et;Si-OMe
14f LN ph”

T 15
® L ’x\_\|@OTf

EtsNH "lll@

©O0Tf o 16

ok ~ |eoTf
EtsN L-Ni-H L L |©OTf )

AN @ Ni :
Ph 18 T /a\{/l migratory

B-hydride " 17 insertion
elimination



Nickel-catalyzed Mizoroki-Heck-Type reactions using benzylic electrophiles

[Ni(cod),] (5 mol %)
PCyPh, (10 mol %)
Et,SiOTf (1.75 equiv)
Et;N (6 equiv)

PhMe
19 RT,1atm, 2 h 20

Representative reaction scope

> O oy
MeO MeO,C \©/\/

20a 20b 20c
90% 97% 80%
N —

b 0§
0~ ;

O S Ts

20d 20e 20f

91% 93% 68%

J. Am. Chem. Soc. 2011, 133, 19020.

» Limited to allylic and benzylic electrophiles, stabilize nickel/alkyl
intermediates 10
> Kinetic resolution reactions usind suitable chiral ligand



Multicomponent Coupling Reactions of Ethylene

Palladium-catalyzed three-component reductive 1,1-difunctionalization

a) Pd catalyzed 1,1 vinylarylation of ethylene

Y.
” . \O( +  R'B(OH), Pd(O),DMA'__ - |

1 2 3 X
X =CH,, O,NBoc  R'=vinyl, aryl
Y = OTf, ONf heteroaryl
b) Proposed mechanism o | LPd. o o
31y T @Y L,pd—|| ®1Y
L.Pd(0) LnPd | > |
oxidative A X Migratory B X p-hydride o X
addition insertion elimination
@% z-allyl
1 formation
1 R'B(OH),
0 e —
X -

1,1 difunctionalization

J. Am. Chem. Soc. 2012, 134, 11372.
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Using heteroaromatic transmetalating reagents

. NFO 5 mol% Pd,dbas;, DMA (0.1M)
NaHCO;3 (1.7 Iv), 15 psi
A ” i a 3 (1.7 equiv), 15 psi > A (1)
15 mol% dba, 55 °C, 16 h N =~

X =Bpin; 85% )%
1. Lewis basicity, 2. slow rate of transmetallation, 3. propensity to decompose by protodeborylation

Representative product scope

sgeFcgelrgelage

26a 26b 26¢ 26d
85% 63% 74% 70%

(from tri-n-butylstannane)

1. Angew. Chem. Int. Ed. 2012, 51, 2667. 2. J. Am. Chem. Soc. 1964, 86, 2666.
3. J. Am. Chem. Soc. 2012, 134, 11372. 12



Nickel-catalyzed: synthesis of allyl silyl ether

[Ni(cod),] (20 mol %)
P(o-anisyl); (40 mol %)

- ,l(J)\ Et;N (6 equiv) OSIR,
s, * + R,SiOTf ™ |
H” R 5 PhMe \)\R

Representative examples

OSlEt3 OSlMe3 OSlMeztBU
= Ph e 2-Naphth = 2-Naphth
29a 29b 29c
82% 60% 67%
OSIEt OSIEt :
- ’ - ’ catalyst loading
tBu Cy enantioselective
29d 29e
70% 25%
Mechanistic hypothesis
L ; B-hydride
., 9 L,Ni° r\'JLO ESIOT! OSiEts elimination .
Xt — N /\H\ -2 a
Ao \ ] T T Ph

13
J. Am. Chem. Soc. 2006, 128, 11513.



Hydrovinylation Reactions | 1,2-Hydrovinytation |

(Main obstacle

which must not be accepted by the catalyst as starting material

~

« two alkenes are reacting with each other resulting in a chain-elongated alkene

J

. oligomerisation or polymerisationirocess

the choice of starting materials is crucial

]

sEyrene derivatives with ethene

the electronic nature or the steric hindrance of the double bonds are
significantly altered so that oligomerisation reactions are prevented

Metal: Ni, Pd, Co, Pt, Ir, Ru, Fe, etc.
Chiral ligand: bidentate BINAP, phosporamidite, amino-phosphane
phosphinites, monodentate NHC ligands or P-chiral ligands.

Eur. J. Org. Chem. 2012, 4441.
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Nickel-catalyzed

a) 1972 [(ally)NiCl], (cat.)
PR; (3.8:1 P/Ni)

Et;AILCl5 (2.5:1 Al/Ni) R
+ — -
CH,Cl,, 0 °C, 1 atm
30 (S)-31
PR; = (-)-dimenthylmethylphosphine 70% ee

b) 1973 [(ally)NiCl], (3.5 mol %)

PR'5 (3.8:1 P/Ni)
Et;Al,Cls (2.5:1 Al/Ni) o =
/ + N = // /

CH,Cl, —65°C, 1 atm, 3 h

32 (5R)-33 34
49% 13%
78% ee

PR'; = (-)-dimenthylisopropylphosphine

1. Angew. Chem. Int. Ed. Engl. 1972, 11, 1023.
2. Angew. Chem. Int. Ed. Engl. 1973, 12, 954.

15



Pinene-derived azaphospholene ligand

(R,R)-36 (cat.)

additive (cat.) =z
Ph/\ + = — - J:
2 conditions Ph

(R)-35
>/Ph
Cl
P=Ni
- N
Me )
(R,R)-36 |
conditions
( .. T p t Yield ee )
Additive Solvent °C] [atm] [h] (%] [%]
Wilke:*9Et,AlLCl; CH,Cl, —-60 1 25 97 93
| Leitner:®%INaBARF  COys) 1 73 05 89 86

1. US Patent, 4912274, 1990.
2. Chem. Commun. 1999, 1583.

16



Hemibidentate phosphine ”ganq{(allyl}NiBr}ﬂ (0.7 mol %)
38

X NaBARF
+ =z >
MeO CH,Cl, =70 °C, 1 atm
11
F.C | _
Q Lewis-basic
BARF = B R

Ligand R Yield [%] ee[%] | functional

PPh,
Fii 38a 040

: 4 OO 38b [OBn 97 80 group
38 38c |Et 13 3

[{(allyNiBr},] (0.7 mol %)
39 (1.4 mol %) OBn
NaBARF (1.5 mol %) f

i P
CH,Cl, —45 °C, 1 atm Ph” R@.uR .
(S)_35 \ >

Ligand R Yield [%] ee [%]

39a Me 98 50
39b Et 94 63

1. J. Org. Chem. 1993, 58, 1945. 2. Organometallics 2009, 28, 3552.
3. J. Am. Chem. Soc. 1999, 121, 9899. 17



Proposed mechanism

©OBARF
3%
A ligand <—Ni: VRN R®
<—Ni Ni—> p )
\x/ ) <_NI\
RO NaX P
. R ®|OBARF [
. . . I .
No Ni-H intermediate "N J~._ ©OBARF OBARF
is high s nH @] N
TS energy Is hig t R —Ni‘p multiple ligand
vl
I\ migrato
7 41
OBARF
(\rxln—OR [
45
©BARF
(~ K
<.. OR
Ni<
b X
\ b
'ee_— %
migratory
insertion

Organometallics 2009, 28, 3552. 18



Phoramidite ligand [(ally)NiCl], (0.2 mol %)
50 (0.4 mol %)

N NaBARF (0.4 mol %)
+ Z
X CH2C|2, 1 atm

oL
OO }>Me

Cl iBu
(S)-35 (S)-49a (S)-49b
89% 81% 28% modular
(91% ee at —65 °C) (91% ee at -30 °C) (68% ee at-70 °C) fashion

J. Am. Chem. Soc. 2002, 124, 736.

Ni-catalyzed:
enantioselective synthesis of many other biologically active compounds,
such as trikentrin, various pyrrolidinoindolines, and pseudopterosins



Pd-catalyzed, chiral phosphonite ligand

[{(allyl)PdI},] (0.26 mol %)
52 (0.52 mol %)
AgSbFg (0.52 mol %

P + F /( /E
g 15% viv EtOAc/CHZCIz Ph Ph

10 bar
67% 3%
- \ (82% ee)
fPF/;,.
/O\ '!‘
(I) Me T
Ph” P"”tBu 52 f” Sa)

up to 90% ee
EA: act as a ligand to prevent agglomeration of Pd

PF., SbF,: poorly coordinating counteranions, minimize
alkene isomerization

1. J. Organomet. Chem. 1998, 552, 187.
2. Organometallics 2011, 30, 115.



Co-catalyzed
CoCl, (0.1 mol %)
ligand (0.1 mol %)

. P Et;AlCl5 (0.2 mol %) /C
Phi™ ™S + & >
2 Ph

CH,Cl, 0°C, 30 bar, 1.5 h

(R)-35
Representative ligands
Q NS
>< \Cpphz
O™ MeO NH PPh, %\ PPhe
PPh, P.
<O PPh, P/\/ Ph . R 14 (RR)-DIOP
(S,5)-53 OMe NH AL \_ Up to 95% ee )
O)\Ej
(S,S)-54
) . (RR)55
Ligand Conv. [%] ee [%]
§;§:§2 380 ;g 1. Adv. Synth. Catal. 2009, 351, 2199.
R R)-55 74 47 2. J. Am. Chem. Soc. 2006, 128, 7414.
N ! 3. J. Am. Chem. Soc. 2010, 132,,3295.




— [{(S,S)-bdpp}CoCl;]

~ (1atm)

(5 mol %)

MAO (120 mol %)
CH,Cl, RT,6-8 h

Representative examples

-
"\

(S)-57a (S)-57b (S)-57c
>99% ee >99% ee >99% ee
>99% conv. >95% conv. >99% conv.
(85:15 57a/58a) (98:2) (>99:1)

AR
\ 0
(S)-57d (S)-57e
>99% ee >98% ee
>99% conv. ~97% conv.
(>99:1) (>99:1)

J. Am. Chem. Soc. 2012, 134, 6556.

Metal-alkyl intermediate
(M-allyl or I-benzyl)

22



Pyric!ine—)ir' cted C-H Functionalization ? eactions

[ j [Rh4(CO)45] (cat.)
N \ + CO =
PhMe
N~ | 160 °C, 15 atm, 20 h N~
A N

Zg

60 61
.................................... 85% . . e — s = -
N [{RhCl(cod)},] (4 mol %) Q\f(\
+ B8 + 00O - 0

| =N iPrOH | SN

S 160 °C, 15 atm, 60 h A

62 63

68%

C—H

activation rsdiictivs
elimination

e N

@/RhH CRh—\_ _>C
|

64 23



Ethylation

!

5 QRu(CO)2» (8 mol %)
+ Z + CO - +
(RN iPrOH | SN i SN
140 °C, 10 atm, 20 h
/\/ /\/ /\/
R R R
Substrate R Yield [%] 68/69 69 d.r. 68 69
62 H 92 0:100 54:46 . .. :
67a 6-Me 50  78:22 52:48 Reductive elimination
67b 4-CO,Me n.r. n.a. n.a. from ethylene insertion
3 [Ru3(CO)12] (8 mol %) T
R\N + Z + CO - '\N)\/
[ iPrOH !
DG 140 °C, 10 atm, 20 h DG
70 71
Representative substrates Ph
PoQ O |
Me X0 BI X0 Py _ Limited acyclic N-
70a 70b 70c 7o0d  Pyridyl amines
n.r. n.r. 61% 82% (40 h)
(77:23 mono/diethylation)| (CO not used) 24
J. Am. Chem. Soc. 2001, 123, 10935. (52:48 d.r.)

<:5\/\/<:>\/




Olefin Metathesis Reactions

As a byproduct As a reactant
X M2l R *
x My (O
n f ROM HZC/ \\CJ‘R
Z\ i
.?
Q_C)@Q\h so 6\)\
O =%
X Hzc‘:‘ /RZ H\
X H H R1/C\C$R2
N ROMP \ _C. - H
— I e Ri™ “CH, CM +
H,C=CH,
Intermolecular enyne methatesis
cl, RV 74
cIr U=\
(3-5 mol %) HG  CHp
Rl——R2 + HCs -
RT, 1 atm, 45 h 73

J. Am. Chem. Soc. 1997, 119, 12388. .



Mechanistic rationale

PPhs 72 3 times [2+2]
I__i|/ph cycloaddition/cycloreversion
Ru

cf = 75 J_i
Ph
Ph _L» LXzRU
LXZRE/ LXZRU CH2 77 79 H

R" R?
76 LX, /
H,C. CH, [Ru CH,

R1 R2 R1 RZ ,/CHZ
________________________ - M S R .
Representative substrates MeO,C | |

TBSO \ Coordination
of N with Ru,
— prevent
OBz -
72b cycloreversion
53% to 79
Ts,
N
1\/0 — n-hex _\—:
OAc
72c 72d 72e 26
48% 81% 11%




Tandem ring-closing/ring-opening

Ts

N
Q (- "sen, g

81 Me

“LCIZRU =CHj

CZ%«

CHo

cl, PCY3 74

cir RU=\
(10 mol %)

CH,Cl, ~
RT, 1 atm, 24 h CH; HyC
56% 77
’ 82 LCI2Ru =CH,

H Cs
Ts

L(:|2CHZ

LC|2
84

Under Ar: only substrate

Org. Lett. 2001, 3, 1161.  holymerization

27



Ethylene-promoted intermolecular alkyne—ene cross-metathesis reactions

Mes—Ny_N-Mes
e 1
89 | ,Ru=\
CI¥ b
PCY3 Me
Me (5 mol %)
+ A opc + 120y, g st/‘\”/\”OAC @)
BzS" CeH
87 goa CH,
. RT, 5 psig, 12 h
86 (9 equiv) 88
86%
(1.0:1.3E/Z)
w/o ethylene:
22 %

(1.1:1 ElZ)

Active species: [LCI,Ru=CH,] or [LCI,Ru=CHOACc]?
Multiple reaction mechanisms may be operating simultaneously

Org. Lett. 2003, 5, 3819.

28



Ethylene in Intramolecular ring-closing enyne metathesis reactions

PCy3

Cl.1 74 CH,
Il CI U= ) (74 mol %) t[n] Atmosphere Yield [%
A PCys Ph i (mol %) t[h] Atmosphere Yield [%)]
CR.CL - G
212
'INs RT, 1 atm Ts 3 2.5 § 99
90 91

Mechanistic rationale

.CH TsN
LChRuy, |
\L RuLCl,
N
i s . \Ru LCl» 90 \
Ts A\ .
92 5 —

LCLRu=CH, 77 N N 95

Ts 93
@) HCI | __.i
2 RuL% v Ts
N

N\_//
H,c*2 7 RutPCys
N Ts 94 — Cl
Ts
Ts
1. J. Org. Chem. 1998, 63, 6082. [Ru(enyne),]
2.J.

Am. Chem. Soc. 2011, 133, 15918.
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Grubbs’ second-generation catalyst

Mes— N\_/N Mes

A

89 Ru=\ o

| | PCY3 Ph |

A (5 mol %) s
H

\L J + ZC\CHZ -

N PhMe N
Ts 80°C, 1 atm, 1.5h Ts
90 91
38%
oxidative
cyclization| Lp

‘ \
K L,ClLRu L,Ci
insertion B-hydride
elimination

99

1. Organometallics 2008, 27, 6313.
2.J. Am. Chem. Soc. 2003, 125, 5606.

100

Ts

97
12%

A

/H
R
/|
N

reductive
elimination

30



Nonmetathetic Ethylene: Ruthenacyclopentene Inter ediates
[Cp*RuCl(cod)]
AN II (5 mol %)
¥ o
PhMe

MeO,C CO,Me RT,1atm,3h MeO,C CO,Me MeO,C CO,Me
106 107 108
85% (not observed)

Additional scope

ggg¢@

97 109 110 111 112
83% 70% 74% 49% 46%

(64% at 0 °C, 40 h)
Isotopic labeling experiment

2 [Cp*RuCl(cod)] /
u
I (5 mol %) D (90%)
\ % / -
PhMe
RT, 1 atm, 24 h
OBn OBn OBn OBn

113 . 114

Organometallics 2008, 27, 6313 85%,



4
[Cp*RuCl(cod)] O
| | (5 mol %) /
\\ + // + O
PhMe
RT, 1 atm, 3 h
OBn OBn OBn OBnN OBn OBn
115 116 117
quant. not observed
| RL{_HC|
124 CHs
I R{J LnC|2
\_0O
CHs CHa cH, A 125
| | RuLnCl | RuL,Cl,
- _h;' O
O 0 Z
128 _ 127 126

Organometallics 2006, 25, 799.
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Me
Ts

129

Ph +

H Rui
. —( CI
[Cp"RuCl(cod)] TS“NM Ph
(5 mol %) e
MeCN
RT, 1atm, 1h ﬁ
|\|-'Me
132

React with relatively electrophilic B-carbon atom

Org. Lett. 2011, 13, 2718.
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Summary

Mizoroki-Heck-Type Reactions

High temperature and pressure, limited electrophiles
Multicomponent Coupling Reactions

Limited substrates, high catalyst loading, no enantioselectivity

Hydrovinylation Reactions

N 6 S & X o

Moderated ee, isomerization, oligomerization

Limited example, no functional handle, potential asymmetric ethylation
Olefin Metathesis Reactions
Well-developed, minimization of competing metathesis reaction

Nonmetathetic Ethylene

N @@ X 0 X

Oxidative ruthenacyclopentenation step Earl/y i its evolution!

34



Thank you {or your attention!



Application

M ~
2 1. H?C\CH2

74 (30-50 mol %

Me
)
CH.Cl, (0.003 M)
€ 45°C. 1atm 21h 2C
> OMe —
2. TBAF
=

Me OTBS
102 -
42% (mixture) — > 105
H,C Me
OMe 74
(30-40 mol %) H,C
CH,Cl, (0.003 M) O OTBS
OTBS 45 °C, 1 atm, 40 h
OTBS
TBSO

31%

(—)-longithorone A (105)

J. Am. Chem. Soc. 2002, 124, 773.
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