Master Course 2018-19
in Organic Chemistry

methods and design
in organic synthesis

a8 ([JNIVERSITAT e

BARCELONA

Pere Romea



4.2. Single & Double Bonds
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Alkyld  Alkyla

Potential precursors AL X\

Alkyl lithium Alkyl halide, X: Cl, Br, |
RSO,
Alkyl magnesium halide Alkyl sulfonates

M: Li, MgX M: halide, sulfonate

The reaction is plagued by many side reactions due to high pK, of Alkyl-d (pKa 45-50)



(—-) Hennoxazole A
antiviral

Smith, T. E. JOC 2008, 73, 142
Polyfibrospongia



MeO

MeO




Oxazole alkylation studies

-

two potential
reacting sites



Oxazole alkylation studies

O: base O Li \ L O
j ’ o - j /, ~— I />_
N —78 °C

Ph

Ph” "N Ph” "N
Meli Meli
ratio 1:2
: : O Me Me O
BuLi LDA  LiNEt JI >t I >—
(14:86) (37:63) (99:1) Ph” N Ph N
1 2

This reversal of regioselectivity is thought to arise from

the ability of Et2NH to mediate the low-temperature equilibration of a kinetic mixture of
otherwise noninterconverting lithiated intermediates

However, such a situation was dramatically modified in a model close to the TGT structure

TAKE-HOME MESSAGE: the model should be as similar as possible to the real system




Oxazole alkylation studies

single product Chelation could be the reason
MeO_ OMe — MeO OMe MeO OMe -
)): ‘ base /> J
—78 °C
three potential base: BuLi, LDA, LiNEt2

reacting sites
These results suggest that deprotonation

at the heterocycle is thermodynamically as well as kinetically favored

SOLUTION: BLOCKING THAT POSITION?

TBS TBS Me TBS
MeO OMe _78° MeO OMe MeO OMe
/)_ 1) base, —78 °C . >_/ . >_/
2) 2 equiv Mel >k<_ >KS_

ratio mono:di:SM

BuLi LDA LINEt2
(60:12:28)  (43:8:48)  (88:5:7)



Alkylation of QTBS

the real system /EME TBS
0 N »/2/\0
MeO ~ H \ ; N/)\

1) LINEt,, THF, —78 °C

(-) Hennoxazole A




Alternative (I): Terminal Alkynes

FGA
®
AN T NN o,

Alkynyld Alkyla

R——H + n-Buli > R————Li + n-BuH
THF, -78 °C

pKa ca 25 pKas 50

R———H + EtMgBr > R———MgBr + EtH




Larva of Mexican bean beetle

Epilachnadiene
defense agains ants

Rao, B. V. TL 1995, 36, 147



OH OH
FGI

N OH —— Q OH

U

OH
Br

Alkyl a Alkynyld

0 OH

LN = —— %{)\/\ Alkynyl d
Alkyl a Alkynyld

Rao, B. V. TL 1995, 36, 147



Alternative (Il): Organocuprates

ORGANOCOPPER REAGENTS, easily prepared by transmetallation, are very selective

RLi + CuX » RCu + LiX Monoorganocopper
2RLI + CuX > RoCuLi + LiX Homocuprates or Gilman’s reagents
RLi + CuCN >  RCu(CN)Li Heterocuprates
|
_
' R
- sy ~ e
90% b 90%

<Shs @f
@A/Me OMe



Cecropia moth

: : N N
A classical synthesis 5 OMe

() Cecropia Juvenile Hormone
Hormone involved in the development of larvae

Corey, E. J. JACS 1968, 90, 5618



1) TsCl, pyr 1) H3;0O* j\/\/‘\/\
j\/\OH - X - N X0

2) Ox X OTHP 2)LiAHg, then i,

X __OTHP
lLiZCuEtz
- j\/\j\/\ j\/\j\/\
——TMS PBr,
X X Br X X OH
P TMS P H
™ ™ z o ™ ™ z
1) BuLi
2) CH,0
1) LiAIH,, | g OH
- ™ ™ "oy = ) LiAH, 17 ™ ™ z
2) Li,CuMe,
0 O
. ™ ™ X NOMe - ™ XN oMo



ledomycin D

Maulide, N. OL 2015, 17, 4486

Bacillus species



Strained bicycle
CO.H

0 OH f OH : ?o
HO Jk%\%\/\/\ E— / AN T | 5
" o
4 Electrocyclic transform o NN
Activated Zn CO,H
| QTIPS Then CuCN, LiCl d OTIPS
N NN > ) :
H O ",/\/\
- [// 1) H2804, MeOH
| 2) LIOH, MeOH
—0  98% ) LIOH, Me
H Y
o oH CO,H
)l\/\/\/\/?\ A 4
HO - n,,/\/'\

63% over three steps



Alternative (ll1): Pd-Mediated Cross-Coupling Reactions

cat Pd(0
R'—X + R?—M & R'—R? + M—X
GENERAL MECHANISM PdL, 1
o0 RI—X R": better no 3-H
0 X: 1, Br, (Cl), OTf
R1_R2 Oxidative addition
Reductive elimination
R R
Pd(l)  Lo~Pd Lo-Pd  Pd(il)
R2 X
— - b
TRANSMETALATION M~ R2—-M R2: alkyl, alkenyl, alkynyl, aryl

Farstner, A. ACIE 2005, 44, 674



Pd-Mediated Cross-Coupling Reactions

TRANSMETALATION

Transfer of an organic group from one metal center to another.
The process involves no formal change in oxidation state for either metal.

For palladium-mediated cross-coupling reactions

R—X + Pd » R!'—Pd—X
RiLi, R'IMgY Kumada

R'B(OR) SUZUKI

R'CuL,, SONOGASHIRA

R'ZnY Negishi

R'SnR; STILLE

Mignani, G. CR 2006, 106, 2651
Magano, J.; Dunetz, J. R. CR 2011, 111, 2177



Suzuki Cross-Coupling Reaction

Cspz

cspz

Csps

Pd(o):

Pd(ll):

: 1>Br>0Tf>>dl

@ -
0

Rz_ R2- B :@ R2: alkenyl, aryl
o

RZB{ R2-9-BBN ] R: alkyl

Pd(PPhs),
Ph
@—P\’Ph
Pd(OAc),/PRs;or AsR;  Fe PdCly
©_F|)\ Ph
ph " for Csps—Cp

dppf

Pd(0)

Base

RI_RZ




Suzuki Cross-Coupling Reactions

0.2 mol% Pd(OAc)»

C)g + = o, - NO,
OH Acetone /H,0, 65 °C —

97%

2 mol% Pd(PPhg),
AN NaOEt =
| -
= PhMe, 65 °C

98%

3 mol% Pd(PPhs),, NaOEt

PhMe, 85°C
> W/OTHP 73%
L?@
N B\O



Suzuki Cross-Coupling Reactions

H
OMe B OMe
OAc
OMe OMe
S N AN Csp3—Csp2 Coupling ) '
_ ‘OTBDPS “OTBDPS
)1N N THF, rt
T
PACl,(dppf), AsPhs B OTBS | | | OTBS
Cs,CO; 71% Regioselective Hydroboration
DMF, H,O
° OMe

OMe

““OTBDPS

\

OH

OTBS
Epothilone A

Danishefsky, S. ACIE 1996, 35, 2801

HO OMe

= OTBS

5 mol % Pd(PPhg)4,TI,CO5, THF/H50, rt

91%

(+) Herboxidiene
GEX IA

Romea P.; Urpi, F. OL 2011, 13, 5350; OBC 2017, 15, 1842



Sonogashira Cross-Coupling Reaction

Csp2 ©/ X : 1> Br = OTf>> Cl RI-
+
Kq 25 Kq 12
p ?ux p i )
H———R?2 + CuX H—R? ﬂ»x()u :R_ZI + R3NH XCy—=——R?
The acidity of Csp—H is enhanced via t-complexation
Pd(0)
Pd(0):  Pd(PPh3)4
v
Pd(ll): ~ PdCl(PPh3);
RI—=——R?

Doucet, H.; Hierso, J.-C. ACIE 2007, 46, 834



Sonogashira Cross-Coupling Reactions

5 mol% PdCl,(PPhs),
CO-Me Cul, EtN

\ CH4CN, —20 °C tort

™BSO OH

>

85%

Meyers, A. I. JOC 2001, 66, 6037

TBSO
W
=

TBSO O O

A

5 mol% PdCl5(PPhs),
Cul, Et5N
CH3CN, 20 °C tort

Y,
S N Co,Et

Y,
S N—Co,Et

74%

Kirschning, A. ACIE 2008, 47, 9134



Stille Cross-Coupling Reaction

Csp2 ©/ X : 1>Br>0Tf>>l R!-
+
Rz alkynyl > alkenyl > aryl > benzyl = allyl > alkyl R?-SnR;
Pd(o):  Pd(PPhs),, Pd,(dba)s/PR;or AsR; Pd(0)
Pd(ll):  Pd(OAc),/ PRs or AsR; v
RI_RZ




Stille Cross-Coupling Reactions

SnBU3

yi
BusSn

20 mol% PdCl,(MeCN),, i-ProNEt
DMF / THF, rt

OMe OMe

27%

“'OH “'OH

Nicolaou, K. C. JACS 1993, 115, 4419

Extraordinary Functional Group Tolerance

20 mol% sz(dba)3, ASPh3
CuTC

NMP, 35 °C

50%

Williams, D. R. JACS 2001, 123, 765



Stille Cross-Coupling Reactions

A total synthesis of Chivosazole F
shows the tremendous potential of the Stille coupling

Chivosazole F

Paterson, I. ACIE 2017, 56, 645



Stille Cross-Coupling Reactions

A total synthesis of Chivosazole F
shows the tremendous potential of the Stille coupling

MeO,, X Br
. . : ¢
Stille coupling om
I Me3Sn

2 Stille coupling

-------
. L3
I“‘

. O O O\ ,O

MeO,, N U | j/ Si

O« t-Bu t-Bu
. P
(OCH,CF3),
OH OH >
i /~0
AN ; SG olefination
T \— OH , 1 Stille coupling ¢ 3 fi

\ Stille coupling \ . y

O

Stille coupling Still-Gennari olefination BusstH BusSn \/\H/H
OTES

The Stille coupling were carried out using Pd(PPh3)4 and
CuTC [copper thiophene-2-carboxylate]

Paterson, I. ACIE 2017, 56, 645 See Fiirstner, A. Chem Commun. 2008, 2873



Heck Reaction

cat Pd(0 1
RI=X + ZOR2 - O, RA~g + ne®x°
ase
HX ez o X:1,B R1:c:TO£_TH
Reductive elimination . / \\ Oxidative addition 1, Br, (Cl), OTf
R
H-Pd-L L—P:d—L
X Pd(0): Pd(PPhj),,
E Pd(dba),+PR;
E olefin f R2 Pd(Il): Pd(OACc),,
L PdCI,(PR3),,
PdCl,(CH5CN),
R1
|—Pd L | —Pa-L
R2 X R2 )l(
Base: RsN, R.NH
\ AcO-, COz-
B-Hydride elimination R H Olefin insertion
H\:—H H\:'_R1
RZT_P,d_L < RZ'E_Pd_L

H X H X



Heck Reaction

The regioselectivity of the Heck reaction is not completely defined.

Two pathways are available for the olefin insertion ...

RZTFU R2 R1 R1
| I
Pd-L = T-Pa-L  versus || —Pd-L -
| | | R2
X X R2” X
Particularly important when R2: EDG
or the 3-hydride elimination ... .
—H I/U/
H r
R g
| H
| —Pd-L - Pd-L
X X R1
R2 _H

PId—L



Heck Reactions

@)
\)J\OMe

2 mol% Pd(OAc),
EtsN

CH4CN, A
68%

Br

0.02 mol% Pd(OAc)»
BU4NC|, KQCOS

DMF, rt
90%

©/\
1 mol% Pd(OAc),
OMe P(o-Tol)s, EtsN

CH4CN, A
63%

10 mol% Pd(PPhg),
EtgN

>

DMF, A
69%




Alternative (1V): C=C Bond Forming Reactions

E- Alkene > Wittig (stabilized ylides)
HWE
Julia- Kocienski

Metathesis

Peterson olefination
Tebbe olefination
Takai olefination

Z- Alkene >  Wittig (non-stabilized ylides)

Still-Gennari, Ando




limination

reduction

R! R? R?

U

R1

McMurry alkene metathesis |

2\

=0 0= /= |
/_ _\R2 R1 R2

RZ

U

{

© Gareth Rowlands



C=C Forming Reactions: Carbanions and Carbonyls

0O X
R1JI\R2 * R3é)\R4

Regioselectivity is not a problem ... The only concern is stereoselectivity!

. X: Si, Peterson Reaction

Si

R;P+, Wittig Reaction
R.P=0, Horner-Wittig

(RO),P=0, Horner-Wadsworth-Emmons (HWE)

B xS, Julia-Kocienski Reaction

oat]

B xrp Wittig Reaction and variants

0 Georg Wittig
I}II’N\>_ISI‘_§ Nobel Prize in Chemistry 1979
N~N (B

Ph ... for the development of the use of

phosphorus-containing compounds
into important reagents in organic synthesis



Wittig Reaction: Concept

B Wittig reaction: addition of a phosphorus ylide to a carbonyl

R1 R3 R1 R3
=0 + RpP=< - = +  O=PRg
R2 R4 R2 R4
Phosphorus Ylide Phosphine Oxide
O
R1J\H + R3P§/R2 - R1/\/R2 + RK\
H E z B

Thermodynamically favored

Non-stabilized ylides R2: alkyl minor MAJOR
Semi-stabilized ylides R2: aryl mixtures (E > Z)
Stabilized ylides ~ R2: CO;R, CN MAJOR minor

Maryanoff, B. E. CR 1989, 89, 863
Nicolaou, K. C. Liebigs Ann. 1997, 7, 1283



Wittig Reaction: Mechanism

The mechanism of the Wittig reaction has been the subject of much debate.

Initially, Wittig described this reaction as an addition to a carbonyl...

PPh,

ST

PPh,

H)J\H

@O:\
®
S —

Betaine

O_PPhS

)i‘

R

Oxaphosphetane

The thermodynamic force of the reaction relies on

the P=0 bond

... but the accepted picture in the absence of lithium salts is rather different nowadays

@) PPh3 ?h\\Ph
)J\H + HJ\H > )Oj\Ph

Formal [2,2] Cycloaddition

Pseudorotation

R

Ph. Ph
O-P—Ph

p=

R

O=PPh,

/:



Wittig Reaction: Mechanism

Wittig reactions carried out in the absence of lithium salts (salt-free Wittig reactions)
are described as kinetically—controlled transformations...

i R IR i BE:
Ph O O PPh,
Pha J ~ )\ H
a I G g
Ph H R2: alkyl R2: CO2R Ph 0
l l rds
O_PPh3 O_PPh3
\ ]_l , cis-oxaphosphetane trans-oxaphosphetane ‘ )_l ,
H 'H H 'R2
R1 R2 R1 H
rds l l
O:PPh3 O:PPh3
+ +
R1TX Vedejs, E. JACS 1989, 111, 5861 ~R? "
£ alkene /\R? Aggarwal, V. K. & Harvey, J. N. JACS 2006, 128, 2394 R & alkene

Gilheany, D. G. JACS 2012, 134, 9225
For a review, Gilheany, D. G. CSR 2013, 42, 6670



Wittig Reaction in Synthesis

1) BuLi, THF-HMPA, —78 °C
OTBS

OTBDPS

Through Non-stabilized ylide

Z olefin

— R:TMS
PPTS 75% over two steps

—> R:H

CHO

Nicolaou, K. C. JACS 1995, 117, 10252

0”0 o) Brevetoxin B



Wittig Variants: Concept

B \Wittig variants: addition of phosphonate carbanions to carbonyls

O O R? O
I o I
.+ RouPEEWG - ANUEWG 4 pouwPl O
R" R / R / O
RO R3 R3 RO
Phosphonate Carbanion Phosphate salt
Phosphonate

(AlkylO)2,POCH,CO;R? Horner-Wadsworth-Emmons
(CF3CH;0),POCH,CO;R? Still-Gennari
(ArylO),POCH,CO2R? Ando



HWE, Still-Gennari & Ando Reactions: Stereoselectivity

O 9 O
T (R@fgkmz
Phosphonate
Horner-Wadsworth-Emmons  (AlkylO),POCH>CO;R?
Still-Gennari (CF3CH;0),POCH;CO2R?
Ando  (ArylO),POCH>CO;R?

R'I/\/COZRZ +

E
Thermodynamically favored

MAJOR
minor

minor

minor
MAJOR
MAJOR



Still-Gennari Reaction: Stereoselectivity

Still-Gennari reaction provides a reliable entry to Z olefines ...

O O
I 1) KHMDS, 18-crown-6, THF
/P H ) . R \
(CF4CH.0)5 \)J\OMe 2) RCHO /\<|:o2|v|e
CHO CHO
NS CHO O/ X CHO ©/
12:1 90% 4:1 74% >50:1 87% >50:1 95%
O O
I 1) KHMDS, 18-crown-6, THF
_P ’ ’ >~ R™ ™
(CF3CH,0); %OMG 2) RCHO /\ngMe

CHO CHO
o~~~ CHO [::]/ A~ CHO [i:j/

46:1 88% 50:1 80% >50:1 79% 30:1 95%

Still, W. C. & Gennari, C. TL 1983, 23, 4405



Ando Reaction: Stereoselectivity

Ando reaction also gives Z olefins ...

O O
I 1) NaH or R,NOH, THF, 78 to —10 °C
P Y
_ -
(PhO)z OFEt 2) RCHO CO.Et
CHO CHO
NS CHO O/ X CHO @
90:10 100% 91:9 98% 89:11 97% 93:7 98%
0
.y (.P? 0 NaH, THF, —78 °C Ny B
+ - >
(PhO), \Hkoa CO.Et

Z/E 955 85%

Ando, K. JOC. 1997, 62, 1934; JOC. 1998, 63, 8411



HWE & Variants: Mechanism

It is generally accepted that the stereoselectivity of the HWE reaction is a result of
both kinetic and thermodynamic control upon the reversible formation of the erythro and threo adducts
followed by the oxaphosphetane formation, pseudorotation, and decomposition to olefins.

© O
HO O O O O O
P - 5 L p
R™ 7 “(OR), — R)LH + (RO){P\)J\OR = Ry D(OR),
H CO.,R o RO,C H
threo erythro
0° o
O-P—(OR), O-P—(OR),
R COR R COR
@) R O
. in, T. 1 128
R/\)J\OR Brandt, P. & Rein, T. JOC 1998, 63, 1280 MOR

Ando, K. JOC. 1999, 64, 6817



Wittig, HWE & Variants in Synthesis

O O

I
P
(CF3CH,0)5” %

KHMDS, 18-c-6

YO Y THF, —78 °C

>< Z/E 20:1 80%

O

Ph.P
3 Ykoa

PhMe, 110 °C

Wittig —
Stabilized ylide

E/Z 10:1 87%

X

O O O

P
(Et0),” \Mo

NaH
THF, 0°C tort

E only 93%

Tirandamycin C Yadav, J. S. JOC 2012, 77, 9628




Wittig, HWE & Variants in Synthesis

Wittig
0 | 0 O OTBS
)K)\fo Ph3PCH,Br, BuLi /U\)\/ P
' / >
=0 THF, -78 °C EtO H
H
89%
9
P . .
MeO)H/ ~(OCH,CF3), Still-Genari
) ~ KHMDS, 18-c-6, THF, =78 °C ZIE > 20:1 90%

O O

Still-Genari P
MeO (OCH,CF3),
ZIE > 20:1 96%

Y

KHMDS, 18-c-6
THF, -78 °C

o 9%
P
MeOJ\/ ~(OMe),

\OH
) BuLi, DMPU, THF, 0 °C
HWE
E/Z>20:1 98%
Archazolid F

Menche, D. OL 2019, 21, 271




Julia-Kocienski Reaction: Concept

Het-SH >

RX (Sx2)
or ROH, DEAD, Ph4P (Mitsunobu)

N
@[ Y—SO0.R
S

BT PT

N -N
1 H>—SO0.R
N-N

Ph

Julia,1 991 Kocienski, 998

0] 0 0O
S [ 0
P r S
Het R Het~ S R
Sulphone
-N N
N \>_ SO.R GSOQR
N “N .
"+-Bu
TBT PYR
Kocienski, 2000 Julia,l 993

B Julia-Kocienski reaction: addition of sulfone carbanions to aldehydes

©

- R1\/\R2 + SO, + HetO

Blakemore, P. R. JCS Perkin Trans 12002, 2563; Aissa, C. EJOC 2009, 1831



Julia-Kocienski Reaction: Mechanism

B Sulfone acidity

0 0 R H Me
Ph/ ~ PKG 290 3[0

O
N
@/\\}/ ~ RCHO, Base
S

N 2
Ty P o xS
S R1 > O//S\ 'O,
R R2

For a computational analysis of the Julia Kocienski reaction, see
Legnani, L.; Vidari, G. JOC 2015, 80, 3092



Julia-Kocienski Reaction: Stereoselectivity

Q 0.9
7 \\-S —78°C tort c
More E
M PhMe Et,0 THF DME
Li 50:50 50 :50 66 :34 70 :30
Na 54 :46 50 :50 62 :38 /5 :25
K 54 :46 50 :50 54 :46 76 :24
O \ /
H + N NY ~ N MN(S|M93)3 . X ~
N-N. —78 °C tort £
Ph
More E
M PhMe Et,0 THF DME
Li 51 :49 61 :39 69 :31 72 :28
Na 65 :35 65 :35 7/3:27 89:11
K 77 :23 89 :11 97 :3 99 : 1

Kocienski, P. J. Synthesis 1998, 26

More E



Julia-Kocienski Reaction: Stereoselectivity

M v
~N N\ .
g N
N N‘N,
TBSO TBSO 0.0 Ph
\\ Y/ I
NN 7, (@) ‘\\CHO > N ‘,, @) ‘\\‘\/\/S N
ﬁ@ KHMDS, THF, 78 °C Pl‘j [N
, : NN/
TBSO E/Z>20:1 83% 1850~

OTMS

T A

H : o

1850 M/\
X O P 07 N N\ OTBS
w -
" R'. O “\\
TBSO™ <

OTMS E/Z12:1 65%

4

o
/

LIHMDS, THF, —75 °C, then HCI

OTBS OH

o .
R: )J\/\/\}'{
HO O \ )

Lasonolide A

Hong, R. ACIE 2018, 57, 16200



Stereoselectivity of Wittig, HWE & Variants

. RIS X R?
R1JLH ' H)G)\R2 /\Rz fORTY
Z olefin E olefin
Regioselectivity ¢ Stereoselectivity (Z versus E) z

Z olefin E olefin

SR R O R e

Julia-Kocienski

Hé\ EWG | Still-Gennari & Ando Wittig & HWE



Synthesis of Natural Products

N

t-Bu O N S\/\/OTBDPS t-Bu (@) t-Bu @)
T o W ' * 0.0
o .o Jl =~ NN O L., O .wx -~ OTBDPS O O oS ~_S._N
| H - . G
LHMDS, 5:1 THF-HMPA s
0 ) —78°Ctort 0 ) o o
~ E/Z 12:1 67% ~ ~
Q
P CO-M
(CF3CH,0),” Y 2ve

LDA, THF, =78 °C

KHMDS,18-crown-6 Y| E/Z 20:1 70%

THF, —78 °C
E/Z 115 85%

KHMDS,
THF, =78 °C to rt

Z 60%

—— R': TBS
|, RiH R2 % R': TBS Lee, E. JACS 2002, 124, 384
Lasonolide A




Other C=C Bond Forming Reactions: Peterson Olefination

R/ R
0 SiMe; M )\/S'M
_ iMe e
R’J\H " HJ@\RZ ' ”O)\f © ot HOTY
R2 R2
acid acid
base
Remember elimination reactions
to understand the mechanism R’/\ R,/\/R2
RZ

Nozaki-Hiyama-Kishi-type coupling

L

1) Br” “SiMeg

; <" CHO CrCl,, THF, 15 °C
PMBO TBSO OPMB 2) KOH, MeOH/H,0  PMBO
OTBS 81%

Novartis approach to Discodermolide. OPRD 2004, 8, 92, 101, 107, 113 & 122



Other C=C Bond Forming Reactions: Tebbe Olefination

=2

\ W\ 7/,
+  AlMe; - Ti;CI,"AIMeZ + HC

i QC’
% cl PhCHS, rt %

) S £
+ Til s AIMe, -
R "R % cl PhCH;

From a mechanistic point of view, it looks like a metathesis

= = o = H
\ e ,,,I/< 2

\ - . . ,
T’.;CIV'AIMGZ ~ Ti— > TI\O '

<

;



Other C=C Bond Forming Reactions: Tebbe Olefination

\
Olefin )J\ S Ti=CH, R R)J\R Olefin

oA Aldehyde % Ketone

O 0]
JC J CH,

CH; R™ “OR R™ “NR
Vinyl ether JIq ; ’ I Enamine

R OR

Acid chloride R/U\C/

Y

CH,

Titanium(1V) enolate
(V) R)J\OTICPZCI

The Tebbe-Petasis variant utilizes Cp,TiMe;

/ﬁ\ szTiMEZ _ /U\

R X R X



Other C=C Bond Forming Reactions: Tebbe Olefination

> The Tebbe reagent is a non-basic reagent

> Highly reactive in front of sterically hindered carbonyl groups

Wittig Tebbe

O

\i/ - - \é/ 89% 97%
O

Joolnnils QIR

O
Pine, S. H. Synthesis 1991, 165 Phﬁ)k - Phj)k 38% 63%
Ph

Ph

A3

77%

> The Tebbe reagent is generated and reacts at low temperature

> The Tebbe reagent is a Lewis acid sensitive to moist and oxygen

> The Tebbe reagent is limited to methylenation



Other C=C Bond Forming Reactions: Takai Olefination

[ cr Cr(lll) crl Cr(lll)
r r
O
LH M
s | " 0 R H
R = Cr(lll) ey
RH

lodoolefins are very useful intermediates for Pd-mediated couplings

For an insightful analysis of the mechanism, see Anwander, R. JACS 2018, 140, 14334

Occasionally, it can be applied to bromo and chloroderivatives

Cl OH Cl CHOL GrCl Cl OH Cl
CHO 3 UMl . _Cl
d C Cl THF, 65°C & C Cl
47%

Carreira, E. M. Nature 2009, 457, 573



Metathesis

a key reaction beyond ionic analysis

Handbook of
Metathesis




Olefin Metathesis: A New Reaction?

Olefin Metathesis: the reaction of the 90s?

The Nobel Prize in Chemistry 2005 ...
for the development of the metathesis method in organic synthesis

et T4

Yves CHAUVIN Robert H. GRUBBS Richard R. GRUBBS

Alkene metathesis in all its various guises has arguably influenced and shaped
the landscape of synthetic organic chemistry
more than any other single process over the last 15 years

Nicolaou, K. C. ACIE 2005, 44, 4490

Robert H. Grubbs. The Development of Olefin Metathesis Catalysts: An Organometallic Success Story, in ACR 2001, 34, 1829



Olefin Metathesis: Concept

Metathesis = Meta (change) & thesis (position)

AB + CD » AC + BD

Olefin metathesis can be formally described as the Olefin Metathesis
intermolecular mutual exchange of Theory and Practice

alkylidene fragments between two olefins

promoted by metal-carbene complexes

WRZ [M]= R

Nicolaou, K. C. Classics in Total Synthesis Il. p. 162

Grela K. Olefin Metathesis. Theory and Practice. Wiley
For an analysis, see ACIE 2015, 54, 3856



Olefin Metathesis: Features & Mechanism

Olefin metathesis is a
reversible,
catalytic process (1-5 mol%),
with high levels of chemo-, regio-, and stereoselectivity
R! Cycloaddition
Except for the synthesis of small cycles, 17X R? M= m
the reversible character of olefin metathesis usually \
results in the formation

of the thermodynamically most favorable E product. @ (')"\j

e 5D

—

CURRENT CHALLENGE: KINETIC STEREOCONTROL

Flrstner, A, Science 2013, 341, 1357 R2
Fischmeister, C. ChemCatChem 2013, 5, 3436 N
Grubbs, R. H.Chem. Sci. 2014, 5, 501

==

Cycloaddition



Olefin Metathesis: Catalysts

Ruthenium carbenes, [M]=, the most common catalysts used in olefin methathesis so far

PC MesN NMes MesN NMes MesN NMes
h>= P i'PrQ\i'Pr IL‘g,ZHPh \R(CICHPh \R(CI ICI
W(CO); I= u= u u= u=
R cp N e a’ | a’ | a”’ | a’ |

e " x ﬁ

Katz 1976  Tebbe 1978 Schrock 1990 Grubbs | 1995 Grubbs 11 1999 Hoveyda 2000 Grela 2002

Nicolaou, K. C. Classics in Total Synthesis II. p. 162

For an account of different ruthenium catalysts, Grela, K. ASC 2013, 355, 1997
For a perspective on Olefin Metathesis, Hoveyda, A. H. JOC 2014, 79, 4763

0~3Ru= More complex ruthenium based complexes are being developed
0 to achieve high Z stereoselectivity



Olefin Metathesis: A Powerful Synthetic Tool

Metathesis is widely considered as one of the most powerful synthetic tools in organic synthesis

[ ] o = e Cross Metathesi
> [
C,=C, Cs C, ross ivietatnesis
[] CCFCZ = C% + W Ring-Closing Metathesis (RCM
> i INg-Ciosin etda I
CSZC4 C3 C4 g g €s S( )
C% . C, Cat CC1202 Rine-0 ine Metathesi
i > INng- enin etdatinesis
CB C4 C3:C4 g p g
C1:CQ Cat Pl-] C2 r Met th ,
> ! nyn I
c.=c, Ly yne Metathesis
“1=0 cet T Alkyne Metathesi
- ] n tat I
c.=C, L L yne Metathesis

Nicolaou, K. C. Classics in Total Synthesis Il. p. 162

Blechert, S. ACIE 2003, 42, 1900; Nicolaou, K. C. 2005, 44, 4490

Schrodi, Y. & Pederson, R. L. Aldrichimica Acta 2007, 40, 45

Hoveyda, A. H. Nature 2007, 450, 243; Mori, M. ASC 2007, 349, 121

Grela, K. CR 2009, 109, 3708; Flrstner, A. CC 2011, 47, 6505; Firstner, A. ACIE 2013, 52, 2
Sarabia, F. Synthesis 2018, 50, 3749



Cross Metathesis

Cross Metathesis has to face non-selective couplings ...

RW\R1 - R\/\ + \/\RZ i— RWRQ

R gt == | Ry NG| e EWG/\/EWG|

RW EWG

The geometry of the resultant olefin turns to be E,
the thermodynamically most stable isomer



Cross Metathesis

SiMe
o/ SiMes o/ "SMes o/ TR
N S MesN_  NMes \
- ® © ~ Y . 69% + 25%
0 PhsPMe Br O Ru=CHPh
BuLi 5 mol% CI/ILC
- 3 > Bnc‘ ~——
THF, 0 °C | Bn, | : [\
- . - O
- —\ N
84% N O Y
itti 2 ivalent O
Wittig equivalents @) 5 Mol
CH,CI,, 40 °C, 36 h —_
MesN_ NMes
\rE‘CICHPh
s
SiM d Il’Cy3
\O\/\ ! es CH2C|2
X 40 °C, 36 h
' O
QISIMeS Bn/
’\ 7 S
O P . _N_ O
——_— O 0
| Bn
O\
Me3SiJ

Ghosh, A. K. JACS 2003, 125, 2374



Cross Metathesis

/A

MesN\rCNIMes
Ri=
7|
i(o NO,
(1—2.5 mol %) EWG
NN
TBSO™ " "X + X EWG > TBSO AN
CHJCl,, rt, 30 min—16 h
O
/\WJ\ E/Z 1 2%
Grela, K. ACIE 2002, 41, 4038 TBSO 99:1 82%

O

TBSO™ S S0P E only 90%

S CO.Et
M N/_\NM
€s es
L2 5mol % OH
OH OH % 5
= _ >
/\/H/\();n CH,Cly, tt, 24 h OBn

EtO,C
E/Z>97:3 90%

(+) Herboxidiene /IGEX | A

Romea, P. & Urpi, F. OL 2011, 13, 5350; OBC 2017, 15, 1842



Ring-Closing Metathesis

Ago OAc i~Pr° ; i Pr
’&‘ﬁNHCbZ (F3C) ,MeCO" MO%A

O (F3C)2MeCO
>
PhH, rt, 4 h R
| 92%
Hoveyda, A. H. JACS 1997, 119, 10302 Sch38516
1 mol% 1 mol%
Z %
Et02C><:/\ MesN NMes (\/
EtO,C EtO.C N TCI TsN. -~~~ |
><] ~ Ru=CHPh >~ TsN
EtO,C CH.Cl,, rt, 1.5 h a” | CH.Cly, rt, 1.5 h
PCy3
99% 99%

1 mol%

2.5 mol% | |
% MesN NMes f Y
TCI Ph
S R™|"0” ™0 Ri= pn/ © ~
R @) @) CHZCIZa rt, 4 h CHQCIQ, rt, 2 h O

\< 2
99% 99%




Ring-Closing Metathesis

O
ROM & RCM ( pIn
> @)
25 mol%
2 mol% MesN/_\NMes A
PC Y,CI
H2C=CH, fL“g—IZHPh /T“‘
a’l e "0
PCy3 /“'. \<
/ — >
CHQCIQ, rt ',,/ 0O PhMe, A
Ingenol
98% // 76% g

Wood, J. L. JACS 2004, 126, 16300

I\
MesN_ NMes

Ta
I

u_
/|
a 0

10 mol%

OBn PhMe, 100 °C
80%

Streptolic acid

Kozmin, S. JACS 2011, 133, 12172



Ring-Closing Metathesis

For an insightful overview of the impact of
RCM in the synthesis of pharmaceutical compounds see
Yu M.; Loy, S.; Gonzalez-Bobes, F. OPRD 2018, 22, 918

@ Cite This: Org. Process Res. Dev. 2018, 22, 918-946 pubs.acs.org/OPRD

Ring-Closing Metathesis in Pharmaceutical Development:
Fundamentals, Applications, and Future Directions

Miao Yu,** Sha Lou,™ and Francisco Gonzalez-Bobes™

Chemical & Synthetic Development, Bristol-Myers Squibb Company, One Squibb Drive, New Brunswick, New Jersey 08903-0191,
United States

ABSTRACT: Ring-closing metathesis (RCM) has become indispensable in organic synthesis for both academic investigations
and industrial applications. This review provides an overview of RCM reactions, focusing on the practical aspects that
researchers in an industrial environment may find of interest. Key elements of reaction design and lessons learned from these
applications are discussed to help those considering implementing RCM reactions on scale, particularly in manufacturing active
pharmaceutical ingredients (APIs). Advances in the development of more effective catalysts and new methodologies, such as
enantioselective RCM and stereoselective macrocyclic RCM, are also briefly discussed.

KEYWORDS: ring-closing metathesis, industrial application, process development, reaction scale-up, pharmaceutical manufacturing




HWE & Enyne & Cross Metathesis

TOTAL SYNTHESIS of DIHYDROXANTHAIN: synthesis of C=C in action

HWE
0 0
0 Ve~ PN'OMe |, BuLi 0O O M EtN, LiBr 0
TBSO\/'\)J\OM OMe . TBSOMP-\.,OMe H . TBSO\)\)J\/\
e THF, —78 °C OMe THF, 0 °C to rt

75% over two steps

5 mol% Enyne metathesis
MesN/_\NMeS
Ta
) C,/:EZ—CHPh
TBSO\)\)J\/\ 5 "
CH20|2, rt

70%

R

Cross-Metathesis

O MesN/_\NMes
c
5 mol% /ﬁw‘:c;-lph
1) LDA, THF, —78 °C e
> >
2) Mel CH2C|2, rt
dr 20:1 90% 66%

Morken, J. P. OL 2005, 7, 3371



Cross Metathesis: E/Z Diastereoselectivity

Ajournal of the Gesellschaft Deutscher Chemiker ’ !

GDCh

International Edit:on Chem’e

www.angewandte.org

2015-54/17

Chiral Sulfoxide Lignnds
Review by B. M. T and M. Rao
Oleﬁn Cmss Metathesu
eview by R. H. Grubbs and M. B. Herbert
50 Yzars af the Burgenswck Canferznce
Essay by K. r

WILEY-VCH

Grubbs, R. H. ACIE 2015, 54, 5018

Angewandte

R. H. Grubbs and M. B. Herbert
Minireviews

International Edition: DOI: 10.1002/anie.201411588
German Edition: DOI: 10.1002/ange.201411588

Z-Selective Cross Metathesis with Ruthenium Catalysts:
Synthetic Applications and Mechanistic Implications
Myles B. Herbert and Robert H. Grubbs*

cross metathesis - natural products -
olefin metathesis - Z-alkenes

Z-Selective olefin cross metathesis can be achieved
by using a new generation of ruthenium catalysts

\ L AN N-Mes | i _N-Mes | _\N..N-DIPP
= Ay S A sl - |
V’ o—Ru=\ ¥ Ru= ¥ O_-:'-'Ru:.\
L | ":",_‘:.‘ $1 1 / | “>-—_-.‘ _ / | | —
B Qo0 Y oN0o ¢ Yy oNoo Y
|p ’ ‘.‘-_ /" I s \ _/'-", ) 4 "'\ —
r 1 Pr 2 \ Pr 3
5 4\R Ru-catalysts 1-3 _ R/:\R R
THF, 35 °C
30— B




Cross Metathesis: E/Z Diastereoselectivity

The whole world ks reading
plirated papers s w04 s

Neurochemistry of sheeplng
and waking sp 7880

((,f;.,
([Bz=s
LGP

g

Hoveyda, A. H. Science 2016, 352, 569

Thermodynamically disfavoured

alkyl chlorides

can also be prepared through

cross metathesis

Halogenated cdefins

via the Etraln p o0

s
2DAPRL 2008
D e ot §

s

N A

ORGANIC CHEMISTRY

Kinetically controlled E-selective
catalytic olefin metathesis

Thach T. Nguyen,' Ming Joo Koh,' Xiao Shen,’ Filippo Romiti,’

Richard R. Schrock,” Amir H. Hoveyda'*
A

Testing the hypothesis and identification of an effective catalyst:

F
F, F

5.0 mol %
OTBS FY Y

Q N
MeM N
1 Me /Mo\ iPh

> Me

OTBS

benzene, 22 °C, 2 h

(5.0 equiv.)
b.p. =48 °C,
used as received

x_C
M
€ Me
3a

|
E O/\/Cl
3b

Synthesis of alkenyl chlorides by kinetically E-selective cross-metathesis:

2a
(10 equiv.)
used as received

3.0-5.0 mol % Mo-1d

£

benzene, 22 °C, 2-4 h

G\/\CI

: >98% conv., 80% yield,
; 92:8 E:Z

Br\©/\/CI
: 4c

Cl
4d

4a

>98% conv., 65% yield,

>98:2E:Z

E
©/\/C|
4b

>98% conv., 54% yield,

>98:2E: Z

o
AcO
4e

Mo-1a
92% conv., 72% conv. to 3a,
70% yield, 80:20 E:Z

Mo-1b
52% conv., 41% conv. to 3a,
yieldND, 91:.9 EZ

h?Ae O}%‘ rgle é—Bu o;%‘ tt—Bu
Me I O ’ Me t-Bu ‘ O A t-Bu
Mo-1c Mo-1d

78% conv., 70% conv. to 3a,
yield ND, 90:10 E:Z

>98% conv., 93% conv. to 3a,
93% yield, 89:11 E.Z
with 20 equiv. 2a:
93% vyield, 93:7 E:Z

' >98% conv., 60% yield, >98% conv., 69% yield, >98% conv., 75% yield,

>98:2E:Z >98:2E:Z >98:2EZ
~-Cl Ol ~ _Cl
o~ o ay-
i N
FaC (pin)B B
4f 4g 4h

>98% conv., 59% yield, >98% conv., 61% yield, >98% conv., 80% vyield,

>98:2E:Z >98:2E:Z >98:2E:Z
~-Cl ~_Cl
o) l - I [
cl HN S
4i 4j 4k

! 84% conv., 62% yield,
>98:2E:Z

>98% conv., 85% yield,
>98:2E:Z

85% conv., 69% yield,
>98:2E:Z



Cross Metathesis: E/Z Diastereoselectivity

GDVCh Minireviews ﬂ’_”gﬁfm,-e
A Journal of the Gesellschaft Deutscher Chemiker : International Edition: DOI: 10.1002/anie.201704686
A hg'eWandte German Edition: DOI: 10.1002/ange.201704686
GDCh [} . ° o
.. Che’!ﬂ? St.ere(.)retentlv.e .Olefin Metathesis: An Avenue to
36 2017-56/37 Kinetic Selectivity

T. Patrick Montgomery, Tonia S. Ahmed, and Robert H. Grubbs*

molybdenum - olefin metathesis - ruthenium -
stereoretention - tungsten

A ST R.\Z/R' ' R
; % , -
[M]_\R < Z-Selective)

.

AN
— ' S—
With the Program DCh M = MO, Ru, W R
for the Angewandte Fest Symposium I 7 —
Berlin, September 11, 2017 . R
ACIEFS 56 (37) 1095911274 (2017) - ISSN 14337851 - Vol. 56 - No. 37 Wl LEY-VCH

R' (E-Selectiva
Grubbs, R. H. ACIE 2017, 56, 11024 _
Einetic Selectivig via Stereom"

Catalysts can nowadays provide
kinetically controlled E and Z olefin metathesis




Cross Metathesis: E/Z Diastereoselectivity

BocO i. CuBr-SMes,, LiCI, THF, =78 °C
" wigar MNF MsCl, DMAP
\n/\/\/\/ CH,Cl,
° OTBS O OH OTBS 459,
Y
“\\\=/\/\/OH HO _ OH “\\\/
O = cl Ar’N N\Ar o) H
OTBS 5,1 oTBS
5 mol% ,R{'—Q
S
0]
1) TPAP-NMO g — S a0t 7
MO THF, 40 °C
2) HF, CH4CN S
R —_ COzH
] Q\/\/\/\/
89% ™
° : A2-PGJ,
O OH

Xu, C., Stoltz, B. & Grubbs, R. H. JACS 2018, XXX, XXX



Diels-Alder

a key reaction beyond ionic analysis

— DIENE (4m)
S

DIENOPHILE (2m)

Y2 § HOMO
Symmetry-allowed
synchronous overlap
(in phase)
both components are N w* § LUMO
reacting suprafacially

See Chapter 6 & 7



Ring-Closing Metathesis

Diels-Alder and Ring-Closing Metathesis:
two approaches to cyclohexenes

- ) = O = (<

Diels-Alder RCM
+2C-C&-1C=C 0C-C&0C=C
(Catalytic) process Catalytic process

Inter or intramolecular process Intramolecular process
Reversible Reversible

Up to four new stereocenters No new stereocenters



