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Introduction

Kainic Acid (KA) , or kainate, is an
acid that naturally occurs in
some seaweed. Kainic acid is a
potent neuroexcitatory amino
acid agonist that acts by activating
receptors for glutamate, the principal
excitatory neurotransmitter in the
central nervous system.
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Introduction

Kainic acid is a direct agonist of the glutamic kainate receptors and large doses
of concentrated solutions produce immediate neuronal death by
overstimulating neurons to death. Such damage and death of neurons is
referred to as an excitotoxic lesion. Thus, in large, concentrated doses kainic
acid can be considered a neurotoxin, and in small doses of dilute solution kainic
acid will chemically stimulate neurons.
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Total Synthesis of Kainic Acid

Approach for Stereocenters

* Chain Synthesis

* Oppolzer, W.; Thirring, K., Enantioselective synthesis and absolute
configuration of (-)-.alpha.-kainic acid. Journal of the American
Chemical Society 1982, 104 (18), 4978-4979.

* hevliakov, M. V.; Montgomery, J., A Stereodivergent Approach to
(-)-a-Kainic Acid and (+)-a-Allokainic Acid Utilizing the
Complementarity of Alkyne and Allene Cyclizations. Journal of the
American Chemical Society 1999, 121 (48), 11139-11143.

* Ring Cut Down

* Hanessian, S.; Ninkovic, S., Stereoselective Synthesis of (-)-a-Kainic
Acid and (+Z)—a-AIIokainic Acid via TrimethylstannYI-Mediated
Radical Carbocyclization and Oxidative Destannylation. The Journal
of Organic Chemistry 1996, 61 (16), 5418-5424.

* Nakagawa, H.; Sugahara, T.; Ogasawara, K., A concise route to (-)-
kainic acid. Org Lett 2000, 2 (20), 3181-3.

* Direct entry



Total Synthesis of Kainic Acid

Approach for Stereocenters

* Chain Synthesis

HOOC

COOH

NH :> EtOOC N~

0]

—>

HOOC, H

O

HO/m\/A\erOH

NH,

(S)-glutamic acid

Boc

—>

EtOOC

HOOC H
N
H

.Boc

Clayden, J.; Menet, C. J.; Tchabanenko, K., Tetrahedron 2002, 58 (23), 4727-4733.




Total Synthesis of Kainic Acid

Approach for Stereocenters

* Ring Cut Down

CO,Me CO,Me
H MeO,C B =2
HOOC (;:OO 22 M -NB o H >
oC 3 NBoc
NH
—> - —> m
H O . H O
HO ’

: P
B ocC
—> LﬁNBOC —> ~
; H
O e
H to,Me
OMe

Clayden, J.; Menet, C. J.; Tchabanenko, K., Tetrahedron 2002, 58 (23), 4727-4733.



Total Synthesis of Kainic Acid

Approach for Stereocenters

* Direct entry

Q.0

)j\/,\/COﬂ-BU

O

10

>

CN/\ITN'S’
O

S-9

/ﬂ*«z_i‘“cozH

N~ CO.H
N

(-)-kainic acid (1)

Oe, K.; Ohfune,Y.;

Michael addition-
cyclization reaction

diastereoselective

reduction
O
g/ —CO,t-Bu
olefination 0o
 — S"
N
P

Shinada, T., Org Lett 2014, 16 (9), 2550-3.
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Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Synthesis Route

* Retrosynthesis

HOOC

N/

COOH HOOC H
NH |:> EtO0C
o) o)
——> HOWOH

NH,

(S)-glutamic acid

Boc

—>

EtOOC

HOOC H
N
H

.Boc




Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Synthesis Route
i(i)i(H 1. BHg, THF, -15°C, 13h, 57% OTBS NaH, HMPA, r.t., 16h
.. .Boc > | >
EtOOC N 2. t-Bu(Me),SiCl, NEt /\/(H 5 /\)\
H DMAP, CH,Cl,, r.t., 3d EtOOC N B \F
92% H
2 3 77%

1. CgHsSeCl, THF, -78°C, 45min

OTBS . OTBS
|/,,H Li N |/,,H

EtOOC N 2. Hy0,, Py, CH,Cly, r.t., 15min
48%




Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Reduction & Protection

HOOC H 1. BH3, THF, -15°C, 13h, 57% OTBS
.- Boc > H
EtOOC N 2. t-Bu(Me),SiCl, NEt;, -,
H DMAP, CH,Cl,, r.t., 3d EtOOC/\/<N/BOC
" 92%
3
@Mechanism
L, Tm (A e — 1
R ~oH M2 R” 0 R Lp B
3 73
H H
X
5! 0" R H H
— H O B BH, é workup X
T ~ —_— R i?" "t? — = R OH
R o;a B B
_)‘f‘ ”:,J\n‘ “0” "0
=
H
R AH




Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Alkenylation

OTBS
Ly

L H NaH, HMPA, r.t,, 16h “,
Z [ ) ) _ ,BOC
o0c Ky BoC £00c" N
A Br/\)\

3
77%

OTBS

OTBS 1. CgH5SeCl, THF, -78°C, 45min OTBS

I I
- H - H
3 Y L B
EtOOC/\/<N’BOC Li N EtOOC/\/(N oc
2. HyO,, Py, CH,Cly, r.t., 15min
48%

4 5
@ Mechanism

L 4
R\/k(() oy P\(O — _/_(
X R X
R
1 X 3
2
k X can be hydrogen, alkyl, or alkoxy

Sharpless, K. B.; Lauer, R. F.; Teranishi, A. Y., Journal of the American Chemical Society 1973, 95 (18), 6137-6139.
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Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Alkenylation

/ o /W/COOEt

B
o ~~COOEt ’ PhSeCH,COOEY

1. R,NLi, THF, -78° ?

2 PhS PhSe™, EtOH .
eCl or PhSeBr room temp 1. R,NLi, THF, -78°

B’ 2. RCH,X, DMSO
CC

Y

R /YCOOEt

SePh

Sharpless, K. B.; Lauer, R. F.; Teranishi, A. Y., Journal of the American Chemical Society 1973, 95 (18), 6137-6139.



Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Synthesis Route
OTBS QTBS
H . H
& toluene P Boc
X .Boc ——>  EtOOC N~
e00c” "y 130°C, 40h
70%
6
5
H
HOOC H HOOC C?:OO
1. TBAF, THF, r.t., 1h g Boc 1. LiOH, MeOH/H,0, r.t., 1h NH
2. Jones’ reagent, acetone EtOOC N 2.CF3COOH/CHCI3, 0°C, 1h
0°C, 20 min 56%
60%



Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

toluene g
: Et0OC n-BOC
130°C, 40h
70%

Cyclization

OTBS

EtOOC/\/<N/BOC

Pyrex tube

6
@ Mechanism
/Ene Reaction
H ‘;fl Aoar | H“*w.lx
+ £

L A lewsis acid \\/ﬁgi

Ene HOMO

Hg\\\\ W ‘
9/0 LUMO

\ ¥=X  Enophile




Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Cyclization
@ Mechanism
COCF
3 JCOCF
N, v
E = COOEt E e E
QOEt WI COOEt
10 2
COCF3 180°/ 5 min (cis) (trans)
o
HC E or 70 /80 h 25 25
3c E L
(t) 1
(Z) =Enophile
COCF3 1800/15 min
o)
3( ] E
CH, o
t Et, AlCl/-35
(9) COOEt —2 ci/ 11 89

(EF)-Enophile

Oppolzer, W.; Robbiani, C., Helvetica Chimica Acta 1980, 63 (7), 2010-2014.
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Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Cyclization

t-Ene -2 (trans)
A (2)-Enophile (R! = COOEY)
B (E)-Enophile (R?=COOQEt)

c-Ene— 10 (cis)
F (E)-Enophile

t-Ene— 10 (cis)
(Z)-Enophile (R!= COOE)
(E)-Enophile (R2 = COOEY)

strong repulsion

=N e

c-Ene— 10 (cis)
E (Z)-Enophile

moderate repulsion

Oppolzer, W.; Robbiani, C., Helvetica Chimica Acta 1980, 63 (7), 2010-2014.
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Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Deprotection & Oxidation

OTBS
L H HOOC H
g 1. TBAF, THF, r.t., 1h LB
EtOOC Nt r EtOOC Nidat
2. Jones’ reagent, acetone
0°C, 20 min
60%
6 7
HOOC H H
~, Boc HOOC (;:OO
EtOOC N~ 1. LiOH, MeOH/H,0, r.t., 1h NH
2.CF3COOH/CHCI3, 0°C, 1h
56%
7 1

Q: What is the mechanism of Jones’ Oxidation?



Wolfgang Oppolzer, Chemischer Informationsdienst 1982.

Total Synthesis of Kainic Acid

Hydrolysis & Deprotection

@ Mechanism

>

Jones’ Oxidation

OH CrO; O

R1)\ R, HpSO, acetone Ri™ R

CI’O3 + H20 — H2Cf'04

(o) e
,‘&;?’OH Oy /O \\ //—)
Cr(VI) H (O OH ~Cr—OH r-—OH
clear orange "o: R, ® OH2 /Q\\R
solution R /I\R Ry H - 2
TH? b :0OH,
chromate ester
O o. _OH Cr(llh
)j\ + ~Cr —_—
R Ry OH green

23
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Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Retrosynthesis

COZt Bu
COOH t-BuO,C SnMej

MO

HOOC

N

o~

—> HO/\i/\OMOM ——> L-Serine

NHBoc




Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Synthesis route

1. (Boc),0
2. CH5N
HO,C™ > OH 22
NHz 3. MOMCI, DIPEA
4. LiBH,4
74%
2: L-Serine

1. HCI, 40°C, 96%

2. Swern then
Ph;P=CHCO,t-Bu
CH,CI,

85%

A\
W

\
0

COzt-BU

)
:

5

O

MOMO
74
1. NaH, THF .

HO™ " ~OMOM SNy
NHBoc 2. B 5—«&
93% 0
3 4
t-BUOzC SnMe3
Me3SnCI
addn. of NaCNBH3 .
t-BuOH, AIBN \ N

88%



Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Protection & Reduction

1. (Boc),0O
2. CH,N,
HO,C™ > “OH - HO” Y “oMOM
o 3. MOMCI, DIPEA —
NH ;
2 4. LiBH, NHBoc
74%
2: L-Serine 3

@ Mechanism
/ Boc Protection \

(\ GN—R H
t.80 O~ ° RN O-t8u +c0; +t-BuoH

O.t8 G
e

Boc,0

o

Methylation

27



Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Alkylation

MOMO
f/
Ho > "omom 1 NaH, THF

: 2. Br g \ N
NHBoc - PINOX O«
93% @)

3 4



Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Deprotection, Oxidation & Olefination

COzt-BU

2. Swern then

Ph3P CHCOzt Bu

MOMQ
7
Z( 1.HCI, 40C, 96% \if
N

0

O CH,Cl,

o)
4 85% 5
@ Mechanism
/ o
o S< o) o)
o o 0.8 D o o
{a —¢« T — ¢
o> Q) | o IN__%g
Swern Oxidation o)
(COCI),, DMSO
OH CH,Cl, 78 °C o < o\
L S Cl g@ H  NEt
R R R™ "R? N S0 T
then EtsN co,T + cot+ /]\ - 0 H
R! R2 R1)<R2
lo
S5
“CH,o o
EGNHCIL pH‘_/ — R1JLR2 + (CHg)ST

o

sulfur ylide

29




Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Deprotection, Oxidation & Olefination

@ Mechanism

Wittig Reaction

o] R Ry R
P Php=  — =X+ PhpP=0
R R R4 R, Ry
1 S
PhyP: — R Sn2 X o R

® R’
Sq — PhaP-:FL_—jH‘\ — pph3:<R
:B

& N\ S
Rs PheP O 2. R
R2 &O R2 R1 [2 + 2] R3 R
, PPh
\—é/ cycloaddition @ 3
R® R betaine
The “puckered” transition state, irreversible and concerted
PhsPxO Rj
— R/)ﬁras —— PPhy=0 + RZ&er
R' R2 R

oxaphosphetane




Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Cyclization
CO,t-Bu
t-BuO,C SnMe
e3on ®
N 7 Messnc
“ addn. of NaCNBH; “
N t-BuOH, AIBN \ N
O‘Q 88% o
0 ‘&o
6
A
SnMe;
. SnMe,
N (o] M
~~ SN
'l
l Sﬂ'\i‘ﬂa
SN som °wié£<
o COM 0 CoM
trans




Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Synthesis route

MeO
t-BuO,C SnMej t-BuO,C OMe £BUO,C
_}_{ CAN, MeOH Me,BBr, CH,Cl,, -78°C
{ N 38% N 99%
0— 0~
0 o)
6 7

t-BuO,C
t-BuO,C OH 2
MeCeCl,, THF, -78°C 2 }g” TPAP, CH,Cl,, r.t. }—f

0,
65% N 80%

b o~

10 1



Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Oxidation

MeQO MeO
t-BuO,C SnMe; t-BuO,C OMe  t-BuO,C \—OMe
H CAN, MeOH ¥ _z_)
SN i N { N

o— 0—

38% 14%

MoySn Me O
%HI’IIF iuuls"' :Hu’f'
H H H H

B6%, (2:1) 3%, 2:1) 9%, (2:1)

MeSo—y 4 H
By BO,C
54%, (6: 1) 5%, (4 1 | endo | exa)

Hanessian, S.; Leger, R., Journal of the American Chemical Society 1992, 114 (8), 3115-3117.
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Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Demethylation

MeO H

t-BuO,C OMe £BUO,C o
Me,BBr, CH,Cl,, -78°C
\ N > \\\\

\ % N
O‘« 99% })‘«

34




Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Demethylation

@ Mechanism

Ao oM
Me,BBr

R\o/\o/”e
A
A Me/ \Me
Q;
oo™ NG oM
Shgi e
r o3
75\ Br
M Me Me/a\m.
R Me
Naz e —_— -~
[ 9 JBr R—O0—B Ve + [Me/gﬁ] 8r©
R\ /Mﬁ
DABr + Me,BOMe R—O0—B + M /Dvar
i \Me ¢
‘ MeOH H20 /130 i
R

K o~ Nome ROH
iii

Guindon, Y.; Yoakim, C.; Morton, H. E., The Journal of Organic Chemistry 1984, 49 (21), 3912-3920.

35




Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Nucleophilic Addition

H
t-BuO,C o)
2 }‘{: MeCeClp, THF, -78°C t'BUOzC}_gAOH
S 65% oL
? \
=, o
9 10
@ Mechanism
/ ! t lls) .
RLi  + CeCls . "RceC,”®4+  Licl

RCeCly +  R'COR" ( easily enolizable ketone)
OH

|
< > __ll
-78°C R-C-R

\_ "

Imamoto, T.; Sugiura, Y.; Takiyama, N., Tetrahedron Letters 1984, 25 (38), 4233-4236.
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Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Oxidation
t-BuO,C OH t-BuO,C o)
TPAP, CH,Cly, rt.
80% SNy

o~ o
(@]
@ Mechanism

10 11
/TPAP Oxidation, Ley-Griffith Oxidation \
Hﬂxﬁ
»;\ f v{:: A »70 OH,
-f/ % "4 uo—nf—
e

ﬁ/“ex/_\ Xe[:j

/Qoe /\j TT\N@
N /

37




Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Synthesis route

t-BuO,C 0 t-BuO,C
Zn, TiCly, THF, CHol,

\\‘ N 73%
o~
0] O
11 12
MeO,C
1. Jones ox 2 1. KOH
2. CH,N, MeO,C' 2-TF§
579% N 80%

/
Boc

14

49%

1.NaOH ~ MeOC
2. (Boc)zo
/lll-
3 CH2N2 HO N
/
Boc
13

Hooc ~ O°H

NH



Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Nozaki Condition
t—BUOﬂ:ﬁO t-BUOZC}f
Zn, TiCly, THF, CH,l,

v N 73% \ N

0 0—

(@] O

11 12
Mechanism

/ Simmons-Smith reaction
Y—{ iq'}' CH;

Lo

CHyl, + Zn-Cu—m= 1ZnCHl —f ‘| HG | -

concertod
mechanism
Zn-Cu Me3SnCl
CH212 - [ICI—IZZnI] - ICHZSnMe3
Zn-Me3Al ZnIl Me3SnCl — SnMej
CH,I = [CHZ: ZnI] —a CHZ"'— SnMej

Takai, K.; Hotta, Y.; Oshima, K.; Nozaki, H., Tetrahedron Letters 1978, 19 (27), 2417-2420.
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Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Deprotection, Hydrolysis & Protection

t-BuO,C
2 1.NaOH  MeO2C
2. (Boc),0
o _— /||..

\ N 3. CH,N, HO /N
O_§ Boc
@) 49%
12 13

@ Mechanism

/ Boc Protection

H,N—R H

t-BuG OOty —— RNy tBu +co, +t-BuoH
o !
Boc,0
Methylation
L
chﬂﬁ:{_\@ o chf\‘_‘ N o
—nz
B — -
L gp Mot M _on,

40




Stephen Hanessian, The Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Oxidation
COOH
MeOZC MeOZC HOOC B
1 Jones ox 1 KOH NH
s 2 CH,N, MeO,C! T2 TFA
HO N 0
80
Boc 57% %
13 14
@ Mechanism
/Jones’ Oxidation \
OH CI"O3 jl\ CI’O3 + H20 — H2Cf'04
R R, H,S04 acetone Ri* R
1 ) 2504 Op O@ 0 O
a-\Cr"OH O\ 4 i /f—)
Cr(VI) o= ~Cr—OH ,é)r-—OH
Hoi/OH —~ Q Con, — QO
clear orange : ® 2
solution R /I\R R1)ﬁR2 Ri H Ro
TH? \__ :OH,
chromate ester
0 0. OH Cr(ll)
)j\ + Cr —_—
R Ry OH green

o

/
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John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Retrosynthesis

: O/Y —0
HOOC .- — L — O)\NNN\A\

O o)
S/
C

11

H,C




John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Synthesis Route

—0
Br B
_0 1. KHMDS, /\ -0 _ HO.__~
: ~N\ e}
H o THF. 0°C to 25°C. 73% H \Ro paraformaldehyde, Cul, HN(iPr), N
; : : N
H3CO{H 2. NaBH,, EtOH, 82% HO\/\\ dioxane, 100°C S
0 76% /
N g
H,C

1. COCl,, DMSO
ET3N, CH,Cl,, -78°C

O/>/
T ) 0 )
OZ\N - —0 1. MeOMgBr, 25°C, 60%

o
N T ), MeLiZnCly Ni(COD), )
0 (0] z
OWN Ti(0-iPr),s N>§o 2. MeONa, 25°C, 32%
S 57% o
|

C

11
H,C

Hooc ~ OO

1. CrO3/H2804, 0°C NH

2. NaOH/H,0/MeOH
40%, 2 steps

2. DMAP, CH,Cl,, -20 to 25°C



John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Alkylation
—0
B :

_0 1. kHups, 2 ®" —0 . HO._A. =0

: \F\O THF, 0°C to 25°C \/:\N\F\O paraformaldehyde, Cul, HN(iPr), - N

H3CO{N 2. NaBH,4, EtOH HO \ dioxane, 100°C S

/

o}
\\ [
H,C

@ Mechanism

RC=CH + CH,0 + NHPr; ————= RCZ=C—CH,NPri,
(1) (4)
f’-\
RC=C-CH,N—CHMe, -~ RCH=C=CH, + Me,CH—N=CMe,

. \‘| |
““H""CM&Z

o J

Takano, S.; Iwabuchi, Y.; Ogasawara, K., J. Chem. Soc., Chem. Commun. 1988, (17), 1204-1206. 45




John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Swern Oxidation

—0 1. COCl,, DMSO 0™\,
HO. AL = ET,N: CH,Cl,, -78°C p/ 9
N O g N N =0
S 2. DMAP, CH,Cl,, -20 to 25°C OWN
/ o N
© //\:y g
H.C o N} HoC

o |3Ph3 Br
@ Mechanism

DG oo — S —
o o> Q) | o IN_%q
Swern Oxidation e
(COCl),, DMSO cl
OH CH,Cl,, —78 °C JO]\ C*S® ’ O L@ H et
17 g2 R "R? N S~ N TEb
RT R then EtsN co,™ + cot+ \—/ji — o —
R' "R2 R R2
|
s®
e fL CH,),ST
Et;N-HCH. + " jle‘_/ RIZR2 T (CHa)2

K sulfur ylide /

46




John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Wittig Reaction

@ Mechanism

Wittig Reaction

i " e 0
+  PhsP - + PhgP=
R1)I\R2 i R4 R Ry ’

o
PhgP: /—\R1 s X g R R
~x T Ph3P-:|7H‘\ — PPh3=<R
R B

& N\ S
Rs PheP O 2. R
R2 &O R2 R1 [2 + 2] R3 R
, PPh
\—é/ cycloaddition @ 3
R® R betaine
The “puckered” transition state, irreversible and concerted
PhsPxO Rj
— R/)ﬁras —— PPhy=0 + RZ&er
R' R2 R

oxaphosphetane




John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Reduction & Elimination

HO
O/y 0] O/>/ COOCH \: OCH
//\\N  )~q MeLiZnCl, Ni(COD), }\ ~. —0 1. MeOMgBr, 25°C 3 3
o 27/4§§//“\ o > O7 N “ = >Q: - > N
4 N Ti(O-iPr), N SO 2. MeONa, 25°C o)
o

S/

C

1]

H,C

@Mechanism

XL 0 O HiC
= = Nl ¢ X ? >‘— CH;
LH ij L,Ni{D) AN P ZnMe, _ X X

v N
o4 v N Y \ 5

o) ] D_{ﬁa | _ O_{b | o-{b <b

22 23 24 7

48




John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Oxidation
HO
coocH. :  OCH Hooc €O
3 : 3 1. CrOg/H,80,, 0C NH
N0 2. NaOH/H20/MeOH
@ Mechanism
/Jones’ Oxidation \
OH CI"O3 jl\ CI’O3 + H20 E—— H2Cf'04
R "R, HySO4 acetone Ri™ Ry o o
i oH o~ \\ /,»_)
Cr(VI) H o= H O,Cr—OH OH
o GRS -4
" H
R H Re b :0OH,

o

chromate ester

Cr(lll)

green /
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Kunio Ogasawara, Org Lett 2000.
Total Synthesis of
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Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Kunio Ogasawara, Org Lett 2000.

* Retrosynthesis

COOH Cbz OTBS

HOOC - R
NH — ——> O
Cbz HN

OH
:> @ |:> ﬁIE\/NCbZ |:> CbzNHOH
0]

CbzHN




Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Synthesis Route
OH
cyclopentadiene ﬁ Mo(CO)g T
COzNROH ™ Nal0,, MeOHH,0 / O’NCbZ MeCN/H,0 @
9 ; 52%, 2 steps CszN\\
4
Lipase AK ?AC ?H TBSCI ?TBS
vinyl acetate _ @ K2CO3, MeOH @ _imidazole _ @
CH,Cly, rit. \ 98% DMF \
48h, 49%  GpzuN CbzHN' 91% CbzHN
5 7



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Diels-Alder Reaction

\

cyclopentadiene LE\NCb
z
CbzNHOH 10, MeOH/H,O /g

2

Q: What is the mechanism of this reaction?



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Diels-Alder Reaction

2 , N

2 = ) - new bond
2 x| —
3 = 3

4 new bond

diene dienophile

4

54



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Substitution
OH OA
: Lipase AK =NC
LIE\NCbZ Mo(CO)s @ vinyl acetate @
4 / >
¢! MeCN/H,0 . CH,Cl, rit.
52%, 2 steps 3 0 s
4

5



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Hydrolysis & Protection
QAc OH  1Bscl QTBS 4. 0s0,, NMO oTBS
: K,CO3, MeOH : imidazole @ THF-H,O o
@ 98% @ DMF \ 2. Me,C(OMe), \ )(
CbzHN CbzHN 91% CbzHN PPT887’O/DMF CbzHN O
0
5 7
6 8

@ Mechanism

NMM NMO
>

o5

¢ i
0,0

0, 0 0, O

Dsg o> s

v o< -0 ] (W]

A H0
\%\ 9 0 = l'-___.-’ - 1 W 2 I-III? ?.I:I + Dbép
VAN J} i ) i\ HO™ OH

osmate ester

56




Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Synthesis Route

OTBS 4. 0s0, NMO

THFH,0

.

2. Me,C(OMe),
PPTS, DMF
87%

CSz, Mel
NaH, THF

92%

OTBS
0

CbzHN O/Xf

8

1. prenyl-Cl
Nal, NaH, THF
2. TBAF, THF
80%

-

O,

NaHCO3

diphenyl ether
reflux, 45 min

72%

Q

1"

Cbz



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Alkylation & Desilylation

SIMe
o S=C_
?TBS 1. prenyl-ClI B s Mel Q
s e
o Nal, NaH, THF N o) 2 7= XN 0
)( 2. TBAF, THF \ ){ NaH, THF )(
< 80% S o) $
o) N 0]
CbzHN Cbz 92% N,
8 9



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Elimination
SMe
O’—, Cbz
O, N
_ NaHCO;

Q‘ dlphenyl ether

)( reflux, 45 min

CbZ 72%

. 10 11
Mechanism

/ - (CNCbZ —_
[
|

NaHCO
()8 ———2

, )”‘u a2 e}
diphenyl ether - - o 0 da ){

reflux, 45 min

B Il\l o
(72%) "exo" O‘ﬁ/ Cbz

can
N (@]

O |
“ando” %7 Cbz




Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Synthesis Route

%o
< Cbz
Meo,c  jO2Me

O, N 1. HCI, THF, reflux

2. NalO4, THF-H,0
then Jones oxidation
then diazomethane

48%

NCbz

1" 12

COOH
CO,Me C

NaH-DBU MQOzc z 2 NaOH-MeOH HOOC =
" NH

benzene NCbz 3%, 2 steps

13



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Oxidation

Cbz MGOZC COzMe
O, N 1.HCI, THF, reflux NCbz
2. NalO,, THF-H,0
then Jones oxidation
then diazomethane
48%
1 12
@ Mechanism
/Jones’ Oxidation \
OH CI"O3 jl\ CI’O3 + H20 — H2Cf'04
R "R, HySO4 acetone Ri™ Ry o o
;c\;?.OH 0P 0, />
Cr(VI) o= ~Cr—OH o’&r* H
H... /OH A ,

o

clear orange
solution

chromate ester

O o. _OH Cr(llh
)j\ + ~Cr —_—
R Ry OH green

/

61



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Conformational Transition

CO,Me CO-,Me COOH
MeO,C 2 NaH-DBU MeO,C = 20 NaOH-MeoH HOOC =
NCbz benzene NCbz 3%, 2 steps NCbz
1
12 13
@ Mechanism
CO;Me COzMe
N H H H H
X X
—_
SN N § CO2Me ? ;1 COzMe

\_

Takano, S.; Iwabuchi, Y.; Ogasawara, K., J. Chem. Soc., Chem. Commun. 1988, (17), 1204-1206. 62
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Total Synthesis of Kainic Aci

Ene Reaction

OTBS oTBS
- H l/ H
”, toluene P
AN _Boc N Et00C N/Boc
EtO0C N 130°C, 40h

MeLi/ZnCl,, Ni(COD),

W= 0 A
O YW Ti(O-iPr), NP

H,C
?Me
S=C, Q Cbz
< o, / N/
; NaHCO3 '
e
X % diphenyl ether
s )( reflux, 45 min
N (0)
Cbz
COZt-BU
t-BUOzC SnMe3
AN Me;SnCl
« addn. of NaCNBHj; \\

O—< t-BuOH, AIBN \O—<



Total Synthesis of Kainic Acid

Approach for Stereocenters

1. CgH5SeCl, THF, -78°C, 45min

OTBS OTBS Cl)TBS
| 4 Li* \ I H | . H
g z toluene "
L B
Et00c Ny Bo°

: Boc
~ A Boc . ———— Et0oC N’
EtOOC )‘i"‘ 2. Hy0,, Py, CH,Cl,, rt., 15min /ui 130°C, 40h

MeLi/ZnCl,, Ni(COD),

o
e} S \ﬁ\o OZ\;% 3/0
NN Ti(O-iPr) ?‘/Nko
o




Total Synthesis of Kainic Acid

Approach for Stereocenters

CO,t-Bu
t-BuO,C SnMe;

N f/ Me3SnCl
. addn. of NaCNBH;
| N
o~
o

N N
t-BuOH, AIBN \
o
O

O, ~ 1
: NaHCO; : N
X Q‘O diphenyl ether
K )( reflux, 45 min
N (0]



Total Synthesis of (-)-a-Kainic Acid
(2000-2010)

J ~—COH
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N
H

(-)-kainic acid (1)
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Review

C3-C* Bond Formation Pathways
Ene reaction

oTBS OTBS
|.- H l‘; H
toluene "
A Boe M L oc n-BoC
EtOOC N 130°C, 40h

o”% o o]
D//LN N =0 A

MeLi/ZnCl,, Ni(COD),
Ti(O-iPr), }

(o}
?ME
S=C. //'
o,

t-BuOH, AIBN
&] o]

: N>:‘_O
0]
q-. Cbz
; NaHCO; : N
= Q"'O diphenyl ether
T, )( reflux, 45 min
N" (9]

t-BuO,C SnMe;
N 7 Messnc
. addn. of NaCNBH; .
1;‘ N . 1;‘ N
0§ 0—{

_/

/,“ 4 ¢~\_C02H

O:
5
N”2 CO:H

H
(-)-kainic acid (1)

68
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1. C>-C3 Bond Formation Pathways
J. Clayden: Chem. Commun. 2000, 317-318.

Retrosynthetic Analysis

i/ I
S—CO.H 3 -c02Me
O‘Coz ﬂcozm

(-) kainic acid

o] (o) (o]

o ﬂ = g

CO;Me (o] N CO,Me o] N Ph
PG PG

OMe

OMe

OMe OMe
/ \ Dearomatising
X Cyclisation
+ —— = ——
H,N” “Ph H
H o Li /i
0 N_< N LIO~ N\~ ¥Ph
Cl / /
PG Ph | PG Ph | PG

+ enantiomer

70



1. C>-C3 Bond Formation Pathways

J. Clayden: Chem. Commun. 2000, 317-318.

o Bu'Li (2 equiv), HMPA (12

1) Et;N, DCM . o
2) NaH, DMF, BnBr equiv), THF, -40 °C, 60h
cr + > N Ph L
HN Ph 82% over 2 steps )\
MeO MeO H Ph
2 3 4
o OLi
X NH,CI
NS \ ( C { THF, 1 MHCI
)\ MeO : Ph MeO Ph 94% from 4
MeO Li Ph H
Ph
5 6+enantiomer

1) Me,Culi, Me;SiCl,
THF, -78°C,1h
/ 2) CF3;CO,H, reflux, 6 h

1) NalOy, cat. RuCl,,
1:1 acetone-H,0
2) Me;SiCHN,, PhH, MeOH
r

S r
Ph 3) Boc,0, Et;N,DMAP,DCM
59% over 3 steps

57% over 2 steps
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1. C>-C3 Bond Formation Pathways

J. Clayden: Chem. Commun. 2000, 317-318.

1) O'NOZCGH4SECN,
BusP, THF, rt;
2) H,0,, Py, THF, -40 °C

MCPBA, CH,Cl,

1) NaOH (2.2 equiv.),
MeOH, reflux, 2 h

69%

L

/ S—CO.H

2,
'o
s

N
H

(+) kainic acid

2) Me3SiCHN,, PhH, MeOH

> 0

NBoc

76% 71%

NaBH(OMe); (2 equiv.),
THF, reflux

79%

10:1 CF3C02H'H20,

reflux, 4 h.

60%

y

racemic synthesis of (+)-a-kainic acid in 15 steps and 5% overall yield
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1. C>-C3 Bond Formation Pathways

J. Clayden: Chem. Commun. 2000, 317-318.

Me lo) Me

: H FH P
: MCPBA, CH,Cl, :
NBoc > 0 NBoc
H to,me o H Cto,me

10 1"

Baeyer-Villiger oxidation:

A

J o . K -
R"I O/b\H\f—\:Q# 3 —_— )L
peroxyacid R R3 \F-{z/ﬂ@ O o

0. M,

|

o.__R
0" "R hil
o!
H
-~
o> .o H
R3+R2 -R'COOH ®0 -K® 0
- 2 2
0%9 R RSJLOIR R‘*J'LO’R
Y Ester
:O:/-L/H@

k Criegee intermediate

73




1. C>-C3 Bond Formation Pathways

J. Clayden: Chem. Commun. 2000, 317-318.

1) O'N02C6H4SGCN,
BusP, THF, rt;
2) H202, Py, THF, -40 °C

r
69%

Mechanism:
R~
BusP: O
N(h &3 NO, '
@SGDCN —N, @CN i @/%&BL@ -
NO,
Ser)'\
R\/<\PBU3 — O PBU3 ¥+ R\/\Se
NO,
NO,
syn-elimination @SG\OH
s R\/ + /




1. C>-C3 Bond Formation Pathways

J. Clayden: Chem. Commun. 2002, 38-39.
Tetrahedron. 2002, 58, 4727-4733.

o o OLi
X Li : ', X -78°C-0 ° =
N p  ABLior16.Li N ph 8 °C-0 °C /©:</N é
)\ LiCI, THF )\ MeO £~/ Ph
MeO H MeO Li” “Ph H %

5' configurationally stable 6' ee = 80%
on the timescale of the reaction

H P J\ z
1) NH,CI, H,0 N < N N :
2) HCI, H,0 L Li Li
——» 0 Ed Ph

7 15.Li



1.C%-C3 Bond Formation Pathways

T. Fukuyama: Org. Lett. 2007, 9, 1635-1639.

Synthetic Strategy for (-)-Kainic Acid (1)

o
__// Michael (o) °_<=
s, S C0MH addition . ) RCM Me
& — — SN

H

CO,R
1 17 18

reductive Evans aldol L
ammatlon —<—/ / reaction
:} § _—> © 0
"Ny ~

N
N
21

19 20

+CH;CHO



1. C>-C3 Bond Formation Pathways

T. Fukuyama: Org. Lett. 2007, 9, 1635-1639.

0 o) 0] .
o /« /\/U\ TiCl,, DIPEA,
LiCl, Et;N, THF /I( CH;CHO, DCM
+ HN ) 3N, ’ 3 ’
\/\n/ \n/\/ o - AN N"No
lo} (o} o 94% - 94%
Bn Bn\‘
22 23 24
HCI* H,N_ _CO,Me
1) TBSCI, imidazole,pMF 1850 HO 0 ~ OTBS
2) DIBAL-H, DCM NJ( NaBH;CN, MeOH H
' e (0] r N\ W
o A\
73% J . 94%
Bn CO,Me
26 27

1) 35% aq HF,MeCN

OTBS  2) CH,=CHCOCI, DIPEA,
Boc cat. DMAP, DCM
N o >
| 92%
CO,Me
28

Hoveyda-Grubbs'
2nd-generation catalyst

HO

Z

-

(0]
Bn®
25

A

.\\\/i

Boc,0, Et;N,cat.
DMAP, MeCN

>

99%

MesN NMes

h

Clipy=
(o] Id

i-PrO

Hoveyda-Grubbs'
2nd Generation cat.

>

92%

(o] (o]
BOCU
r N \F

CO,Me

30

77



1. C>-C3 Bond Formation Pathways

T. Fukuyama: Org. Lett. 2007, 9, 1635-1639.

(0] (0]
H H ] CO,Me cat. TPAP,
Me LiHMDS, DMF> Me MeOH, cat.Et;N NMO,DCM
95% H 64%, 33% —CO,Me 94%
—CO,M
N/\COZMe N o,Me recovery of 31
Boc Boc
30 31 32

CHl,, Zn, TiCl, Me CO,Me 1) aq KOH, MeOH
cat. PbCl,, THF H 2) TFA, DCM
> >
60% N -, COzMe 87%
Boc
33 34 (-)-kainic acid(1)
o, 0O N
“Ru I~ 13% overall yield in 13 steps from
’, N+ - a e
o o o~ the Evans-type chiral auxiliary
TPAP
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1. C>-C3 Bond Formation Pathways

T. Fukuyama: Org. Lett. 2007, 9, 1635-1639.

(o) o
Boc \E
r N ~w A
CO,Me |
29

Ring-closing metathesis

Hoveyda-Grubbs'- 0. 20

2nd-generation catalyst Boc

r r N ~ —Z
99%

CO,Me

30

-~

K H.C=CH;

JA

RCM
- @ + HyC=CH,

P/ [M] =CH; \Q

Q [M]

7

Ejﬁ~[|*-f1]

N

M]
8

~

/
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1. C>-C3 Bond Formation Pathways

T. Fukuyama: Org. Lett. 2007, 9, 1635-1639.

OH o)
Me Cco,Me mb TI';@';,I Me co,Me
H H —_— H H
~—CO,Me 94% =—CO,Me
N N
Boc H Boc H
32 33

Ley—Griffith oxidation

. 7
© kred
O
o R)kR'
\\N +
+
.
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1. C>-C3 Bond Formation Pathways

T. Fukuyama: Org. Lett. 2007, 9, 1635-1639.

(O]

Me
H H

Boc

C02M9

” c02M9

CHzIz, Zn, T|C|4
cat. PbCl,, THF

60%

33
Mechanism
/ Zn | Zn -
CHyly ——— CHZ\znl CHY _
THF s slow 2l [ X TiCl,
8 CHY om0 ]
PbX, ZnX CH2< “x CH2< X
] 6 X X
Zn + POX, ast fast X =1orC) -, .
ZnX \ - - -
R’ 4 7
R CH; CHJ
| zn Znl C=CH 2nX, TiX
/ Va R L J n+1
—— . '
CHZ, CH4{ R
ZnX, + Pb PbX PbX 9 10
fast
5
\ X=lorCh

Takali, K, et al, J.Org. Chem. 1994, 59, 2668.




1. C>-C3 Bond Formation Pathways

T. Fukuyama: Org. Lett. 2008, 10, 1711-1714.

Strategy for Second-Generation Synthesis

o o
J 0 a sequential elimination - 0
/ —CO-,H Michael addition cascade
A R 2 Me Me
S R
O‘ " " 4 $ N(Cb
N CO,H CO,Me . \N (Cbz),
N oc
o Boc CO,Me
1(-)- kainic acid
COzt-BU
TBSO H TBso ¥ ¢ OT%sézt'Bu
OAc z
 S— & o
NH NCbz
(0]
o NHCbz

commercially
avaliable

82



1. C>-C3 Bond Formation Pathways

T. Fukuyama: Org. Lett. 2008, 10, 1711-1714.

CO,t-Bu
OTBS 2 OTBS CO,t-Bu OTBS CO,t-Bu
HoH OA HoH 2 L HI\(II:BZSCITHF o 2
; c ; i , ; NaBH,, EtOH
Me BrZn 40 Me _ 3 Me —>a 4
NH THF,93% NH 91% NCbz 80%
(0] (0] (0]
39 4 42
commercially
avallable
N
“Ns
M OTBS e H
¢ CO,t-Bu  DEAD, PPH, CO,t-Bu Me i O.__O
toluene NS TFA, DCM NS
HO_ .. —_— N N
90% ( 97%
NHCbz CO,Me NHCbz CO,Me NHCbz
43 45 46
H .
PHSH, K,CO3; Boc,0, Me :_O (¢} LiHMDS, CbzCl, DMF 5 steps
o .
cat. DMAP, DMF _— ﬁoc -60 °C to rt, 20min - (-)-Kainic acid (1)
78% hhg H  LiHMDS, -60 °C, 20min -
CO,Me NHCbz 94% H
Boc
47 :
31 C2-epimer
=92:8

12 steps in 14% overall yield. 83



1. C>-C3 Bond Formation Pathways

T. Fukuyama: Org. Lett. 2008, 10, 1711-1714.

Me OTBS Me OTBS
CO,t-Bu H DEAD, PPH; NS CO,t-Bu
~ toluene
—_— .
Ho\x + r Ns 90 N\.
COZMG °
NHCbz CO,Me NHCbz
43 44
45
Mitsunobu reaction
/Step #1: Step #2: \
CO,Et irreversible CO,Et H CO,Et
I addition / H—Nuc S S
!N—Nz - ;N_l?l . ,N '\|| + +Nuc
EtOEC :l:ll:lh3 Et02C %Phs EtOzC @Pphs
zwitterionic adduct
Step #3: Step #4:
H ~ CO.Et BPh
N—N- o P.T. H GO o 3 Sp2
Et0,C . | o NN, i ©
2~ ®PPh, R1 R2 EtO,C H R R2 tNuc Substitution
with inversion

.

84




2. C3—C* Bond Formation Pathways

J. M. Chalker: Org. Lett. 2007, 9, 3825-3828.

Retrosynthesis of (-)-Kainic Acid

__// CO.H __// ZnL Pd-catalyzed Zn- Znkn
“, y‘_ 2 2, s 4nkn

ene cyclization

' —> N A
OTBS 7
CO,H . OTBS

N N
H H Bn

(-)-Kainic Acid (1)

cl
CO,Me

Br
—> Yy coMe )\/OTBS + CI/\K\/
)\/ BnHN
N

OH
Bn

85



J. M. Chalker: Org

2. C3—C* Bond Formation Pathways

Cl
CO,Me Br
oTBS . CI/\K\/ CH;CN, K2C03,rt> N CO,Me
BnHN 98% OTBS
N
48 Bn
from D -serine 49 50
methyl
ester hydrochloride
(o] Cl 1) 5% Pd(PPh3),
1) (COCIl),, DMSO, Et;N, DCM 6.0 equiv ZnEt,
N OH 2) 1.5 equiv Ph3=CH,, THF 1.1 Et,0:Hexane

. Lett. 2007, 9, 3825-3828.

LiBH,, Et,0/MeOH

oTBS 85%

N

Bn K

51 significant
racemization

1) NaCN, DMSO,77% %2 & CN
2) CICO,Me, 98%

95%

|

,/ R
", N
g B

Bn
52

1) Jones Oxidation
2) LiOH, nPrOH( aq)
3) DOWEX (H*)

——// +—COH
Q‘COZH
H
1

(-)-kainic acid

85%

> AN ~
N 91%

>

N
Bn

53
Single Diastereomer
Scalable to 10 + gram

11 steps
48% overall yield
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2. C3—C* Bond Formation Pathways

J. M. Chalker: Org. Lett. 2007, 9, 3825-3828.

Cl Cl
1) (COCI),, DMSO, Et;N, DCM
OH 2) 1.5 equiv Ph3=CH,, THF
A r > N z
\ OTBS 85% \ OTBS
Bn Bn
51 significant 52
racemization
o 1. silyl group migration in alcohol
Swern oxidation 2. racemization of the related aldehyde.
Activation of DMSO with oxalyl chloride:
0 r ] 7
C o
Cl o)
cl . Cll _a/TN\G © CHs o)
HsC, o = ®,0 2SS (6 — + c—s® + &+ co
®5-0€ HiC-s” 0O HCTO 04 “CHy o
H4C CH, O chloroSuIIIonium
- - sa
Activationcol:the alcohol: CHa Hy ® IS
@78 R? Cl_/ H-.C.® C H3C W _CH,
CI—S; Hb'—( L ?—CHs -HCI TS HN T INEY 5"|>
CH: - —_— O~ §j — l — :
3 » Co_ _R 1 O._R
chlorosulfonium H @\l/ O R \r
salt R 5 R2
H,C ©_CH, R alkoxysulfonium
SyYO 0 ylide
Formation of the product: oN )) —_— HLJ,C’S“E’H + R1J\R2
RZ R : Ketone or Aldehyde
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2. C3—C* Bond Formation Pathways

J. M. Chalker: Org. Lett. 2007, 9, 3825-3828.

0,
° Vevemivzot,
N Z 1.1 EtZO:Hexane> - S
NLOTBS 2)1.5 ng&in THF <_N)\/°TBS
Bn Bn
5 53

Single Diastereomer
Scalable to 10 + gram

Pd-Catalyzed Zn-ene Cyclization

]
&d” ZnEt
ZnEt2
——» pdilEt + \,-\
OTBS 5% Pd“’) oTBs
OTBS

ZnEt2

~

- H,C=CH,, EtH

——// ol I, ——// +—ZnEt

N N

\ o " /
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2. C3—C* Bond Formation Pathways

J. M. Chalker: J. Org. Chem. 2011, 76, 7912—-7917.

Retrosynthesis of (-)-Kainic Acid

ZnL
// // Pd-catalyzed Zn- en
S +—COzH & —2nLn ene cycllzatlon
CO,H OTBS
(-)-Kainic Acid (1)
Cli
Cl
z
— A = p— X + oTBS
OH BnN
Bn Br U

0\/

fcﬁ

L-methionine

89



2. C3—C* Bond Formation Pathways

J. M. Chalker: J. Org. Chem. 2011, 76, 7912—-7917.

e 7 7
S S 1) PhCHO,MeOH S

LiAlH,, THF 2) NaBH,, MeOH TBSCI,CH,Cl,,imidazole

—_— ' o
0,
OH OH 75% over 4 steps
H,N” YCO,H H,N BnHN
55 56 57

7~ O~ -

S NalO,,H,0/MeOH =S o-dichlorobenzene,
IEtOAc (1:1:1) CacCo z
> 3 >
0 OTBS
57% BnHN
OTBS OTBS
BnHN BnHN
58 59 60

/ cl (o
> N\ 7
BN ——45: OTBS
N
/ini/ 49 Br Bn 61
+
OTBS
BnHN

60 X
cl — > N N\ co,Me
Br ci ‘\ otes ©! J_oms
N
49 Z-isomer En Bn
61 Z-isomer 51 Z-isomer

~




2. C3—C* Bond Formation Pathways

J. M. Chalker: J. Org. Chem. 2011, 76, 7912—-7917.

1) t-BuOCI, HOAc Cl KOAc, Nal,
2) MeOH, Na,CO, DMF/H,0
65% — 67%
OH
62
63
OAc 1) Et,Zn, TMSCI
Pd(PPh;), ] —
NV 2) 1, % 8
—_— OTBS
OoTBS 90% \
En Bn
66 53

OAc

OAc

PBI"3
—_—
- 73% -
OH Br

64

—
_>

65

60, DMF,Nal, K,CO;

93%

&COZH

N
Bn

ﬁ/
OTBS
BnHN

60

(-)-Kainic acid (1)

13 steps 37% overall yield
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3. Cycloaddition Pathways

M. Lautens: Org. Lett. 2005, 7, 3045-3047.

Retrosynthetic Analysis

O 0] OR
J/ +—CO.H s—CO;R ’/
[_>‘co2 &Coz
: “"‘ p -Tol
(-)-Kainic acid (1)
o) (0] [0
.. Mgl, N\~ NPh: R —
2 0 THF H z  F
s: reflux
O + pToI” N —— — A
II\ N Ar N r
NPh, Ar 0~§ O]
WY \ ~
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3. Cycloaddition Pathways

M. Lautens: Org. Lett. 2004, 6, 3309.

o

"S/

p-Tol” ~N

o + I
NPh,

Mechanism

O\ _NPh,
1 equiv Mgl,
THF vy
, N L
Ll R

/SNQ'

- —
N~ NPh,

SN2

& ("5-Mgl

-_— | Z
NPh»
SN2
( 0
N NPh
2
—_ CSNQ | —_—
-N~ “Ar
I
p—TOl'ﬂ.S'\I”“

.




3. Cycloaddition Pathways

M. Lautens: Org. Lett. 2005, 7, 3045-3047.

TEMPO/NaOCI, 0°C

91%, dr=98:2

o)
'\ NPh, o
% 0 . HO—, N NPh.
/‘s,: 1 equiv Mgl, 9-BBN, THF, 50°C ., f
N THF then NaOH/H,0,
| —_—
0,
78% S 91% oLl OMe
[ . ‘“..S
OMe \©\
68 69 0
OHO
NPh
o ONNPh, [ NP
e, F R 5 mol% KO'Bu
] MeMgBr, THF,-78°C THE, 0°C
’ - N
N %, dr= 60: oM % dr= 60:
oLl ome  99%,dr=60:40  Oal e 86% dr= 60:40
71 72
OMe
1%’/0\:/011 WOH:_/
DIBALH, — 3.5 equiv Ph;PCH(OMe) -
THF, -78°C THF, 0°C
S >
OMe O\‘S OMe 95% over 2 steps 0~é OMe
MR VL N :: MR LU N ::
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3. Cycloaddition Pathways

M. Lautens: Org. Lett. 2005, 7, 3045-3047.

OMe OMe (o]
WOH=/ \fo :=/ \//o =_//

-

\ \ Hg(OAc),, THF/H,0 —\
Dess-Martin then KIi
N B N - N
o4l OMe 87% O.! OMe 91% O.! OMe

76 77

v

o
RUCI/NalO,, 30°C, 4 —CO,Me \/ COMe  1)3NLiOH,MeOH ~ —CO,H
E — 2) Li/NH;, THF 3§

then CH,N, ' ZnITiCl,/CH,N,
- (- - (- - (-
75% CO,Me 71% N CO:Me 3 Amberlite CG 50 CO.H

N
1 ] then recrystallization
Ts Ts

70%

-4

|
H
78 79 1

13 steps 15% overall yield
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3. Cycloaddition Pathways

M. Lautens: Org. Lett. 2005, 7, 3045-3047.

O NPh, OxNPh,

9-BBN, THF, 50°C . f
then NaOH/H,0,
> N
OMe 91% . o:‘| OMe

N

(" % gr
(H\ B H B st )\/B i \B\ _OH
)

B-pt —» W
R R R/\' addmon
“O-0OH
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3. Cycloaddition Pathways

M. Lautens: Org. Lett. 2005, 7, 3045-3047.

(0]
Ho\’ \\~/Nph2

TEMPO/NaOCI, 0°C
N > N
oLl OMe 91%, dr= 98:2 N OMe
. S . S\©\

7

70

TEMPO/NaOCI Catalyzed Oxidation

RCO,H

>|:]< 1/2 NaQCl
M
5.

NaCIO, é:'.j /
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3. Cycloaddition Pathways

M. Lautens: Org. Lett. 2005, 7, 3045-3047.

OH OMe o) OMe
M"",/ :=/ \// :=/
Dess-Martin
(o) ';l OMe 87% (0] "|l OMe
\\?S\@\ ° “ts\©\
76
75
Dess-Martin oxidations
OAc R OAC OAc
ACO\ |[@ . R->_ OH AcO o o o B 0
. .\O OAc 0 J\:. - AcO _I_\-‘O )J\
- AcOH Lo% - ACOH R R
Carbonyl
0 y
0 O compound
DMP diacetoxyalkoxy iodinane

k periodinane
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4. C-N Bond Formation Pathways

T. Fukuyama: Org. Lett. 2011, 13, 2068—-2070.

// // +—CO,t-Bu A reductive ring’

s +—CO,H Me CO,H opening reaction
Y 8 > & — >\ Me
& S: 4 s
N COzH \ COzt-BU <
NHCO,Me
H cone 2 NHCO,Me

(-) - Kainic acid (1)

Curtius "
rearrangement o o . e
M iodolactonization H
D\ e
7 \ — o

CO,H

\ CHO
COzH Me

(+) -carvone
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4. C-N Bond Formation Pathways

T. Fukuyama: Org. Lett. 2011, 13, 2068-2070.

aq H202

aq NaOH H,S0,4, THF- HZO
MeOH
89%

Na|04,
FPrOH-H,0

DPPA, Et;N
toluene, rt

MeOH, 78%

DEPC, Et;N, DCM

O Me OH OH
80 81 82
(+) -carvone
| |
|2, KI, NaHCO3, 0 NaCIOz, NaH2P04°H20 (o]
DCM-H,0 2-methyl-THF-H,0
- Me > Me

65%, (3 steps) S t-BuOH-THF-H,0 S

dr=1:0.6 \ \
\CHO 87% CO,H

84 85
LiHMDS, THF Zn, AcOH Me
—_—
BrCH2C02t-Bu EtOH COzt-BU
82% CO,t-Bu
NHCO,Me
NHCO,Me
87 88
ITh
(o) (o)
O\\P/O )I\ )I\
Ny O—Ph o7 N7 Yo

DPPA DEPC

60% (2 steps)

CO,H

Ve e

CHO

83

+—CO,t-Bu

<

&O

\
COZMe

89
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4. C-N Bond Formation Pathways

T. Fukuyama: Org. Lett. 2011, 13, 2068—-2070.

>

—-/,Z +—CO,t-Bu 1) LiAIH(Ot-Bu);, THF —-// +—COxt-Bu  TMSCN, BF;°OEt, —// +s—COt-Bu

& 2) PPTS, MeOH
o 79% 2 steps

\

CO,Me

89

——/,/ +—COH
NaOH, H,0 v S
(X
69% (2 st
% (2 steps) \ CO,H
H

(-) - Kainic acid (1)

\ DCM, dr= 3:1 \
- [ - [
OMe CN

\ \
C02M9 COZMG
90 91
| AN
N =

13 steps 10.3% overall yield
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4. C-N Bond Formation Pathways

T. Fukuyama: Org. Lett. 2011, 13, 2068—-2070.

|
o__o
Me
\

NaCIOz, NaH2PO4'H20
2-methyl-THF-H,0

t-BuOH-THF-H,0

|
o__o
>Me
\

CHO 87% CO,H
84 85
Pinnick oxidation
/ H.C CH.-
(&) () . . - 3 3
ClO, + H.PO; 2Cl0, + CI + OH _ side reaction  scavenging HO > {
+3 H4C o
2 ClOy" || 2-methyl-2-
® H B 7] butene
e c_| +1
_— o +
R/lLH * +3C|/ R H H/O\PO/J - I.'H ) Cl R OH
aldehyde ) Cl. ypochlorous Carboxylic
Y 8} Eb/+3\'“(:) R | acid acid
chlorous acid

N
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4. C-N Bond Formation Pathways

T. Fukuyama: Org. Lett. 2011, 13, 2068—-2070.

%0_/\40 DPPA, Et;N %OIO
Me toluene, rt Me
S MeOH, 78% S
N \ H
CO;H NHCO;Me
85 86

Curtius rearrangement

(.

(0]
_qo\_H/_\NEQ . R—{
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5. Starting from an Existing Pyrrolidine Ring

J.-F. Poisson: (a) J. Org. Chem. 2005, 70, 10860—-10863.
(b) Org. Lett. 2006, 8, 5665-5668.

N

. OAc OAc
(o) a reglc_)- and ster_eo- (o) f—COZMe TsO . / // . /
selective alkylation 2, S ~, S
O\ O\
CO,M CO,M
N 2Me 2vle N~ YCO,Me CO,Me

N
o Pt Chbz Cbz
93 94 95 96
T cis/trans 1:16
HO, (a) 7% overall 14 steps // —cog
N coaMle Q\COZH
H
92 L
trans-4-hydroxy-I-proline (-)- kainic acid (1)
(b) 10% overall 16 steps
l OTMS o] OTMS
MeOZC

h\ MeO ﬂ 98
S —_—
M H H H
CO,Me e0,C

N Diels-Alder reaction
Boc N CO,Me N CO,Me
Boc Boc
a7 99 100
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5. Starting from an Existing Pyrrolidine Ring

J.-F. Poisson: Org. Lett. 2006, 8, 5665-5668.

1) PCC
HO, 1) SOCI,, MeOH Hoa 2) NaHMDS o
& 2) Boc,0, Et;N & PhNTf, Z=>\
—>
N~ YCOH 93% N~ CO;Me 72% N
I I
H Boc Boc
92 101 102
OTMS OTMS
MeOZC
— MeO / 98 MeO aq. KHSO,
.
N~ TCO;Me  DCM, 15 kbar MeO,C H 80%
I
Boc N CO,Me
Boc
97 103
(o} o (o}
1) Py, A
2) CH,N, DBU
HO,C H 83% H 87% H H
N CO,H N CO,Me N CO,Me
Boc Boc Boc
104 105 106
NPT

1) CO, Pd(PPh;),, THF/H,0

2) CH,N,
CO;Me 88%
LiOH
Me02C H 80%
N CO,Me
Boc
99
OTMS
MeCuCNLi
TMSCI
H H
N COZMe
Boc
100

105



5. Starting from an Existing Pyrrolidine Ring

J.-F. Poisson: Org. Lett. 2006, 8, 5665-5668.

OTMS

1) 0;, -116°C, DMS
2) CH,N,

70%

/ +—COH

N
H

(-)- kainic acid(1)

DMS

1) KHMDS, Comins Triflimide _Z/ +—CO,Me

2) Et;SiH, Pd(PPh 8
) Et; (PPh3)y - &
60% N CO,Me

Boc
108
Cl
=
FisC /7 - |
/7' °N N
I
O=$|3=0
CF;

Comins triflimide

(b) 10% overall 16 steps

106



J.-F. Poisson: Org. Lett. 2006, 8, 5665-5668.

Mechanism

5. Starting from an Existing Pyrrolidine Ring

Ar)& /
Pd(0)

TfO, 1) CO, Pd(PPhy),, THF/H,0  MeOC
- 2) CHzNz —
v
N~ COxMe 88% N~ YCO,Me
I |
Boc Boc
102 97
—C—Pd—X
Co
H,0 Q
. ——»  Ar—C—-OH
-Pd- l
ROH 0
L T HNR3X
NR3 Ar—C-OR
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summary

1. C2—C3 Bond Formation Pathways
J. Clayden: Dearomatising Cyclisation
T. Fukuyama: Michael addition

2. C3-C* Bond Formation Pathways

J. M. Chalker: Pd-catalyzed Zn-ene cyclization _// —CO,H
3. Cycloaddition Pathways @COZH
M. Lautens: Mgl, -mediate cyclization ¥

(-)-kainic acid (1)
4. C-N Bond Formation Pathways
T. Fukuyama: A reductive ring opening reaction

5. Starting from an Existing Pyrrolidine Ring
J.-F. Poisson: Diels-Alder reaction
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Structure Analysis | (the key syn C4-C3)

~N
—// +—CO,H
3
5
H
L (-)-kainic acid (1) y

OTBS

H

EtGOGMN'BGG

o
s o

N =
W\N

Ty

C
i

tolue

ne

—— ™ Et00C

130°C,

40h

MeLi/ZnCly, Ni(COD); _

Ti(O-iPr)y

I: The key syn C4-C3
I-a: Major Ene reaction

CO,t-Bu

t+-BuO,C SnMe,
H N Messnc
addn. of NaCMBH4

OTBS

.Boc .
X ‘{ﬂ. N t-BUOH, AIBN - N
o— ‘ o~
o} 0

1) 5% Pd(PPh3),
6.0 equiv ZnEts ,_f —_—
= 1.1 Et;O:Hexane 5 F
2 15Ml InTHE &/’JTBE
ores 211.5Mlzin N
% Bn

Note: Ene reaction — relative syn C4-C3

The center of C2 — face selectivity
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I-a: Ene reaction

O Sml,-mediated intramolecular coupling

91% N

Cl 1) 5% Pd{PPhs),
6.0 equiv ZnEt; __// —_
1.1 Et,0:Hexane % &
OTBS 2)1.5MI, in THF
N
Bn
J. M. Chalker: Org. Lett. 2007, 9, 3825

O Retrosynthetic analysis of kainic acid

_COZH C02R3

J Cl
()z‘coz E— /< — J\ H3N 2 4

CH R
(-)-kainic acid (1)

Fuyuhiko Matsuda et. al. Org. Biomol. Chem. 2017, 15, 6557
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I-a: Sml,-mediated intramolecular coupling

O Synthesis of the intermediate

C02Me J\

HC"HzN CO,Me
OTBS NaBH,, MeOH, rt
then Boc,0, 72% N
Boc
OTBS
O Dess-Martin oxidations
OAc R OA
AcO ACO c
N ® >—OH ;_:
' O Rl
-l-\o %Ac R O
- AcOH Lo{
O 0
DMP diacetoxyalkoxy
periodinane

Cl
1. DIBAL, DCM, 0°C

2. DMP [O]

T
3. BU3P=CHCOZEt or
(CF;CH,0),POCH,CO,Et
KHMDS, 18-crown-6

E, R,
Z, R

- AcO
- AcOH

iodinane

R4
N Z "R,
N
R4
OTBS

CO,Et, R,=H 60%(3 steps)

1=H, R,=CO,Et 69%(3 steps)

R R

Carbonyl

compound
——
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I-a: Sml,-mediated intramolecular coupling

4 )
Cl
1. DIBAL, DCM, 0°C
3. BusP= CHCOzEt or
Eoc (CF;CH,0),POCH,CO,Et
OTBS KHMDS, 18-crown-6 Ry OTBS
E, R{=CO,Et, R,=H 60%(3 steps)
L Z, Ri=H, R,=CO,Et 69%(3 steps))
O HWE olefination
o rO e @ PLLN 0O OQeeM
RDI--H# Base M 17 RO g RO P
' . R —— . - 11+ - It ,
> OR _H- RO P~ . ' s OR
phosphonate ester phosphonate carbanion R, R' = alkyl
B M. Tt M. 0 M i
RO Cﬁ: ;0 Kant addition o o ) Ksyn addition RO, CIZ:; 0
SN (fast) ROV B + AL (fast) PN
ro” 4,7 OR RO” OR' = H rRo” 4 OR
E /; phosphonate carbanion aldehyde \(j]‘\ }L
H™ TR | R¥ TH
TS (anti) 0 O TS (syn)
Kanti RO Px RO! P*-‘. e I
{faster) RO( O FEI[ZI:"r 0 l ffasl}
. -
is 3 MO
(slower) — P +OR R R? D_I':,..xOF{
P “OR I — ., *OR
R TCOR COR’ COR r¥  COR
cis (Z)-Alkene (E)-Alkene trans
oxaphosphetane minor major oxaphosphetane
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I-a: Sml,-mediated intramolecular coupling

O Still-Gennari modified HWE olefination

0 pO
~ II:-I" C - HBase 0° O 9 0 9 QS2M
]
ro' %DR' o o | ROUR L <= ROP R oSN or
e/  BaseM RO" OR RO" Gey RO
bis(trifluoroalkyl) phosphonate carbanion R = trifluoroalkyl
phosphonate ester R' = alkyl
— M. 3 M. B _M. I+
RO, CI:: ;O Kanti addition LFIP o j)\ Ksyn addition HD;,,?,’! 0
r.PII'\‘,}I\ . - (slow) RO 'P\y\ + R3 H (slower) - 1."“,F"‘J- L OR
rRo” &7 OR RDS RS OR RO” O,
I
i / phosphonate carbanion aldehyde \157]\ At
H R3 i R.'i H
TS (anti) - TS (syn)
Kani ? ﬁ {':55"”]
(fast) RO' P @ RO' P. e ast
ro”, © ro? ©
[ =] @
MO 3 ; MO
O puiOR R R3 o—pnOR
% ~OR [ = 2~ OR
- CO,R’ R
CO,R' COR : RS TCOR
cls (Z)}-Alkene (E)}-Alkene trans
oxaphosphetane major minor oxaphosphetane
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I-a: Ene reaction

O Sml,-mediated intramolecular coupling

1. Sml,, HMPA, H,0 J

Cl
R4
AN Z R Nil,, Ligand, rt % 4 —CO,Et +—CO,Et
2 y K &
+
2. TBAF, rt
N 5
R4 N N
OTBS H  orBs H  otBs
E, R4=CO,Et, R,=H 60%(3 steps) 15
Z, Ri=H, R,=CO,Et 69%(3 steps)
Entry Substrate HMPA (equiv.) H,0 (equiv.) Nil, (equiv.) Ligand” Yield® (%) 15:16“
1 E-14 24 10 1] None 68 28:72
2 E-14 60 10 0 None 64 18:82
3 E-14 0 0 0.3 None 55 32:68
4 E-14 0 10 0.3 None 61 31:69
5 E-14 0 0 0.05 PPh, 54 36:64
6 E-14 0 0 0.05 dppm 41 29:71
7 E-14 0 0 0.05 dppe 40 36:64
8 E-14 0 0 0.05 dppp 50 48:52
9 E-14 0 0 0.05 dppb 54 37:63
10 E-14 0 0 0.05 Ethylenediamine 38 29:71
11 E-14 0 0 0.05 1,10-Phenanthroline 41 36:64
12 E-14 0 0 0.05 2,2"-Bipyridylamine 43 48:52
13 E-14 0 0 0.05 2,2"-Bipyridine 45 62:38
14 E-14 0 10 0.05 2,2"-Bipyridine 51 58:42
15 Z-14 60 10 0 None 73 38:62
16 Z-14 0 10 0.3 None 56 45:55
17 Z-14 0 0 0.05 2,2"-Bipyridine 66 62:38
18 Z-14 0 10 0.05 2,2"-Bipyridine 69 50:50

6.0 equiv. of SmI, was used. ” 0.2 equiv. of ligand was used. * Combined yield after silica gel chromatography. ¢ Ratio estimated by "H NMR.

Fuyuhiko Matsuda et. al. Org. Biomol. Chem. 2017, 15, 6557
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I-a: Ene reaction

O Total synthesis of Kainic Acid

0 Jones oxidation

Complete mechanism which accounts for the observed

stoichiometry:

R'IRZCHOH + CrfY) — &

R'R“CHOH + cr'™

—
cr + ¢Vl ——=
———

R'RCHOH + cr¥)

_ )
/ S CO,Et —Z/ +—CO,H
3 1. CrO, H,SO ™\
5 3 M2504 &
N2 2. LiOH N~ YCO,H
Boc OH 3.TFA H
15 60% 3 steps
1. CrO,, H,SO
3 2 4 >
2. LiOH N~ YCO.H
3. TFA H
0,
L 80% 3 steps )
Step #1 ?@ OH *
0=Cr-OH + L =———
s R" "R? -HOH
R'RC=0 + cV+2H"
R'R?C=0 + ci"+ 2 H*
®
il + v Step #2 QH/]./Q -HOH
_ e
R'R2C=0 + Crlll + 2 H* 0=Crs - HCrO,
0

1

DH/]\

Q=Cr—0Q

I
0]

chromate ester

0
F:HJ\R2

Carbonyl

compound
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I-a: Ene reaction

O Rh(l)-catalyzed asymmetric enyne cycloisomerization

Retrosynthetic analysis

HO,C EtO,C EtO,C \
) — — °
H02C“ N (o) o

N N
H H 1
. . PMB
(-)-kainic acid
CO,Et V OAc
Rh(l)-catalyzed asymmetric Et0.C —_
| | f\/OAc _ enyne cycloisomerization 2 A\
<
N\
0~ "N O~ N
[
PMB PMB

117
Xumu Zhang et. al. Chem. Commun. 2018, 54, 727



I-a: Rh(l)-catalyzed asymmetric enyne cycloisomerization

O Synthesis of the intermediate

OAc  BOP-CI, NaHCO CO,Et
OAc  PMBNH,, Cs,CO; =z " 920,
N DCM, 93%
> > | OAc
DMF, 50°C, 84% o) =
Br PMB
OH 02N
Z |
EtO,C PMB
4 )
OAc OAc
EtO,C — EtO,C —
Table 1 2 2
N IPrCuCl, NaO'Bu,PMHS 1.K2CO3, EtOH -
>
0= N\ 'BuOH, toluene, 92% 0= N 2.EtN,DCM O - o
1 i
L PMB ) PMB  81%(for 2 steps) I
EtO,C Q 1. NaBH,, CeCl;7H,0  EtO,C oA EtO,C
O 2. Ac,0, Et;N Pd(OAc),, Bu;P
o
0=\ 93%(for 2 steps) N HCO,H/Et;N O~ N
)
PMB PMB PMB



I-a: Rh(l)-catalyzed asymmetric enyne cycloisomerization

CO,Et

Z OAc  BOP-CI, NaHCO;
0,
DCM,93% || OAc
o) =z
PMB / OH 07N

72 |
EtO,C PMB

O Amidation mediated by BOP-CI

0O 0O

)J\ + | |

Phy” “‘c1

RNH/\ O O
\ , Ph‘) )

RJ\NHR T ophye NP

~

/
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I-a: Optimization of the Rh(l)-catalyzed asymmetric
cycloisomerization of enyne

.

( 2
CO,Et OAc
J’l\ . OAc cat(5 mol%), L(12mol%), o EtOZC}{ﬁ
J/\/ additive(20 mol%), DCE, rt, 30min
o7 -
PMB PMB

J

AT 5 O
Entry  Catalyst/ligand Additive  Yield® (%)  eef %j/\% ; {
e ' 9]

1 [Rh(COD)CI],/L1 AgBF, 98 81 Eiii 5 o
2 [Rh(NBD)CI],/L1 AgBF, 96 78 #"’J/ | %
3 [Rh(CH,CH,),Cl],/L1  AgBF, 98 79 i 0N\
4 [Rh(COD)Cl],/L2 AgBF, 97 69 .. .
5 [Rh(COD)CI],/L3 AgBF, 92 53 TS Ha A vz
6 [Rh(COD)CI],/L4 AgBF, <5 5.0 But OMe-Cafly L4
7 [Rh(COD)CI],/L5 AgBF, 99
8 [Rh(COD)Cl],/L6 AgBF, 21
9 [Rh(COD)Cl],/L7 AgBF, 24
10 [Rh(COD)Cl],/L8 AgBF, 96
11 [Rh(COD)CI],/L9 AgBF, N.R. g
12 [Rh(COD)CI],/L10 AgBF, 98 91 " i Bus-OMe-CeH, Lp
13 [Rh(COD)CI],/L10 AgOTf 98 92  3,5-d-Bu-CqHs L7
14 [Rh(COD)CI],/L10 AgSbF, 96 90 35dMeCatts Lo 120

[Rh(COD)CI],/L10 AgOTf 98 (95 07— ,iiiomecs, Lio




I-a: Rh(l)-catalyzed asymmetric enyne cycloisomerization

(" N
OAc
EtO,C — EtO,C \
1.K,CO;, EtOH 0
>
(0] N 2. Etz;N, DCM \E'I)/ I@ h‘l
1
PMB 81%for 2 steps) || PMB
S y,
O Eschenmoser methenylation
O
2
Mel (xs) R’ a_ R
/ ®
MesN~ ) 0
2 Base (1 equiv) i N e r2
se (1 equiv . R2 e heat R
R1JQ/R2 > R1 CHz
R'= alkvl. arvl ther&add e Q a—Methenylated
Y A [HECZNMEE}l MeN 1 o R? carbonyl compound
O-alkyl . mCPBA R
@
Mezlrl
20
O g 0 [ 0 0 2
R1J§/R2 E ~® R2 R1Jﬁ‘/R2 1. ox. R1J>b}—{/la loss of R‘IJ\E/R
1 * A
H R ...CH; 2.4 HoCL )/ NMe:; CH;,
MesN /N\ o—Methenylated
M @ M OH
@ = i o o carbonyl compound
Hsz]MEz | |
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I-a: Rh(l)-catalyzed asymmetric enyne cycloisomerization

p=n+

4 )
(0] 2. ACZO, Et3N OAc
o) N 93%(for 2 steps) o) N
!
PMB PMB
\_ J
O Luche reduction
H loss of
| - o
H=B=H + nR—OH s [BH4-n{OR}n] i [BH4-p{UR3'p] n=0,1;
H
(HJRO OR (H) 1
RQ o L3----H—OR . a8 ROH |
OR(H) Ce? \
HE
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I-a: Rh(l)-catalyzed asymmetric enyne cycloisomerization

4 )
EtO,C EtO,C
OAC  pb4(0Ac), BuP
o >
P|l HCO,H/Et;N O~ N
PMB PMB
\_ J

O Palladium catalyzed hydrogenolysis of allylic acetate

R Pd(0) AN~
\I/'\\ N \/\l

(A) X

H or

R
N s
H X
CO,
R\J’%\ Hwﬁp\
Pd Pd

e

4
HCO X

X~ HCO,™

[ e 123



I-a: Synthesis of (-)-kainic acid.

—
72% 2. TMSCN
(0 N O N
1 H
PMB
HO,C
Et0,C HCI/MeOH - 2
then 2 N KOH/H,0 .
0 HO,C*
NC N 60% 2 H
H

- - (-)-kainic acid
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I-a: Synthesis of (-)-kainic acid.

e - =)
EtOzC‘I?\ 1. Cp,ZrHCI Etozc*i_?‘ 2. TMSCN Et0,C
ﬁ é
o) N N NC N
H N i H |
\_ J
0 Strecker reaction
Mechanism in the presence of an organocatalyst (Corey, 1999): Mechanism of the classical Strecker reaction:
. H
0 R ® R, R
) H N
/IJ\ + HM _— @
R'" "R R3 R1+R2
OH
H
R3 1 R4 R:® R4
N ® P.T. R N
R'——R? - HOH R JLRE
OH
3 =]
R "H.IC:]).-' Rq CN

RQ

[ T 125



~

Structure Analysis | (the key syn C4-C3)
—COH I: The key syn C4-C3

-
»
L

PNy CoH I-b: S\ 2’ reaction

N
H
L (-)-kainic acid (1) y
Cl 1) 5% Pd{PPha)4
6.0 equiv ZnEt; ,__/ -
1.1 Et;0:Hexane LN
=3 = -
N 1%, E
Bn n

J. M. Chalker et. al. J. Org. Chem. 2011, 76, 7912

cl
R4
1. Sml,, HMPA, H,0 //
AN Z R, Nil,, Ligand, rt . %4 & COaEt +—CO,Et
2. TBAF, rt 5 3 +
N
R4

N"2
H

O"

Iz

OTBS
E, R{=CO,Et, R,=H 60%(3 steps)
Z, Ri=H, R,=CO,Et 69%(3 steps)

OoTBS
15 16

OTBS

Fuyuhiko Matsuda et. al. Org. Biomol. Chem. 2017, 15, 6557
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I-b: S\ 2’ reaction

O Retrosynthetic analysis

HO,C MeOZCAi_?‘ EtO,C,
HO,C*" ~

W AN

N

N
H \ \o é
(-)-kainic acid 0
Montgomey, Parsons and

Evans's intermediate

E
N-allylation t0,C

Sn2' reaction z /\)\
) o + Br Cl

\\

Sy

Jun Yang et. al. Tetrahedron. 2016, 72, 5502
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I-b: S\ 2’ reaction

O Synthesis of the intermediate

EtO,C EtO,C
NaH/DMF, -45°C

‘v » \d

{‘ NH ¥ Br Cl then KI/LIHMDS \

é o
o Steric effect

Jun Yang et. al. Tetrahedron. 2016, 72, 5502
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I-b:

Formal Total Synthesis of (-)-kainic acid.

S
1
E _
t0,C 1.LiAH, H >—F|’ OEt
2.DMP[O] S  OEt
Y 86% for 2 steps " N >
\ \ nBulLi, -78°C, 88%
o) o—&
o o
Me02C
HO,C
HgCl,, MeOH/H,0 : 3 steps
gtly, Me 2 W N
— .
70°C, 79% \ —>  HO,C“™™ Ny
o—{o N

Montgomey, Parsons and
Evans's intermediate

Jun Yang et. al. Tetrahedron. 2016, 72, 5502

(-)-kainic acid
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I-b: Formal Total Synthesis of (-)-kainic acid.

*& oot @%*

"BuLi, 78°C, 88% Q N
o

O Wittig-horner reaction
* ()

- Duli @:s _Li
——1T”F 5>—!L({‘.'Me)2 + X 0 —

0

. s

+ Li Di‘(ﬂlﬂle}z
0

Jun Yang et. al. Tetrahedron. 2016, 72, 5502
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Structure Analysis 11 (the key C1-C5)

~N

—, s—eos | 11: The key C1-C5
S(E?Z\C%H I1-a: The nucleophilicity of N
) (Michael addition)

T. Fukuyama: Org. Lett. 2007, 9, 1635-1639.

L (-)-kainic acid (1)

o o
J Michael 0 °‘<=
, f_COZH addition Me p RCM Me
& — — R
H N CO,R PN—\
P CO,R
1 17 18

reductive OoP Me—<—// Evans aldol L
amination Me—<—// \ reaction o
— $ —> o=} ) E— O +CH,CHO
\ N &/f
R 0

19 20 21
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I1-a: Cu catalyzed Michael addition—cyclization reaction

Retrosynthetic analysis

O t
CO,'Bu
//Z s—COzH //Z g/ 20 diastereoselective
R olefination . Y._o reduction
CO,H ’ 7
N 2 N

(-)-kainic acid

Michael addition” o)
cyclization reaction

Tetsuro Shinada et. al. Org. Lett. 2014, 16, 2550
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I1-a: Cu catalyzed Michael addition—cyclization reaction

O Synthesis of the Michael Addition Reaction Acceptor

1. (COCIl),, DMF mCPBA

AN COH P o el
2. KOt-Bu

OH
o PDC
<L coeu Mameod L o _coseu o

71% (3 steps)

0 o)
)l\/\/COZtBu + )I\/\/CoztBu

3:2

https://www.sohu.com/a/142106393 610519

Tetsuro Shinada et. al. Org. Lett. 2014, 16, 2550
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I1-a: Cu catalyzed Michael addition—cyclization reaction

O Synthesis of Chiral Pyrroline

0

COztBu
N(:/’\\]T/

)]\/\/coztsu
9

o N 7 "0
+ Xp
CO,Bu
1 24

ba solvent acceptor time
entry base g 4M)  (equiv) (min)

1 EtsN DCE 1 16 h
2 DBU DCE 1 120
3 TBD DCE 1 120
4 none DCE 1 60
58 none THF (0.5 M) 2 40

Cu(t-butSal),(5mol%)
base(5mol%), solvent, rt

A
=0
+ 10+23
(3:2)
recovery

1 24 25
(%) (%) (%)

trace frace 43
11 10 55

20 14 46
24 20 14
54 24 9
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I1-a: Cu catalyzed Michael addition—cyclization reaction

O Total Synthesis of Kainic Acid via Stereoselective Reduction of

Pyrrolines
0) t
_CO,'Bu /COZtBu
S 0 1. NaOMe, MeOH 5
=0 2.Boc,0, Et;N, DMAP 3
s
N~ :
N 71% CO,Me
H (o) N

Boc Boc

Pd/C,H,,90%,>95:5 dr
L-Selectride: 50%, 3:1 dr

3% aq. KOH
99%

_ H\(g*H ] ///0 _CO,Bu
L-Selectride (L) '}\0 H © o, S
(6.0 equiv) . o &
00C, then 1N HCI CO-H
N 2
Eoc Boc

1. CH2N2 /// COZtBU CO.H
2. CH,l,, Zn, TiCl, é/ 1. 3% aq. KOH J _~Co;,

cat. PdCl, . N 2. TFA - S
52% 2 steps O‘ 78% 2 steps O‘
o P N CO,Me N CO,H
Boc H 135

(-)-kainic acid



I1-a: Cu catalyzed Michael addition—cyclization reaction

T. Fukuyama: Org. Lett. 2007, 9, 1635-1639.

0
CHgzlz, Zn, TiCly Me CO:-Me
Me COMe  cat. PbCl, THF ™
H H —_—— H
—CO;Me 60% o-COzMe
Noc ™ Boc ™

Boc
33 34
/ Zn | Zn - \
CHl, ——» | CH{ CH,
Zn| Znl TiCl
THF 3 slow |: Znx 4
6 cHL ] [ X 1T T ]
PbX, X e x| | el x
. 6 N s .n%/
Zn + PbX, ast fast (X =10rCl) - , _or_ . J
ZnX, "*‘.C o /T 10w
£=0 / m .
H R R cH/ i cH? T
| Zn Znl C=CH, i 20X, | |7 TiXpey ]
CH{ ———> | CHL R’
ZnX, + Pb PbX PbX 9 10
fast
4 5
X=lorCl

Takai, K, et al, J.Org. Chem. 1994, 59, 2668. 136



Structure Analysis 11 (the key C1-C5)

~N

A, «—com | 11: The key C1-C5

0

QC%H I1-b: The nucleophilicity of N

H

(Hainicacid () ) (S2 reaction)

\.

Noritaka Chida: Org. Lett. 2010, 12, 5756.

NMe2
_Z/ —CO.H (o) sequential Claisen/ OH
%4 ; 2" Mitsunobu reaction _ /Y Overman rearrangement )\/\/OP
5& 7 PO/\/\E 3 OP 7 Po/\: :
N72 ~COH 0. _NH S 5 :
H Y Z OH PZaN
CcCl,
o) OH
o)
Sn2 . _CO,Et (I
—IAN ¥ > HOV Y oH
0— OH OH

D-arabinose
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l1-b: Sequential Sigmatropic Rearrangements

XI
)
(@)
I
I
o
OIII

OH

D-arabinose

A

t-BuLi, CuCN
Br znBr,, LiBr
» MOMO

82%

O Chirality transfer

Me;CulLi

OH OH
-
H .f/ SNET
Me Me Me methylation

\ COzEt 2. MsCl

1. MOMCI
MOMO
75% 2 steps

1. LiAlHy, 97%

2. MPMBr, NaH
3. 80% AcOH(90% 2steps») MOMO

O

OH
WM/

4-13

=in

m
glll
4

OH
/\.)\N\OMPM

H

OIII

Me

412

OH
mCFPBA
e ———
k:/.%(\\\/\/
v Me
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l1-b: Sequential Sigmatropic Rearrangements

OH

%

MOMO”™ ~NOMPM

Z

=

(1)
N

~NOMPM

Z

=

D
N

o

\

ad
>\I...w

MOMO OMPM

MeC(OMe),NMe,
toluene, 4A MS
140°C

70%

1. CCI;CN, DBU
2. K,COg, toluene, 120

72%

1. 6M HCI, 90%

2. 0s0,4, NMO, -20°C

then Pb(OAc),, -20°C
>

= NMe2 =1
0
/\)\/\/\ Claisen
MOMO™ ™ " ~OMPM
OH 2N
_ NMGZ _
o)
o
MoMo” >N ompm =150
6YNH/~\
L CCl, .
NMe2
o)
OHC 2
3 OMPM
OYI:IH/\
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l1-b: Sequential Sigmatropic Rearrangements

— NM92
MeC(OMe),NMe, /&
/\/OQ/\/\ toluene, 4A MS 0
o
MOMO™ > NN ompm 1907 MOMO/\.)\/\./\OMPM
= H 70% H =
OH ZaN ’ OH PN
NMez
o)
MOMO” N XX N Nompm
OH /\
O Eschenmoser-Claisen rearrangement
@ R3 R?
g}ﬁ _QOR (Tliﬂez R47X% R proton transfer R R?
HaC—¢—OR P - .
H,C”%_OR HO._ _R! Me.N: MeN:
K—:NI"-.-'IEE ’ \/ H.jce;\@ H;C ;
4
RS H H
R3 i R? ] Mo RE RS
2 fla _R? =2 4
- ROH RS‘HHER“ SR - ROH R ™53 [3.3] O%\)E%%\w
CH2 QJ\ 3 1 R2
N7 1 Me;:N~ O 4 R’
Meg~ O R © 3 v.6-Unsaturated amide
L ketene aminal -

Claisen
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l1-b: Sequential Sigmatropic Rearrangements

NMGZ

1. CCI;CN, DBU
2. K,COg, toluene, 120

OMPM
H 72%
7
NMGZ
o)
MOMO 7 f 3~ “OMPM
O NH A

O Overman rearrangement
Mechanism of the thermal rearrangement
CCly CCls
3 CCIE i

HN/L\‘"-O
h’ R —-

3 R
six-membered
chairlike TS’

MOMO

NMe, _
o
: NS : OMPM Overman
6\T?NH4;i\
CcCl, J

Mechanism of the Hg'""-catalyzed rearrangement

CCly

HgXs

[ x—H CCly | CCly
NTO | —= HN™ o

R™* 51 v R *57
Hgx | + HgX-
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I1-b: The nucleophilicity of N (Sy2 reaction)

NMe, NMe, 1. CAN, 91%
2. DEAD, PBu;, 88%
o (o)
OHC 1. NaClO,, NaH,PO, 3. KOH, t-BuOH/H,0 /
20N OMPM  2-methyl--2-butene MeOZC\ _ ompm  120°C, 75% o %4 ’s—COZH
H H z H 3
0w NH 2 2. TMSCHN,, 38%(3steps) o. 4 A 5 &
CCl; CCl, H
O Mitsunobu reaction
Step #1: Step #2:
COzEt irreversible COsEt H CO,Et
L - 'E:' £ Z - s -
L addition H—Muc _ =]
JN—NZ , N-N - N '“|4 + :Nuc
Et0,C : PPhy EtO,C EPhs F10:C & pphy
zwitterionic adduct
Step #3:
P Step #4 y
H  COX PPh, =
N—N tOH P.T. H ~ COXt o™ Sp2 A~y
N e ) N=N * e R' R
2“ @ PPh, R1” “R2 Et0,C H R Y R2 :MNuc Substitution
with inversion
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Structure Analysis 111 (the key C1-C5)

\

4, —com | 111: The key C1-C2
(S
P\ A~coH I11-a; The nucleophilicity of N

H

L (-)-kainic acid (1)

) (S\2 reaction)

Srivari Chandrasekhar: J. Org. Chem.. 2013, 78, 3355.

A, —con I
s K3 \ ot
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I11-a: Synthetic of Epoxy Alcohol

0 _ OH OH
PMBO Noyori (S,S) = Red-Al, 86% z
S > PMBO —_— PMBO __ A AN\
A HCO,H-Et;N(1:1) AN OBn
OBn

OBn g39, 95% ee

0 o)
3-methyl-butenoic /U\)]\ 1. LIHMDS, TMSCI J‘\
9 2. CH,N,, 79% 2 st
DCC, DMAP,80% 0 oN>, % 2 steps MeO . DIBAL, 86%

PMBO_ _~
N\/\OBn PMBO \ "'I,/\OBn

\|
o ‘\ (AC)ZO, DMAP )I\O/)“‘“‘\ DDQ 89% /j
Et3|'I
—>
/\OBn

: PMBO .
PMBO X~ NoBn 95% NN NoBn

r N
Ts
9 0 Ph, N A
)I\ o Ti(i-OPr),, (-)-DET )j\ \ o
o ‘ TBHP, 82% o - AT
HO R N HO X Ph \
©~"" 0Bn o "« 0Bn Ts
N y,
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I11-a: Synthetic of Epoxy Alcohol

T )
' Je '
(o) ' Ph :
OH : 4., N '
PMBO Noyori (S,S) : - LYy
X »  PMBO 5 Bu—.\ PE
A HCO,H-Et;N(1:1) AN pn” N :
OBn  g3%, 95% ee OBn ! Ts E
' P
. J

O Noyori asymmetric hydrogenation

(P-P)Ru((O,CR), (P-P)RuMX,L, OR

H H 1
I COzR - RCDEH 14. Hy -Hx l-l- Ha O
R, :
" NH ﬁ:_| 1 @ iy 0]
g:( 2 {P-F’]Ru"\-o . COsR H (P-P)HRu(XL, o
R 2 =<
NH H v L
+H; (0] ‘
:<R2
®
H [{P-P]Ru[“mvl OR
COR’ ; COR" " o=
NH P-P R'Ii“} g NH {P_P)RLI‘TL
(P-P)Rull) (P-F) | = x, ©
Rcc'}\Of R? Reo: 2
2

@®
OR] R!
ren |x,o_
vL ™ (P-P)Rulll H®
v \‘:D \''H
dR! 145

(R)-BINAP-Ru("(0,CR), = (P-P)Ru(0,CR), (R)-BINAP-RuX,L, = (P-P)Rul"IX,L,



I11-a: Synthetic of Epoxy Alcohol

( )
0 0
M moen, e L
o ‘ TBHP, 82% 0
HO N -
4" 0Bn HO %" N0OBn
L o
O Sharpless Asymmetric Epoxidation
D-(-)-diethyl tartrate (unnatural)
:5:
—
Prochl.ral or chiral ; 0-OH
allylic alcohol
(=1 equivalent)
1-3 _
R H, alkyl, aryl Ti(-OPr)s
(5-10 mol%)
activated molecular sieves
O CH.CI,, low temperature ‘————»

L-(+)-diethyl tartrate (natural)

rz2_ R
(@
R OH
Enantiopure
epoxy alcohol
or
RZ R1

o
R3 OH
Enantiopure

epoxy alcohol
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I11-a: The nucleophilicity of N (S\2 reaction)

1. PPh;, H,0

N3 ‘\ TBAF, 90% 2. (Boc),0, 68%
—_—
TBSO .
0 " oBn " 0Bn

OBn OBn
—(/ —/ _// _/ J \_/OH

QO 1. Na|04 S

\ 2. NaBH,, CH;0OH — Li, naphthalene "
2 on - ()\/OH - OH
N 87% 2 steps N 81%
N
Boc Boc N o
HO
J,/ ¢_C02H
1. Jones reagent “ 3
T
62% 2 steps N 2
H

(-)-kainic acid
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I11-a: The nucleophilicity of N (S\2 reaction)

\_

J‘\ 1. PPh3, H20(cat)

2. (Boc),0, 68%
r

/A

>
O

N
OBn

O Staudinger reaction

N =
2 OH
HO 2 ).,
T N
(0] Boc
HO
y
R *
e SN— B, N2
N NPxg = RI-N-N=N-PX, — N===PXs
V==
hosphazide
PrOSP TS*
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I11-a: The nucleophilicity of N (S\2 reaction)

4 )
OBn
“\ 1. PPh3, H,O(cat) —/Z R
Ny 2. (Boc),0, 68%» R
2 J. 2 OH
HO “”" 0Bn N
o) Boc
HO
\. J
O 5-exo-tet cyclization VS Blum-Ittah reaction
R1 R‘l R1
HO
Wil e HOo{ © & %
g S+ N oo T g-.--N*N qPPh, 2"N N—N=PR;
R2 rt}' 3 R2 R
PR, P
I 1
\- PR N /‘,.\,)
S I - — |
K‘*N\)( e NzT + R1\:/\R2 HO
OH R!
8
Rgp_N“v (':‘,:PR3 n
—— O R2 —s N0 —= L\ *+ PhP=0
\Q, Rf "R2
R’ P
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4 —_/
X
5
2 C02H

N
H

L (-)-kainic acid (1)

~\

J

r
—/’{4 ¢°_C02H
5 YCO,H

N
H

L (-)-kainic acid (1)

~N

J

Summary

I: The key syn C4-C3
|-a: Major Ene reaction
I-b: S\ 2’ reaction

I-c: D-A reaction

Il: The key C1-C5
l1-a: The nucleophilicity of N
(Michael addition)
I1-b: The nucleophilicity of N

(S\2 reaction)
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—// +—COH
e
5
2 YCO,H

N
H

L (-)-kainic acid (1)

N

J

—// +—COzH
(L.
5
2 TCO,H

N
H

L (-)-kainic acid (1)

J

Summary

[11: The key C1-C2
I11-a: The nucleophilicity of N
(S\2 reaction)

111: The key C1-C2 E
111-b: The nucleophilicity of N |

|
(Michael addition) /

I
i
i
i
i
i
i
\
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N
H

-
’/{,4 SO0
5
2 YCO.H

L (-)-kainic acid (1)

~

J

.

4 J
44 ’O\_COZH

(N
5

H
(-)-kainic acid (1)

~N

J

Summary

{ \
U111: The key C1-C2 i
i I11-c: The nucleophilicity of N |
|
\ (imination) /
N o o o o e o " ——— -
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Y
~4
X
5
2 C02H

\_

Q

N
H

(-)-kainic acid (1)

~\

+—COH

J

2 0 THF 5
g” reflux 1
C + p-Tol” “hIJI\ — - Ar

NPh,

Summary

IV: The key cycle
IV-a: [3+2] cycloaddition

o
Mgl %_,,Nth

=

Gh\.
" Np-Tol

Ar

wn—
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