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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
receptorsfor glutamate,the principal
excitatory neurotransmitter in the
centralnervoussystem
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NH




Introduction

Kainicacidis a direct agonistof the glutamickainatereceptorsand largedoses
of concentrated solutions produce immediate neuronal death by
overstimulating neurons to death. Such damage and death of neurons is
referred to as an excitotoxiclesion Thus,in large, concentrateddoseskainic
acidcanbe considereda neurotoxin,andin smalldosesof dilute solutionkainic
acidwill chemicallystimulate neurons
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Total Synthesis of Kainic Acid

Approachfor Stereocenters

A ChainSynthesis

A Oppolzer W.; Thirring K., Enantioselective synthesis and absolute
configuration of {)-.alpha-kainic acid. Journal of the American
Chemical Society©82, 104 (18), 4978979.

A hevliakoy M. V.; Montgomery, J,, 8tereodivergenfApproach to
o B Kainic Acid and ?—h)—Allokalnchud Utilizing the
Complementarity of Alkyne an@llenngcl|zat|onsJournaI of the

American Chemical Societ999 121 (438), 111391143.

ARingCutDown S
A HanessianS.Ninkovic { ®3 { (0 SNF 2 a S {-h&@ifich IS
Acid and (+) -AllokainicAcid viaTrimethylstannyMediated

RadicalCarbocyclizatioand OxidativeDestannylation The Journal
of Organic Chemistry©Q96 61 (16), 5415424.

A Nakagawa, H.SugaharaT.: Ogasawara, K., A concise route
kainicgacid. Org LgeﬁOOQ 2 (ZC%, 3181. Yo (

ADirect entry



Total Synthesis of Kainic Acid

Approachfor Stereocenters

AChainSynthesis

HOOC

COOH

NH :> EtOOC N~

—>

HOOC, H

0] O

HO OH
NH,

(S)-glutamic acid

Boc

—>

EtOOC

HOOC H
N
H

.Boc

ClaydenJ.; Menet, C. J.; Tchabanenko, Ketrahedror2002,58 (23), 47274733.




Total Synthesis of Kainic Acid

Approachfor Stereocenters

ARingCutDown

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

ClaydenJ.; Menet, C. J.; Tchabanenko, Ketrahedror2002,58 (23), 47274733.



Total Synthesis of Kainic Acid

Approachfor Stereocenters

ADirect entry
Q0 A cou ,.ﬂcogr Bu
g K
CN/\H/N .
Michael addition-
S-9 cyclization reaction
diastereoselective ﬂ
reduction
O
_’/// /jg \.--'COQf-BU
“,  ST"CO,H olefination 0o
(N — D\WN-S"
N CO,H N
N 2 P 5 / f
12

(-)-kainic acid (1)

Oe, K.;Ohfune, Y.; Shinada, Qrg Lett2014,16 (9), 25563.
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Total Synthesis of Kainic Acid

Synthesi®koute
ARetrosynthesis
Hooc €O HOOC H HOOC H
NH [ Et00C e e— 000~y BOC

—>

0] O

HO OH
NH,

(S)-glutamic acid

N
H




WolfgangOppolzerChemischeinformationsdiens1982.

Total Synthesis of Kainic Acid

Synthesi®koute
i(i)i(H 1. BHg, THF, -15°C, 13h, 57% OTBS NaH, HMPA, r.t., 16h
L & _ / _
co0c N"2%° T 2 tBu(Me),SiCl, NE, /\/(H o /\)\
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 L H

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




WolfgangOppolzerChemischeinformationsdiens1982.

Total Synthesis of Kainic Acid

Reduction& Protection
HOOC H 1. BHj, THF, -15°C, 13h, 57% ?TBS
.- Boc > L H
EtOOC N 2. t-Bu(Me),SiCl, NEt;
H DMAP, CH,Cl,, r.t., 3d EtOOC/\/<N/BOC
" 92%

3

Mechanism

%
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Total Synthesis of Kainic Acid

Alkenylation
OTBS
?TBS I H
L H NaH, HMPA, r.t., 16h =,
A~ Boc SN 2 T
EtOOC N
H B /\)\
3 r
77%
4
OTBS 1. CgHsSeCl, THF, -78°C, 45min OTBS

I I
- H - H
3 Y L B
EtOOC/\/<N/BOC Li N EtOOC/\/(N oc
2. H,0,, Py, CH,Cl,, r.t., 15min
48%

4 5
@ Mechanism

/

~ o+
R\*(O Ly, P\(O - ﬂ
X R X
R
1 X 3
2
k X can be hydrogen, alkyl, or alkoxy

Sharpless, K. BLauer, R. FleranishiA. Y.JJournal of the American Chemical Soci€ty3,95 (18), 61376139.
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Total Synthesis of Kainic Acid

Alkenylation

/ Ry O \

B
o~ CO0EE ' PhSeCH,COOEY

9

1. R,NLi, THF, -78°

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

B’ 2. RCH,X, DMSO
CC

Y

R /YCOOEt

SePh

Sharpless, K. BLauer, R. FleranishiA. Y.JJournal of the American Chemical Soci€ty3,95 (18), 61376139. 17
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Total Synthesis of Kainic Acid

Synthesis Route
OTBS QTES
| ol N
“ oluene y Boc
X .Boc ———>  EtOOC N~
eooc” Ay 130°C, 40h
70%
6
5
H
HOOC H HOOC ¢00
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%



WolfgangOppolzerChemischeinformationsdiens1982.

Total Synthesis of Kainic Acid

Cyclization

OTBS ?TBS
| H - H

~ toluene P
A A -Boc EtOOC N oO¢
EtOOC N 130°C, 40h
)i 70%

@ Mechanism
/ EneReaction \

19
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Total Synthesis of Kainic Acid

Cyclization
@ Mechanism
P st ,COCF
E = COOEt

COCF 180°/ 5 min
or 70°/80 h

H.,C -
3. E:EE 2
CH, “cooEt Et;AlC1/-78
(t)

1
(Z) =Enophile

COCF 4 180°/15 min

E or 70°/48
H.C
3( ] E
CH, o
(t) Et.AlCl/-35
9 COOEt —2

(EF)-Enophile

10

(cis)

50

11

E NE 3
E - E

h
QOEtL COOEt

2

(trans)

75

100

50

89

Oppolzer, W.; Robbiani, C., Helvetica Chimica 2@88 63 (7), 201€2014. 20



WolfgangOppolzerChemischeinformationsdiens1982.

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 288 63 (7), 2012014.
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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

QX
(@m-N
A
(0p))
_<
(0p))

vY 2KI G A OKFyAayYy 2F W
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Total Synthesis of Kainic Acid

Hydrolysis & Deprotection

@ Mechanism

>

Cr(VI)

clear orange
solution

w2y S$aQ h
OH CrO; )OL
R1)\ R, HyS0, acetone Ri" Ro

CrO5; + H;O — H,CrOy4
0O e
,‘(‘:’DFOH O\C/E) SN /E)

o= ~Cr—OH (Cr—OH
H OH

*0: — T Cot, — A
/I\. R1/{\R2® i ng\\R2
R Re H H

chromate ester

Cr(lll)

green

23
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Total Synthesis of Kainic Acid

Retrosynthesis

COZt Bu
COOH t-BuO,C SnMej

MO

HOOC

N

o~

—> HO/\i/\OMOM ——> L-Serine

NHBoc




StepherHanessianThe Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Synthesis route

MOMO
1. (Boc),0 f/
2. CH,N
HOQC/\;/\OH 2N2 HO™ " OMOM 1.NaH, THF W
N 3. MOMCI, DIPEA N ]
NH; 4. LiBH, NHBoc 2. By B«
74% 93% 0]
2: L-Serine 3 4
COzt-BU

\ / t-BUOzC SnMe3
o Me;SnCl
o, 3
1. HCI, 40C, 96% f addn. of NaCNBH3 H
2. Swern then \ N
o~

Ph3P=CHCO,t-Bu t-BuOH, AIBN o~\§
CH,Cl, 88%
0
6

85% 5

O



StepherHanessianThe Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Protection & Reduction

1. (Boc),0O
2. CH,N,
HO,C™ " OH HO™ ™" ~oMoMm
o 3. MOMCI, DIPEA —
NH :
2 4. LiBH, NHBoc
74%
2: L-Serine 3

HzN—R H o
t-B © ojro‘t-Bu E— - \n’ “t-Bu +CO; +t-BuOH
0O O (o)
Boc,0
Methylation
N
i %
H;G:ﬁ:f? HiC™ A N, o

27



StepherHanessianThe Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Alkylation

MOMO
f/
Ho > "omom 1 NaH, THF

3 2. Br g \ N
NHBoc - PINOX O«
93% @)

3 4



StepherHanessianThe Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid
Deprotection, Oxidation & Olefination

COzt-BU

MOMO
Zf 1.HCI, 40°C, 96% \§§/
N

2. Swern then
Ph3P CHCOzt Bu
O CH,Cl,

4 85% 5

@ Mechanism
\ \
/ N o o)

0 ® D o
{ cl:? —cCl O —+ ¢l § —
_ _ crr c)Q) | 0 IN__%q
SwernOxidation 0
(COCI),, DMSO ol
OH CH,Cl,, —78 °C 0 ) O L@
A 8 cl H
1 2 R "R? d ‘L/ H S~ N ‘NEt3
RO R then EtzN co,™ + cot+ i — O —
R1 R2 R'l R2
¢80
0~ "CH,e O
ENHON + Ny —— R1JL + (CHg)sT

. . ”
R2
\ sulfur ylide /
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Total Synthesis of Kainic Acid

Deprotection, Oxidation & Olefination

@ Mechanism

/ Wittig Reaction
0] Rs

Ri  Rs
PhyP — PhyP=0
R)LR * 3 #Ra, RZ‘=<R4 + 3

1 2

1
PhSP:/\)FEO SN2 X g R R’
R” "X Phspt'jH‘\ —  PPh;=
R :B R

(S)

O
Ph3P R’
ri [2+2 RNR
- \@/ cycloaddition 5Ph3
betaine

The * puckered transition state, irreversible and concerted

Phs;PxO R3
- - R/}ik\Ra —_— Pph3:O + RZJ%VRJ
R' R? R
oxaphosphetane

~

v

30
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Total Synthesis of Kainic Acid

Cyclization
CO,t-Bu
t-BuO,C SnMe
\ 2 Me3zSnCl ’
“ addn. of NaCNBH; “
VN t-BUOH, AIBN { N
O‘Q 88% o
0] ‘<\O
6
A
SnMeg
. SnMe,
O n——"CO:Me —— j
N .
B“/-.\/:’ Og;_li\/ﬁcoz'“
'l
l Sﬂ'\i‘aa
0 o
AT :iéL
0/£;OM B‘— COoM
trans




StepherHanessianThe Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Synthesis route

MeO H

t-BuO,C SnMej t-BuO,C OMe t-BuO,C o)
CAN, MeOH MezBBr, CH2C|2, -78OC

\ N 38% N 99% N
0— o—{ o)
O O o)
6 7 9

t-BuO,C 0
t-BuO,C OH 2
MeCeCl,, THF, -78°C 2 }_?“ TPAP, CH,Cl,, r.t. }—f

0, N\
05% UON 80% 3
@)
«O Y

10 1
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Total Synthesis of Kainic Acid

Oxidation

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

o— 0—

38% 14%

MaySn Me . O
9 HHL W e
O\‘ O N H o H H H
O;.:N/ 6%, (2:1)  BRQ:D 29%(2:1)
| “Lj' o)
O g’
O‘- l'i? “:‘\ r{l “’sn H H
I v N
AR oo
; . 0 By
(f7 0 \\N.—C) B0,C Ei0,C
\ 4%, (6:1) 96%, (4 : | endo [ exo)
@)

Hanessian, S.; Leger, R., Journal of the American Chemical $662ty14 (8), 3118117. 33
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Total Synthesis of Kainic Acid

Demethyilation
MeO H
t-BuO,C OMe £BUO,LC o
MeBBr, CHyCly, -78°C }_f
Y i\{\l 99% N
5 o~
38% 9
7
@ Mechanism
'_B‘B Br Br\JBr Br._ _Br
r’l Ei+
4@1 ‘Mg ————= 4@ Elff'-ie_‘\
Br

34




StepherHanessianThe Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Demethylation

@ Mechanism
/ Ao oM \
Me,BBr

R\o/\o/me
A
. Me” “Me
Q;
"o oM NS N
SN g 30”0
B r B,e e
me” “Me Me” B\M.
R Me
No# (Br® —0—
e R A
R\ /Ma
DABr + Me,BOMe R—0—B + M /Dvﬂr
i \Me ¢
* MeOH H20 /‘|30 i

K Ao ome ROH /
ii

Guindon, Y.;Yoakim C.; Morton, H. E., The Journal of Organic CheniiSgy 49 (21), 391:3920. 35
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Total Synthesis of Kainic Acid

Nucleophilic Addition

H

tBuO,C © ) t-BuO,C OH
MeCeCl,, THF, -78°C

\ N 65% SN

0— })i\«O

10

L 106)
RLi + CeCl RCeCl LiCl
P To7ec, AR 2

RCeCl; +  R'COR”( easily enolizable ketone)
(PH
S > - - "
-78°C R (|: R
Rl

Imamoto, T.;Sugiura, Y.; Takiyama, N., Tetrahedron Left@8% 25 (38), 42331236. 36
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Total Synthesis of Kainic Acid
Oxidation

\ N \
o~§ o~§
O
@ Mechanism

N
0]
/ TPAROxidation,LeyGriffith Oxidation \

10 1

HO._
T3¢ — i — A, A
. H 7 N 7/ So—
H a8 20 . 3 J O RTOH o OH




StepherHanessianThe Journal of Organic Chemistry 1996.

Total Synthesis of Kainic Acid

Synthesis route

t-BuO,C o) t-BuO,C 1 NaOH  MeO.C
Zn, TiCl,, THF, CH,l, _2.(BochO_
o \\\ Pl
HO N
Boc

\ N 73% 3. CH2N2
o~<\ 49%
(@] O
1 12 13

57% ] 80%
Boc

COOH
MeO,C 1 KOH HOOC =
1. Jones ox . NH
2. CH,N, MeO,Ct A 2. TFA

14
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Total Synthesis of Kainic Acid

NozakiCondition

t-BuO,C o) t-BuO,C
Zn, TiCl,, THF, CHl,

. N

\ N 73% \

o 0~
0 0

] 1 12
@ Mechanism
/ SimmonsSmith reaction \

|
S iq- :.I CHE
CHgly + Zn-Cu —=  [ZnCHjl —:-:i HGC | — -
concertod
mechanism
Zn-Cu Me3SnCl
CH212 - [ICHZZnI] - ICHZSnMe3
Zn-Me3Al _ 2nI Me3SnCl — SnMej
CH.I - {CHZ--. ZnI] . CH

\ 272 2= SnMej /

Takai, K.;Hotta, Y.;Oshima, K.; Nozaki, H., Tetrahedron Letl88 19 (27), 2412420. 39
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Total Synthesis of Kainic Acid

Deprotection, Hydrolysis & Protection

t-BuO,C
2 1.NaOH  MeO2C
2. (Boc),0
o S /n--

\ N 3. CH2N2 HO /N
O« Boc
O 49%
12 13

(\ HzN—R H o
t-Bu ° ojro‘t-Bu —_— R_N\n’ “t-Bu +CO; +t-BuOH

o o)

Boc,0

o

Methylation

40
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Total Synthesis of Kainic Acid
Oxidation

@ Mechanism
//Wzyéég hEARIFGAZ2Y \\
O

80%
Boc/ 57% Boc/ °
13 14 1

OH Cr03 )L CFOS + Hzo —_— HzCrO4
R R H,SO,, acetone Ri{™ Ra
1 2 2 4 ()\) O@ o o
_cr-OH Oy Ny
Cr(VI) o= _Cr—OH (Cr—0OH
Hio /O ? Con, — e
clear orange ) o 2 R
solution R /I\R R1/{;R2 Ri H 2
1 H 2 b :OH2
chromate ester
0 o. _OH Cr(ln)
)I\ + QCl' —_—
Ri7 R, CIJH green

o /

41
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John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Retrosynthesis
HO o
COOH N\ N o
Hooc ¢ COOCH; =  OCH; 2N )
\H —> N/&o —> © OWN o
Y
%
H,C
_/O\R
|:> H3CO\(” ©
0




John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Synthesis Route

Br
/O\R 1. KHMDS, /\ :/O\R
: o THF, 0°C to 25°C, 73% 2 o
HsCO{ﬁ HO—/"N
o}

2. NaBH,, EtOH, 82%
\\

1o
N 5 . MeLiZnCl, Ni(COD),
o 0
OWN Ti(O-iPr),
57%
/
C
1
H,C
Hoog 90O
1. CrO3/H2804, 0°C NH

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

—0
. HO\/\ 0
paraformaldehyde, Cul, HN(iPr), N
dioxane, 100°C S
76% /
%
H,C

1. MeOMgBr, 25°C, 60%
o 2. MeONa, 25°C, 32%

1. COCl,, DMSO
ET3N, CH,Cl,, -78°C

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 z

_0 L kiwps, 2O S | HO A, =

H THE. 0°C to 25°C paraformaldehyde, Cul, HN(iPr), N

- O ’ HO\/\N >~

Haco{” 2. NaBH,4, EtOH dioxane, 100°C <[

/

H,C

RC=CH + CH,0 + NHPr, ————= RCZ=C—CH,NPr,
(1) (4)
RC—C-’-CHZ-—N—CHMez - RCH= C"’CH3+ Me,CH—N=CMe,

\ \ |
““H""CM&Z

Takano, S.jwabuchi, Y.; Ogasawara, K., J. Chem. Soc., Cleenmun 1988 (17), 12041206.

45
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Total Synthesis of Kainic Acid

SwernOxidation
1. COCl,, DMSO j\y —0

)
HO\/:\N >=~o ETaN, CH,Cl,, -78°C

o
S 2. DMAP, CH,Cl,, -20 to 25°C NN
|

o |3Ph3 Br
@ Mechanism

0 ® D o
(5’ — O . @ § —
_ _ crr c)Q) | 0 IN__%q
SwernOxidation e
(COCI),, DMSO al
OH CH,Cl,, —78 °C 0 ) O L@
A S H cl H_ NE
1 2 R “R2 - »\\_/_O, ,S % ‘NEl3
RO R then EtzN co,T + cot+ )\ — = 0 H
R1 R2 R'l R2
¢80
0~ "CH,e O
BgNHOL < PNy — R1JL + (CHy);81

R R?
R2
\ sulfur ylide /

46




John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Wittig Reaction

@ Mechanism

Wittig Reaction

Ra3 Ri Rs
P PhsP= —— =X+ PhyP=0
Ri” R R4 R, R4

Sn2

R1 X R1 1
@ R
R ‘B R

PhyP:

S o
Rs PhsP_ O > R
<N R
R2 /&O R? R [2+2] R3 R
PPh
- \—é/ cycloaddition @ 3
R R betaine
The “puckered” transition state, irreversible and concerted
PhsPxO Rs
- - R/}ik\Ra —_— Pph3:O + RZJ%VRJ
R" R? R

oxaphosphetane




John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Reduction & Elimination

HO\

o .
//\\ " )y _MeLiZnCly, Ni(COD), O}\N w0 1. MeOMgBr, 25C 3 e 3
W Ti(O-iPr), < N><o 2. MeONa, 25°C 0
S o
/

H2C

@ Mechanism
/O X _ID _ h I L, 7 B ,CH:t ] \

W\/\ C.;CH? l. ,CHE r‘:ll CH CH:;ZHO Lan 3
= = /N1‘-. C’ X 2 >_— CHE
L J LMNi{0) N 7 ZnMe;, _ X X

D*& \ N \ N \ ) - N
0 04 0 0§
i o | 0 X | I {\o | 0

22 23 24 17

48




John Montgomery, Journal of the American Chemical Society 1999.

Total Synthesis of Kainic Acid

Oxidation
" Hooc ~ SOOH
COOCHS OCHS 1. CrO3/H2804’ OoC . : NH
N @) 2. NaOH/H20/MeOH
@ Mechanism
//WzySéQ hEARIGAZ2Y
OH CrO, )OL CrO; + H,0 — H,CrO,4
R "R, HyS04 acetone Ri™ R o
@]
,\g,OH o~ o, />
Cr(Vl) O~ ~Cr—OH ~Cr=OH
H.,._/ OH 0" Con oU
clear orange . 2 =
solution R/I\R R1/{;R2® R HR2
"HE N__ :OH,
chromate ester
O _OH cr(ln)
)I\ + OQCr e
R Rz CIJH green

o | /

49
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Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Kunio Ogasawara, Org Lett 2000.

ARetrosynthesis

COOH b OTBS

HOOC = R
NH ——> ——> O
CbHN

QH
:> @ |:> 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, rt. \ 98% DMF \
48h, 49%  GpzuN CbzHN' 91% CbzHN
5 7



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

DielsAlder Reaction

cyclopentadiene LE\NCb
> z
CbzNHOH 10, MeOH/H,O /g
2 3

Q: What is the mechanism of this reaction?
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Total Synthesis of Kainic Acid

DielsAlder Reaction

@ Mechanism
4 N

]
2 I - new bond
2 = i
/ ‘\ “ _ 2
3 \/F-\‘ -
3
4 ~—— new bond
4

diene dienophile

94



Substitution

i]E\/NCbZ
@]

3

Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Mo(CO)s

MeCN/H,O
52%, 2 steps

9

CbzHN

OH

4

OA
Lipase AK B ¢
vinyl acetate @
CH2C|2, r.t. \
48h, 49% CbzHN

5
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Total Synthesis of Kainic Acid

Hydrolysis & Protection

OAc OH TBSC QTBS 4. 0s0,, NMO oTBS
- K,CO3, MeOH e imidazole @ THF-H,0 o
@ 98% @ DMF 2. Me,C(OMe), )(
7 S v N PPTS, DMF N
CbzHN CbzHN 91% CbzHN ity CbzHN  ©
5 7 8
6
@ Mechanism
NMM NMO
"-\__'-'-""’J
¢ 0. . 0. 0
U"' .f.p I‘DSz kDg
s 0% "0 o "o H.0
\%\ —"“D o 1\1.___;': — o —h"z I-IIE E‘II:I * Dbsp
L] [RLIR] HD -\.DH
Y ' osmate ester

56
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Total Synthesis of Kainic Acid

Synthesis Route
OTBS 1. 0s0,, NMO oTBS 1. prenyl-Cl
' THF-H,0 o Nal, NaH, THF
@ 2. Me,C(OMe), )( 2. TBAF, THF
N PPTS, DMF S 80%
CbzHN 879 CbzHN
7 8
§Me
OH S=C %O Cbz
z C_) O, N/
N 0 CS,, Mel N NaHCO;
) )( NaH. THF X {2‘ diphenyl ether
N ) S o reflux, 45 min
Cbz 92% N 72%



Kunio Ogasawara, Org Lett 2000.

Total Synthesis of Kainic Acid

Alkylation &Desilylation

SIMe
on S=C_
O 0
?TBS 1. prenyl-Cl : CSa. Mel H
s e
o Nal, NaH, THF N o) 2 7= XN 0
)( 2. TBAF, THF \ ){ NaH, THF )(
S 80% S o) s
o) N o
CbzHN Nb 92% gbz
8 9
10
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Total Synthesis of Kainic Acid

Elimination

SM
Q

_ NaHCO; O 7N
)\L Q‘ dph nyl ether
)( reflux, 45 min
72%
] 10 1
Mechanism

/ - (CNCbz ] )|
s L, o
NaHCO3 . . o O
(+8 ———— Q — T OL
diphenyl ether - o
reflux, 45 min H o | Il\l O)(
(72%) "exo"” O‘ﬁ/ Cbhz NOE
- . H
9a l (=)-10 NDE( NI C >(
H /3 O
Me 2
4
- - N
H\NCbZ \Ch?_
S A=
d Q N o/\/
“ando” %7 Cbz
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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
Q Cbz Meo,c  §O2Me
O, N 1. HCI, THF, reflux NCbz
2. NalOy4, THF-H,0
then Jones oxidation
then diazomethane
48%
12

11
@ Mechanism
//Wzyéég hEARFGAZY \\
OH O

Cro, CrO5; + H;O — H,CrOy4
R "R, HyS04 acetone Ri™ R o
= 0 o. O
_cr-OH Oy Ny
Cr(Vl) O~ ~Cr—OH ~Cr=0H
Hoir/OH T Con, — 4
- B — 2 —
deaoanee T RRe e
R TR, H H
H N\__ :OH,
chromate ester
0 o. _OH Cr(ll)
)I\ + QCl' —_—
Ri7 R, CIJH green

/

61
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Total Synthesis of Kainic Acid

Conformational Transition

CO,Me CO-,Me COOH
MeO,C ? NaH-DBU _ MeO,C_ = 2" NaOH-MeOH HOOC =
NCbz  benzene NCbz 3%, 2 steps NCbz
1
" 13

@ Mechanism

CO;Me COzMe
N H H H H
X X1
—_
< N CO2Me N71SC0o Me
H Z

\_ J

Takano, S.jwabuchi, Y.; Ogasawara, K., J. Chem. Soc., Cleenmun 1988 (17), 12041206. 62
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Total Synthesis of Kainic Acid

EneReaction

OTBS oTBS
. H l H
”, toluene P
XN -Boc  ——— » giooc n-Bo°
Et00C 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 '
D — e —
X % diphenyl ether
s )( reflux, 45 min
N (0)
Cbz
CO,t-Bu
t-BUOzC SnMe3
AN Me;SnCl
« addn. of NaCNBHj; \\

O—< t-BuOH, AIBN \O—<



Total Synthesis of Kainic Acid

Approachfor Stereocenters

1. CgH5SeCl, THF, -78°C, 45min

OTBS . OTBS Cl)TBS
L H Li N- y % M
2 2 toluene P B
,B .bocC
/\/(N oC

_Boc ——— > EtOOC N
EtOOC N 2. Hy0,, Py, CH,Cly, rt., 15min /ui 130°C, 40h

I .S
" : MeLi/ZnCl,, Ni(COD -, —0
S NW\ \A\O 2, Ni(COD), 0PN :
N Ti(0-iPr),
o




Total Synthesis of Kainic Acid

Approachfor Stereocenters

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

\ 7 Me;SnCl

" addn. of NaCNBH;
\ N t-BuOH, AIBN
o~

3 z
o, 1
: NaHCO; : N
X Q‘O diphenyl ether
< )( reflux, 45 min
N (0]
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Review

C3i C4 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),

7/\/:\” Ti(O-iP ©
IO-iPriy
(s} {} o
/
C
1
H-C
?ME
s=C. //'q
9 0.,
: NaHCO; '
= Q"'O diphenyl ether
T, )( reflux, 45 min
N" (9]
Cbz
COt-Bu

t-BuOH, AIBN

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

&] o]

o oY
ooh
. Cbz

M

_/

/,“ 4 ¢~\_C02H

O:
5
N”2 CO:H

H
(-)-kainic acid (1)
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1. C4 C3 Bond Formation Pathways
J. Claydern Chem. Commur200Q 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. C4 C3 Bond Formation Pathways

J. Claydern Chem. Commur200Q 317 318

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

1) Et;N, DCM .
2) NaH. DMF. BnBr eqUIV), THF, -40 OC, 60h
cl + X : ’ > N~ “Ph >
HN Ph 82% over 2 steps )\
MeO MeO H Ph
2 3 4
fo) OLi
X NH,CI
N Seh \ ( il { THF, 1MHCI
)\ MeO T~ Ph MeO Ph 94% from 4
MeO Li Ph H %
Ph
5 6+enantiomer
1) Me,CuLi, Me;SiCl, 1) NalO, cat. RuCl,,
THF, -78°C, 1 h 1:1 acetone-H,0
/ 2) CF;CO,H, reflux, 6 h 2) Me;SiCHN,, PhH, MeOH
o

\ph 3) Boc,0, Et;N,DMAP,DCM 57% over 2 steps

59% over 3 steps
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1. C4 C3 Bond Formation Pathways

J. Claydern Chem. Commur200Q 317 318

1) NaOH (2.2 equiv.),

MeOH, reflux, 2 h
2) Me3SiCHN,, PhH, MeOH
NBoc o
71%

MCPBA, CH,Cl,

> 0
76%

1) O'NOZCGH4SECN,

Me
BusP, THF, rt; NaBH(OMe); (2 equiv.), -, 10:1 CF53CO,H-H,0,
2) H,0,, Py, THF, -40 °C THF, reflux o reflux, 4 h.
> NBoc >
69% 79% MeO,C / 60%
=COzl\,le
14
——-// S—CO,H
Q‘COzH racemic synthesis of §-U-kainic acid in 5 steps and 5% overall yield

H

(+) kainic acid
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1. C4 C3 Bond Formation Pathways

J. Claydern Chem. Commur200Q 317 318

Me lo) Me

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

10 1"

BaeyerVilliger oxidation

A

J o . K -
R“I O/“\_/\H\f—\:g# 3 —_— )L
peroxyacid R R3 \F-{z/ﬂ@ 0 o

0. A,

|

o. _R!
o~ "R Y
o)
H
-~
o .._H
R3+R2 -R1COOH ®0 H® Q
— 2 2
0%9 - Rako’R RaJ’Lo’R
Y Ester
:O:/-L/H@)

k Criegee intermediate
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1. C4 C3 Bond Formation Pathways

J. Claydern Chem. Commur200Q 317 318

__MeH 0 1) 0-NO,C¢H,SeCN
BusP, THF, rt;
HO NBoc 2) H,0,, Py, THF, -40 °C
MeO,C 2 >
- o,
H Zo,me 69%
12
Mechanism
/ BuaP: R\/\O/H
3V . an
NO, = NO, ' <
seDCN —N, eCN + %gBU:; PR =
NO,
Ser)'\
R\/<\PBU3 — O PBU3 ¥+ R\/\Se
NO,
NO,

syn-elimination Se—oH
» R o
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1. C?4 C3 Bond Formation Pathways

J. Clayden Chem. Commur2002 38 39.
Tetrahedron2002, 58, 47274733.

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, 16351639

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. C4 C3 Bond Formation Pathways
T. Fukuyama: Org. Lett 2007, 9, 16351639

HO

o) o)
PN /«0 /\/U\ /IZ TiCl,, DIPEA, 2
LiCl, Et;N, THF, CH5CHO, DCM /[(
+ 3 )
\/\n/ \n/\/ HN o - > N o 3 - N o
o o Bn\“‘\\ﬁ 4% “"\\ﬁ 94% Z \‘:\\$
Bn Bn
24 25

22 23

HCl- H,N_ _CO,Me
1) TBSCI, imidazole,pMF 1859 HO O ~ OTBS  Boc,0, Et;N,cat.
2) DIBAL-H, DCM /l( NaBH;CN, MeOH H DMAP, MeCN
> N™ Yo > N >
0 A\
73% A 94% r | 92%
Bn CO,Me
26 27
1) 35% aq HF,MeCN
OTBS  2) cH,=CHCOCI, DIPEA, Hoveyda-Grubbs'- 0. 2°
Boc cat. DMAP, DCM 2nd-generation catalyst Boc
N - > N N\F
| 92% 99% r
CO,Me CO,Me
28 29 30

MesN NMes

il

c|"Ru_

i-PrO

Hoveyda-Grubbs'
2nd Generation cat.




1. C4 C3 Bond Formation Pathways

T. Fukuyama: Org. Lett 2007, 9, 16351639

(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 L
“Ru I~ 13% overall yield in 13 steps from
’, N+ . 0
o o o~ the Evansype chiral auxiliary
TPAP
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1. C4 C3 Bond Formation Pathways

T. Fukuyama: Org. Lett 2007, 9, 16351639

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

Ring-closing metathesis

Hoveyda-Grubbs'- 0. 20

2nd-generation catalyst Boc

r N ~ —Z
99%

CO,Me

30

-~

K H20=CH2

JA

RCM
- @ + HyC=CH,

P/ [M] =CH; \Q

Q [M]

7

Ejﬁ~[|*-f1]

N

M]
8

~

/
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1. C4 C3 Bond Formation Pathways

T. Fukuyama: Org. Lett 2007, 9, 16351639

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

Leyi Griffith oxidation

. 7
© kred
O
o R)kR'
\\N +
+
.
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1. C4 C3 Bond Formation Pathways

T. Fukuyama: Org. Lett 2007, 9, 16351639

o)
CHzIz, Zn, T|C|4
Me COMe  Cat PbCIy, THF
H H -
—CO,Me 60%
N /,
Boc
33 34
Mechanism
/ Zn | 2n -
CHyly — » CHZ\zm CHY, |
THF slow 2l [ X TiCl,
3 [ CHZ/ :l r
4 TiX, TiX,
pbxz ZnX CHZ/ \x CHé{ \x
. 6 N 7’ .n)%/
ZnX, R‘.C o /T - -
Mo Ti Ti
R s Za
Zn R; CH2 CHz .
y znl C=CH, i ZnX, | TiXp41 |
CH{ —> | cHL R’
ZnX, + Pb PbX PbX ° 10
fast
5
\ X=1lorCl /

Takai, K et al,J.Org. Chem1994 59, 2668.



1. C4 C3 Bond Formation Pathways

T. Fukuyama: Org. Lett 2008 10, 17111714.

Strategy for Seconteneration 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. C4 C3 Bond Formation Pathways

T. Fukuyama: Org. Lett 2008 10, 17111714.

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. C4 C3 Bond Formation Pathways

T. Fukuyama: Org. Lett 2008 10, 17111714.

Me OTBS Me OTBS
CO,t-Bu H DEAD, PPH, NS CO,t-Bu
~ toluene
—_— .
HO\," + r Ns 007, I/N\.
COZMG °
NHCbz CO,Me NHCbz
43 44
45

Mitsunobu reaction

/Step #1: Step #2: \
Fy

CO,Et irreversible CO,Et H CO,Et
fN:Ni addition ﬁ_l\lf 2 H—Nuc :N—I\|IK ‘ . :ﬁuc
Et0,C :PPh, Et0,C PPh; EtO.C & ppn,
zwitterionic adduct
Step #3: Step #4:
H\N_NfcozEt . oo H o COt o-PPhs 82

‘ |D‘ R — N—N + ©
EtO,C . .
2¥ ®RPh; R1J\Rz 0, H R’ JQ—\V‘\. Nuc Substitution
with inversion

N /

84




2. C3i C* Bond Formation Pathways

J. M. Chalker: Org. Lett 2007, 9, 382%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. C3i C* Bond Formation Pathways

. Lett 2007, 9, 382% 3828.

LiBH,, Et,0/MeOH

Cl
COzMe Br  CH4CN, K,CO4,rt
oTBS + CI/\K\/ 3L, ROt 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,
OH 2) 1.5 equiv Ph3=CH,, THF 1.1 Et,0:Hexane
AN . A =z 2
oTBS 85% OTBS 2) 1.5M |2 in THF
N N 91%
Bn K Bn
51 significant 52

racemization

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

95%

|

,/ .
", N
g B

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

——// +—COH
Q‘COZH
H
1

(-)-kainic acid

85%

N
Bn

53
Single Diastereomer
Scalable to 10 + gram

11 steps
48% overall yield
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2. C3i C* Bond Formation Pathways

J. M. Chalker: Org. Lett 2007, 9, 382%3828.

Cl Cl
1) (COCIl),, DMSO, Et;N, DCM
OH 2) 1.5 equiv Ph3=CH,, THF
X o NN z
OTBS 85% OTBS
N N
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 oL 1
C 6
Cl “ ' al 9 CHz O
_ cl AN " CHs 9
HaC, 0 @,0 -3 €l —— cI—s® + C + CO
®5-0€ HiC-s” 0O HCTO 04 “CHy o
H4C CH, O chlorosulfonium
= - salt
Activation of the alcohol: CH H IS
CH. 3 2 ®
®,7 3 R? Cl_/ H-.C.® C H3C W _CH,
o2 5 A_"S—CH; _Hal N8 OHe S INEY S
N HO —_— = | _— _— I
CH3 A R1 (‘0 R1 l 1 0 R1
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
87




2. C3i C* Bond Formation Pathways

J. M. Chalker: Org. Lett 2007, 9, 382%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

PdCatalyzed Zrene Cyclization

/ “ m
&d ZnEt
N K/ L ﬂ» PatlEe \’\
© oTBS
\ OTBS 5% Pd OTBS
Bn

ZnEt2

~

- H,C=CH,, EtH

——// ol I, ——// +—ZnEt

N N

\ o " /

88




2. C3i C* Bond Formation Pathways

J. M. Chalker: J. Org. Chem2011, 76, 791i27917.
Retrosynthesis of)-Kainic Acid

Znln

Pd-catalyzed Zn-
——'/Z ; +—CO,H "// ~—ZnLn ene cycllzatlon
o = (S
CO,H OTBS
(-)-Kainic Acid (1)
Cl
Cl
z
—> N = — X * OTBS
OH BnN
En Br U

0\/

fcﬁ

L-methionine

89



2. C3i C* Bond Formation Pathways

J. M. Chalker: J. Org. Chem2011, 76, 791127917 .

e 7 7
S S 1) PhCHO,MeOH S

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

—_— e e
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. C3i C* Bond Formation Pathways

J. M. Chalker: J. Org. Chem2011, 76, 791127917 .

1) t-BuOCI, HOAc Cl KOAc, Nal, OAc OAc
Y\ 2) MeOH, NaZCOg,> DMF/H,0 PBr; 60, DMF,Nal, K,CO3
65% - OH 67% - oH 73% - Br 93%
62
63 64
65
OAc 1) Et,Zn, TMSCI
Pd(PPh;), J —1 J/ s—COzH
V4 2) 1, oS . %, S 4
é
oTBS — oTBS = — & oTBS
o CO,H BnHN
N N N
Bn Bn Bn 60
(-)-Kainic acid (1)
66

53

13 steps 3% overall yield

91



3. Cycloaddition Pathways

M. Lautens: Org. Lett 2005 7, 30433047.

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 5 : F
s: reflux
O + pToI” N —— — A
II\ N Ar N r
NPh, Ar 0;_& O]
" \p Tol ' \p Tol
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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

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

TEMPO/NaOCI, 0°C

91%, dr=98:2

Pathways

o)
'\ NPh, 0
% 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
’ e - N
N 0, - . OM o, - .
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
—_— >
OMe 04/ OMe 95% over 2 steps O.! OMe
: \\“‘S\ :: . ‘““S, ::
74 75
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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 ' Zn/TiCl,/CH,N
— > O‘ ——— > & > &
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 1% overall yield
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3. Cycloaddition Pathways

M. Lautens: Org. Lett 2005 7, 30433047.

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, 30433047.

(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, 30433047.

OH OMe o) OMe
W :=/ \// :=/
Dess-Martin
(o] ';l OMe 87% (o) "|l OMe
s, : ° s, :
76
75
DessMartin oxidations
OAc R OAC OAc
Aco\ |[@ . R->_ OH AcO o o ° B 0
. .\O OAc 0 J\:. - AcO _I_\-‘O )J\
- AcOH Lo% - ACOH R R
Carbonyl
0 Y
O O compound
DMP diacetoxyalkoxy iodinane

k periodinane
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4. Ci N Bond Formation Pathways

T. Fukuyama: Org. Lett 2011, 13, 20682070.

// // —COzt _Bu A red.uctlve rlr.lg'

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. Ci N Bond Formation Pathways

T. Fukuyama: Org. Lett 2011, 13, 20682070.

aq H,0, NalOy,,
aq NaOH H,SO,, THF- HzO J#-PrOH-H,0
MeOH
89%
O Me OH OH
80 81 82
(+) -carvone
| |
|2, Kil, NaHCO3, (o) NaCIOz, NaH2P04°H20 (o] o DPPA, Et3N
DCM-H,0 2-methyl-THF-H,0 Me toluene, rt
» Me >
65%, (3 steps) s‘ t-BuOH-THF-H20 ::‘ MeOH, 78%
dr=1:0.6 \ \
Newo 87% CO,H
84 85
LiHMDS, THF Zn, AcOH Me DEPC, Et;N, DCM
_—
BrCH,CO,t-Bu EtOH CO,t-Bu 60% (2 st
32%2 CO,t-Bu NHCO.M 2 % (2 steps)
e
NHCO,Me 2
87 88
?h
o o
OQP/O /u\ /u\
Ny O—Ph o7 o7 Yo
DEPC

DPPA

CO,H

Ve e

CHO

83

+—CO,t-Bu

<

K
&

&O

\
COZMe

89

100



4. Ci N Bond Formation Pathways

T. Fukuyama: Org. Lett 2011, 13, 20682070.

>

—-/,Z +—CO,t-Bu 1) LiAIH(Ot-Bu);, THF —-// +—COxt-Bu  TMSCN, BF;°OEt, —// +—CO,t-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% overall yield
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4. Ci N Bond Formation Pathways

T. Fukuyama: Org. Lett 2011, 13, 20682070.

|
o__o
Me
\

t-BuOH-THF-H,0

|
NaCIOz, NaH2PO4'H20 (o) 0
2-methyl-THF-H,0 Ve
y
\

CHO 87% CO,H
84 85
Pinnick oxidation
/ H.C CH.-
S (=) . , . 3 3
ClO, + H,PO; 2010, + CF + O =28 SEmFlw oo
g H4C Cl
2 ClOy" || 2-methyl-2-
® H r 7 butene
:0: H 0”7 H Ov{\ 3 j\
_ Cl 0.+
T — —_— - +
R/lLH Yoy’ R7AH H/O\PO/J - hH ) C R™ "OH
W Cl ypochlorous Carboxylic
aldehyde e S n% | R i acid acid
chlorous acid

N
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4. Ci N Bond Formation Pathways

. Fukuyama: Org. Lett 2011, 13, 20682070.

(0) o DPPA, Et;N (0) o
Me toluene, rt Me
—»

MeOH, 78%

CO,H NHCO,Me
85 86

Curtius rearrangement

II A
G =,
OPh \ OPh
- OPh
N3
MeOH o
o OMe (
“~N R
»—OMe N=c’ o &2‘:
R— - R/ (\OH - N=C=0 -« N ~
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5. Starting from an Existing Pyrrolidine Ring

J.-F. Poisson (a)J. Org. Chem2005 70, 1086010863.
(b) Org. Lett.2006 8, 566%55668.

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 // —COgH
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.2004 8, 5669 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) CHyN,
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.2004 8, 5669 5668.

OTMS
1) 0;, -116°C, DMS
2) CH,N,
H H
70%
N~ YCO,Me
Boc
100
1) LiOH %, & COH
L et
N~ YCOH
H

(-)- kainic acid(1)

DMS

1) KHMDS, Comins Triflimide _Z/ +—CO,Me
2) Et3SiH, Pd(PPh;), “. s

- (.
60% CO,Me

N
Boc
108
Cl
z
FsC( # ~ |
/7 °N N
|
O=S|3=0
CF,

Comins triflimide

(b) 10% overall 16 steps
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5. Starting from an Existing Pyrrolidine Ring

J.-F. Poisson Org. Lett.2004 8, 5669 5668.

TfO, 1) CO, Pd(PPhy),, THF/H,0  MeOC
- 2) CHzNz —
>
N~ COxMe 88% N~ YCO,Me
| |
Boc Boc
102 97
Mechanism
a ;
Ar—C—Pd—X
co
H,0 Q
. ——»  Ar—C—-OH
-Pd- il
ROH 0
L T HNR3X
NR3 Ar—C-OR
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Summary

1. C4 C3 Bond Formation Pathways
J. Clayden Dearomatising Cyclisation
T. Fukuyama: Michael addition

2. C% C4 Bond Formation Pathways

J. M. Chalker: Pdcatalyzed Zrene cyclization J —CO,H
3. Cycloaddition Pathways C)zscozH
M. Lautens: Mgl, -mediate cyclization ¥

(-)-kainic acid (1)
4. Ci 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 C4C3)

N

—/44 +—COH I: The key syn C4C3

O

3
SENS‘Z coH |-a: Major Ene reaction

H

L (-)-kainic acid (1) y

CO,t-Bu

OTBS ?TES t-BuO,C SnMes

L H . H N @ Mesncl
A, Bog _loluene I £ -Boc addn. of NaCNBH; .
E100C N 130°C, 40h N - S
' 16—& t-BUOH, AIBN
0

1) 5% Pd(PPhs)y

E_J:Yr” :—.O I i i
N : \/:;_ MeLifZnCl,, Ni{COD), N 6.0 equiv ZnEt;
0 = >

D’>, cl
0 AN —
DWN TP, -N}_-:O N /C 11 Et;O:Hexane L oo
0 2) 1.5 M1z in THF &/
S,f N OTBS a1es N
Bn

Note: Ene reactioni relative syn C4C3
The center of C21 face selectivity
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|-a: Ene reaction

A 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. ChalkerOrg. Lett 2007, 9, 3825

A Retrosynthetic analysis of kainic acid

_COZH C02R3

J Cl
()z‘coz E— /< — J\ H3N 2 4

CH R
(-)-kainic acid (1)

Fuyuhiko Matsuda et. aDrg. Biomol. Chem2017, 15, 6557
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|-a: Sml,-mediated intramolecular coupling

A Synthesis of the intermediate

C02Me J\

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

Cl
1. DIBAL, DCM, 0°C

2. DMP [O]

>
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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|-a: Sml,-mediated intramolecular coupling

Cl
1. DIBAL, DCM, 0°C

2. DMP [O]

A CO,Me

3. BusP= CHCOzEt or

Eoc (CF3CH;0),POCH,CO,Et

oTBS KHMDS, 18-crown-6 OTBS
E, R;=CO,Et, R,=H 60%(3 steps)
Z, R1=H, R,=CO,Et 69%(3 steps)
L J
A HWE olefination
O O
i ( =] ] o’ o '[IZ;I' o2 M
RO P Base M 1 I—— RO"'H -— RO P o
or 12 OB/ THBase | RO P AN / OR' 2o OR'
H RO RO eepy
phosphonate ester phosphonate carbanion R, R' = alkyl

B _M_ B M. B M. 1
RO, Cﬁ:; o kan;ifad:!}i‘thn CI}: o] j)\ kﬁ?;fadd]:li-un RO, LF: ;0

rlpx\f]\ , as - ROV P = * 3 asl P'\r/L\ '
RD’P 4 OR — RDI oR' R H RO” 30 OR

[T ) i’
i phosphonate carbanion aldehyde \ﬁ‘\ /AL
H™ TR | R¥ TH
TS (anti) 0 O TS (syn)
Kanti RO Px RO! P*-‘. e I
e +
{faster) RO O RO 0 l ffasl}
. <
is 3 MO
(slower) — P wOR R R? D_I':,..xOF{
P “OR I — ., *OR
cis (Z)-Alkene (E)-Alkene trans
oxaphosphetane minor major oxaphosphetane



|-a: Sml,-mediated intramolecular coupling

A Still-Gennari modified HWE olefination

8] 8]
~ II:-I" C - HBase 0° O 9 0 ﬁ QS2M
i
ro' %DR' o o | ROuP A < 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;,,CF",’! 0
r.PII'\‘,}I\ . - (slow) RO 'P\y\ + R3 H (slower) - 1""‘,F‘;- L OR
rRo” &7 OR RDS RS OR RO” O,
1o
| phosphonate carbanion aldehyde \15:9\ it
H R3 i RJ H
TS (anti) - TS (syn)
Kant ? ﬁ {':55"”]
(fast) RO P & RO P, e ast
ro”, © ro” ©
@0 @0
MO 3 MO
O puiOR R R3 o—pnOR
% YOR [ — 2~ YOR
' COsR’ .
CO,R' COR : RS TCOR
cls (Z)}-Alkene (E)}-Alkene trans
oxaphosphetane major minor oxaphosphetane
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|-a: Ene reaction

A Sml,-mediated intramolecular coupling

1. Sml,, HMPA, H,0 J

Cl
R4
N Z "R,
2. TBAF, rt 5
N

Nil,, Ligand, rt —CO,Et ~—CO,Et
+ X
R4 N N
OTBS H  otBs 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. aDrg. Biomol. Chem2017, 15, 6557
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|-a: Ene reaction

A Total synthesis of Kainic Acid

N
—// S COE J +—COH
3 1. Cr0O;, H,SO Vam
: st
N"2 2. LiOH N CO,H
15 60% 3 steps
$_C02H
1. CrO3, H,SO .
3 2 4 >
2. LiOH N~ YCOH
3. TFA H
o,
L 80% 3 steps )
A Jones oxidation
Complete mechanism which accounts for the observed Step #1 ?E} OH *
stoichiometry: o=cr-oH + | = =——=
5 R "RZ  -HOH
R'R?CHOH + Cr") —— R'R%C=0 + Crl)+ 2 H*
R'RZCHOH + crV) — R'R%c=0 + ¢+ 2H* ®
_ Step #2 Q HOH
crl + i) —— ¢V + Y ﬁZH'/]./ AL
— e
R'R2CHOH + Cr¥) ——= R'R2C=0 + Crl) + 2 H* o= E - HCrO,

1

DH/]\

Q=Cr—0Q

I
0]

chromate ester

0
F:HJ\R2

Carbonyl

compound
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|-a: Ene reaction

A Rh(l)-catalyzedasymmetric enyne cycloisomerization

Retrosynthetic analysis

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

N N
H H |
. . 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
[ e 117

Xumu Zhang et. alChem. Commur2018 54, 727



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

A 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
v o o v o
0=\ 93%(for 2 steps) N HCO,H/Et;N O~ N
)
PMB PMB PMB



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

CO,Et

Z OAc  BOP-CI, NaHCO;
0,
DCM, 93% || OAC
(o) z
PMB / OH o

N
72 |
EtO,C PMB

A Amidation mediated by BOP-CI

O O RNH/\ O O
| | I
)J\ '+' "\ / Pl'lj

4 P\
R” “OH Phy I RJ\NHR Phy” 2

~

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

-

o

\.

CO,Et

\
PMB

cat(5 mol%), L(12mol%),

EtO,C —
- N
additive(20 mol%), DCE, rt, 30min o
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