Shikimic Acid — A Synthetic Star

Travis Menard
March 12t 2019

Medicine
Process

Biosynthesis

Total Synthesis

Production

Applications



= Introduction

= Production

e Chemical Syntheses

e Biosynthesis

e Extraction from plant sources
e Fermentation

mm Synthetic Applications

e Oseltamivir
e Total Synthesis
e Other Synthetic applications




Shikimic

Acid

First isolated from lllicium anisatum (Japanese Star
Anise) by Johan Fredrik (Eykman) Eijkman (1885)

Structure first elucidated by H.O.L. Fischer and G.
Dangschat (1932-1938)

Plays a crucial role in aromatic amino acid
biosynthesis

Main precursor chemical of oseltamivir (Tamiflu)

Produced on multi-hundred ton scale annually
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Elucidation of Structure
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Grewe Synthesis From Quinic Acid (1957)

AcO COOH AcO COCiI HO OAc
HO POOH  ac0 g SOCl, '- ;
Pyr Benzene NaBH(OMe);
HO™ S OH AcO" > NOAc 70C AcO™ " 0AC 2% AcO™ > OAc
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OAc OTr OH
POCI3 1) ag. NaOH 1) Ac20, Pyr
Pyr 2) TrCl, pyr 2) AcOH, Reflux
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OAc OH OAc
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1) CrOs, ACOH 10 linear steps
2) MeOH, HCI
HO" ™ “OH
OH
(-)-methyl shikimimate
6

Grewe, R., Biittner, H. and Burmeister, G. (1957), Uberfiihrung der Chinas3ure in ungesittigte Verbindungen vom Typ der Shikimisiure. Angewandte Chemie, 69: 61-61.



First Method Utilizing Non-Chiral Pool Reagents (1960)

OAc QA 1) OsOy,, Et,0, Pyr, 5 days QA
= rCOOH Hydroquinone COOH 2) CH5N, HO.,. CO,Me
+ > >
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COOH . - COOH
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Ac,0, Pyr ‘ > | 10 Linear steps
> AcO" Y TOAc HO" ™~ “OH .
- - (o)
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J. Chem. Soc., 1960,0, 1560-1565

(-)-shikimic acid

15% Overall



Structural Dispute
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The reaction yields primarily the endo product as

reported by Overmann
8
Shankar Balasubramanian, Chris Abell, The synthesis of (6R)-[6-2H]- and (6S)-[6-2H]5 enolpyruvylshikimate-3-phosphate, Tetrahedron Letters, 32, 7, 1991, 963-966



First Koreeda Synthesis (1981)

OAc OAc OAc
Xylene COOMe HO., COOMe
= 9 Reflux 40h OsOs MO -
+ '
NN KJ\OMG 72% HO\\-
TMS TMS TMS
TsOH OA CPBA OAc
Benzene C m HO
DCM » COOMe
Reflux _ HO, COOMe -
98% 91% .
o
1) HCI, MeOH
1) LIOH, THF/H,0 OAc 2) AG,0, pyr COOMe
2) Ac,0, pyr AcO,, @) 3) DBU, THF 9 Linear Steps
65% = 71% >~ 29% Overall
ACO" 5 AcO" 7 TOA

OAc

J. Am. Chem. Soc. 1982, 104, 8, 2308-2310



Koreeda Synthesis Utilizing Fleming-Tamao Oxidation (1990)

OAc Hydroquinone OAc O OAc O
monomethyl ether,
= Q xylene, reflux 40h 0/\ 0Os0O4, NMO N HO., o/\
+ > >
. ﬁo 1 77% T™MS 96% HO T™MS
SiMe,Ph SiMe,Ph SiMe,Ph
OAc O O COOH
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> W’ TMS 98%
81% HO\“ T™MS (<] HO HO ; OH
OH OH OH
(z)-shikimic acid
9 Linear steps 5 Linear steps 5 Linear steps
29% Overall 55% overall 64% overall yield
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Tetrahedron Letters Volume 31, Issue 42, 1990, Pages 5997-6000



Koreeda Furan Based Diels-Alder Synthesis (1989)
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J. Chem. Soc., Perkin Trans. 1, 1989,0, 2129-2131

\ 4

55% overall 64% overall yield
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First Fully Synthetic Enantioselective Synthesis (Masamune 1983)

OAc OAc O COOH

0O g|(:33MEt223 é0.5eq) OH 6 Steps
RS Sl e —
X 72% Yield t-Bu
| t-Bu >98% d.e. HO ~~ "OH

OAc OAc OH

- v v g e o ———

(9) A detailed account of this synthesis will be prepared for publica-
tion.

A ~ R s - S - “ ~ L~ - - - - —— ——

...and it never was
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J. Org. Chem. 1983, 48, 23, 4441-4444



Evans and Barnes Asymmetric Synthesis (1996)

W><f 2 SbFg 0
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'0TBS L I

(+)-methyl shikimate

6 Linear steps
40% Overall
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First Synthesis From a Sugar (Bestman 1971)
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Angew. Chem. internat. Edit. J Vol. 10 (1971) No. 5, 336



(-)-shikimic Acid via Thiiranium lon Intermediate (1998)
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T. Shinada;Y. Yoshida; Y. Ohfune Tetrahedron Letters Volume 39, Issue 33, 13 August 1998, Pages 6027-6028
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15



Synthetic Summary

e Elaboration of natural metabolites
* Diels-Alder chemistry
* From natural and unnatural sugars

" atror | stepcount | viela

Koreeda 5 64% (Racemic)
Koreeda 5 55% (Racemic)
Evans 6 40%
Grewe 9 41% (Racemic)
Rodrigo 6 31%



Biosynthesis
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Chem. Rev. 2018, 118, 20, 10458-10550



DAHP Synathase
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The Journal of Biological Chemistry279, 45618-45625.



DHQ Synthase

5 Synthetic Operations at a single site:
Oxidation

B-elimination

Reduction

Ring opening

Intramolecular Aldol

Wb e

HQ CO.H HO, CO.H

O OH OH

ﬁlL/

19

Nature volume 394, pages 299—-302 (16 July 1998)



DHQS Mechanism

H 7
N“'Rz
i) —
3 CONH,
L 2 :z
step 2 HO /9?
— > . 0 Wat7
O,C H\O'H
» .- Asn 162 OH (
DAHP: L i \/(5 N5 L TLysase LG )
R;=0PO; | X=0 N7 N-H Asn 268 /' TNl i Fish
carbaphosphonate: — yf : Arg 130 (B) \—‘k o
=P0O; ; X=CH, Wwat33 < Lys 152 His 275
NAD: His 275
R, = ribose-P-P-Ad
4 -zn®t 5 el
step 3 Lys 250" HO™™ /  step4bys 250'\.\_ HO™ ™"
e ; O\ OH — L e OH
Arg 264« " / O Arg 264‘
2 A &t
Lys 152" H Lys 162 H3N
( Asn 268 ~ —-\_\
{\ (\O Asn 268
Lys 152
Wat 20
20

Nature volume 394, pages 299—-302 (16 July 1998)



DHQ Dehydrase Mechanism
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THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL.286,NO.5,pp.3531-3539,February4,2011



Shikimate Dehydrogenase
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Extraction From Plants

-

. religiosum 27g four extractions 444 g 16.5%
(20 min) with re-
fluxing EtOH
(70 mL)
verum seeds 900 g Soxhlet extraction with 50-60 g
and carpels 95% EtOH 6-7%
(4L)for24 h

~
-

27° I verum seeds 900 g  Soxhlet extraction with
wrum seeds 25 g Soxhlet extraction with 0.6-174 g, and Carpels 95% EtOH 50_60 g)

95% EtOH

(125 mL) for 2 h 24-7% (4 L) fOl' 24 h 6_7%

w
-

>
—_

. verum seeds 400 g refluxed over6 hin 2 L
of 95% aq +PrOH; 20 g, 5%
residual seeds again
refluxed for 4 h in -

95% aq i-POH 5% L verum seeds 40 g ground star anise (20

. verum seeds 40 g ground star anise (20

cked in th e :
f\)\r[t‘:ﬁltrr zi‘am;lc 321y S.5% g) paCked mn the

compartment) of an portaﬁlter (Sample 2.21 g, 5-5%

espresso machine
and xtacted (o compartment) of an
proximately 2 min

with a 30% EtOH/ espresso machine

water solution

(200 mL) and extracted (ap-
griffithii 5 g powdered fruits ex proximately 2 min)

dried fruits tracted with 150 mL .
of hexane with a 10 g, 185% Wlth a 30% EtOH/

Soxhlet apparatus; >
defatted plant ma- water Solutlon

terial then extracted

with 150 mL of (200 mL)
CHCly; defatted

plant material extract

in CHCI, again ex

tracted with 150 mL

of MeOH

L. styraciflua 3Sg stirred overnight in 400
seeds mL of deionized
water at 65 °C

<80

J
-

9,
-

1.1g 323%

8" Scots pine 1.0 kg three separate water
(P. sylvestris) extractions (S L
dry needles each) at 45 °C for 2

23
Chem. Rev. 2018, 118, 10458-10550



Beneficial Modifications for Shikimic Acid Synthesis in E. Coli

HO COH
HO" ™ “OH
OH
quinic acid
Quinate
0. .COH dehydrogenasel ‘y aad
a 2
Incﬁzm Pz_]; oawp  MOEOM . HO COM
. 3-OH 3
HO.. O . synthase . .
1/1 i synthase D\ The most efficient batch
aroF aroB o OH
HO™ Y TOH X 0o aroG § . : :
1 (2 e @° " fed fermentation reactors
D-Glucose ppogpnate 1O T O DAHP 3-dehydroquinic acid can produce over 5g/L-H
Pathwa OH
» ol ora |1, - at a cost of 40g/H of
dehydratase g | ucose
CO,H CO,H CO,H N COzH
EPSP Shiimate Shikimate
|
JL synthase sl dehydrogenase
0" Y 0" COH awma O Y COH T, o HO" ™" “OH aoE O Y OH
Q@ on Q@ on b OH OH
EPSP S3P Shikimic 3-dehydroshikimic acid
acid
Chorismate l
synthase
COzH Catechol
Phenylalanine Pyrogeallol
JL —— Tryptophan
< 70" "COxH Tyrosine
OH
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chorismic acid Chem. Rev. 2018, 118, 10458-10550



NH,

A
N
H

Seratonin

Synthesis of
Aromatic
Amino Acids

Glycolysis \/- Pentose phosphate pathway

Hydrolyzable tannins

Phylloquinone (vitamin K,)

Salicylate

Avenanthramides ' ¥ OH OH
Chorismate —m—* Folate (vitamin B,) HSO%OY@/
OH 4y

Chlorogenic acid Shikimate
pathway
Acridone alkaloids
Benzoxazinoids \
Serotonin ) Goieds
ptamine
SR COOH
alkaloids NH,
Camalexin <— A
N
i H
Indole glucosinolates COOH
Trp
Auxin NH,
Salicylate Phe —

I !

Benzenoids <=— Cinnamate
Coumarin 1

4-Coumanate —»

Flavonoids 1 /

Flavonoids

Anthocyanins 4-Coumaroyl -
Condensed tannins CoA \
O N Stilbenes 1
Suberin / Caffeoyl- /
Stilbene CoA

Chem. Rev. 2018, 118, 10458-10550

Dhurrin

Cyanogenic glycoside (dhurrin)

COOH
NH

Suberin

? _ Tyramine — Isoquinoline alkaloids

Hydroxycinnamate amide

—> Dopa — Betalains

OH

Tyr \ 4-Hydroxy- — Tocopherols (vitamin E)

Phenyl-
acetaldehyde

Shikonin
Ubiquinone

Lignin
Lignans

phenylpyruvate

Plastoquinone

o
HO OH
HO NH,
L-Dopa
CHj3
HO
«R
H;C (6] ‘CHs
CHs
Tocopherol

25



Oseltamivir (Tamiflu)

* Discovered by Gilead (1995) O,
* Licensed to Roche in 1996 AcHN
* FDA approval granted in 1999

e Over $18bn in sales

 WHO list of essential medicines (not
currently)




Mechanism of Action

Binding via
Hemagglutinin

Sialic acids

Neuraminidase Hemagglutinin

H -
O N3
7 B ﬁ/HO HO
Neuraminidase action:

CH, Cell surface

Sialic acid ({)) /

hydrolysis

-

Inhibition of neuraminidase: |

Multiplication

of virus in cell no hydrolysis

C —— Mechanism-based
Release via _ inhibitor (@) /
Neuraminidase .

27
Science 05 Apr 2013: Vol. 340, Issue 6128, pp. 71-75 DOI: 10.1126/science.1232552



Discovery at Gilead

I
<
-
/

=2

R.
HO,, CO,H Ro COLH o) CO,H HO., CO,H
AcHN" ™
: HoN FoN AcHN” ™
NH, —~ M —~ " c :

9] (@] NH2

28
J. Am. Chem. Soc. 1997, 119, 681-690



Medicinal Chemistry Route

1) HCI, MeOH
CGOH 2) DEAD, PPhs, THF CO,Me 1) NaNs, NH,Cl, MeOH/H,0 COMe
3) MOMCI, DIPEA, DCM 2) MsCl, Et;N, DCM
HO" " OH 75% MOMO™ 85% MOMO™ >N,
éH 0] éMS
COzMe
CO,Me
1) PPh, THF CO.Me 1) NaN. NH.Cl. DMF 1) TrCl, Et3N, DCM 2
2) EtgN/H,0 2 2; MZOSH el 2) MsCl, EtsN, DCM
78% > HO" KA 86%
MOMO"™ NH TrN Ne
NH 2
1) BF3-OEt,, 3-pentanol 1) PhgP, THF, H,O
2) Ac,0, DMAP, pyr 2) KOH, THF, H,0
69% o r N3 75% o “'NH,
c /j NHAc
GS-4071 29

J.Am. Chem. Soc. 1997, 119, 681-690



Pre-Clinical Scale-Up (Gilead)

) OH 1) EtOH, EtONa o OH
@ 1) 2,2-DMP, TsOH ><O".Qf>;o 2)MsCl, EtN > "-QCOZB
v o, o e O, o O“'

: (0]
OH OMs

(-)-quinic acid

SOCl, CO,Et 3-pentanone o CO,Et
pyr >< HCIO4 i
[ ] - . 12 Steps
a2 95% o P ]
OMs OMs 4.4% overall yield

Common Intermediate

30
J. Org. Chem. 1998, 63, 13, 4545-4550



Pre-Clinical Scale-Up (Gilead)

1) EtOH, SOCI2

HO,, CO,H 2) 3-pentanone, TsOH o, CO,Et TMSOTf, BH3-Me2S RO., CO,Et
3) MsCl, Et3N ' DCM
HO™ 80% - o 63-75% 'RO™
OH OMs OMs

10:1:1

R =3-pentyl, R’ =H
R =H, R’ = 3-pentyl
R=H, R =H

Y

Isolated

KHCOj (aq), NS NaNa, NH,CI (aq) Y MesP

EtOH o CO,Et EtOH O. COoEt MeCN 0. CO,Et
—>
96% @ 86% HO™ 97% Q/

o N3 HN

Y
Y

Common Intermediate

1) NaN3, NH,CI, DMF e 1) Ra-Ni, EtOH B 10 Steps

2) Ac,0, Na,COj3 (aq) 0. CO,Et 2) 85% H4PO O.. CO,Et .
: 440/2 : g O/ 71 753/ —> Q 3 Isolations
AcHN ACHN™ 21% Overall yield

NS ’ile H3PO4

31
J. Org. Chem. 1998, 63, 13, 4545-4550



Industrial Synthesis of Epoxide Intermediate

Me,C(OMe),, TsOH, Acetone

1)
2) NaOEt 1) NaOEt, EtOH
HO,, ng ! ig Ev:(apo:_ation o OH :23; écOH . o OH
' 2 xtraction " S vaporation >< ' CO,Et
: > >< @) > o
HO™ Q‘ O“'Q>; O Q
O OH

OH

1) MsCl, EtzN, DCM 1) SOCly, pyr, DCM )
) Exi " OH 2) Extraction, 2M H,SO, 1) 3-pentanone

2) Extraction R S . CO,Et HCIO CO,Et
3) Crystalizaiton ><O"' ~CO,Et 3) pyrrolidine, Pd(PPhs),, EtOAc ><O ' 2) Extraction O 2
O"' O\‘- 95% O\‘.

4) Extraction 2M H,SO,

Y

OMs 5) Silica Filtration OMs OMs
6) Crystalization
0,
c?tﬁrw/?cfratocrirzi 42% Common Intermediate

7 Steps to Tamiflu
35-38% Overall yield

32

Org. Proc. Res. Dev. 1999, 3, 4, 266-274



Industrial Synthesis of Epoxide Intermediate

1) 3-pentanone, TFA 1) MsCl
HO,, CO,H 1) SO.Cl,, EtOH HO,,. CO,Et 2) Extraction o, CO,Et 2) Et;N, DCM o CO,Et
2) Evaporation 3)Evaporation - 3) Extraction "
HO" 97% ~ HO“ 97% B (o 93% o
OH OH OH OMs
Common Intermediate
1) MsCl
HO,, COsEt 1) Me,C(OMe),, TsOH o COEt  2)EtN, EtOAC o COEt 1) Fhertapone. TFA
| 2) Evaporation _ >< ) 3) Filtration _ >< . 3)Evaporation IC?mmog_ t
HO 95% 0 4) Evaporation o 08% > niermediate
OH OH 5) Crystalization OMs °
89%
6 Steps
1) NaHCOs, EtOH/H,0 63-65%
1) Et:8iH, TCl,, DCM e 2) Extraction NS 809% from
2) Into H,0, NaHCOj3 extraction O, CO,Et 3) Crystalization 0, CO,Et | ?ommdc_mt Ove ra ”
- - “ ntermediate
. >98% purit :
" (y purty Vield
OMs 0

33
Org. Proc. Res. Dev. 1999, 3, 4, 266-274



Attempted Synthesis of (-)-Shikimic Acid via Quinic Acid (Roche)

®
1) N7 B N T
H Cl O... COzEt ) 2
O, OH EtOAc "% > ><O ) Cl
>< COzEt - Ol:. S CO Et —_— O“, + O\"
o 2) DCM, ><o“' 2 OMs
OMs NaOH (aq) OMs
3) Crystalization | OMs _ 45% from 14-18%
quinic acid
1) 3-pentanone, TFA _ .
2; Exaraction ol" COZEt 44.1% from (_)_qUInIC aCId
98% B} o Highest reported yield
OMs Kg scale
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Roche-Colorado Azide Free Synthesis

YT t-BuNH,, MgCl, /r\ MsCLEGN 7 Y7 >

O, CO,Et Toluene " COREt toluene O, CO,Et
©/ 96% Ho\" 93% Q/

N NH -
@) -Bu” t-BuN

PhSO5H 0., COEt 1) Ac,0, NaOAc 0, CO,Et 0., COEt
(allyl),NH /(j/ 2) HCl, EtOH ' TFA 50C ((j/
> tBu. > t-Bu. -
93% N T 87% N7 97% ACHN™
N Ad [ HCI N
1) NDMBA, Pd(OAGc), (1 mol%) 0 Overall yield from epoxide:
PPhy (4 mol%), EtOH N _
2) HgPO,, EtOH o, CO,Et Je Gilead 27-29%
88% g AcHNQ/ o- o Roche-Basel 35-38%
NH,-HgPO, NDMBA Roche-Colorado 61%

(40% from acid) ..

Org. Proc. Res. Dev. 2004, 8, 1, 86-91
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NI ENE

J. Comb. Chem. 2007, 9, 245-253.

COH o PyBOP © N\/\O’Si(\v”o
N "P'\S J-Pr DIPEA/NMP 3
+ N K- |( )() R
HO" ™% © 8 . )
l,o Ho\ -,Ié
i-Pr_i-Pr H i-Pri-Pr
(@) N\/\O,Si 0) N\/\O’SI
3
N 8 R-NH,, MgBr-OEt, R~ |
O[ MeCN . C .
NN N 0" "N
o OH
R3CO,H, PyBroP,
DIPEA/NMP
i-Pr. i-Pr ‘ i-Pr\S{i-Pr
~ 0 'H'o
0 3

y

H
Os_N [
\/\O/SIH? 0
R [
< Pd(OAc),, dcpe, DIPEA R
. | o N’R2 Bu;NOAc/dioxane

: o)
OH O)\R3

1) HF-Pyridine

1) HF-Pyridine 2) TMSOEt
2) TMSOEt
H 0 H
O N~ ~""OH
R | R\’
XX | T s
X Rz NN N IR
o N OH
OH O)'\Rs 0 R3
2700 Compounds

2700 Compounds

R
N~ 2

OH o)\Rs

1) HF-Pyridine

2) TMSOEt
\
o N
~"OH
R I
XX |
X o ; H,RQ
OH
90 Compounds
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Synthesis of Pre-Vitamin D3

OH
CO.H 1) MeOH, HCI COsMe
2 2) TBSCI, Et;N, DMAP 2 1) PhOC(S)CI, DMAP, MeCN
DMF 2) DIBAL-H, DCM, -78C to -20C
HO™ > “OH 80% TBSO" > N0TBS 80% TBSO : OTBS
OH OH S
PhO
1) Zn, PhsP, CBry
n-BusSnH, AIBN OH Mn,0 H P pyr, DCM I
Toluene, Reflux DCM 2) n-BuLi, THF, -78C
» e »
63% 82% 74%
TBSO" OTBS TBSO" OTBS TBSO" OTBS
A
., 1) (Ph3P)2PdC|2, EtSN, DMF
‘ 2) Hy, Lindlar’s, Quinoline, Hexane
OH 3) TBAF, THF
A+ .~
: 68%
otf’
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Synthesis of Anti-Cancer Agents (+)-Zeylenone and
(-)-Zeylenone

BzO

(+)-Zeylenone (-)-Zeylenone

38
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Synthesis of (+)-Zeylenone

OBz OBz
COMe 1) TBSCI, imidazole, DMAP, DCM Ho. L
COOH 2) DIBAL-H, PhMe, -78C 0s0,, NMO Hoo N
3) BzCl, DMAP, pyr THF/H,0
- - > . -
. . HO Y O 87% TBSO" >0 94% TBSO" N0
Ho" v oM 0\)?‘ o\)- o\),—
OH Sy OMe X oM X oM
OMe < onete < onele

1) Me,CH(OMe),, TsOH DCM
Toluene, reflux

PPhs, Imidazole, I,

1) TBAF, PACOOH, THF

Y

2) TFA/H,0 (1:1), DCM o, " oBz
78% ,
TBSO" ™ “OH

Y

#o #\

\ 2) BzCl, DMAP, \

o, 108z ) BzC P o, \oBz
93%

TBSO" BzO"

87%
OH
Se,0, THF #\o /OBZ TFA/H,O (9:1) HO
reflux o DCM
40% 85% -

Tetrahedron, Volume 60, Issue 29, 12 July 2004, Pages 6233

BzO

(+)-Zeylenone
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Synthesis of (-)-Zeylenone

Y

0Bz
CO-Me 1) DEAD, PPh, CO-Me
pO,N-Ph-CO,H, THF 1) DIBAL-H, PhMe, -78C
2) NaOMe, MeOH 2) BzCl, DMAP, pyr
HO™ >0 > HO 0 o

91% 89% HO

6\8'— 0. - 5{__
:~ 7 Me :. - Me S 5
R e < oMe SonMe
HO OBz
0s0,, NMO v 1
THF/H,O (1:1) 0
92%

BzO"

(-)-Zeylenone
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Honorable Mentions

COzMe

N
MeO N\ o OMe
— H H
TBSO" ™ OoTBS O OMe
OH MeOQC bMe OMe
(-)-Reserpine
Helv. Chim. Acta 2007, 90, 1366-1372.
@]
. HNS N—
OH R AL
@) H HO

Tetrodotoxin
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Conclusions

Shikimic acid is a versatile and valuable precursor for a wide variety of
stereochemically rich products

The synthetic challenges associated with forming very small, but functionally rich
natural products highlights synthetic organic shortcomings that still exist



Questions?



