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(-)-Shikimic acid 1 was first isolated in 1885 by Eykman!2 from the fruit of illicium religiosum Sieb. et
Zucc.,? and derived its name from this oriental plant which is called shikimi-no-ki in Japanese. Later studies

have shown that this acid exists widely in the leaves and fruit of many plants.4

(~)-shikimic acid 1

In his early studies Eykman® described 1 as a trihydroxycyclohexene carboxylic acid, and also observed
its ready aromatisation to p-hydroxybenzoic acid upon heating with an acid, but he was unable to define the
relative and absolute stereochemistry of (—)-shikimic acid 1, which was only realised in the 1930s by the
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works of Fischer,® Freudenberg’ and Karrer.! Subsequently Grewe® carried out extensive woik on the
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}-Shikimic acid 1 occupies an importan
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t position in the pathway o
shikimate pathway (Fig. 1), the discovery of which was largely atiributed to the pioneering work of Davis,!!
Sprinson'? and Gibson.13

The shikimate pathway is operative both in plants and microorganisms where the three aromatic amino
acids (L-phenylalanine, L-tyrosine and L-tryptophan) are synthesised along this biosynthetic sequence.
However, this pathway does not apply to mammals, which obtain these aromatic amino acids by dietary
means. Thus there is great potential for the design and synthesis of enzyme inhibitors which may selectively

block specific enzyme-catalysed transformations along this pathway.!4 This, in practice, has stimulated

extensive search for herbicidal, antifungal or antibacterial agents of low environmental impact, an example of
which is the commercial broad spectrum herbicide Roundup® which contains the active ingredient glyphosate
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synthase in the pathway.!5

The importance of the shikimate pathway has made itself the topic of several excellent reviews over the
years covering some early literature.'6 However, it is not the intention of this review to engage in an
exhaustive discussion on the progress in this field. Instead it brings together, from the perspective of synthetic
organic chemistry, those methods available for the chemical synthesis of shikimic acid and its analogues from
simple starting materials.

2. SYNTHETIC APPROACHES BASED O
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2.1 Racemic syntheses

The first chemical synthesis of shikimic acid 1 in racemic form was reported simuitaneously by the
groups of Raphael!” and Smissman'® using, in their own words, 'an essentially identical route'. Raphael and
co-workers (Scheme 1) employed the Diels—Alder reaction with (1E,3E)-1,4-diacetoxy-1,3-butadiene and
acrylic acid as starting materials, while in Smissman's synthesis!® methyl acrylate was used. The cycloadduct 2
was formed by endo addition which gave the correct stereochemistry for the subsequent base-catalysed
1,2-elimination. The assignment on the stereochemistry of adduct 2 by Raphael and co-workers was later

supported by 'H NMR measurements on 2. 4 and their deuterated forms.!9 Althoush Smissman and
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acrylate proceeded in the exo-mode which was contrary to the result observed by Raphael and co-workers,

they later retracted this claim and reassigned their adduct as also having endo-stereochemistry.20

In a recent report by Balasubramanian and Abell?! on the synthesis of (6R)-[6-2H]- and (6S5)-[6-2H]-5-
enolpyruvylshikimate-3-phosphate the same strategy that Raphael and Smissman adopted was used for the
synthesis of racemic [6-?H,]- and [6-2H,]-shikimic acids, albeit with improved reaction conditions and
reagents. Unaware of the revision on the stereochemistry of the cycloadduct by Smissman and Li,2°
Balasubramanian and Abell reinvestigated this Diels—Alder reaction!”!® and found that the adduct was a

mixture of diastereoisomers with an exo:endo ratio of approximately 1:4, irrespective of whether acrylic acid
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H,, catalyst (33%); xi, CH,N,, xii, Ac,O; xiii, sealed tube, vacuum, 256-258 °C, 30 min, xiv, hydrolysis
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abstract and also an ACS meeting aostract.”- This route started from the exo-adduct 6 which was pﬁ:pared
from the Dieis—Alder reaction of 2-acetoxyfuran and malieic anhydride.23> Dihydroxyiation of 6 gave the diol
7,24 an aqueous solution of which was stirred at room temperature for three days to produce the keto acid 8. It
is interesting to note that although Raphael and co-workers!? initially attempted to use this route to prepare
shikimic acid, they were unable to cleave the hemiacetal acetate function in the acetonide of 7 without
inducing aromatisation, which, in retrospect, may be attributed to the steric restriction imposed by the
isopropylidene group. Sodium borohydride reduction of 8 and subsequent acetylation afforded the lactone 9
which was treated with methanolic hydrogen chloride and further acetylated to provide the methyl ester 10.
Pyrolysis of 10 in the presence of soft glass powder yielded the methyl triacetylshikimate 11. Saponification
gave the free (1)-shikimic acid 1 in an overall yield of 3% from 2-acetoxyfuran, which compares unfavourably
with their previous synthesis (15% overall yield). It is important to mention that the authors aiso for the first
time obtained what was believed to be 5-epi-shikimic aicd 14 via catalytic hydrogenation of the keto acid 8.

This approach has been successfully adopted by McCasland and co-workers?’ in their synthesis of
pseudosugars?6 and also by Hanessian and co-workers?’ who prepared racemic methyl S5-methyl-5-epi-
shikimate as an intermediate in natural product synthesis via the keto acid 8.

Grewe and Hinrichs28 prepared (+)-shikimic acid 1 and (+)-3-epi-shikimic acid 24%° (Scheme 3) from

2,5-dihydrobenzoic acid 15 which was obtained from butadiene and propiolic acid through a Diels—Alder
reaction. Esterification of 15 followed by epoxidation, in situ epoxide ring opening and further acetylation
gave the diacetate 17. Lack of regio- and sterec=selectivity in the allylic bromination of 17 resulted in 18 an

n

o

19, each as an epimeric mixture. Treatment o 8

followed by deacetylation furnished the mixture of methyl esters 20, 21, 22 and 23, which were separated.
Separate saponification of esters 20 and 21 delivered (+)-shikimic acid 1 and (+)-3-epi-shikimic acid 24 in
overall yields of 11% and 3% respectively from butadiene and propiolic acid.

A later synthesis of (+)-shikimic acid 1, (£)-methyl S-epi-shikimate 28 and (+)-4-epi-shikimic acid 32
(Scheme 4) by Grewe and Kersten’® used a Woodward modification of the Prévost reaction to produce the
cis-diacetate 25. Regioselective bromination of 25 gave an epimeric mixture of 26 and 27 with the former as
the major product. Treatment of this bromo mixture W1t_h_ s1lvcr acetate in moist acetic acid and subsequent
deacetylation led to the isolation of (*
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4-epi-shikimate 29 as the major product. Both 28 and 29 were derived from 26, and in the case of the latter the
substitution reaction proceeded with retention of configuration. A noteworthy feature of this work was the
transformation of triacetate 30 to methyl shikimate 20 which involved a process of epimerisation in the
presence of liquid hydrogen fluoride to give 29 and 20 in a ratio of 1:5. The authors also demonstrated that
this process would result in racemisation of optically active 30, which was later confirmed by Snyder and
Rapoport 31 Saponification of the methyl ester 20 gave ()-shikimic acid 1 which was resolved by fractional
tion of the diastereoisomeric salts of 3,4-O-cyclohexylideneshikimic acid with (-)-1-
er 29 afforded (+)-4-epi-shikimic acid 3
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This route starting from the cycloaddu
(£)-4-epi-shikimic acid 31 in overall yields of 41%, 19% and 52%, respectively.
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Raphael and Smissman's Diels—Alder strategy was applied again in a recent racemic synthesis of
6-thiashikimic acid derivative 37 (Scheme 5) by Kirby and co-workers.32 In this case, the dienophile, ethyl
thioxoacetate 33, was generated in situ from 32, the cycloadduct of anthracene and ethy! thioxoacetate 33. The
diastereoselectivity of the cycloaddition was poor, endo:exo = 3:2, although 34 was the major product as
expected. With the presence of sulphur in the ring the base-catalysed 1,2-elimination of 36 proceeded in good
yield without the need for an isopropylidene protecting group. However, Kirby and co-workers were unable to
obtain the free (+)-6-thiashikimic acid because of the instability of the enethiol hemiacetal unit.
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Scheme 5 Reagents and conditions: i, toluene, reflux, 6 h (59% for 34 and 35% for 35); ii, OsOy, pyridine, rt, 25 h
(66%); iii, pyridine, reflux, 6 h (86%)

Koreeda and Ciufolini3? used (1E,3E)-4-acetoxy-1-(trimethylsilyl)-1,3-butadiene 38 in their synthesis of
(+)-methyl 3,4,5-triacetylshikimate 11 (Scheme 6). The cycloaddition of diene 38 with methyl acrylate gave
the major endo-adduct 39 and the other exo-adduct in a ratio of 9:1. Osmylation of 39 using the Upjohn

nrocedure34 vielded the diol 40 which underwent elimination of the nrneﬂ-\vlulvl-hvdrnyv unit in the nresence
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of a catalytic amount of p-TsOH to give the olefin 41. Epoxidation of 41 with MCPBA, followed by treatment
with lithium hydroxide and acetylation, led to the triacetate lactone 43, which, after lactone ring opening and
reacetylation, was treated with DBU to afford the (z)-methyl triacetylshikimate 11. The overall yield of this
synthesis from diene 38 was 29%.

Inspired by Fleming's work on the use of the phenyldimethylsilyl group as a latent hydroxyl group,3s
Koreeda and co-workers36 later described another synthesis of (t)-shikimic acid 1 (Scheme 7) employing
(1E 3E)-4-acetoxy-1-phenyldimethylsilyl-1,3-butadiene 44 as a surrogate for (1E,3E)-1,4-diacetoxy-1,3-
butadiene. The authors claimed that they used 2- (trlmethylsxlyl)ethyl acrylate instead of methyl acrylate for the

major product (endo:exo = 1

s

is the transformation of 46 to 47 using Fleming's buffered, one-pot procedure3® to convert the
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Treaimeni of 47 with DBU resulied in the elimination of acetic acid, and the product 48 was further
deprotected to give (+)-shikimic acid 1. The overall yield for this synthesis from 44 was 55%, which was

twice the yield of their previous synthesis.
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Campbell, Sainsbury and co-workers3’ was based on the Diels—Alder
An important element of their approach that was previously developed by Brion38 is the base-mediated
opening of the oxabicyclo unit of the cycloadduct with lithium hexamethyldisilazide, which provides a rapid
entry into the cyclohexene system. The cycloadduct 49 (a 1:2 mixture of the endo- and exo-adducts3®) was
treated with osmium tetroxide to yield the exo-diols 50, isopropylidenation of which then gave the acetonide
51. Ring opening of 51 was effected by lithium hexamethyldisilazide, and subsequent deprotection of 52
afforded the (+)-methyl 5-epi-shikimate 28 (Scheme 8). The overall yield for 28 was 17% from furan and

methyl acrylate,

- CO;Me AN CO;Me HO T +CO;Me
Fo+f —=foY i, YooY _i,
~N HO
49 S0
{OMe 00,Me

(¥)-methyl 5-epi-shikimate
Scheme 8 Reagenis and conditions: i, Znl,, 40 °C, 48 h (55%); ii, OsO4, H,0,, Et,0, acetone (71%); iii,

(MeO),CMe,, p-TsOH, acetone (94%); iv, n-BuLi, HMDS, THF, -78 °C (49%); v, aq. AcOH, 55 °C, 3 h (96%)

In order to synthesise the racemic methyl shikimate, these authors attempted to invert the
stereochemistry at C-5 of 52 under Mitsunobu®? conditions. However, they obtained a low yield of the diene
53, a product of dehydration. Hydroboration-oxidation of 53 and further deprotection then gave the (+)-methyl
shikimate 20 (Scheme 9). This sequence of manipulation produced 20 in an overall yield of 2.7% from furan

£0,Me

52 53 20
(£)-methy! shikimate
Scheme 9 ts and conditions: i, DEAD, Ph,P, THF (39%); ii, B,H,, THF, followed by NaOH, H,0, (45%); iii



For a more direct route to (+)-methyl shikimate 20, these authors reversed the order of dihydroxyiation
and ring-opening of cycloadduct 49 (Scheme 10). The dihydroxylation of diene 54 gave a 5:1 mixture of
(1)-methyl shikimate 20 and (t)-methyl S-epi-shikimate 28, which were separated by column
chromatography. Complete selectivity for the methyl shikimate 20 was achieved by using a bulky
t-butyldimethylsilyl protecting group in 55 followed by dihydroxylation and deprotection. The dihydroxylation
was achieved using either osmium tetroxide or the Woodward modification of the Prévost reaction. The
overall yield for (+)-methyl shikimate 20 (either direct dihydroxylation of 54 or via the silyl ether 55) was

27% from furan and methvl acrviate. Bv extendmo the mefhndnlnnv Camnbell, Sainshurv and co-warker
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Scheme 10 Reagents and conditions: i, n-BuLi, HMDS, THF, -78 °C (80%); ii, OsO,, H,0,, Et,0, acetone (74%,
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A contemporaneous synthesis of (z)-shikimic acid 1 (Scheme 11) and (z)-5-epi-shikimic acid 14 by
Rodrigo and co-workers*! bears a close relationship to that of Campbell, Sainsbury and co-workers. The
(#)-5-epi-shikimic acid 14 was synthesised in 21% overall yield from furan and methyl acrylate in virtually
identical fashion, using lithium diisopropylamide (LDA) in place of lithium hexamethyldisilazide for the key
ring opening of 51. The ( +)-sh1knmc acid 1 was obtained in 31% overall yield from furan and acrylonitrile via

oxidation of 49 and
aiien of €2 and

5542 (Scheme 12). The epoxide 61 has been previously transformed to (+)-methyl 4-epi-shikimate 29
(Scheme 16) by McGowan and Berchtoid.*> The dextrorotatory epoxide 62,'% a natural product isolated from
the culture medium of Chalara microspora Hughes,** has recently been converted to (—)-3-epi-shikimic acid

24 via aqueous trifluoroacetic acid ring opening and subsequent saponification by Haslam and co-workers.!%
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Scheme 11 Reagents and conditions: i, Znly, 40 °C, 48 h (100%, 1:1 mixture of endo- and exo-adducts, see: ref. 38);

ii, LDA, THF, -78 °C; iii, standard protection; iv, OsO,, pyridine; v, Bu,NF, THF; vi, H,0, OH"
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They used 3,4-dibenzyioxyfuran as an enophiie for the Dieis—Aider reaction to give the cycioadduct 63 with

an endo:exo ratio of 15.3:1. The introduction of the benzyloxy groups in the starting material eliminated the
need for further dihydroxylation which was the case in previous examples. Catalytic hydrogenation of 63 led
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to exclusively the endo-product 64. The ring opening of 64 with lithium hexamethyldisilazide followed by
debenzyiation and acetylation furnished the (£)-methyi 3,4,5-triacetyishikimate 11 in an overalii yieid of 63.9%
from 3,4-dibenzyloxyfuran.

BaO~_A\ C0Me o B0 N rCOMe  BnOy, o COMe

AT = (Y
\ L}
Bn Bn BaO"

BnO* Y “OH AcO™ Y N0Ac
OB OAc
65 11

Scheme 13 Reagents and conditions: i, Znl, (0.1 equiv.), neat, rt, 1 h (98%); ii, H,, PtO,, EtOAc, rt, 1 h (93%); iii,
n-BuLi, HMDS, THF, —42 °C, 9 h (78%); iv, BF;-Et,0, EtSH, CH,Cl,, 0 °C, 12 h; v, Ac,0, pyridine, rt, 24 h (90%

for two steps)

Ogawa and co-workers*6.47 reported the synthesis of (+)-shikimic acid 1 from the endo-cycloadduct of
furan and acrylic acid (Scheme 14). Instead of using the reverse-Michael nng opening of the cycloadduct to

genera 4 4la T . avatasa ng im

1 .
generate the cycionexene system as in prevmus examp tic anhydride, acet

ic anhydride, acetic
acid and sulphuric acid or hydrogen bromide in acetic acid to effect the ring opening to furnish a cyclohexane
system which was more suitable for further elaboration to pseudosugars26é than to shikimic acid analogues.
Mainly for this reason, this synthesis of (+)-shikimic acid 1 was quite protracted, and the overall yield from
furan and acrylic was ca. 2%.

The endo-cycloadduct 66 was obtained through crystallisation from the cycloaddition of furan and
acrylic acid and was treated with bromine in water to produce the bromo lactone 67. Lactone and ether ring
cleavages in 67 were effected with hydrogen bromide in acetic acid. Esterification of the resulting acid

orded the dibromo ester 68. Debromination of 68 was accomnlished usma excess of
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followed by further acetylation and deacetylation gave the tetrol 70. Isopropylidenation of 70, followed by
treatment with tosyl chioride, afforded a mixture of monotosylates 72, 73 and ditosylate 74. The inseparable
mixture of monotosylate 72 and 73 was deprotected by acidic hydrolysis and the resulting triols 75 and 76
were separated by chromatography. Triol 75 was converted to (+)-methyl shikimate 20 via the base-catalysed
elimination of the tosylate unit. The ditosylate 74 was deprotected to give the diol 77 which was then treated
consecutively with sodium acetate in aqueous 2-methoxyethanol, acetic anhydride in pyridine and methanolic
sodium methoxide to afford the (+)-methyl shikimate 20, which was then hydrolysed to (+)-shikimic acid 1. It
is in terestmg to note that the base-catalysed elimination of tosylate group from 75 and 77 adopted a syn

roant from Ranhael and Kirl v’g ohcarvationg ]7 32

iffa
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Scheme 14 Reagents and conditions: i, hydroquinone, 75 days (45%); ii, Br,, H,O, rt; iii, HBr, AcOH, sealed tube,
80 °C, 2 days (61%); iv, MeOH, AcCl (cat.), reflux, 2 h; v, Ac,0, pyridine (two steps, 96%); vi, Zn, AcOH, 70°C, 1 h
(84%); vii, ag. HCO,H (90%), H,0, (35%), 60 °C, 1 h; viii, Ac,0, pyridine (100% two steps); ix, NaOMe, MeOH
(58%); x, (MeO),CMe,, DMF, p-TsOH, 60 °C, 3 h (92%}; xi, TsCl, pyridine, rt, 4 days (49% for 72 and 73; 45% for
74 ) xii, aq. AcOH (80%), 70 °C, 2 h (33% for 75; 50% for 76); xiii, NaOMe, MeOH, rt, 5 min; xiv, aq. AcOH (80%),
70 °C, 8 h (87%); xv, NaOAc, aq. 2-methoxyethanol (90%), reflux, 1.5 h; xvi, Ac,0, pyridine; xvii, NaOMe, MeOH

(29% three stens): xviii, KOH, MeQH-H,0 (4:1), rt. 12 h (76%)
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Bartiett and McQuaid's report48 on the synthesis of (+)-methyi shikimate 20 (Scheme 15) started with
3-cyclohexene-1-carboxylic acid 78, the Diels—Alder adduct of butadiene and acrylic acid. Iodolactonisation
of 78 with iodine, potassium iodide in aqueous sodium hydrogen carbonate gave 79 which underwent
DBU-induced elimination to provide the olefinic lactone 80.4° The formation of epoxide 81 (exo-isomer) was
accomplished with high stereoselectivity (endoiexo = 1:13.5) using 3,5-dinitroperoxybenzoic acid.
Triphenylphosphine-catalysed epoxide opening with trimethylsilyl bromide, followed by DBU-induced
elimination, provided the allylic alcohol 82. Epoxidation of 82 led to the epoxy lactone 83 which was treated

with potassium carbonate in methanol to afford the (+)-methyl shikimate 20 (50% overall yield from 78).
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82 83 Z0
(£)-methyl! shikimate

Scheme 15 Reagents and conditions: i, 1, KI, NaHCO;, H,0, 21 °C, 21 h (94%); ii, DBU, THF, reflux, 16 h (89%);
iii, 3,5-dinitroperoxybenzoic acid, 2,6-di-t-butyl-4-methylphenol (cat.), CH,Cl,, reflux, 11 h (81%); iv, PhyP, TMSBr,
MeCN, 0 °C to 25 °C, 1 h, then DBU, reflux, 21 h (85%); v, 3,5-dinitroperoxybenzoic acid, 2,6-di-t-butyl-4-
methylphenol (cat.), CH,Cl,, reflux, 9 h, then 25 °C, 10 h (89%); vi, K,CO3, MeOH, 30 min (98%)

("DzMe iOZMe CO,Me jiOZMe r/jSZMe
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16 84 54 61 29
(£)-methyl 4-epi-shikimate

Scheme 16 Reagents and conditions: i, NaOAc, AcO,H, CHCIj, 1t, 17 h (80%); ii, DBN, Et,O, reflux, 25 h (80%);

CH,Cl, (65%); iv, AcOH, reflux, 1.25 h; v, NaOMe, MeOH, 1, 1.5 h {47% for two steps)
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MCUOW&II ana DCTCHIOiG S synme51s oI (& )-memyl q-epz-smmmate A i (acneme 10), an lmporlant
intermediate for the synthesis of ()-chorismic acid, is an interesting one, as the synthesis of intermediate 54
also constitutes a formal synthesis of (+)-methyl shikimate 20 (Scheme 10). The diene 16,28 prepared from the



esterification of the cycloadduct of butadiene and propiolic acid, was treated with peracetic acid to give
epoxide 84 which was isomerised to 54 in the presence of DBN. Epoxidation of 54 with MCPBA afforded 61
and its corresponding frans-isomer 62 in a ratio of 19:1. Solvolysis of epoxide 61 in acetic acid and
subsequent deacetylation furnished (+)-methyl 4-epi-shikimate 29 with an overall yield of 20% from diene 16.

2.2 Chiral Syntheses
An enantiospecific synthesis of (~)-shikimic acid 1 (Scheme 17), based on the asymr

eaction, was first renorted by Masamune and co-workers 50 who nsed the chiral ketol 88 ag a dienonhile The
1CaLliOly SO 235 ILPRALIIS DY YARSEIILNNC QN0 LORWROLARLS, I WOV AT VIMEG AVIVI U G0 § MiwaUpiiiv. 1w
joh diactarenfacial calartivity of Lotal 88 1¢ largaly atteihnitad tn tha atenng hudrasen handing hotraasss +ha
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hydroxyl and ketonic functions. The formation of a five-membered chelate effectively freezes rotation along
the C(=0)-C (asym) axis, thus making the two diastereotopic faces of the enone system highly distinguishable.
With the aid of a catalyst (BF;-Et,0), the endo-adduct 86 was obtained as an exclusive diastereoisomer from
the cycloaddition reaction. The adduct 86 was converted to (—)-shikimic acid 1 via a sequence of
transformations similar to those used by Raphael!” and Smissman.!8
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OAc OAc o)1
85 86 {(—)-shikimic acid 1
Scheme 17 Roaoents and conditions: 1. RF-Et-0O (0.5 eauiv) CH.Cl. —40°C 12 h {720/ ~ 0R0/ da)
SCACERC 27 Reagenis qra conaiiions. 1, Driy'DLyy 0 (V.0 CQUIV. ), LIy, =5V L, 14l (7476, > 7076 GE)

(-)-methyl 3,4,5-O-triacetylshikimate 11 (Scheme 18) was reported by Koizumi and co-workers.5! They
employed (+)-87,52 (S),-menthyl 3-(2-pyridylsulphinyl)acrylate, as a chiral dienophile. The cycloaddition
reaction of (+)-87 and 3,4-dibenzyloxyfuran gave a mixture of four diastereoisomers, the major two of which,
endo-88 and exo-89, were obtained in isolated yields of 50% and 29%, respectively. The endo-adduct 88 was
reduced with phosphorus tribromide to give the sulphide (—)-90 which was treated with lithium aluminium
hydride to remove the chiral auxilary. Hydrogenation of (-)-91 led to (+)-92 which was oxidised with Jones

reagent and treated with diazomethane. The resulting ester (—)-endo-64 was transformed to (—)-methyl

Y AL N tvianatrdahilicainta 11 10 a Fachinn atmila ada!
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51, U/CUIALTLY IDMIRLILIIALT 11 1H1 4 ladliivil Siiniiar 1o Aoreeaa

s synthesis The overall ¥iciG O (—j-11 o
(+)-87 was 3.5%. It should be noted that aithough Koizumi and co-workers indicated the possibility of
transforming exo-89 to the unnatural (+)-shikimic acid 1, no report on that has been forthcoming.

By the same methodology, Koizumi and co-workers>? also prepared (+)-methyl 5-epi-shikimate 28 in an
overall yield of 10.6% from (+)-87 (Scheme 19). The endo-adduct 93, a major cycloadduct of (+)-87 and
furan, was subjected to a series of transformations analogous to those of previous syntheses and also those by
Campbell, Sainsbury and co-workers3” to afford (+)-methyl S-epi-shikimate 28.
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Scheme 18 Reagents and conditions: i, Et,AICl, CH,Cl,, —20 °C, 5 days (50% for endo-88, and 29% for exo-89); ii,
PBr3, DMF, 0 °C (84%); iii, LiAlH,, Et,0, 1t (95%); iv, Raney Ni (W-2), EtOH, rt (45%); v, Jones reagent, acetone,
rt; vi, CH,N,, MeOH, Et,0 (67% for two steps); vii, n-BuLi, HMDS, THF, —78 °C (56%); viii, TMSCI, Nal, MeCN,
rt; ix, Ac,O, pyridine, rt (53% for two steps)
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Scheme 19 Reagents and conditions: i, ELAICI (1.1 equiv.), CHyCly, rt, 7 days (44% for endo-93, and 25% for
exo-94); ii, TiCl;, EtOH, rt, 10 min (84%); iii, OsO4 (cat.), trimethylamine-N-oxide, acetone, rt, 12 h; iv,
(MeO),CMe,, acetone, p-TsOH, 65 °C, 6 h (92% for two steps); v, LiAlH,, Et,0, 1t, 2 h (79%); vi, Raney Ni (W-4),
EtOH, t, 24 h (92%); vii, (a) Jones reagent, acetone, tt, 2.5 h; (b) CH,N,, MeOH, Et,0 (80% two steps); viii, n-BuLi,
HMDS, THF, -78 °C, 0.5 h (56%); ix, aq. AcOH, 55 °C, 3 h (96%)
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Doadol and DawahtaldSd hozra dataillad o nrananati
Pawlak and Berchtold’* have detailed a prepar:

starting material via an enzyme-catalysed kinetic resolution that provided enantiomericaily pure intermediate.

Methyl 3-cyclohexene-1-carboxylate 96, a Diels—Alder adduct of butadiene and methyl acrylate, was treated
with N-bromosuccinimide to give a mixture of epimeric dibromides which were then debrominated with either
tri-n-butyltin hydride in benzene or sodium iodide in acetone to furnish the diene 97.55 Rose Bengal-sensitised
photo-oxidation of 97 led to the endo-peroxide which underwent rearrangement in the presence of
RuClL,(PPhy), to give the epoxide 98. Base-catalysed isomerisation of 98, followed by treatment with
n-hexanoyl chloride, gave the n-hexanoate ester 100. Enantioselective hydrolysis of racemic 100 with
cholesterol esterase led to (+)-99 and unhydrolysed (—)-100. The latter was subjected to base-catalysed ester
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interchange to give (-)-99. Epoxide ring opening of (—)-99 in aqueous acetic acid and subsequent
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Scheme 20 Reagents and conditions: i, N-bromosuccinimide, AIBN, CCl,, reflux, 40 min; ii, Bu;SnH, AIBN,
benzene, reflux, 3 h (75%) or Nal, acetone (57%); iii, (a) O,, Rose Bengal, acetone, —~10 °C, hv, 10 h; (b)
RuCl,(PPhy);, CH,Cl,, 1t; iv, NaOMe, MeOH (34% overall yield form 96); v, hexanoyl chloride, DMAP, Et3N,
CH,Cl, (100%); vi, cholesterol esterase, H,0, pH 7.8, 0-5 °C (total 54% conversion); vii, NaOMe, MeOH, 0-5 °C, 1
h (85%) (36% from racemic 100); viii, ag. AcOH (80%), heat; ix, NaOMe, MeOH (97% for two steps); xi, NaOH,
THF, H,0, then Amberlite IR-120 (plus) jon-exchange resin (97%)

t-butyloxazoline)-Cu(SbF), complex 101 as a Lewis acid catalyst in the enantioselective Diels—Alder reaction

of furan and acrylimide 102 (Scheme 21). This Diels—Alder reaction was performed at -78 °C to give a kinetic

i ﬁ
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recrystallisation delivered enantiomerically pure (+)-103 in 67% yield. The cycloadduct (+)-103 was converted
to enantiomerically pure endo-49 which was further elaborated to (+)-shikimic acid 1 in a fashion almost
identical to that of the racemic 49 (a mixture of endo- and exo-adducts) (Scheme 10). The overall yield for

(+)-shikimic acid 1 was 37% from acrylimide 102.
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Scheme 21 Reagenis and conditions: i, 101 (5 moi%), CH,Cl,, - C, 42 h (67%); ii, LiSEt, THF, -20 °C; iii,
Cs,CO;, MeOH, 0 °C (93% for two steps); iv, »n-BuLi, HMDS, THF, -78 to 0 °C, then TBDMSOTY,
2,6-lutidine, -78 °C (90%); v, OsO,4, N-methylmorpholine-N-oxide, THF, H,0, 0 °C (76%); vi, BusNF, THF (97%);

vii, TMSOK, THF, then IR-120, H,0, (50%)
3. SYNTHESES FROM BENZENE AND ITS DERIVATIVES

3.1 Racemic synt

Ganem and co-workers’? described a synthesis of (%)-shikimic acid 1 (Scheme 22) from

heses
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mixture of dibromo acids from which the major isomer 105 was crystallised. Cyclisation of 105 in aqueous
sodium hydrogen carbonate afforded lactone 106 which was treated with N-bromosuccinimide to generate
stereospecifically the dibromide 107. Treatment of 107 with sodium acetate in hexamethylphosphoramide
gave a 1:1 mixture of allylic acetates 108 and 109 which were readily separated by column chromatography.
The former was converted to the latter in three steps (deacetylation, mesylation and substitution with lithium

acetate) in 68% overall yield. Acidic hydrolysis of 109 followed by stereospecific epoxidation with

trifluoroneroxvacetic acid furnished the epoxide 110 which was reduced with tributyltin hydride to dghver
peroxyacelic acic urmsicc PO
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110 w1th tributyltin deuteride to introduce the deuterium label resulted in complete retention of configuration
at C-6 of the monodeuterio lactones which were then converted to 6p-deuterioshikimic acid.
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Scheme 22 Reagents and conditions: i, Bry, CH,Cl, (62%); ii, 2q. NaHCO; (65%); iii, N-bromosuccinimide, CC14,
(L0, (70%): iv. NaDAc. HMPA (43% for 108 and 43% for 100): v, ag. H,SO, THF reflux (80%): McCl
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pyridine, 0 °C (85%); vii, LiOAc, HMPA (100%); viii, aq. H,50, (36%); ix, CF3C0;H, 1,2-dichion

t
23 h (84%); x, BuySnH, AIBN, toluene, reflux, 2 h (72%); xi, KOH (1.25 equiv.), MeOH-H,0 (4:1), 24 h (90%)

3.2 Chiral syntheses

An elegant synthesis of (-)-methyl shikimate 20 by Birch and co-workers>® utilised tricarbonyliron as a
lateral control group for installing enantiospecifically the 5-OH group in the shikimate ring (Schemes 23 and
24). They complexed iron pentacarbonyl with a non-chiral, unsymmetrical olefin to produce chirality in the

complex in which the tricarbonyliron group exercised lateral control on the formation of new

o G 3
LALEy 2 mn which ine il

asymmetric centres. The 1 4-dihydrobenzmc acid 104 was converted to its methyl ester which then reacted
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mixture of tricarbonyl(2-methoxycarbonylcyciohexa-1,3-dienejiron ar

with iron pentacarbonyl to form a
tricarbonyl(5-methoxycarbonyicyclohexa-1,3-diene)iron. These two isomeric complexes underwent
isomerisation in methanol containing sulphuric acid to afford the tricarbonyl(1-methoxycarbonyicyciohexa-
1,3-diene)iron which was hydrolysed in aqueous sulphuric acid to give the racemic complex 112. Resolution
of 112 by conventional method with (-)-1-phenylethylamine gave (+)-113 and (-)-114.9 The
phenylethylammonium salt (+)-113 was reconverted to the carboxylic acid by treatment with aqueous
hydrochloric acid in ethanol, and subsequent methylation afforded the ester (+)-115. Hydride abstraction by

the trinhenvimethvl cation on (4.\_115 proceeded from the face opposite the iron at C-5 (5-exo) to deliver the
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cation Saitl (+)-119. REACHIOIN U1 \7)-1 4V Wil aljutUus SULIUILL HYUIUEVIL LalUliaie Ll aLuiViliiib at Wb Joeal
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position led to the alecohol complex (4)-117. Silylation of (+)-117 followed by decomplexation with
atha 55, whose racemic fo S,
t;mxvun}’xaﬁ“uﬁc N-oxide inluuu the s auyn ether (+)-55, whose racemic form was the precursor in the syrithesis

of (£)-methyl shikimate 20 by Campbell, Sainsbury and co-workers,3” and enantiomer the precursor in the
synthesis of (+)-shikimic acid 1 by Evans and Barnes.5¢

The phenylethylammonium salt (~)-114 could be converted not only to (+)-methy] shikimate 20 by a set
of reactions identical to those of (+)-113, but also to (-)-methyl shikimate 20 via inversion of the
stereochemistry at C-5 of (-)-117 (Scheme 24). Collins oxidation of (—)-117 gave the ketone (+)-118 in which
the molecular asymmetry due to complexation was still retained. Stereospecific reduction of the carbonyl
group in (+)-118 was accomplished with sodium borohydride-zinc chloride to afford, after silylation with

t-butyldimethylsilyl trifluoromethanesulphonate and removal of the tricarbonyliron group with trimethylamine
N-cxide, the silyl ether (4)-55 which was further manipulated to (-)-methy! shikimate 28 (vide supra). It is

woith uuuug that treatment of l.uwuwuyx\L-lucuqu_yumwule}’CiuhéXa-1 3-dieie )uuu and mcarl)onyl()-
meumxycaroonylcycmnexa- ,:—cucnc)uon with ‘ﬂsz4-MeU‘ﬂ gave the 6-endo-monodeuterio complex
which on resolution and further transformations led to (6R)- and (6S)-methyl 6-deuterioshikimates,

respectively.

CO,H COH €0y Ccoy
A A P T
[ Yo O e T (O SRV < 4
AN x X~ Me¢ H N M¢ H
104 112 (#)-113 (-)-114
(l.“,OzMe ?OzMe
(+)-113—1-1—l-’—1—‘—,-b Mll@ —l__-. M"I PF6 -—11—» Mn.@\
\r ~~ SOH
(+)-115 (+)-116 (+)-117
?OzMe g}(hMe (,302Me
Vi1, Vill > l\ l PR ', S . 1 R ol l l
" OTBDMS HO" Y y” “OTBDMS HO" N NoH
OH ou
(+)-55 (-)-56 (-)-20
M =Fe(CO); (-)-methy] shikimate

Scheme 23 Reagenis and conditions: i, (a) (CH30),80,, MeOH, KOH, refiux, 5 h; {b) Fe(CO)s, di-n-butyl ether,
reflux; (c) conc. H,80,, MeOH, reflux, 24 h, then H,O, reflux 30 h; ii, (-)-1-phenylethylamine, CHCl;-acetone (3:1),
then repeated recrystallisation from CHCly; iii, aq. HCl, EtOH (100%); iv, CH,N,;, Et;0 (100%); v, trityl
hexafluorophosphate, hexane, CH,Cly, 3 h (73%); vi, NaHCO;, H,0, MeCN, 30 min (95%); vii, TBDMSCI,
(i-Pr),NEt, DMF (98%); viii, Me4NO, benzene (84%); ix, 0s0,, acetone (67%); x, Bu,NF, THF (85%)
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(-)-114 (-)-115 -)-117
(1302Me i:one (l:one

A‘V{ N v —_—t
Mg —VQH \/\n'mnuq

(99 NS L ADLILVALS

(+)-118 (-)-119 (+)-55

M = Fe(CO),

Scheme 24 Reagents and conditions: i, aq. HCl, EtOH (100%); ii, CH,N,, EL,O (100%); iii, trityl

hexafluorophosphate, hexane, CH,Cl,, 3 h; iv, NaHCO,, H,0, MeCN; v, CrO;, pyridine, CH,Cl, (85%); vi, NaBH,,

ZnCl,, Et,0 (98%); vii, TBDMSOTHT, (i-Pr),NEt, DMF (83%); viii, Me;NO, benzene (82%)

N B, o~y BN AN
QR G hadll GH Gl @ .
120 121 122
oH CH OH

OCOPr

OAc 6Ac
126 127

Scheme 25 Reagents and conditions: i, Br,, CHCl3, —78 °C (90%); ii, KMnO,4, MgSO,, EtOH, H,0, -20 °C (45%);
iii, Me,C(OMe),, H,80, (cat.), CH,Cl,, rt; iv, DBU, benzene, reflux, 6 h; v, O,, tetraphenylporphine, CCly, rt, hv
(95%); vi, thiourea, MeOH, rt (80%); vii, n-PrCOCI, Et;N, DMAP, CH,Cl,, 1t, 4 h (100%); viii, PGL, pH 7, 35 °C,
NaOH (83%); ix, RWALO; (5%), H, (1 atm), EtOAc (95%); x, Pd(OAc), (5 mol%), LiCl (cat.), LiOAc,
p-benzoquinone, MnO,, AcOH, pentane, 22 h (79%); xi, OsOy, KClO;, THF, H,0, rt, 18 h (78%); xii, acetone,
p-TsOH, rt, 5 h (85%)
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()-133 (+)-134 (+)-20
(+)-methyl shikimate

Scheme 26 Reagents and conditions: i, DEAD, Ph;P, THF, reflux, 16 h (89%); ii, K,CO;, MeOH, 1t, 3 h (85%)); i,

p-(MeO)PhCH,Br, 1-BuOK, THF, 1t, 5 h (84%); iv, MCPBA, CH,Cl,, THF, 1t, 48 h (74%); v, 1,3-dithiane, »-BuLi,

HMPA, THF, -20 °C (97%); vi, HgO, BF;°Et,0, THF-H,0 (5:1), 40 °C, 21 h; vii, MsCl, Et3N, CH,Cl,, 1t, 1 h (39%

two steps); viii, NaClO,, 2-methyl-2-butene, aq. NaH,PO, (pH 3), +-BuOH, rt, 16 b; ix, CH;N,. Et,0, 0 °C (90% two

steps); x, DDQ, CH,Cly, H,0, 11, 2 h (92%); xi, p-TsOH, MeOH, 50 °C, 3 h (R4%)

Vandewalle and co-workersS' obtained the unnatural (+)-methyl shikimate 20 (Schemes 25 and 26) by
means of an enzymatic asymmeirisation {0 converi a meso-subsirate info an enantiopure intermediate which
was then subjected to further eiaboration. The advantage of this enzymatic transformation is that all the
starting material can be utilised, while in the case of conventional resolution or enzyme-catalysed kinetic
resolution of a racemate only half of the starting material will be suitable for further conversion. The
meso-diene 122,62 prepared from 1,4-cyclohexadiene, the product of Birch reduction of benzene, via
bromination, dihydroxylation, isopropylidenation and base-catalysed elimination, was photo-oxidised to give
the endo-peroxide which was reduced with thiourea. The resulting meso-12363 was converted to its dibutyrate

which wag ]‘\vﬂrnlvcprl hv D('“ a recombinant Fucarium
wihicn was iy us d

maadesav x Le 4

ici {'"hnacp to afford the enantiomeric
At enantiemeric

£

mrrea £ 1 24 Awncanntinen ~AF whisnh than oax

A +] < s £ 1 tamnntivralyy, tha ala~lal 7.\ 19
puLc (T~ .lﬂ", uic u]\uu&l:uauvu Ul VWillviL WiVl gave (T L [

natively, the alcohol (+)-125 could be
preparea ]IOHI I,J'CYCI()ﬂexanefle. lﬂe pauaalmn-calalyseu i 4-a1acetoxy1auon OI i J cycionexaalene
produced exclusively the cis-diacetate 126,5 which, after dihydroxylation and isopropylidenation, gave the
meso-acetonide 127. Conversion of 127 to its dibutyrate, followed by PGL-catalysed hydrolysis, afforded the
enantiomerically pure (+)-125. Elimination of the hydroxy unit in (+)-125 occured under Mitsunobu®
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conditions.
OXIGISCQ WIm MLI'HA io glVC CXC[US]VCly me epoxme (+)-IQU neacuon OI ('1’)-13" w1m umloaltmane
introduced the required one-carbon unit to give (—)-131. Unmasking of the carbonyl fuction in (-)-131 was
accomplished using mercuric oxide and boron trifluoride in water and THF to give, after further mesylation
and simultaneous elimination, the o,B-unsaturated aldehyde (+)-132. Oxidation of (+)-132 with sodium
chlorite, followed by esterification, delivered the shikimate derivative (+)-133, which was further deprotected
to give (+)-methyl shikimate 20. It is worth pointing out that the enantiomerically pure product of the
enzyme-catalysed hydrolysis of meso-dibutyrate can be converted via judicious functional group

interconversions to the derivatives of its enantiomer, which, in turn, can be elaborated to (-)-methyl shikimate

ARAVVA WNIEL Y WA WAL AR ~a .—

AN LWawrarraer tha lanathey maninnlatian fram aithar 1 A_~valahavadiana ar 1 _ruvnlnhovadiana ‘nn‘m‘ln‘\fa fl\n
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major drawback of an otherwise elegant synthesis. The overall yield of (+)-methyl shikimate 12 was 12% from
the intermediate (+)-125, and between 3% and 4% from either 1,4-cyciohexadiene or 1,3-cyciohexadiene.

OH OAc

AN AN Ao Ao Ao
G G and G G PN Gl PN AN
- T D

~N =7 "TOH N
OH OH
135 122 123 (-)-136
OAc OAc OAc
l NY LIS . IL Wil e
A >< i o >< —vii_ | viii
01"0 [ ""0 ¢ \ “"O
] il /
0 0 \\—O g
127 110 7. 3110
Aer 7 R arwe \ ’ ASF
OAc QAc ¢O,Me C0O,Me

[ I —as [ )ty ] vy (7

Mu.-o’ ~ @/\:/'mo' = d.-\:_/\ OAc g O,..-\:/\OH
o om 0  0ac )6 OH
o

(-)-methyl shikimate

Scheme 27 Reagenis and conditions: i, Pseudomonas putida 35D; ii, (MeG),CMe,, CH,Cl,, p-TsOH (82%j; iii, Gy,
tetraphenylporphine, CH,Cl,, MeOH, 0 °C, hv, 4-6 h, then thiourea, 12 h (65%); iv, Pseudomonas cepacia (Amano
P-30) lipase, isopropenyl acetate, 55 °C, 2 days (90%); v, PCC, CH,Cl,, molecular sieves; vi, 1, pyridine, CCl,
(80%); vii, 2-tributylstannylfuran, Pd(PhCN),Cl,, Cul, PhyAs, N-methylpyrrolidone (100%); viii, NaBH,, CeCls,
MeOH, -78 °C (75%); ix, H (1 atm), Pd/C, EtOH (83%); x, Ac,0, DMAP, Et;N, CH,Cl, (88%); xi, RuO,, NalO,,
CCl,, H,0, MeCN; xii, CHyN,, Et)0; xiii, DBU, CH,Cl,, 20 °C, 12 h (69% for three steps); xiv, p-TsOH, MeOH,
reflux (89%)
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Scheme 28 Reagents and conditions: i, TBDMSC], imidazole, DMF; ii, K,CO3, MeOH; iii, PCC, CH,Cl,, molecular
sieves; iv, I,, pyridine, CCl,; v, 2-tributylstannylfuran, Pd(PhCN),Cl,, Cul, PhyAs, N-methylpyrrolidone (93%); vi,
NaBH,, CeCl;, MeOH, -78 °C (75%); vii, Bu,NF, THF, 25 °C, 24 h; viii, Ac,0, DMAP, Et,N, CH,Cl, (85% for
Pd/C, EtOH (97%), Ry NalQ,, CCl,, H.O, MeCN: xi. CH-N.. Et.

211 ) 2IUr ¢, RULY, NalUy, LU U, MIELINS Xi, UhsNs, BELU
s

Johnson and co-workers5 made use of the meso-cyclohexa-3,5-diene-1,2-diol 135,67.68 available from
microbial oxidation of benzene by mutants of the microorganism Pseudomonas putida, in their synthesis of
(4+)- and (—)-methyl shikimate 20 (Schemes 27 and 28). Apart from this, their approach was analogous to that
of Vandewalle and co-workers in that they both used enzymetic asymmetrisation to convert a similar
meso-intermediate into an enantiomerically pure form. Isopropylidenation of the diol 135 gave the acetonide
122,62 which was also prepared alternatively from 1,4-cyclohexadiene with an improved overall yield of 87%.
The acetonide 122 was converted to meso-123%3 by addition of singlet oxygen followed by reduction with

thinnraa T 1‘nr.|m==mnr“nfprl aratulatinn  nf morn-172 in 1cnnrnnenvul acatatea Aslivarad tha anantinmiiea
LiliVlAL Wi APAOWTIMWUIGIW  AWwWLYIGUIVIL Vi MO UVT Ay Ll IDUVRIVEPWILYE dwvbiaiy Uwiivuwivy uiv VHADUUPULe

______ dosdoo f 12L Ll iann o~ i Ll MMWYY Mt Cal . o 1M a a1 _1'31_ 1O
monodceiaie ‘—}'ID“, Wil was 0XidisS€a will ruL. LONversion o1 ui€ enone 15/ 10 ne mel 10414¢€ 1.36,

s\ aan

conditions afforded the allylic alcohol 140 and its corresponding epimer in a ratio of 6:1. Hydrogenation of
140 produced a single diastereoisomer whose relative stereochemistry was not assigned. Further acetylation
gave the diacetate 141. Oxidation of the furan ring in 141 to carboxylic acid, followed by esterification,
base-induced elimination and deprotection, yielded the (—)-methyl shikimate 20. The overall yield from meso-
135 was approximately 12%. By interconverting the functional groups, enantiomerically pure (-)-136 was

also elaborated in a similar manner to the u ural (+)-methyl shikimate 20 (Scheme 28)

A1 Raaal LIIGRALF 2 SAURIIAS SV RSN L0 ).

The chiral microbial metabolite, 1-iodo-1,3-cyclohexadiene-5,6-diol 146,5° obtained by whole cell
fermentation of iodobenzene with Pseudamonas Putida 39D, has been used by Entwistie and Hudiicky?® for
the synthesis of opticaily active pseudosugars.2® Enantiomericaily pure 148 and 149, derivatives of
6B-hydroxyshikimic acid, were produced as key intermediates (Scheme 29). The diol 146 was converted to the

acetonide which was then dihydroxylated stereoselectively to give the diol 147. Isopropylidenation of 147
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Esterification of the resulting acid 148 with potassium carbonate

an overall yield of 67% from diol 146.

Scheme 29 Reagents and conditions: i, Me,C(OMe),, p-TsOH; ii, OsO,, N-methylmorpholine-N-oxide, -BuOH,
H,0; iii, Me,C(OMe),, p-TsOH {75% for three steps); iv, ~-BuLi, Et,0, -78 °C, then CO,; v, Mel, K,CO,, acetone

(90% for two steps)

Shortly after that p"bl‘C"tr"i, Sutherland and co-workers’! disclosed a similar synthesis of
(-)-6B-hydroxyshikimic acid 152 and its derivatives from similar microbial metabolites (Schemes 30 and 31)
*.* fose poms o
AN iy @O iy AN i A~
L\ - LSS Lo o T L
~ SOH d Y v HO" Y~ “OH HO" " “OH
0 OH OH
150 Vo149 151 (-)-152
xf (~)-6B-hydroxyshikimic acid
I
?OzMe (IIOZMe (1302Me
Y i, YN . F Y\
Ao, A~ s A
OH
153 154 155

Scheme 30 Reagents and conditions: i, Me,C(OMe),, p-TsOH, acetone; ii, OsOy, N-methylmorpholine-N-oxide,
t-BuOH, H,0; iii, Me,C(OMe),, p-TsOH, CH,Cl,, 1 h (95%); iv, r-BuLi, Et,0,-109 °C, 15 min, then COy; v, Mel
°h, 1

CsF, DMF, 16 h (80% ); vi, aq. TFA, THF (90%); vii, aq. HCI, 60 °C, 4 h (60%); viii, Me,C(OMe),, CSA, CH,Cl,,

h (48%); ix, OsO,, N-methylmorpholine-N-oxide, -BuOH, H,0 (27%); x, aq. TFA, THF

One of their reported routes to (-)-6B-hydroxyshikimic acid 152 was almost identical to that of

stle and Hudlicky, although they used bromo dienediol 150 instead of the iodo dienediol 146 as the
s to remove the protecting groups in 149 to give the free acid (-)-152.

sta..ing material and added extra steps to remove the protecting grou
They also prepared (55, 6S)—methy1 5,6- dxhydroxycyclohexa-l 3-diene-1-carboxylate 153 by microbial
with an aqueous culture of Pseudomonas putida UV4, and confirmed its

oxidation of methyl benzoate with an aqueous
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absolute stereochemistry by its conversion into methyl 6p-hydroxyshkimate 1i5i. However, the

diliydroxyiation of acetonide i54 using the Upjohn procedure’: gave iow yieid of 155 with poor

regioselectivity.
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Scheme 31 Reagents and conditions: i, TBDMSOTY, imidazole, DMF, 2 h (90%); ii, OsO,, N-methylmorpholine-N-

oxide, -BuOH, H,O (66%]; iii, 1,1-diethoxvcyclohexane, CSA, CH,CL,, 3 h (90%); iv, , BuyyNF, CH.Cl,, 3.5 h (75%);

UH, Hy clohexane, UaA, CH,ChL;, 3 (00%)
v, Ni{{CO);(Ph.P),, Et-N, MeOH THE, €0 °C, in sealed tube (709’6); vi, SEMC], i-P IZA‘LL, U.wutrn, \,thlz {48 %a);

R e ZACE L Ly LIS TA IR L O A

vii, 0sO,, N-methylmorpholine-N-oxide, +-BuOH, H,0O (67%); viii, 1,1-diethoxycyclohexane, CSA, CH,Cl,, 10 min
(72%}); ix, r-Buli, hexane, —78 °C, 25 min, then CO,; x, Mel, CsF, DMF (78%); xi, MgBr,, BuSH (in excess), Et,0,
1.5 h (75%); xii, TBDMSOTT, imidazole, DMF, 3 h (85%); xiii, OsO,, N-methylmorpholine-N-oxide, +-BuOH, H,0
(85%); xiv, 1,1-diethoxycyclohexane, CSA, CH,Cl,, 3 h (90%); xv, DIBAL-H, hexane, —78 °C (70%); xvi, NaClO,,
NaH,POy, 2-methyl-2-butene, t-BuOH, H,0; xvii, Mel, K,CO3, acetone, 2 h (80% for two steps); xviii, pyridine-HF,
THF (90%)

These authors were interested in further transformation of the protected 68-hydroxyshikimic acid to

1at1 inl A al +1 £ +1. [~ |
d, which required the differentiation of the diol systems and also that of the 5- and
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6-hydroxy groups during the synthesis of 159. For that, they used i-butyldimethyisilyl and
2

-(trimethylsilyl)ethoxymethyl groups for the protection of diol 150, and the cyclohexylidene group for the
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lithium exchange occurred when it was treated with i-butyllithium. However, methoxycarbonylation of 158
was effected with Ni(CO),(Ph,P),-Et;N-MeOH to give 159. Selective silylation of 159 at the 5-position was
accomplished using excess of r-butyldimethylsilyl chloride. The authors also converted (55, 65)-5,6-
dihydroxycyclohexa-1,3-diene-1-carbonitrile 163 obtained by the oxidation of benzonitrile with Pseudomonas
putida UV4 to 159. As the nitrile 164 could not be converted to a carboxylic acid by base-cataysed hydrolysis,
it was reduced with DIBAL-H to the o,B-unsaturated aldehyde 165 which was then oxidised with sodium
chlorite to give, after esterification, the methyl ester 166.

Two independent syntheses of (—)-6B-hydroxyshikimic acid 152
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followed by catalytic osmylation gave the diol which was converted to the diacetonide 167. Reduction of 167
with DIBAL-H afforded the unsaturated aldehyde 168, oxidation of which with sodium chlorite gave the
corresponding carboxylic acid. Deprotection then afforded the (-)-6B-hydroxyshikimic acid 152. It is
interesting to note that Sutherland and co-workers”! had previously prepared the diacetonide 167 from the
nitrile 163 and because of the difficulties in the base-catalysed hydrolysis of 167 they did not proceed with
further elaboration.

CN CN
QPN RPN

Y\ ‘
Jd ,..-'\/I‘O/\ HO‘""\/\OH

(e 111

|9
/]\__
163 (-)-152
(-)-68-hydroxyshikimic acid

Scheme 32 Reagents and conditions: i, Me,C(OMe),, p-TsOH, DMF, 20 h (94%); ii, 0sO,, N-methylmorpholine-N-
oxide, +-BuOH, H,O (72%}); iii, MenC(OMe)q. p-TsOH, DMF, 20 h (94%); iv, DIBAL-H, THF, 0 °C (38.7%); v,
NaCl0,, NaH,PO,, H,0,, MeCN, H,0 (72%); Vi, aq. HCI, THF, 3 days (100%)
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Kamikubo and Ogasawara’ recently completed a synthesis of (—)-shikimic acid 1 (Scheme 33) via the

4 - ronc

chiral synthon (+)-171.75 The cycloadduct 1697¢ of cyciopentadiene and p-benzoquinone was reduced with
either DIBAL-H or sodium borohydride-ceric chloride to give the meso-diol 170.77 Lipase-mediated
asymmetric esterification of 170 provided the optically pure monoacetate (+)-171 which was
methoxymethylated to give (+)-172. Deacetylation of (+)-172, followed by treatment with
N-bromosuccinimide, afforded the bromo ether (—)-173. Dihydroxylation of (—)-173 gave the diol (-)-174

which, after methoxymethylation, was treated with activated zinc in the presence of a catalytic amount of

acetic acid to recenerate the olefinic func mnah’rv Subseauent retro Diels—Alder reaction of (+)-175 gave the
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with moutyum nycmae in the presence of AIBN, furnished the CyCIIC s11yl €wer 1/ /7, wiliCii was auuacqucuuy

oxidised to the diol (+)-178. Selective silylation, followed by mesylation and desilylation, afforded (+)-179.
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Oxidation of \-f-)-l 7% occurred with concomitant elimination to glve o p unsaturaied amenyuc which was

further oxidised to afford, after esterification, (=)-methyl 3,4,5-O-tri(methoxymethyl)shikimate 180. Further
deprotection then delivered (—)-shikimic acid 1 in 11% overall yield from cycloadduct 169.
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Scheme 33 Reagents and conditions: i, NaBH,, CeCl;, MeOH, 0 °C (82%) or DIBAL-H, benzene (92%); ii, lipase
PS, MeCN, 30 °C, 2 weeks (87%); iii, CH3;0CH,Cl, i-PryNEt, CH,Cl, (88%); iv, K,CO;, MeOH, rt; v,
N-bromosuccinimide, CH,Cl, (76% for two steps); vi, OsO,, N-methylmorpholine-N-oxide, THF, H,0 (85%); vii,
CH;0CH,Cl, i-PryNEt, CH,Cl; (97%); viii, Zn, AcOH (cat.), EtOH, reflux (79%); ix, diphenyl ether, NaHCO,, 30

in (86%); x, CISi(Me),CH,Br, EtsN, DMAP, CH,Cly, 0 °C; xi, BusSnH, AIBN, benzene, 80 °C; xii, aq. H,0,
ANy YHON, THE MaNI (1:1) rafluv /R0, far tuwn ctonc) viti TRNDMCCT imidarzala DME {1 100%): viv Me(l
V7)), AUy, 1nn'=MEn (1, ROUX (6776 107 tW0 5iCP5); Xill, 1oLV, HINGAZCIS, Livar' (i VW7o, X1V, 1viSui,

i-Pr,NEt, DMAP, CH,Cl,; xv, Bu,NF, THF (65% for two steps); xvi, SO;-pyridine, DMSO, Et;N; xvii, (a) NaClO,,

NaH,PO4-H,0, 2-methyl-2-butene, +-BuOH-H,O (4:1); (b) CH,N,, CH,Cl,, (77% overall from 178); xviii, AcCl
(cat.), MeOH (98%); xix, NaOH, THF, H,0 (96%)



Another chiral approach to the synthesis of shikimic acid and its analogues is based on the utilisation of
(-)-quinic acid 181 as starting material. (—)-Quinic acid 181 as a natural product was first isolated from
cinchona bark. It is widely found, often alongside (-)-shikimic acid 1, in the plant kingdom. Although
(-)-quinic acid 181 is not an intermediate on the main stem of shikimate pathway, its structural resemblance to
shikimic acid has stimulated much interest in their chemical interconversions. A lot of early studies of the
chemistry of (—)-quinic acid 181 and (—)-shikimic acid 1 were actually intertwined

The firet convercion of (—)-aninic acid 181 to (-—\-chﬂnmin acid 1 wace renarted bhv Danocchat and
i0C I uinic { a

oNnn
PV WWILY WASIVIL WA | )i Gvive AUAR W JTSAIARMLLUILY GVIW A VTGO AVP VAWM Uy ACdligowiiGlr Al

Fischer® in 1938 (Scheme 34). (-)-Quinic acid 181 was converted to 5-O-acetyl-3,4-O-methylenequinamide
1827% which was ireated with p-toluenesuiphonyi chioride in pyridine to induce the dehydration of the amide
function and also the elimination of the newly formed p-toluenesulphonate ester unit. The
resulting a,B-unsaturated nitrile 183 was hydrolysed to give the 3,4-O-methyleneshikimic acid 184 which was

deprotected to afford the (—)-shikimic acid 1.

HO" Y Yo gy Noac o YT Yoae " YT Yo HO™ Y NoH
181 182 183 184 1
(-)-quinic acid (~)-shikimic acid

Scheme 34 Reagents and conditions: i, see: ref. 79; ii, p-TsCl, pyridine, 37 °C, 7 days; iii, aq. NaOH, reflux, 2.5 h;
iv, aq. H,S0,, reflux

detailed conversion of (—)-quinic acid 181 to (-)-methyl shikimate

Grewe and co-workers80 published a

20 in 1957 (Scheme 35). Acetylation of (-)-quinic acid 181, followed by treatment with thionyl chloride, gave

ot 10L 0 D1 faie ALl N 10L arno ...Uu\.u«. Tand sacton s am Altrrina datian US PPy Mymupn, 1y
Ulﬂ duu uuurluc \—}'160 »¢ Reauction of \ J-10U wad d lJ LIGU U, ulg SUUIULLL uuucmuxywxuuymxuc w1u1

concomitant acetyl group migration to give the tetraacetate (—)-187 Treatment of (—)-187 with phosphorus
oxychloride in pyridine afforded the olefin (-)-188. Deacetylation of (—)-188 gave the tetrol which was
selectively protected using trityl chloride. The resulting trityl ether (-)-189 was acetylated and detritylated to
give the alcohol (—)-190.% Oxidation of (—)-190 with chromium trioxide in acetic acid furnished the acetylated
shikimic acid which was treated with mathanolic hydrogen chloride to yield the (—)-methyl shikimate 20.

Gero and co-workers8! have converted (—)-methyl quinate 191 to (—)-methy! shikimate 20 (Scheme 36)

via dehydration of (-)-methyl 3, ,4,5-O-tribenzoylquinate 192 with either s”lphu_ryl chloride or phosphor
avunhlasida in nuridina /) _Mathvl rnnnufn 10131 wae traatad with aveece of hanzavl chlaride in nuridinas tn
UVAYVILIUVLIUL Ul PyLivILv. 7 )7ivibiilyl Julliaiv 278 VYaS UwAlvll VWIL VAWWIS Ul UWIILU Y1 WiV IUG LR YT wJ

give the tribenzoate (-)-192.82 These authors claimed that the dehydration of (-)-192 proceeded
regiospecifically to give (-)-193 as the only isolated product, which was later proved by Snyder and
Rapoport3! to be incorrect (vide infra). Treatment of (—)-193 with sodium methoxide in methanol gave the
(-)-methyl shikimate 20.
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Scheme 35 Reagenis and conditions: i, Ac,0, pyridine, 18 h; ii, SOCl,, benzene, 70 °C, 2 h; iii, NaBH(OMe),

(72%); iv. POCl;, pyridine (94%); v, ag. NaOH; vi, PhyCCl, pyridine (80%); vii, Ac,0, pyridine (R1%); viii, ag.
AcOH, reflux (80%); ix, CrO;, AcOH; x, MeOH, HCI
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Snyder and Rapoport’! carried out a detailed study on the stereochemistry of quinate-shikimate
conversion and obtained (—)-shikimic acid 1 as well as (—)-4-epi-shikimic acid 31 (Schemes 37 and 38). They
repeated some of the early work by Grewe and Vangermain,33 and prepared cyclohexanone (-)-194 from the
acid (—)-185 under improved conditions and with good yield. They found that the cyanohydrin 195 that was
obtained from hydrogen cyanide addition to (-)-194 and previously thought to be a single isomer was actually

ratia of 2:3 in favour of the gni-auinate isomer. Contrarv to nrevioug ohgervationg that dehvdration of the
AVAN WVa Y WA WA WALW V‘II ‘1"“!"“ AW ALAW B \-’Vll‘vl“-‘"’ - rnvvlvwv WA WIWAE T LAVAVIAN LA Jw“‘r‘vll Vi Wiw
mxrnnmhtrdete wras macinonanifia B384 85 Tha anthavra FarmnAd that dahodvatinm AF 108 sasra o sitvhiies ~AF citailas
Cyanonyarin was regiospeciiic,”*%% 1neé aulnsis IounG inat genydaraliocn o1 125 gave & mixture of nitries

(-)-196 and (—)-197 in approximately equal amounts. This explains the lower yield of nitrile (—)-196 in
previous dehydration cases. The fact that nitrile (~)-196 could be crystallised while (—)-197 remained as an oil
may help to explain the previous omission of (—)-197 from the reaction work-up. The nitriles (-)-196 and
(-)-197 were separated and each was hydrolysed to give (—)-shikimic acid 1 and (-)-4-epi-shikimic acid 31,

respectively.



With these findings, Snyder and Rapoport aiso investigated the dehydration of tribenzoate (—)-192
(Scheme 38) which was previously studied by Gero and co-workers.8! Under the same conditions they
obtained, after hydrolysis, a mixture of (—)-shikimic acid 1 and (-)-4-epi-shikimic acid 31 in a ratio of ca. 4:1,
while the latter had not been previously identified. They also found that substituting the benzoyl groups of
(-)-192 with acetyl groups did not significantly change the ratio of the isomers from dehydration.
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(-)-shikimic acid (-)-4-epi-shikimic acid
Scheme 37 Reagents and conditions: i, Agy0, acetone; ii, AgOAc, CCly, Br, (77%); iii, H,80;, KCN (87%); iv,
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Dowex AG 50W-X1 (H*) (62%); vi, KOH, H,0, reflux, 3 h, then Dowex AG 50W-X1
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(H"), then cyclohexylamine, H,O, then H* resin (50%)
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Scheme 38 Reagents and conditions: i, CH;N;, MeOH, 0 °C; ii, BzCl, pyridine, -30 °C to -10 °C (65%); iii, POCl,,
pyridine (72%) or SO,Cly, pyridine, CHCl;, -78 °C to —10 °C (95%); iv, dioxane, KOH, 24 h, then HCl, H" resin, then
cellulose column for separation (1:31 = 84:16 for POCI; dehydration and 82:18 for SO,Cl, dehydration)



Lesuisse and Berchitoid® reporied a synthesis of (—)-4-epi-shikimic acid 31 via (+)-methyi
4,5-O-benzylidene-5-epi-shikimate 203 from (—)-quinic acid 181 (Scheme 39). Benzylidenation of (—)-quinic
acid 181 gave a ca. 3:1 mixture of diastereoisomers because of the newly created chiral centre at the acetal
carbon. The major diastereoisomer (+)-199 crystallised from the mixture and was assigned S configuration at
the new chiral centre on the basis of steric arguments. Opening of the lactone functionality of (+)-199 with
sodium methoxide in methanol afforded the methyl ester (—)-200. Swern8? oxidation of (-)-200 followed by

dehydration with phosphorus oxychloride in pyridine gave enone 202 which was reduced with sodium

Qiatitiil AL PRIV RS DA YLILILLUL 1 priiiile SRR 222 DRIt

raohvdride tn nravide the S_eni.chikimate derivative ()20 Invarcian nf ctarencheamictry at O_2 Af 7107072
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----- affantad sendaw AAis 230 P M - f{ aladl -l anid 21 TL_

was effected under Mitsunobu?? conditions. ave (— )—4-é‘ﬁi‘bu1m'i‘uv aCid o1, 15

overall yield for (—)-31 was 18% from (—)-quinic acid 181 including the use of both diastereoisomers of the
bezylidenation reaction. This route provided an alternative to Snyder and Rapoport's synthesis of
(—)-4-epi-shikimic acid 31 from (-)-quinic acid 181 with the advantage being that the dehydration of enone

(+)-201 was regiospecific.
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Scheme 39 Reagents and conditions: i, benzaldehyde, p-TsOH, benzene, reflux, 12 h (75% total); ii, NaOMe, MeOH,
tt, 1 h (97%); iii, DMSO, (COCIl),, CH,Cl,, ~78 °C, then Et3N (45%); iv, POCl;, pyridine, 1t, 2 h; v, NaBH,, MeOH
(68% two steps); vi, Ph;P, DIAD, PhCO,H, THF, rt, 3 h (91%); vii, NaOMe, MeOH, rt, 1 h (92%); viii, KOH, H,0,
THEF, rt, 1 h, then AcOH (80%), rt, 12 h, then MeOH, Et,NH, then Amberlite IR-120 (H*) (96%)

Following Lesuisse and Berchtold's protocol, Hanessian and co-workers?’ converted (—)-quinic acid 181
to (—)-methyl 3,4-O-isopropylidene-5-epi-shikimate 52 (Scheme 40) which was a key intermediate in their

cvnthatic annraach ta ave ine and milbemvcins. It is interestine to note that hermndvnn mi llv controlled
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Scheme 40 Reagents and conditions: i, p-TsOH, acetone; ii, MeOH, NaOMe; iii, PCC (60% three steps); iv, POCl;,
pyridine; v, NaBH,; vi, p-TsOH, acetone (85% for three steps)

For their synthesis of pseudosugars,26 Shing and Tang?8 also prepared (—)-methyl 3,4-O-isopropylidene-
5-epi-shikimate 52 (Scheme 41) in 42% overall yield from (—)-quinic acid 181 in a precedure that was almost
identical to that of Hanessian and co-workers. The only difference was that they used cyclohexylidene instead

115G Gl LYCIOIIER ¥

of isopropylidene as the initial protecting group.

HQ, COH HQ 4 C0;Me 00;Me
i (ﬁ}o i, i, iv, v X u &
7% ui Y NOH dn‘ Y Ol.i Y ="OH 0/ Y ~NOoH
o O /0 A0
I
(-)-181 \—z—)-zos U(+)-209 ()52

Scheme 41 Reagents and conditions: i, cyclohexanone, benzene, DMF, Dowex 50WX8 resin (H*), reflux (79%); ii,
NaOMe, MeOH, 0 °C (96%); iii, DMSO, (COCl),, Et;N, CH,Cly; iv, POCl,, pyridine, rt, (76% two steps); v,
NaBH,, MeOH, 0 °C (82%); vi, acetone, p-TsOH (88%)

Crithacland and
1a1ia )

wntrl-aec89,90 ytilicad /_\_Aninin
SUuiCTiaiia aix 4 1

co-workers3.%0 utilised (—)-quinic aci
acids (Schemes 42, 43, 44 and 45; Note: no optical rotation values were given in the original reports, all the
structures depicted in the schemes show absolute stereochemistry). The lactone (~)-208 was treated with
benzyl chloroformate followed by cleavage of the lactone ring with methanolic sodium methoxide to give the
ester 210. Treatment of 210 with trifluoromethanesulphonic anhydride gave the triflate which underwent
elimination in the presence of DBU to provide the olefin 211. Hydrolysis of 211 and subsequent acetylation
gave the acid 212, bromolactonisation of which afforded the lactone 213. Ring opening of the lactone 213
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Scheme 42 Reagents and conditions: i, NaH, BnOCOCI, BuyNI, CH,Cl, (92%); ii, NaOMe, MeOH (81%); iii,
(CF350,),0, pyridine, CH,Cl, (96%); iv, DBU, CHCl3; v, KOH, H,0, dioxane; vi, Ac,0, pyridine; vii, CsH NBr;,
NaHCO;, H,0, THF, (68% for four steps); viii, NaOMe, MeOH (75%); ix, BuyyNOAc, Me,NCHO (82%); x,
[PhC(CF,),0],8Ph, (87%); xi, HF, pyridine (54% total, 35% for 217); xii, TFA, CH,Cl,, then 6 M HCI (59%); xiii,

LiOH, H,0, dioxane, then TFA, CH,Cl, (40%)



with sodium methoxide in meihanol gave the ester 214 which was treated with butylammonium acetate in
DMF to form the epoxide 215. Dehydration of 215 was accomplished with Martin's reagent,’! and the
resulting epoxide 216 was treated with HF-pyridine. This epoxide ring opening was non-stereospecific, and
three products 217, 218 and 219 resulted from this reaction with 217 as the predominant one. With 217 being
partially purified by silica gel chromatography, the remaining mixture of 218 and 219 was separated by liquid
chromatography. Subsequent removal of protecting groups produced fluoroshikimic acids 220, 221 and 222,
respectively (Scheme 42). The overall yield of 6a-fluoroshikimic acid 220 was 4% from (-)-quinic acid 181.

As for the 6B-fluoroshikimic acid 221 and 6B-fluoro-4-epi-shikimic acid 222 their overall vields from
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NalO, (90% two steps); iv, Hy; v, Et,NSF; (46% two st

and 25% two steps for 227); viii, TMSCI, Et;N, CH,Cly; ix, H,; X, [PhC(CF3),],5Phy; xi, desilylation (70% four
steps); xii, SOCl, (72%); xiii, NaN;, DMF, 20 °C (90% total); xiv, PhyP, THF, then H,0; xv, MeOH, HCl,
then aq. HCI (39% two steps for 229 and 28% two steps for 230); xvi, thiocarbonyldiimidazole, toluene (74%);

xvii, hydrolysis
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Dihydroxyiation of olefin 211 gave the diol 223 which was treated with thionyi chioride and followed by
oxidation of the resulting sulphite with rhodium chloride and sodium periodate to afford the sulphate 224.
Removal of the carbobenzoxy group of 224 by hydrogenolysis and dehydration of the resulting alcohol with
DAST gave the olefin 225. Treatment of 225 with sodium azide gave, after hydrolysis, a readily separable
mixture of azides 226 and 227 in a ratio of 3:1. Alternatively, silylation of diol 223 followed by
hydrogenolysis, dehydration and desilylation provided the diol 159 which was converted to the sulphite 228

and then treated with sodium azide to give a 7:2 mixture of azides 226 and 227. The azides were separated,
reduced with triphenylphosphine and further hydrolysed to g've the hy d.foc.uori\.es of 6B- an

[
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from the diol 159 by formation of the S-thiocarbonate 231 and s ubsequent hydrolysis.
The diol 223 was selectively silylated to give the silyl ether 233 which underwent
trans-transesterification in the presence of sodium hydride to provide 234. Dehydration of 234 and subsequent
hydrogenolysis produced the allylic alcohol 235 which was treated with DAST to give the 6a-fluoroshikimic
acid derivative 236 (Scheme 44). The overall yield of 236 from (-)-quinic acid 181 was approximately 18%.
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Scheme 44 Reagents and conditions: i, TBDMSOTT (64%); ii, NaH, CH,Cl, (91%); iii, [PhC(CF;),],SPh,; iv, H,
(78% twao steps); v, Ft-.NQF.. (72%)
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Ring opening of the epoxide 216 in aqueous trifluoroacetic acid yielded the diol 237 which was
selectively silylated and treated with DAST to give the 6{-fluoroshikimic aicd derivative 239 (Scheme 45) in
7% overall yield from (—)-quinic acid 181. Deprotection of 237 gave 6a-hydroxyshikimic acid 240 in an
overall yield of 9% from (—)-quinic acid 181. (-)-6B-Hydroxyshikimic acid 152 was obtained from
deprotection of 159 in an overall yield between 20% and 30% from (-)-quinic acid 181 depending on the yield
of the final hydrolysis.



S. Jiang, G. Singh / Tetrahedron 54 (1998) 46974753 473

ssze ?02Me (;,‘02Me COMe
O 1 —Al L.
0\“! \5/ 0\"e \:_./ “OH O" Y~ “orBDMS O‘I"Y\o'mDMs
(0] 0} 0 o

Yy
\_/

iv r T
HO" Ny “oH " Y Non HO" N Non
du (—\SG oH
) W—_4
240 i59 (-)-152
60.-hydroxyshikimic acid (=)-6B-hydroxyshikimic acid

Scheme 45 Reagenis and conditions: i, ag. TFA, DMSO (74%); ii, TBDMSOTf (75%); iii, Et,NSF; (64%); iv, HCI,
MeOH, then aq. HCI (57% for 240)

5. CHIRAL SYNTHESES FROM CARBOHYDRATES

Carbohydrates, which are naturally abundant and inherently rich in chiral centres, have emerged over the
vears as an imnortant catecorv of 'chiral temnlates' in natural nroduct svnthesis. 92 Enantiomerically nure
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Bestmann and Heid8’ reported an early enantiospecific synthesis of both (—)-shikimic acid 1 (Scheme
46) and (-)-quinic acid 181 from D-arabinose. Catalytic hydrogenation of D-arabinose in the presence of
Raney nickel gave arabitol which was tritylated selectively to provide ditrityl 241. Benzylation and
detritylation of 241 gave the diol 242 which was treated with p-toluenesulphonyl chloride in pyridine. The
resulting ditosylate 243 was reacted with excess of methylenetriphenylphosphorane to form the ylid 244.
Wittig reaction of 244 with formaldehyde furnished the olefin (—)-245. Debenzylation of (—)-245 followed by
acetylation and oxidative cleavage produced the ketone (—)-194, which was previously prepared by Grewe and

Vangermain®? from (—)-quinic acid 181. Cyanide addition to (-)-194 followed by dehydration and hydrolysis

P il teain nntd $ im nn Avranall iald A8 £0/ Fon N_arahinana T4 10 tertavanting +n At ~ .
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aithough at that time these authors believed that the dehydration of the cyanohydrin 195 (which itseif was later
found to be an epimeric mixture3!) was regiospecific the low yield (30%) of the dehydration step was
indicative of the non-regiospecific nature of this reaction, and this was later confirmed by Snyder and

Rapoport3! who found that dehydration produced a ca. 1:1 mixture of regio isomers (vide supra).
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Kitagawa and co-workers?> converted D-mannose to the cyclohexanone (—)-194 (Scheme 47), an
important intermediate in Bestmann and Heid's synthesis of (—)-shikimic acid 1. Glycosidation of D-mannose
with methanol in the presence of a catalytic amount of hydrogen chloride gave the a-pyranoside, which, after
selective tritylation of the primary hydroxyl group, was benzylated to provide 247. Detritylation of 247
followed by Jones oxidation gave the acid 248. Oxidative decarboxylation of 248 was accomplished using
lead tetraacetate®™ to give 249 as an epimeric mixture. Treatment of 249 with nitromethane and sodium
methoxide in methanol led to the formation of carbocvcle 250 as a mixture of diastereoisomers. Acetvlation of
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250 and reductive elimination of the resulting acetoxyl groups of 251 with sodium borohydn e produced
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ammonium acetate produced the same cyciohexanone (—)-254. Debenzylation of (-)-254 and subsequent
acetylation furnished the cyclohexanone (—)-194. Following Bestmann and Heid's procedure (vide supra), this
constituted a formal synthesis of (-)-shikimic acid 1.
Suami and co-workers®3.%6.97 prepared several derivatives of shikimic and epi-shikimic acids (Schemes
48, 49, 50 and 51) from D-lyxose, L-arabinose, D-arabinose, D-ribose and D-xylose as key intermediates for the

synthesis of pseudosugars.26
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Scheme 47 Reagents and conditions: i, MeOH, AcCl; ii, TrCl, pyridine; iii, BnCl, NaOH; iv, aq. H,SO,; v, CrO4, aq.
H,80,; vi, Pb(OACc),, benzene (79%); vii, MeNO,, MeOH, NaOMe (65%); viii, Ac,0, BF3-Et,0 (97%); ix, NaBH,,
EtOH (27% for 252, 41% for 253); x, TiCl;, NH,OAc (72%); xi, debenzylation; xii, acetylation

These authors% converted D-lyxose to (—)-methyl shikimate 12 (Scheme 48) via a key intermolecular
clisation of dimethyl malonate with mesylated aldehyde 257 in the presence of sodium hydride. The
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Cyi
D-lyxose was treated with ethanethiol to

J id Vivii wea

. f 255 and subsequen emoval of the trityl group produced 256,
treatment of which with methanesulphonyl chloride followed by dethioacetalisation gave the aldehyde 257.
The cyclisation gave a separable mixture of three products, (—)-258, (—)-259 and unwanted 260. The latter
resulted from the competitive C-C/C-O bond formation. Separate hydrogenolysis of (-)-258 and (-)-259
followed by acetylation afforded the tetraacetates (+)-261 and (-)-262, respectively. The
demethoxycarbonylation of both (+)-261 and (—)-262 proceeded in very low yields to give the same
(-)-methyl 3,4,5-O-triacetylshikimate 11. Deacetylation afforded (—)-methyl shikimate 20, whose overall yield

from D-lyxose was 0.6%.
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lo y.°° 1€ a}dr:uyde 265 was Pr pau‘cd from L-arabinose in
much the same fashion as that of aidehyde 257. Nucieophiiic addition of dimethyi maionate to the iodo 266 in
the presence of sodium hydride led to the formation of carbocycle (+)-267 and the unwanted (+)-268 in a ratio
of 1.3:1. Thermal demethoxycarbonylation of (+)-267 furnished (+)-methyl 3,4,5-O-tribenzyl-4-epi-shikimate
269. The overall yield for (+)-269 from L-arabinose was ca. 7%.

Suami and co-workers later modified their approach to carbocyclic formation in order to avoid the
competitive C-C/C-O bond formation (Schemes 50 and 51).%7 Stepwise C-C bond formation for the
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construction of the carbocyclic ring was adopied in these routes. Iniroduction of the first C-C bond in
preparation of the intermediate (+)—27i was achieved by employing the Knoevenagel condensation of the
aldose derived acyclic aldehyde 270 with dimethyl malonate as the key step. The second C-C bond formation
for cyclohexane construction featured PCC oxidation of (+)-272, which accomplished the aldol cyclisation. In
this manner, they prepared exclusively (-)-258 and (—)-259 in a ratio of 1:10 from D-arabinose, which
provided an alternative route to that from D-lyxose for (—)-methyl shikimate 20. It has to be pointed out that
although this approach eliminated the C-C/C-O bond formation during cyclisation, the overall yield for (—-)-20

from D-arabinose remained as low as 0.6%. By similar transformations, these authors also obtained (—)-methyl
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Scheme 48 Reagents and conditions: i, conc. HC, EtSH, 0 °C, 30 min (78%; see: ref. 98a); ii, TrCl, pyridine, DMAP,
70 °C, 14 h (81%); iii, NaH, BnBr, DMF, 17 b; iv, p-TsOH, MeOH, EtOAc, 1.5 h (79% two steps); v, MsCl, pyridine,
0 °C, 90 min; vi, HgCl,, CaCO3, MeCN, H,0, 90 min; vii, NaH, dimethyl malonate, THF; viii, Ac,0, pridine, 60 °C,

Iohexene, MeQH_ 20% P4A(QOH)..C
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H,0 (drops), NaCl, 125 °C, 75 to 90 min (17% for 11 and 47% for recovery 0f 261; 13% for 11 and 18% for recovery
of 262); xii, N\aOMe, MeOH, 0 °C, 1 h (42%)
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Scheme 49 Reagents and conditions: i, EtSH, conc. HCI (see: ref. 98b); ii, TrCl, DMAP, pyridine, 70 °C, 18 h (89%);
iii, NaH, BnBr, DMF, 32 h; iv, p-TsOH, MeOH, EtOAc, 2 days (61% two steps); v, p-TsCl, DMAP, pyridine, 18 h;

vi, HgCly, CaCO;3, MeCN, H,0, 2 h; vii, 2-butanone, Nal, reflux, 18 h (50% for three steps); viii, NaH, THF,
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Scheme 51 Reagents and conditions: i, conc. HCl, EtSH (61% for ribose, see: ref. 98¢c; 80% for xylose, see: ref. 98d);
ii, TrCl, DMAP, pyridine (92% for ribose; 78% for xylose); iii, NaH, BnBr, DMF; iv, p-TsOH, MeOH, EtOAc (two
steps. 61% for ribose; 67% for xylose); v, TBDPSCI, imidazole, DMF (98% for ribose; 98% for xylose); vi, HgCl,,
CaC03, MeCN, H,0; vii, dimethyl malonate, Ac,O, pyridine (two steps, 85% for ribose; for the xylose, a catalytic
amount of Et;N was used for the reaction); viii, Raney nickel T-4, H, (1 atm) (78% for ribose); ix, Bu,NF, THF (68%
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Fieet and co-workers® accompiished an efficient synthesis of (~)-shikimic acid 1 in an overaii yieid of
39% from D-mannose via an intramolecular Wadsworth-Emmons olefinationi® as a key reaction (Scheme
52). The lyxo-alcohol (+)-281'0' was prepared from D-mannose in 66% overall yield via the diacetonide
(+)-278.102 Treatment of (+)-281 with trifluoromethanesulphonic anhydride in pyridine gave quantitatively the
trifluoromethanesulphonate  (+)-282, which was reacted with the sodium salt of t-butyl
dimethylphosphonoacetate in the presence of a crown ether to form the phosphonate 283 as a

diastereoisomeric mixture with regard to the stereochemistry at C-6. Removal of the benzyl group in 283 by
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afforded (—)-t-outyi 3,4-U-isopropyiideneshikimaie 284. Deproiection using aqueous trifiuoroacetic acid

produced quantitatively (—)-shikimic acid 1.

Another intramolecular Wadsworth-Emmons olefination!® based approach to the synthesis of
(-)-methyl shikimate 20 from D-ribose (Scheme 53) was reported by Mirza and Vasella,!93 which was
contemporaneous with that of Fleet and co-workers. The acetonide 285,'% prepared from isopropylidenation
of D-ribose, was treated sequentially with trityl chloride and hydroxylamine hydrochloride in pyridine in a
one-pot procedure to give the oxime 286. 105a Reaction of oxime 286 with p-nitrobenzaldehyde led to the

one-pot procedure to the ox1im n
ne 227 ac an isomeric mixture. Ozonolvsis of nitrone 287 afforded the 1-deoxv-1-nitroriboge
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288 as a mixture of anomers.'®* Chain elongation of 2
followed by heating the resulting product in moist formamide in the presence of sodium hydrogen carbonate
furnished the heptulosephosphonate 289 as an anomeric mixture. Diastereoselective reduction of 289 with



sodium borohydride in either ethanol or methanol afforded predominantly the diol (+)-290. Detritylation of
(+)-290 with either zinc bromide or aqueous acetic acid followed by periodate cleavage of the resulting triol
gave lactol 291 as an anomeric mixture. Silylation of the anomeric hydroxyl group in 291 produced a 6.8:1
mixture of a- and B-anomers, which were separated and treated separately with butyllithium and methyl
chloroformate to give ester 292 as a mixture with both a- and B-anomers each containing a 1:1 mixture of
diastereoisomers due to the newly formed chiral centre at C-6. The mixture of 292 was desilylated to generate
the lactol which was treated with sodium methoxide to induce the cyclisation to form the (-)-methyl

2,3-O-isopropylideneshikimate 134. Deacetonation afforded (—)-methyl shikimate 20. As the authors claimed
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Scheme 52 Reagents and conditions: i, acetone, conc. H,80, (cat), rt; ii, BnCl, NaH, DMF, r; iii, conc. HCl, MeOH,
H,0; iv, NalO,, H,0, 1t; v, NaBH,, EtOH (66% from D-mannose); vi, (CF380,),0, pyridine, CH,Cl,, =30 °C

(100%); vii, NaH, s-butyl dimethylphosphonoacetate, DMF, 15-crown-5 (81%); viii, Pd-C (10%), MeOH, H, (1 atm),
rt; ix, NaH, THF (73% two steps); x, aq. TFA, rt, 12 h (100%)
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~78 °C (90%, two steps); v, Bu,NF, diethyl vinylphosphonate, THF, 0 °C; 1 h, then HCONH,, NaHCO,, 60

°C, 24 h (87%, 5.5:1 mixture of anomers); vi, NaBH,, EtOH, 0 °C (73.5% for 290 and 18.5% for the other isomer) or
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NaBH,, MeOH, 0 °C (97% total yield, the ratio of 290 and its corresponding isomer as 2
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2:1); vii, Znbry, CHyCly, 1

30 min then MeOH, H,0, NalQ,, 10 min (85%, 4.9:1 mixture of anomers) or ag. AcOH, rt, 6 h, evaporation, then
MeOH, 0 °C, NaHCOj3, NalO,4, H,0, 10 min (76%, mixture of anomers); viii, TBDMSCI, imidazole, CH,Cl,, rt

(12% for the B-anomer, and 81% for the a-anomer); ix, BuLi, THF, methyl chloroformate, 78 °C (95% for

the P-anomer as mixture of diasereoisomers; 94% for the o-anomer as mixture of diastereoisomers); x, BuyNF, THF,

i, 1 h; xi, NaOMe, MeOH, rt, 1 h (86% two steps); xii, Dowex (50W, H* form), MeOH, 11, 1 h (97%)
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extension of 280 and intramolecular Wadsworth-Emmons olefination'® to form the carbocycle This work
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was very simiiar to that of Fleet and co-workers with only slight difference in the method of carbon chain

eiongation. Condensation of /yxo-aldehyde 280, preapred from D-mannose in four steps,i%i with triethyl
phophonoacetate in the presence of N-methylmorpholine and titanium(IV) chloride gave 293 as a 2:1 mixture
of E- and Z-isomers. Hydrogenation of 293 yielded the lactol 294 as an isomeric mixture because of the
chirality at C-1 and C-6. Intramolecular cyclisation of lactol 294 in the presence of sodium ethoxide gave,
after deprotection, (—)-shikimic acid 1. In this synthesis, the overall yield for (-)-shikimic acid 1 from
D-mannose was between 26% and 29%.
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-

Scheme 54 Reagents and conditions: i, acetone, conc. H,8O, (cat), rt; ii, BnCl, NaH, DMF, rt; iii, conc. HCi, MeOH,
H,0; iv, NalOy, H,0, rt; v, triethyl phosphonoacetate, N-methylmorpholine, TiCl, CCl,, THF (79%, E:Z = 2:1 ); vi,
Pd-C, H,, EtOH; vii, NaOEt, EtOH (60% two steps); viii, NaOH, EtOH; ix, Dowex SOWX4, H,0 (87% two steps)

A recent synthesis of (—)-5-epi-shikimic acid 14 and (-)-shikimic acid 1 (Schemes 55 and 56) from
D-ribose by Singh, Wightman and co-workers!7 utilised an intramolecular nitrone cycloaddition reaction as a
key step to establish the carbocyclic ring. Reaction of 2,3-O-isopropylidene-D-ribose 285'% with excess of

allylmaonecinm chlaride gave a §:1 miyture of diagtere eric triols (-L\-’)Qﬁ and (4+)-207 Sadinm nerindate
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hydrochloride in pyridine led to the formation of nitrones 298 and 299, which, upon refluxing in toluene,
underwent intramolecular nitrone cycloaddition to produce stereospecifically the isoxazolidines. Acetylation
of this mixture gave the isoxazolidines (—)-300 and (-)-301, which were separated by crystallisation and
column chromatography. Hydrogenation of (-)-300 in the presence of Pearlman's catalyst (20% palladium
hydroxide on carbon) and methylation of the resulting amino alcohol (-)-302 afforded the quaternary
ammonium salt which was oxidised under Swern?’ conditions to give the o,B-unsaturated aldehyde (+)-303.
Further oxidation of (+)-303 with sodium chlorite and hydrogen peroxide under buffered conditions furnished

id (+)-304. Consecutive deprotection of acid (+)-304 gave (—)-5-epi-shikimic acid 14. (-)-Shikimic acid
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i was obiained by a simiiar sequence of reactions on the other diastereoisomer (—)-301. This route from
D-ribose gave (—)-5-epi-shikimic acid 14 and (—)-shikimic acid 1 in overall yields of 16% and 3%,
respectively.
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Scheme 55 Reagents and conditions: i, acetone, HySO, (cat.), rt, 4 h (73%); ii, allylmagnesium chloride, THF, 0 °C
to rt, 14 h (mixture of diastereoisomers, 296:297 = 5:1); iii, NalO4, H,0, 1t, 2 h (94% total mixture, two steps}; iv,
MeNHOH-HCI, pyridine, rt, 17 h; v, toluene, reflux, 16 h (91% mixture, two steps); vi, Ac,0, DMAP, pyridine, rt,
9 h (67% for 300 and 11% for 301) vii, Pd(OH),-C (20%), H, (2 atm), MeOH, 30 h (100% from 300; 100% from 301

o bt b d £nm A Anerals w3t RAaT OO TR = 20 h (R70 fram 2 RNYL Hram the ather) v TMQO)
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(COCI),, CHyCly, —78 °C, 55 min, then E;N, —78

80% for 14; 79% for 1)
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These authors also achieved exciusive conversion of D-ribose to (—)-shikimic acid 1 (Scheme 56) via a
lactone route that established at an early stage the stereochemistry appropriate for further transformation into
shikimic aicd. The lactone (-)-306, prepared from acetonide 285 by sequential silylation and potassium
permanganate oxidation, was treated with allylmagnesium chloride in THF at —78 °C to give the lactol 307,
which was reduced with DIBAL-H to produce exclusively the diol (—)-308. Desilylation of (—)-308 gave the
triol (+)-297, which was subjected to a sequence of reactions similar to those of the previous diastereoisomeric

mixture to furnish the isoxazolidine (—)-301. This lactone route delivered (-)-shikimic acid 1 in 10% overall
yield from D-ribose.

HO_\(C\'v-OH TBDPSO\( o\’=o TBDPSO—\( 0\(01{/\

T T T A
G\KTJ & o 6. b
285 (-)-306 307

QH OH /

H H MeN

OTBDPS
\(Q'"(\/ v 0"‘(\/ i, Vi, vii, ix
‘ H
OH A,"‘O

(-)-308 (+)-297 (-)-301

Scheme 56 Reagents and conditions: i, TBDPSCI, CH,Cl,, Et;N, DMAP, rt, 3 h (98%); ii, KMnQy, acetone, reflux,
2 h (74%); iii, allylmagnesium chloride, THF, —78 °C, 3 h (87%); iv, DIBAL-H, toluene, —78 °C, 3 h (88%); v,
Bu,NF, THF, 1, 10 h (72%); vi, NalOy4, HyO, rt, 2 h (92%); vii, MeNHOH'HCI, pyridine, rt, 20 h (100%); viii,
toluene, reflux, 18 h (95%); ix, Ac,0, DMAP, pyridine, rt, 10 h (93%)

6. CONCLUSION
This review has surveyed chemical syntheses of shikimic acid, and covered literature through early
1997. Among various methods reported for assembling shikimic acid from acyclic precursors, the Diels—Alder
reaction remains the most important one. Its utilisation ranges from early syntheses of racemic shikimic acid
to later chiral ones with the use of chiral auxiliaries (Schemes 18, 19 and 20) and more recently chiral catalysts
(Scheme 21). The current enthusiasm in the use of arene cis-dihydrodiols also led to several syntheses of
shikimic acid and its analogues dealing mainly with the installation of the carboxylic group on the carbocyclic

ring (Sec. 3.2). As quinate-shikimate conversion does not require formation of new carbon-carbon bond,
{(-)-quinic acid erefore well suited as a convenient precursor for preparing shikimic acid analogues (Sec

4). In the case of carbohydrates, an import:
formation of the carbocycles. Currently, the intramolecular olefination based syntheses stand to be the most

efficient in this category. With the continued interest in the search of biologically active shikimic acid
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Note added in proof

Garretero and co-workers have recently reported the enantioselective synthesis of (+)-shikimic acid and
(+)-5-epi-shikimic acid by asymmetric Diels—Alder reaction of (S)-a-sulphinylacrylates and furan (Adrio, J.;
Carretero, J. C.; Garcia Ruano, J. L.; Martin Cabrejas, L. M. Tetrahedron: Asymmetry, 1997, 8, 1623). Gotor
and co-workers have prepared (—)-methyl S-epi-shikimate from (-)-quinic acid via (-)-methy! shikimate
(Fernandez, S.; Diaz, M.; Ferrero, M.; Gotor, V. Tetrahedron Lett., 1997, 38, 5225).
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reviews and books on this subject his name had unfortunately been misspeiied as J. F. Eykmann.

3. Illicium religiosum Sieb. et Zucc., synonym Illicium anisatum L., is an evergreen tree which is native to
China and was introduced into Japan at an early date by Buddhist priests. It is called Mang ts'ao (or
Mang cao) in Chinese, Shikimi-no-ki in Japanese, and commonly known as Japanese star anise. In China
this poisonous plant has been used locally as a medicine and also used to kill fish. In Japan it is often
planted in cemeteries and Buddhist temple grounds as an offering flower and used in religious

> the name Mlicium anisatum 1.. was

o
7]
=
o
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Chinese star anise (Illicium verum Hook.) and the Japanese star anise (/llicium religiosum Sieb. et Zucc.,
Iilicium anisatum L.) are different, aithough their fruits are barely distinguishablie. In Asia the fruit of the
former is used as a spice, and in the West it is used to aromatise cordials and liqueurs. In the last
century, mistaken identity and intentional mixing of the two fruits as an adulterated spice often resulted
in many cases of poisoning, which was also the reason behind Eykman's investigation into the chemical
constituents of lllicium religiosum Sieb. et Zucc. (see: Eykman, J. F. Pharm. J. Trans., 1881, 11, 1046).
Eykman isolated (-)-shikimic acid 1 from the fruit of [llicium religiosum Sieb. et Zucc. in 1885 (see:

ref. 1), and in the following year he also obtained (-)-shikimic acid 1 from the fruit of Hllicium verum
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that time termed as l/licium anisatum in his artic

Chim. Pays-Bas, 1886, 5, 299).
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Yoshida S.; Hasegawa, M. Physiol. Plantarum, 1954, 7, 283; (c) Plouvier, V. Compt. Rend., 1959, 249,
1563; (d) Plouvier, V. Compt. Rend., 1960, 250, 1721; (e) Plouvier, V. Compt. Rend., 1961, 252, 599;
(f) Plouvier, V. Compt. Rend., 1964, 258, 2921; (g) Whiting, G. C. Nature, 1957, 179, 531; (h) Chien,
N. Q.; Adam, G. Pharmazie, 1979, 34, 841; (i) Talapatra, B.; Das, A. K.; Talapatra, S. K.
Phytochemistry, 1988, 28, 290; (j) Pilando, L. S.; Wrolstad, R. E. Food Chem., 1992, 44, 19; (k) Nagem,
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