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Shikimic acid (SA) is the key intermediate in the com-
mon pathway of aromatic amino acid biosynthesis (the
shikimate pathway). The benzene ring, the basic unit
of all aromatic compounds, is formed in plants and
microorganisms through the shikimate pathway and
the intermediate SA is an extremely essential com-
pound in plants and microbes. The most important
use of SA is as a substrate for the chemical synthesis
of the drug oseltamivir, commercially known as
Tamiflu®, an efficient inhibitor of the human influenza
virus HIN1 of swine origin, seasonal influenza virus
types A and B, and avian influenza virus H5N1. The
fruits of the Chinese star anise (Illicium verum) con-
tain SA to the extent of 17.14% on dry wt. basis and
this is now the main source for commercial production
of SA. The demand for Tamiflu® has increased
tremendously and the pharmaceutical industry is
unable to meet this demand due to shortage of SA.
Therefore, significant attention needs to be paid
towards the development of new technologies for the
production of SA from available sources and to find
alternative sources.
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SHIKIMIC acid (SA, Figure 1a) is a hydroaromatic inter-
mediate in the common pathway of aromatic amino acid
biosynthesis in plants, bacteria and fungi, but this path-
way is absent in mammals. SA is being employed as a
bulk chemical for various industrial and pharmaceutical
uses. It is the precursor for the synthesis of the drug osel-
tamivir' (commercially called Tamiflu, Figure 14), an
efficient inhibitor of the human influenza virus HIN1 of
swine origin, seasonal influenza virus types A and B, and
avian influenza virus H5N1. Currently, Roche produces
majority of the world’s supply of shikimic acid. Their
method of extraction involves isolating the compound
from Chinese star anise (Figure 1 ¢). In addition to being
an inefficient extraction method, the harvest itself is
labour-intensive and highly polluting. Furthermore, as
demonstrated by the Tamiflu® shortages announced by
Roche in 2005, a bad harvest will inevitably lead to mass
shortages in drug supply. Currently most of the world’s
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demand for shikimic acid is met only from fruits of Chi-
nese star anise. Efforts need to be made to explore alter-
nate sources of shikimic acid to meet the demands of the
world market.

Discovery and structure elucidation

Shikimic acid was first isolated in 1885 by Eykman? from
the fruits of Illicium religiosum and derived its name
from this Oriental plant which is called ‘shikimi-no-ki’ in
Japanese. In the 1930s, Fischer™, Freudenberg et al®,
and Karrer and Link’ determined the relative and absolute
stereochemistry of (—)-shikimic acid (Figure 1 a). Subse-
quently Grewe and co-workers®™ carried out extensive
work on the chemistry of SA. Bochkov et al.'® have dis-
cussed thoroughly the physic-chemical properties and use
of different analytical techniques for quantitative and
qualitative analysis, including analysis of NMR data on
SA.

The shikimate pathway

The shikimate pathway (Figure 2) includes key interme-
diate SA, which is the principal precursor for the synthe-
sis of aromatic amino acids like phenylalanine, tyrosine
and tryptophan, and other compounds such as alkaloids,
phenolics and phenyl propanoids''. In plants and micro-
organisms, the benzene ring, the basic unit of all aromatic
compounds, is formed through the shikimate pathway and
the intermediate SA is an extremely essential compound
in plants and microbes'®'.

Production

The major drawback to meet the global requirements
of SA is the expensive and inefficient extraction and
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Figure 1.
star anise.

Structure of (@) shikimic acid; (b) oseltamivir; (¢) Chinese
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Figure 2. The shikimate pathway.

purification method. Star anise (//licium verum), the pri-
mary source of SA, takes almost six years after plantation
to bear fruits and the current commercial production me-
thod by Roche, a ten-stage process, is complex'’. To
overcome this problem different groups have developed
several extraction methods with different plant materials.
These include heat reflux extraction'*'’, maceration ex-
traction'® and homogenate extraction'” using acidic water
or different solvents such as methanol, ethanol, n-butanol
and some mixtures of solvents'®. However, production
methods remain either too expensive or insufficiently
developed. Therefore, research on the development of
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efficient techniques for the production of SA from known
and novel sources as well as the search for new sources is
highly imperative.

Extraction from plant

SA was first isolated from . religiosum in 1885. In 1961,
Plouvier" reported Liquidambar styraciflua as a potential
source of SA. The content of SA in plant species varies
and depends on the synthesis rate of aromatic amino
acids. Sometimes SA accumulates in storage tissue of
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seeds and fruits®’. Recently, Bochkov et al.'® reported
different plant sources of SA. The content on dry weight
basis ranged from 0.001% to 24.5%. Different species of
the genus [llicium yielded maximum SA compared to
other species. The highest content of 24.5% (dry basis
content) SA has been reported from 1. religiosum®'. The
fruits of the Chinese star anise (/. verum), which now
constitute the main source for commercial production of
SA, contain the same to the extent of 17.14% on dry
weight basis. This is 16.86% in the fruits of /llicium hen-
ryi, followed by Illicium pachyphyllum (16.21%), Termi-
nalia arjuna (15.64%), Pistacia lentiscus (13.28%), Ribes
aureum (12.68%), Symphytum officinalis (12.53%), Ac-
taea pachypoda (12.21%) and Alangium salvifolium
(11.7%). In 2009, prospecting for alternate sources of
shikimic acid from plants of the Western Ghats, a mega
diversity hotspot in South India, was carried out. Analy-
sis was performed on 210 plant species, out of which a
total of 193 angiosperms belonged to 59 families and 17
gymnosperms belonged to five families. The highest level
of shikimic acid (5.02%) was found in Araucaria excelsa
R.Br. belonging to the family Araucariaceae. The same
group reported higher and more widespread occurrence of
shikimic acid in gymnosperms®.

Chemical synthesis

Out of several synthetic routes of SA, a few significant
ones have been discussed below® ?°. The first chemical
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synthesis of racemic SA was simultaneously reported by
McCrindle et al.*® and Smissman et al.”’ following an
identical route based on Diels—Alder reaction with (1F,
3E)-1,4-diacetoxy-1,3-butadiene and acrylic acid as start-
ing materials (Scheme 1) with 15% overall yield.

Dangschat and Fischer”™ synthesized SA from the
readily available (—)-quinic acid found in Cinchona bark
(Scheme 2).

Grewe and Hinrichs® also reported a synthesis of SA,
but achieved only 11% overall yield. Koreeda and Ciufo-
1ini*® achieved a higher yield (29% overall yield). In
1990, Koreeda et al’' developed a highly efficient
synthesis employing Fleming oxidation to achieve 55%
overall yield (Scheme 3).

Microbial production

Although several efforts have been made to develop
a commercially viable synthesis of SA, these methods
remain expensive with other limitations. Therefore, signifi-
cant attention has been paid towards alternative biotech-
nologically engineered bacterial strains. Although in
1954 Mitsuhashi and Davis* studied isolation of SA from
microorganisms, it was Millican®® who first obtained pure
SA from Escherichia coli, where glucose was used as car-
bon source. Use of other microorganisms such as Bacillus
subtilis enhanced the yield of SA, as the gene replicas re-
sponsible for the synthesis of a shikimate dehydrogenase
enzyme proliferated and the genes responsible for
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the synthesis of a shikimate kinase enzyme were inhi-
bited. Several other methods for the microbial
production of SA have been reported by different
groupslo,24,34.

Significant role of SA in pharmaceutical industry

Forecast by WHO pandemic influenza preparedness and
response guidance (2014) suggests that threats of influenza
pandemics will continue to emerge. Tamiflu is the only
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q. EtOH; (vi) NaN3, NH4Cl, aq. EtOH; (vii) MesP; (viii) NaN3, NH,Cl, DMF; (ix)

orally administered approved drug for treatment of
influenza®®. Unfortunately, currently available Tamiflu is
sufficient only for 2% of the world population®*. SA has
attracted worldwide attention as the precursor for the
chemical synthesis of Tamiflu. The pilot-scale synthesis
of Tamiflu from SA was developed by Gilead Sciences
Inc. and F. Hoffmann-La Roche Ltd (Scheme 4)***". Karpf
and Trussardi®® developed an efficient azide-free synthe-
sis with 35-38% overall yield (Scheme 5) and Federspiel
et al.* reported 63—65% overall yield (Scheme 6).
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SA as starting material for useful products

Zhang et al.** developed an enantioselective synthesis of
(-)-zeylenone from (—)-shikimic acid. Zeylenone, which
was isolated from Uvaria grandiflora, has shown promising
antiviral, anticancer and antibiotic activities. SA is also
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used as a substrate for the synthesis of carbasuguars which
are known to display a range of biological activities,
particularly as glycosidase inhibitors. When used as a
complex with platinum (II), SA acts as a potential
antitumour agent’' against L1210 and P388. Derivatives
of SA exhibit anticoagulant and antithrombotic activities
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in rats*. Several antitumour compounds (Figure 3) such
as dioxolamycin, pericosine A, and cythiaformines B, C
and D are derivatives of 4-epi-SA (Scheme 7)*. Valiola-
mine, a potent a-glucosidase inhibitor against porcine
intestinal sucrase, maltase and isomaltase originally iso-
lated from Streptomyces hygroscopicus subsp. limoneus,
is now synthesized from SA (Scheme 8)**.

Conclusion

The shikimic acid is the key intermediate in the common
pathway of aromatic amino acid biosynthesis. It is an
economically important chiral compound used as a build-
ing block for the synthesis of different pharmaceutical
and cosmetic products®**’. However, the most important
use of (—)-shikimic acid is as substrate for industrial
synthesis of Tamiflu. The demand for Tamiflu has
increased tremendously and Roche is unable to meet this
demand due to shortage of (—)-shikimic acid. The current
availability of Tamiflu is not sufficient even for 2% of
the world population. Hence, more attention needs to be
paid for the development of efficient technologies for the
production of SA as well as to find alternative sources
of SA.
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