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Introduction
Influenza has been a serious threat to public health and is a key topic 

in research agenda. In general, there are three main types of influenza 
virus: A, B and C. Types A and B can cause severe illness while Type C 
causes mild symptoms. In particular, H5N1 is a virulent subtype of the 
influenza A virus, which can cause serious illness in humans [1]. In the 
context of avian influenza (bird flu), it is caused by a type A virus that 
is spread from bird to bird through respiratory secretions and contact 
with contaminated droppings [2].

The outbreak of avian influenza is determined by the ability to 
infect and pass efficiently between humans [3]. Mohan et al. [4] found 
that transmission of the H5N1 virus can occur in four key methods: (1) 
bird to bird; (2) bird to animals; (3) bird to humans; and (4) human 
to human. Some kinds of birds, notably water birds, act as hosts for 
influenza viruses by carrying the virus in their intestines and shedding 
it. Infected birds shed virus in nasal secretions, saliva and faeces. 
Susceptible birds touch with respiratory, contaminated nasal or faecal 
material from infected birds, and hence, susceptible birds are turned 
into infected birds. 

Death of people has generated from avian influenza virus H5N1 
and Tang and Lau [3] have investigated Hong Kong avian influenza 
circumstances. Hong Kong was the first place attacked by H5N1 
infection. In 1997, the transmission of avian H5N1 influenza viruses to 
18 humans in Hong Kong with 6 deaths established that avian influenza 
viruses can transmit to and create lethal infection in humans. The 
transmission of influenza viruses to mammals and other avian species 
has been taken into consideration. Since 2003, avian influenza spread 
among birds worldwide from time to time. The cumulative number of 
confirmed human cases for avian influenza (H5N1) is summarized in 
Table 1. 

Influenza, especially H5N1, remains a major global human health 
issue due to the risk of a major pandemic, and therefore, studies of 

inhibitors or vaccines of H5N1 have attracted worldwide attention [5]. 
Oseltamivir phosphate, popularly known as Tamiflu (Figure 1), is one 
of the most potent orally active neuraminidase inhibitors used for the 
treatment of human influenza and H5N1 avian flu infections [5-7]. 
Tamiflu was developed by Gilead Science [6] and Roche [8-10]. It can 
be orally administered, and, due to the ease of usage, it is a commonly 
prescribed anti-influenza drug in clinical use. In fact, Tamiflu has 
been widely used not only as a front-line therapy for H5N1 influenza 
[7,11,12] and H1N1 influenza [13], but also as a preventive agent 
against an unpredictable outbreak of pandemic influenza [14] (Figure 
1).

In view of the importance of Tamiflu in treatment of influenza, 
related issues and development in pharmaceutical industry should 
be addressed and updated. In this paper, we will (1) highlight the 
concepts of Supply Chain Management (SCM) in pharmaceutical 
industry; (2) describe the recent advance in the synthetic chemistry of 
Tamiflu, focusing on the new approaches based on inexpensive starting 
materials. This paper should be of interest to health care study and is 
expected to provide insights for the drug and supply chain management 
industry.
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Abstract
Primary manufacturing is one of the key components in a standard pharmaceutical supply chain. The primary manufacturing site is responsible 

for the synthesis of the active ingredient of a drug. In the manufacture or design of new synthetic routes of a drug, the logistics cost, availability of 
starting materials, number of steps and overall yield are critical factors to be taken into account. In view of the importance of oseltamivir phosphate 
(Tamiflu) in treatment of influenza, related issues and development in pharmaceutical industry should be addressed and updated. In this paper, we will 
(1) highlight the concepts of Supply Chain Management (SCM) in pharmaceutical industry; (2) describe the recent advance in the synthetic chemistry 
of Tamiflu, focusing on the new approaches based on inexpensive starting materials. This paper should be of interest to health care study and is 
expected to provide insights for the drug and supply chain management industry.
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Figure 1: Structure of Oseltamivir Phosphate (Tamiflu).
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Sustainable Supply Chain Management (SSCM)
In the literature, supply chain management (SCM) firstly appeared 

in the mid-1980s. Starting from the early 1990s, academic scholars 
have contributed to the structural development of SCM. SCM is 
evolving functions from ‘operational’ domain to ‘strategic’ domain. 
In the drug industry, SCM initiatives are growing in popularity due 
to organizations' seek to improve profitability and reduce costs in a 
competitive environment [15].

In the last two decades, SCM is a broad topic and related studies 
have been conducted by academicians and business management 
practitioners. Sustainability is one of the prominent research fields 
in SCM, namely sustainable supply chain management (SSCM) 
[16]. According to Seuring and Muller [17], SSCM is defined as “the 
management of material, information and capital flows as well as 
cooperation among companies along the supply chain while taking 
goals from all three dimensions of sustainable development, i.e., 
economic, environmental and social, into account which are derived 
from customer and stakeholder requirements”.

Based on the study by Beske et al. [16], we illustrate here the 
key element of SSCM practices in the drug industry. Under SSCM, 
the core element include: (1) Strategic Orientation means that drug 
industry requires placing equal importance on all three dimensions 
(i.e., economic, social and environmental) of sustainability for their 
decision making. (2) Continuity is concerned about the firms to select 
qualified supply chain partners and establish long-term relationships 
with supply chain partners in the drug industry. (3) Collaboration 
is regarding how to logistically and technically integrate the key 
information and partners in the process level of SSCM. In the drug 
industry, joint development could contribute to developing new 
technologies, processes and products. (4) Risk Management discusses 
how the firms implement different practices of risk management to 
mitigate the risks. The various ways include individual monitoring of 
specific suppliers, pressure group management and standardization 
of standards and certification to minimize the supply chain risk. (5) 
Pro-activity describes that the stakeholders are actively engaged and 
learning from each other in the supply chain. Innovation is the core 
elements in the dynamic environments of sustainable markets. 

As for the case of drug production in the industry, the production 
cost is the main determinant of the cost of Tamiflu. A series of 
production cost (i.e., fixed cost relevant with production of clinical 
trial supplies, infrastructure cost and animal testing during the clinical 
periods) should be considered [18]. A complex Tamiflu production 
process is required for manufacturers’ capacities and different suppliers 
offer different ingredients or components around the world.

Key Findings in the Past Studies
Generally, if the synthesis of a drug can be achieved in a large 

scale using cheap starting materials and employing a short and 
efficient route, the production cost would be significantly lowered. The 
industrial manufacturing process of Tamiflu employs (−)-shikimic 
acid as the raw material [19]. The commercial synthesis involves a 10-
step process of complex chemical reactions [20]. Therefore, design of 
synthetic routes which have shorter paths and utilize cheaper starting 
materials would not only lower the cost of production of Tamiflu, but 
also increase the efficiency of the process. We will here first discuss how 
the cost of starting materials has affected the cost and the availability 
of Tamiflu. More details of selected recent breakthrough of research 
design for the synthesis of Tamiflu, together with their advantages to 
the cost or efficiency in synthesizing Tamiflu, will be provided in the 
sections that follow.

The sudden outbreak of swine flu has increased the global demand 
of shikimic acid which is an industrially interesting compound, as 
it is used as a key starting material for the synthesis of Tamiflu [21]. 
However, the high cost and limited availability of shikimic acid isolated 
from plants such as Chinese star anise seeds (Illicium verum) have 
detained the use of this valuable building block of the drug [22]. It 
has been observed that the cost of these starting materials and the cost 
of Tamiflu are inter-related. The industrial synthesis of Tamiflu uses 
shikimic acid as a starting material, but the price fluctuates, depending 
on the supply of star anise [23]. It has been reported that the market 
value and soaring fears of a Tamiflu shortage have triggered a price 
surge for star anise in its main production regions of the Guangxi 
Zhuang Autonomous Region, Guangdong, Yunnan and Fujian 
provinces in China [24]. For example, according to a wholesaler’s 
description in Wang’s article, the price of star anise in Guangxi has 

Country 2003-2009 2010 2011 2012 2013 2014 2015 Total
Azerbaijan 8 0 0 0 0 0 0 8

Bangladesh 1 0 2 3 1 0 0 7
Cambodia 9 1 8 3 26 9 0 56
Canada 0 0 0 0 1 0 0 1
China 38 2 1 2 2 2 2 52

Djibouti 1 0 0 0 0 0 0 1
Egypt 90 29 39 11 4 37 136 346

Indonesia 162 9 12 9 3 2 2 199
Iraq 3 0 0 0 0 0 0 3

Lao People’s 
Democratic 

Republic
2 0 0 0 0 0 0 2

Myanmar 1 0 0 0 0 0 0 1
Nigeria 1 0 0 0 0 0 0 1

Pakistan 3 0 0 0 0 0 0 3
Thailand 25 0 0 0 0 0 0 25
Turkey 12 0 0 0 0 0 0 12

Vietnam 112 7 0 4 2 2 0 127
Total 468 48 62 32 39 52 143 844

Source: World Health Organization (2015); Website: http://www.who.int/en/
Table 1: Cumulative number of confirmed human cases for Avian Influenza (H5N1), 2003-2015.

http://www.who.int/en/
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doubled in a week’s time in 2005: it has risen from 5 yuan (US $60 
cents) a kilogram to 8.2 yuan (US $1) a kilogram. While the increased 
cost of production has increased the cost of Tamiflu, the availability 
of Tamiflu has also been affected by the low isolation yield of shikimic 
acid [25]. The production of Tamiflu depended on the isolation of 
shikimic acid from star anise, and its low isolation yield of 3-7% was 
held responsible for the world-wide shortage of Tamiflu in 2005 [26].

The pharmaceutical industry is a complex of processes, operations 
and organizations involved in the discovery, development and 
production of drugs and medications. Primary manufacturing is one 
of the key components in a standard pharmaceutical supply chain. The 
primary manufacturing site is responsible for the synthesis of the active 
ingredient of a drug. This may involve multi-steps of chemical synthesis 
and separation stages to build up the complex targets involved [27]. 
Industrially, Tamiflu is mass produced by the Roche’s process which 
involves the synthesis of Tamiflu from a naturally occurring compound 
called shikimic acid [8,10,28,29]. From the point of view of production 
economy and for the synthesis of such an important and effective drug 
in treating avian and swine influenza, dependence on a single synthetic 
route or solely on one specific compound as the starting material poses 
a high potential for problems of low sustainability and increased cost 
of production. It is therefore of high importance to develop alternative 
routes for the synthesis of Tamiflu. 

In the past decades, the synthetic chemistry of Tamiflu has attracted 
tremendous interest and worldwide attention [30-36]. Organic or 
medicinal chemists have paid various efforts to develop new synthetic 
routes of Tamiflu. They aimed at developing a synthetic route that 
allowed for the preparation of large amounts of drug in a short period 
of time and at low cost. To lower the cost of production, the synthetic 
routes were designed based on starting materials which are inexpensive 
and readily available. Increasing overall yields, simplifying operations, 
such as purifications and isolations of intermediates, and avoiding use 
of hazardous reagents, were among the other important goals. One 
remarkable example was reported by Corey et al. in which a short 
synthetic pathway has been developed for the synthesis of Tamiflu or 
its enantiomer, with the following advantages: (1) use of inexpensive 
and abundant starting materials; (2) complete enantio-, regio-, and 
diastereo-control; (3) avoidance of explosive, azide-type intermediates; 
(4) good overall yield of 30% (not completely optimized); and (5) 
scalability [37]. 

For the commercial or industrial production of Tamiflu, one of the 
concerns is the limited availability of the starting material. The starting 
material employed by industrial production, shikimic acid, is a natural 
product which can be extracted from Chinese star anise, a popular 
cooking spice among the Eastern countries (e.g., China and India) 
and also an herb used in traditional Chinese medicine. Shikimic acid, 
with its structure as shown in Figure 2, has a combination of chirality 
centers in each molecule and that increases the difficulty and cost for its 
synthesis by chemical methods [38] (Figure 2).

Pollack [39] cited an unnamed Roche chemist who said that 13 
grams of star anise could produce 1.3 grams of shikimic acid, which 
in turn could be made into 10 Tamiflu capsules, the amount to treat 
one person. Thus, one ton of shikimic acid could treat 770,000 people. 
However, the Times article [39] also cites another expert chemist, 
Dr Hamied, who disputed that one ton of shikimic acid would yield 
enough for only 300,000 people at most, and newcomers are not 
likely to have the same production efficiency as Roche. Therefore, if 
shikimic acid extracted from Chinese star anise is to be relied as the sole 
starting material for synthesizing Tamiflu, in order to make 300 million 

treatments of Tamiflu annually to meet government orders amid fears 
of a flu pandemic [40], hundreds of tons of Chinese star anise would 
have to be harvested.

There are recent reports that describe the synthesis or the 
development of more efficient extraction of shikimic acid from star 
anise. For example, a concise synthetic route for (−)-shikimic acid 
from d-ribose-derived enantiomeric aldehydes by employing Barbier 
reaction and ring-closing metathesis as key steps has been reported [41]. 
Very recently, a new, practical, rapid, and high-yielding process for the 
pressurized hot water extraction (PHWE) of multi-gram quantities of 
shikimic acid from star anise using an unmodified household espresso 
machine has been developed [42]. This operationally simple and 
inexpensive method enables the efficient and straightforward isolation 
of shikimic acid and the facile preparation of a range of its synthetic 
derivatives. 

In addition to advancing the extraction of shikimic acid from 
Chinese star anise or its synthetic routes, organic or medicinal chemists 
around the world have been actively involved in developing alternative 
synthetic methods for Tamiflu [30-36]. The cost and availability of the 
starting material is an important factor to be considered in designing 
a synthetic route for the mass production of a drug. Synthetic routes 
for Tamiflu that utilize cheap and readily available compounds as the 
starting materials have been reported. In the part that follows, we will 
highlight the recent advance in the synthetic chemistry of Tamiflu using 
alternative choices of inexpensive or readily available starting materials. 
Some advantages and disadvantages reviewed in other publications 
[33,34] will also be described to provide a quick and updated summary 
and insights for interested parties involved in the drug industry. As 
the development of the synthetic chemistry of Tamiflu has been 
periodically reviewed [30-36] and the chemistry behind the synthetic 
approaches have been discussed in details, the content of our paper will 
be focused to give a summary account for the drug industry, with the 
omission of detailed elaboration of the chemistry of reaction principles. 
This part of our review covers selected reports or examples in recent 
years from 2008 to 2015, which have utilized inexpensive or readily 
available starting materials for the chemical synthesis of Tamiflu 
(Figure 3).

Summary of Literature Review
Very recently, Kongkathip et al. at Kasetsart University in Thailand 

have reported the synthesis of Tamiflu from commercially available 
d-glucose via a novel and efficient synthetic route [19]. The synthesis 
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Figure 2: Structure of Shikimic acid.
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employed a retrosynthetic analysis of Tamiflu from d-glucose (Figure 
3) via the key intermediate aziridine cyclohexene. It provides an 
efficient synthetic route to Tamiflu starting from an inexpensive and 
abundant material, d-glucose.

Chen et al. at Nanyang Technological University in Singapore 
have reported a synthesis of Tamiflu by using novel synthetic routes, 
inexpensive reagents, and the abundant starting material d-glucal 
(Figure 3), which can also be readily prepared from d-glucose [20]. In 
addition, this synthetic approach allows late-stage functionalization 
for the flexible synthesis of Tamiflu analogues. The overall yield for 
this scheme was 2.6% after 22 linear steps and provided multi-gram 
quantities of Tamiflu. However, extensive chromatography was 
required for purifying intermediates [34]. In addition, the adoption 
of a sealed-tube step at high temperature would also increase the cost 
and potential hazards for mass production. Together with the need 
of protecting group chemistry and several oxidation-reduction steps, 
there are still concerns for this route to be practical at this stage of 
development for large-scale manufacturing.

Chen et al. at Shionogi and Co., Ltd. in Japan and the Institute of 
Chemical and Engineering Sciences in Singapore have described an 
efficient formal synthesis of Tamiflu, which has been achieved in 12 
steps with use of the inexpensive and highly abundant d-ribose (Figure 
3) as the starting material [43]. This route consists of nine steps to the 
aziridine intermediate with a 27% overall yield and a 9% overall yield to 
the final product. The synthetic route was demonstrated on multi-gram 
scale. In addition to the advantage that the synthesis starts with an 
inexpensive and readily available compound, the synthetic route does 
not utilize protecting groups and it makes use of a highly efficient ring-
closing metathesis reaction to form the Tamiflu skeleton. However, the 
need for azide chemistry, the use of highly toxic halogenated solvents, 
and extensive chromatographic purifications, are still concerns over 
this synthetic route [34]. Using the same starting material d-ribose, 
Kongkathip et al. have reported a new synthetic approach towards 
Tamiflu which comprise a metal (Zn, In)-mediated domino reaction 
and ring-closing metathesis reaction of the resultant functionalized 
dienes to produce the Tamiflu skeleton [44]. This synthesis converts 
inexpensive and readily available d-ribose into Tamiflu in 14 steps and 
5% overall yield. The synthesis was demonstrated on multi-gram scale. 
Some of the disadvantages are the use of azide and hydroxylamine 
chemistry, the heavy use of halogenated solvents, and the need for 
extensive chromatographic purifications of intermediates [34]. These 
disadvantages pose an increased risk of explosive accidents or serious 
threats to the environment especially when the approach is set for 
industrial production.

Another readily available compound, d-mannitol (Figure 3), has 
been employed by Ko et al. at Ewha Womans University in Korea 
for their synthesis of Tamiflu [45]. A unique feature of this synthetic 
route is that an acyclic precursor was constructed, which was then 
cyclized in an intramolecular aldol reaction to form the Tamiflu 
skeleton. The advantages include the use of inexpensive d-mannitol 
as starting material and no protection or deprotection sequence was 
needed. On the other hand, the long synthetic route, extensive use 
of chromatographic purification, and the need for azide chemistry at 
high temperature are concerns when adopting the synthetic approach 
for large-scale production [34]. Starting from the same compound, 
d-mannitol, Mandai and Oshitari [46] reported that a highly 
practical asymmetric synthesis of Tamiflu has been accomplished 
in 18 steps without any chromatographic purification. The synthetic 
approach features intramolecular aldol condensation of di-aldehyde 
with a 3-pentyl ether moiety in constructing densely functionalized 
cyclohexene ring of Tamiflu.

Using inexpensive and abundant d-mannose (Figure 3) as the 
starting material, Kongkathip et al. at Kasetsart University in Thailand 
have reported a new asymmetric synthesis of Tamiflu in 13 steps 
and 5% overall yield [47]. Tamiflu was synthesized from d-mannose 
through a short and practical synthetic route. A unique feature of the 
route is that the bulky 3-pentyloxy group and adjacent acetamide of 
Tamiflu were introduced at an early stage of the synthesis by copper-
catalyzed regioselective ring-opening of the 2,3-pentylidene ketal of 
d-lyxofuranoside. The d-lyxofuranoside ethylphosphonate precursor 
was then cyclized via an intramolecular Horner-Wadsworth-Emmons 
reaction to furnish the Tamiflu skeleton. 

Trost and Zhang [48] at Stanford University in the United States 
have communicated a short and efficient synthesis of Tamiflu which 
requires just eight steps from a commercially available starting material, 
lactone (Figure 3). The synthesis proceeds with an overall yield of 30%. 
Key transformations include a novel palladium-catalyzed asymmetric 
allylic alkylation (Pd-AAA) reaction as well as a chemo-, regio-, and 
stereo-selective aziridination reaction.

Chan et al. at Sun Yat-sen University and the Hong Kong 
Polytechnic University in China have reported an azide-free synthesis 
of Tamiflu that employs inexpensive and abundant diethyl d-tartrate 
(Figure 3) as starting material [49]. This reported synthesis of Tamiflu 
from diethyl d-tartrate was accomplished in 11 steps and proceeds 
in an excellent 21% overall yield. Even though unsafe reagents, such 
as IBX and MeNO2, have been employed and the synthesis requires 
chromatographic separation for some of the intermediates, it has the 
potential to become a scalable route to produce large quantities of 
drug due to use of inexpensive diethyl d-tartrate, the small number 
of steps, and lack of protecting group chemistry [34]. The early steps 
of the synthesis up to intermediate were demonstrated on multi-gram 
scale. Therefore, this scheme may provide an economical and practical 
alternative for the synthesis of Tamiflu.

Besides relying on natural compounds as starting materials, 
bromobenzene, another readily available starting material, has also 
been employed in the synthesis of Tamiflu [50,51]. However, at later 
stages, the synthesis required the introduction of the ester functionality 
via a carbonylation reaction [34]. Hudlicky et al. at Brock University in 
Canada have reported another synthetic route in which the additional 
step for introducing the ester functionality was avoided [52]. A short 
chemo-enzymatic formal synthesis of Tamiflu has been achieved 
starting from an inexpensive compound, ethyl benzoate (Figure 3). 
The reported example is a symmetry-based chemo-enzymatic synthetic 
approach. The key steps involve a toluene dioxygenase-mediated 
dihydroxylation, Hetero-Diels-Alder cycloaddition, and generation 
of C4 acetamido functionality [34]. The reported synthesis of Tamiflu, 
which is achieved in ten steps, has the main advantage that it starts 
from a readily available source, ethyl benzoate.

Conclusion
The recent advance in synthetic approaches to Tamiflu reported by 

different research groups of organic chemistry community is a valuable 
asset to the drug industry. It has been discussed that various efforts 
have been put by researchers to address one of the concerns, the limited 
availability of starting materials, for the industrial production of the 
effective drug Tamiflu. In this article, the elegant synthetic designs 
for Tamiflu reported by various chemists in recent years from 2008 
to 2015 have been addressed. Among the examples highlighted, the 
method communicated by Trost and Zhang [48], which requires just 
eight steps from the commercially available lactone, is considered the 
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Figure 3: Structures of starting materials used in selected reports of recent 
synthetic approaches for Tamiflu.

most promising one for developing into an industrial trial in terms of 
time and cost effectiveness. Notably, other designs suggested by various 
experts, such as those utilizing cheap starting materials or involving 
short and practical processes suggested by Kongkathip et al. [19] or 
Weng et al. [49], are also worth undergoing further development. Even 
though many of the synthetic schemes may not have good scalability at 
this stage of development, they suggest potential or alternative paths for 
the synthesis of Tamiflu that, eventually, may lead to the development 
and implementation of new practical commercial processes. Since 
different synthetic routes may share the same intermediates and may 
be complementary to some extents [53], it is possible that a novel and 
practical large-scale methodology will be derived from a combination 
of chemistry and creativity behind the reported approaches. Together 
with the highlighted concepts of sustainable supply chain management 
(SSCM), this article should be of interest to health care study and is 
expected to provide insights for the drug and supply chain management 
industry.
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