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ABSTRACT

This paper makes a parallel between the original route versus the green route
of Ibuprofen (non-steroidal anti-inflammatory drugs most commonly recommended)
synthesis. The original route contained six steps with stoichiometric reagents (some
reagents are very toxic: hydrochloric acid, ammonia), a lot of intermediate
products, relatively low atom efficiency equal to 40.04% and substantial inorganic
salt formation (aluminium trichloride hydrate). The green route of Ibuprofen
synthesis developed only three steps, a lower amount of waste and by-products
(only acetic acid that can be used for another applications) and an atom efficiency
of 77.44%. The green route for Ibuprofen synthesis is an exquisite example of a
simple and elegant chemical/pharmaceutical manufacturing process and the nearly
complete atom utilization of this streamlined process truly makes it a waste-
minimizing, environmentally friendly technology.
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1. Introduction

The pharmaceutical industry is one of the most
dynamic sectors of the chemical industry for this
century. In a report conducted by the Centre for
Responsive Politics, there were more than 1,100
lobbyists working in some capacity for the
pharmaceutical business in 2017. In the first quarter
of 2017, the health products and pharmaceutical
industry spent 78 million dollars on lobbying member
of the United States Congress [1].

The anti-inflammatory and analgesic drugs are a
category of medicines which are produced every year
in a very large amount. The most important medicines
used as anti-inflammatory and analgesic are: Aspirin,
Acetominophen (Paracetamol) and Ibuprofen. The
last one is currently one of the most common over-
the-counter medicine used as analgesic-antipyretic-
anti-inflammatory drugs for treating pain, fever and
inflammation because Ibuprofen is probably the least
toxic, being rarely associated with deaths from
accidental or deliberate ingestion or with serious
adverse reactions [2-5].

In 2011 the most commonly recommended
NSAIDs (non-steroidal anti-inflammatory drugs)
were: Aspirin (88 countries), Ibuprofen (90
countries), Diclofenac (74 countries), Indometacin
(56 countries) and Naproxen (27 countries) [6].

Ibuprofen (Fig. 1) was discovered in 1955 in
United Kingdom, in 1958 the compound code named
BTS 8402 is given to a clinical trial (i.e. a trial on
patients), in 1961 it was patented with the name 2-(4-

isobutylphenyl)  propanoic acid, today called
Ibuprofen.
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Fig. 1. Ibuprofen-NSAIDs drug with sales
increased constantly in last decades

The compound was  synthesized by
pharmaceutical company Boots from United
Kingdom, in 1969 clinical trials of lbuprofen are
launched in the United Kingdom on prescription only
and from 1983 Ibuprofen was available without
medical  prescription.  The  medicine  was
recommended to be prescribed at up to 2.4 g/day (or
higher dose in the USA) for the treatment of musculo-
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skeletal pain and inflammation as well as other
painful conditions [7, 8].

Green chemistry is the practice of chemical
science and manufacturing in a manner that is
sustainable, safe, non-polluting and that consumes
minimum amounts of materials and energy while
producing little or no waste material.

Together with green chemical engineering,
green chemistry must propose and modify or totally
redesign chemical products such as: all materials
involved in making a product should be incorporated
into the final product, the use or generation of
substances that pose hazards to humans and the
environment should be avoided, the use of auxiliary
substances should be minimized and preferably
totally avoided, energy requirements should be
minimized, products that must be dispersed into the
environment should be designed to break down
rapidly into innocuous product [9-13].

From the green chemistry point of view, the
original synthesis of Ibuprofen generates a lot of
dangerous waste and by-products, the energy was
consumed with lower yield of the final product, so
that it was necessary to improve or to modify the
route of Ibuprofen synthesis.

2. Ibuprofen synthesis

2.1. The original route for obtaining
Ibuprofen

The originally route, developed by the Boots
Pure Drug Company-United Kingdom (the
discoverers of Ibuprofen) contained six steps for
Ibuprofen synthesis with stoichiometric reagents,
relatively low atom efficiency and substantial
inorganic salt formation (Fig. 2) [14].

It can be observed that the classical route uses
from the first step aluminium chloride in a
stoichiometric amount, which is then converted into
aluminium trichloride hydrate waste. Another
disadvantage for this method is the number of steps
for obtaining the final product. So that, the six steps
used for synthesis leads to auxiliary products that are
not found in the final product, since the atom
efficiency is lower.

Another negative result of this route that results
from numbers of steps is energy efficiency. A lot of
steps used for the final product synthesis imply a lot
of energy quantities, so that the energy consumed is
retrieved in the final price of the product. A lot of
steps are used to obtain the final product involving a
lot of catalytic reagents and intermediate products
that are not reused at the final of steps.
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Fig. 2. The classical route for Ibuprofen
synthesis used by Boots Company [14]

Atom economy or atom efficiency (A.E., %) is
an important parameter for green chemicals
equations. In ideal reaction, the atom economy is
100%, it means no waste, no by-products and that all
reagents were used to obtain the final product.

The atom economy was calculated with equation
[15]:

) mass of atoms in desired product
AE. (%) = - - 100
mass of atoms in reactants

In Table 1 were given the same parameters used
to calculate the A.E. for each step of reactions for
Ibuprofen synthesis under classical route (reagent
chemical formula, relative molecular mass of reagents
and relative molecular mass of used products).

From the data presented in Table 1 it could be
observed that for the first step, the A.E. was 74.58%,
without calculating the mass of AICI; used as catalyst
from Friedel-Crafts reaction that cannot be reused
because this catalyst become waste after reaction.

The second step of reaction used three reactants
and the atom economy was 71.49%. It is important to
mention that sodium ethoxide used as reagent was
obtained in-situ from sodium hydroxide dissolves in
excess of ethanol (solvent).

The green chemistry principles mention that
auxiliary substances (e.g. solvents) should be made
unnecessary wherever possible and innocuous when
used [16]. More than that, sodium ethoxide is
extremely  flammable, harmful and corrosive
(Dangerous Substances Directive 67/548/EEC).
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Table 1. The atom economy (%) for classically route of Ibuprofen synthesis and parameters used to

calculate him
. Reagents Relative Relative Relative molecular Atom
Reactions :
chemical | molecular mass of | molecular mass of | mass of by-products | economy,
steps
formula used reagents used products or waste %
CioHa4 134.0
Step 1 CHiOs 1020 176.0 60.0 74.58
C12H160 176.0
Step 2 C4H70,ClI 122.5 366.5 104.5 71.49
CoHsONa 68.0
C16H2,03 262.0
Step 3 H:0 190 281.0 91.0 67.61
C13H180 190.0
Step 4 NH0 33.0 223.0 18.0 91.93
Step 5 Ci3H1sNO 205.0 187.0 18.0 91.22
CizHi7N 187.0
Step 6 HaO, 36.0 182.0 17.0 92.38

For the step free of the reactions for Ibuprofen
synthesis using the classical route, the atom economy
is lower than the first and second steps, with a value
of 67.61%.

It can be observed from Table 1 that the atom
economy for the step four is higher, with a value of
91.93%.

However, it is important to mention that the
hydroxylamine used as reagent may explode on
heating. Another negative aspect for this reagent is:
hydroxylamine is an irritant to the respiratory tract,
skin, eyes and other mucous membranes. It may be
absorbed through the skin, it is harmful if swallowed
and it is a possible mutagen. More than that,
hydroxylamine is dangerous for the environment [17,
18].

On the step five of the classical method for
Ibuprofen synthesis the intermediate product is a
nitrile and the atom economy is 91.22%.

The last step of the route obtaining for Ibuprofen
was an atom economy of 92.38%.

For the entire process it was observed that it was
used only 206.0 relative molecular mass from the
total relative molecular mass of reagent with a value
of 514.5, 308.5 relative molecular mass was lost as
waste or by-products.

If the analysis of the entire process for Ibuprofen
synthesis using the classical route we can conclude
some aspects: the process involved 6 steps, it was
necessary 13 intermediate reagents for obtaining the
final products, some reagents are very toxic, with a
high negative impact on the environment, a lot of
products were by-products or waste (hydrochloric
acid, ammonia, acetic acid and aluminium trichloride
hydrate).

Hydrochloric acid can cause skin burn, eye
damage and irritation to different parts of our bodies
(Dangerous Substances Directive 67/548/EEC).

Ammonia is not toxic for human body, but it is toxic
for fish and amphibians and if waste is thrown into
water, a ecological disaster will happened [19].

The six steps of Boots reaction for obtaining
Ibuprofen needs a lot of energy consumption because
most of the reactions require heating.

The last, but not the least disadvantage of the
classical route for Ibuprofen synthesis is the atom
economy of the entire steps with a value of 44.04%, a
very low value under green chemistry principles that
generate a lot of waste.

2.2. The green route for Ibuprofen
synthesis

In the 1980’s was developed o new route for
Ibuprofen synthesis, a green one with only three steps
of reactions, involving a lower amount of waste and
by-products, only seven intermediate reagents, most
of them reused, and a higher atom efficiency than the
classically route.

The green route was developed by the Boots-
Hoechst-Celanese (BHC) Company (United States of
America) (Fig. 3) and the process won the Kirpatrick
Chemical Engineering Achievement Award in 1993
and the Presidential Green Chemistry Challenge
Award in 1997 [20].

Table 2 presents same parameters used to
calculate the atom efficiency for each step of
reactions for lbuprofen synthesis under green route
(reagent chemical formula, relative molecular mass of
reagents and relative molecular mass of used
products).

It can be observed from Table 1 that from the
first step of reactions with green route, the atom
economy has the same value, 74.58% with the first
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step of reaction with classical route of Ibuprofen
synthesis from isobutylbenzene and acetic anhydride.

But, the first step of reactions from green route
is possible with hydrogen fluoride used as a catalyst
and solvent for the reaction that can be recovered and
reused repeatedly [21].

HsC
Raney nickel

¢ 4 OH
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CH T CHs
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0

C
6
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Step 3

Ibuprofen

Fig. 3. The green route for Ibuprofen synthesis
used green process [20]

In BHC process the bath recycle times and
capital expenditure are lesser when compared to
Boots process. The result is increased economic
benefits of company and non-polluted reagents. More
than that, the hydrogen fluoride is the single solvent
used for green Ibuprofen synthesis, simplifying
product recovery and minimizing fugitive emissions.

If it is considered that the acetic acid obtained as
by-product from the first step of the reaction is used
for another applications, the atom economy for step
one with green route is 100.00%.

The second step of the green route is reduction
of a ketone to an alcohol with an atom economy of
100.00%. The catalyst used was Raney nickel
(spongy nickel), a fine-grained solid composed
mostly of nickel derived from a nickel-aluminium
alloy with stability and high catalytic activity at room
temperature [22].

The last step of reactions for Ibuprofen synthesis
using the green route represents carbonylation of
alcohol over a Pd as catalyst that can be recycled and
reused [23]. The atom economy of the final step was
100.00%.

For the entire process it was observed that was
used 206.0 relative molecular mass from the total
relative molecular mass of reagent with a value of
266.0 (only 60.0 relative molecular mass was lost
under acetic acid form), so that the atom economy of
the entire processes for lbuprofen synthesis using
green route was 77.44%, almost double versus the
value of the atom economy of the process using
classical route.

Table 2. The atom economy (%) for green route of Ibuprofen synthesis and parameters used to

calculate him
. Reagents Relative Relative Relative molecular Atom
Reactions .
chemical | molecular mass of | molecular mass of | mass of by-products economy,
steps
formula used reagents used products or waste %
CioH14 134.0
Step 1 CeHeO;3 102.0 176.0 60.0 74.58
Ci12H160 176.0
Step 2 Ha 0 178.0 0.0 100.00
Ci12H150 178.0
Step 3 co 28.0 206.0 0.0 100.00

The green route for Ibuprofen synthesis is an
exquisite example of how a simple and elegant
chemical/pharmaceutical manufacturing  route,
initially a route with a lower atom economy can be
made much cleaner, much favourable and much
economical through implementation of green process
technology.

If we consider that about 7.2-10% tons of
Ibuprofen are produced each year [11] we can
imagine how waste is not produced, a lot of energy is

not consumed, and the process does not pollute the
environment.

3. Conclusions

Observing Ibuprofen synthesis under the green
chemistry principles it could be concluded that the
original route was performed in six steps, with the
productions a lot of by-products, a lot of waste,
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enormous quantities of energy consumed and serious
damage of environment.

Synthesis of Ibuprofen under original route was
an atom efficiency of only 40.04%.

The green route, the Boots-Hoechst-Celanese
process provides an elegant and efficient solution to a
prevalent  problem encountered in bulk
pharmaceutical synthesis. The amount of waste is
minimum (only three steps for reactions comparing
with six steps in classical route), the catalyst and
solvents are reused and recovered, the energy
consumption is lower comparing with classically
route.

The atom economy of entire processes for green
synthesis of Ibuprofen is 77.44% and it lost only 60.0
relative molecular mass under acetic acid form. If this
by-product is reused for another application, the atom
economy becomes 100.00%.

The nearly complete atom utilization of this
streamlined process truly makes it a waste-
minimizing, environmentally friendly technology.
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