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1. Introduction

The focus of this review is to identify and characterize
criteria for rejecting a synthetic route and thus trigger the
search for a viable alternative. Given the current pressures
on the pharmaceutical industryrocess chemists are facing
increasingly tough econonfi@nd regulatory hurdl€sand
have less time with which to develop the commercial process
for a drug candidate. In an attempt to shorten the develop-
ment time scales, a “right-first-time” approach to route
selection and scale-up is often sought by the process chemist.

Chemists working in the field of pharmaceutical process
research and development are responsible for preparing
multi-kilogram quantities of active pharmaceutical ingredient
(API) to support clinical and toxicology evaluation studies.
Until the first few kilograms of API are made available, little
can be done to progress these clinical and toxicology studies.
Drug candidates range from relatively simple structures, such
as fluconazolel) (Figure 1), to highly complex ones, such
as paclitaxel Z), but nearly all drug candidates present
significant challenges to the process chemist.
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Figure 1. Structures of fluconazolel) and paclitaxel %).
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designed to illustrate the most common types of issues in a
process and provide representative examples. Numerous
process development case histories have been destiibed
the literature, and the reasons for introducing new routes are
many and varied. This review provides a uniform set of
criteria (SELECT), which represent the different drivers for
changing a synthetic route. The acronym SELECT stands
for safety, environmental, legal, economics, control, and
throughput. Each criterion has been illustrated in Table 1
by reference to examples that have been carefully selected
to highlight important features of each issue and to illustrate
the positive benefits associated with a new route. This
SELECT approach should therefore facilitate early decision-
making and avoid wasted investment in a route that will not
support the target quantity of API.

2. Criteria for Process Assessment

As the life cycle of drug development unfolds, the
demands on the synthetic process will change. In early
development, the emphasis is very much on timely delivery
of bulk supplies using a safe process. Thus, most of the
SELECT criteria can usually be satisfied when preparing the
first few kilograms of bulk, and the most frequent issue
encountered involves lack of safety. By the time that a drug
candidate reaches Phase llI clinical trials, the process chemist
will probably need to manufacture hundreds of kilograms
of API and the demands on the process become more acute
across the full range of SELECT criteria. Nevertheless, the
chemist should be vigilant at all stages of development, and
the case histories (below) illustrate this point.

2.1. Safety Issues

The start point for most process development programs is . e
the medicinal chemistry route, which is typically designed 2.1.1. Potential Safety Issues and Their Significance
to be divergent and allow access to a variety of targets. This Safety is the most important of the SELECT criteria. If a
route is not usually designed for further scale-up into a route cannot be scaled up safely, then it should not be scaled
commercial process, and it is likely, therefore, that the up at all. The criterion of safety can be subdivided further
process chemist will need to change the synthetic route atinto two main areas(i) thermal and reactive hazards and
least once during the course of the development program.(ii) toxic hazards-with the former being of most concern.
The performance of a process on a large scale can be hard\ toxic chemical can be handled with the correct contain-
to predict, and serious issues may not be uncovered untilment and engineering solutions, but a thermal or reactive
the process is taken to pilot plant scale. This review is hazard must be rendered intrinsically safe before it is scaled
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Table 1.
criteria subcriteria examples of potential issues

safety process safety explosions or exotherms; threat to workers or plant

exposure to substances harmful to health carcinogens or sensitizers; threat to workers
environmental volume of wasted natural resources guantity and variety of solvents

substances harmful to the environment aquatic toxins and ozone depleting chemicals
legal infringement of intellectual property rights key intermediate patented by competitor

regulations that control use of reagents and intermediates NONS (natification of new substances, EU legislation)
economics meeting cost of goods target for future market long synthesis using expensive materials

investment costs to support development quantities high cost of process cannot be changed in near term
control control of quality parameters meeting specification and GMP requirements

control of chemistry and physical parameters nonselective reactions, unstable intermediates
throughput time scale of manufacture in available plant long route with dilute stages

availability of raw materials rare natural products

¢ nmnoaou%réfwml exacerbated on scale-up from laboratory to plant because

the heat produced in a reaction mass is a function of volume,
i.e., proportional to the cube of the reaction vessel diameter,
whereas heat removal depends on the surface area available
for heat transfer, i.e., only proportional to the square of the
diameter.

2.1.2. Prediction and Assessment of Safety Issues

The preferred philosophy in process safety is to eliminate
a hazard completely or reduce its magnitude to avoid the
need for elaborate safety systems and procedures. This
approach builds inherent safétiynto the process. In order
for this approach to be effective, it is important that the
hazard assessment of the process commences at an early
stage of development where route changes are easier to make.

The assessment of toxic hazards presented by a medicinal
o e 5 chemistry route is often straightforward and can be done as
e : - - 5 ' a paper exercise since it is likely that the chemicals used
Figure 2. Site of Flixborough explosion (1974). are commercially available and safety data will be obtainable
from the material safety data sheet (MSDS) or other sources
usSuch asSax’s Hazardous Properties of Industrial Chemicals
After identification of the hazards, COSHH procedures
(control of substances hazardous to health) can be applied
¢ 10 minimize the risks associated with the chemicals in
guestion. Typically, a three-tier system is applied until the
risk is considered to be under control. The tiers are as
Jollows: (1) Where possible, the chemical should be
substituted for a less hazardous one (e.g., substitution of
benzene by toluene or of hexane by heptane). (2) If this is
not possible, then the quantity of the chemical should be

up; otherwise, the consequences can be very serio
indeed. Figure 2 displays a picture of a plant explosion at
Flixborough in 1974.

An understanding of the toxicity of chemical reagents mus
be obtained in order to maintain a safe environment for
operators. Similarly, an understanding of the thermal and
reactive hazards posed by reagents is essential to avoi
damage to equipment, buildings, people, and the environ-
ment. Perhaps more important than consideration of the risks
of individual chemicals is the need to understand the hazards S . ; :
associated with mixtures and combinations of chemicals, 'éduced (€.g., can a stoichiometric or catalytic quantity be

since the reactive hazards may not be easily deduced fromuSed instead of an excess?). (3) The final line of protection
a knowledge of the two individual chemicals. against chemical hazards involves the use of engineering
The main types of issues associated with process andCOntrols and PPE (personal protective equipment).
worker safety are as follows: (1) thermal runaway, (2) gas For novel intermediates (and some reagents), no adequate
evolution, (3) potentially explosive, shock sensitive materials, Safety data are available to allow an assessment of the risks
(4) highly corrosive materials, (5) acute toxicity, (6) chronic Posed by a particular synthetic step. In these cases, predictive
toxicity, (7) genotoxicity, (8) pyrophoric and highly flam- ~ screening is often carried out to give an indication of the
mable materials. During a chemical reaction, heat can belikely risks based on analogies drawn with chemicals of
absorbed (endothermic), or more frequently, heat is releasedsimilar structural classes. One such database used in the
(exothermic). In an exothermic reaction, thermal runaway Pharmaceutical industry for this purpose is DEREK (deduc-
occurs when the rate at which heat is produced increasedive estimation of risk from existing knowledg@JThis is
exponentially but the rate at which it can be removed is a an adaptive system capable of estimating the potential for
linear function. Once control for the reaction has been lost, carcinogenicity and mutagencity of a compound by com-
then overpressurization of the reaction vessel may occur dueParison with known “structural alerts”.
to uncontrolled boiling or rapid gas generation. The increased Any approach to reaction hazard assessment should
temperatures may also initiate more dangerous secondaryaddress the three major chemical reaction hazards below:
reactions or decompositions. These problems are further(1) The thermal instability of reactants, reaction mixtures,
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waste streams, and products (including intermediates). (2)2.1.3. Options To Manage Safety Issues

Exothermic reactions that raise the reaction temperature to

produce decomposition reactions or uncontrolled boiling. (3) An understanding of the thermal and reactive chemistry
Gas evolution (either from the desired chemistry or via a of a process can allow the process chemist to engineer the
decomposition pathway), which can cause reactor over-reaction so that it is as intrinsically safe as possible. Early

pressurization and possible explosion. thermal decomposition data such as DSC can give an
The potential for explosion is a threat that should be indication of the operating limits for a particular process. A
eliminated as soon as possib|e_ Nitropyrazﬂﬁ(Figure 3) limit of 100 °C below the first exothermic event is Commonly
regardedf as a safe upper operating limit for chemical
H H reactions due to the limitation of these tests to mimic process
NO, ril\"/rllvc:F3 operations. Probably the most important information to obtain
LN | 'N NH from reaction calorimetry is the potential adiabatic temper-
N N ature rise-that is the maximum temperature rise achievable
H A~ CONH, if no heat is lost to the environmenand represents a worst-
3 4 case scenario. Using this information in conjunction with
Figure 3. Nitropyrazole 8) intermediate in the synthesis of ICI-  thermal stability data allows calculations to be made to see
162,846 4). whether this temperature is enough to cause either the

decomposition of the reaction mixture or boiling of the
was a starting material in the medicinal chemistry synthesis solvent. One way to use this information is to assign the
of I1CI-162,846 &). The heat of decomposition f&@ was reaction to a “reaction criticality class” and then modify the
found to be>2800 J/g (a potential explosive), and therefore, reaction to make it more intrinsically safe (e.g. dilute the

an alternative starting material was requifed. general reaction to reduce the temperature rise). Figure 4 (a Stoessel
strategy for chemical reaction hazard assessment is outlinedDiagram¥’ shows the five classes of reactions as defined
in Table 2. by their normal operating temperatuiig) relative maximum
Table 2.

DESK SCREENING | Literature searches —i.e. Bretherick’s handbook of reactive
chemical hazards,'” National Fire Protection Association’s Manual
of Hazardous Chemical Reactions.''

Desktop calculations'? such as oxygen balance and CHETAH"
calculations. Molecules containing hazardous functional groups
should also be avoided.

THERMAL Used primarily at the laboratory scale development stage and
SCREENING equipment includes Differential Scanning Calorimetry (DSC),"
Carius tube,'* TSU, RSD, Radex and Differential Thermal
Analysis (DTA).

These techniques can be used to examine the thermal stability of
an individual reaction component or a reaction mixture.

Other tests such as shock sensitivity may also be considered at this
stage.

Techniques such as Carius Tube, TSU, RSD, and Radex'®
importantly have the ability to measure pressure as well as
temperature excursions.

CHARACTERIZE | Usually isothermal calorimetry to give data on reaction heats,
DESIRED reaction kinetics, thermodynamics and heat transfer. Equipment
REACTION includes the commercially available calorimeters from Mettler-
Toledo (RC—]],” Hazard Evaluation Laboratories (SIMULAR),'®
Setaram (DRC),'” and Chemisens.2”

Instruments to quantify the gas evolution rate during the reaction
include thermal mass flow meters; Ritter gas meters, and U-tube
devices. For all gas measurement the material of construction of
the device and the solubility of the evolved gas in the instrument
fluid should be considered.

CHARACTERIZE | Usually performed using adiabatic calorimetry to gain runaway
UNDESIRED data on reactions and individual materials. This also then leads to
REACTION data for reaction pressure relief sizing and other protective
measures. Commercial cqu'Pmcnt includes ARC,”' PHI-TEC,”
APTAC.” ARSST,” VSP” and adiabatic Dewar.”

; BASIS OF SAFETY CAN BE DEFINED ?7
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Figure 4. Stoessel diagram of reaction criticality class.

temperature of synthetic reaction (MTSR), boiling point of Scheme 1
solvent {Tp), and decomposition range (red box). CH,CHMgBr,
(A) The MTSR is below the boiling point that is itself (I)co toluene OH O MeOH
below the decomposition onset (including the 2@safety =
factor). This is a thermally safe process. 5 6
(B) Although the adiabatic peak temperature (MSTR) is
below the onset of decomposition and boiling, the decom- aq NaHSO
position onset is also below the boiling point. In a class A OH MeOH
reaction, the latent heat of evaporation acts as a safety barrier %OOH _ = w
against reaching the decomposition temperature. This safety MeO SO Na
barrier is not present in a class B reaction. Measures to 7 8 MeO
prevent overheating should be applied or protected against.

(C) The adiabatic peak temperature is above the boiling Ragan and co-workers during the scale-up of an ozonolysis
point, although the onset of decomposition is above both. reaction (Scheme #.Protective measures aim to mitigate
Potential exists for vapor pressure effects in the reactor the consequences of a hazard.
leading to potential overpressurization. Reaction control and/  2.1.3.1. Process Engineering and Safe Scale-up of an
or protection must be applied. Ozonolysis ReactionScale-up of the ozonolysis of alkene

(D) The peak adiabatic temperature rise exceeds the boilinge (Scheme 1) was required for the preparation of an
point and will initiate decomposition if uncontrolled. Reac- intermediate at Pfize®® The alkene was treated with ozone
tion control and/or protection must be applied. Emergency in methanol at-65 °C before quenching the homogeneous
relief venting may prevent initiation of the decomposition, reaction mixture into a slurry of NaHSQgiving the bisulfite
as vapor loss will remove heat. adduct8 as the isolated product.

(E) The peak adiabatic temperature rise exceeds the onset Analysis of the reaction by calorimetry showed\&lps
of decomposition but not the boiling point. Loss of reaction of —535 kJ/mol, which corresponded to an adiabatic tem-
control will initiate decomposition, which may then lead to perature rise of 170C (in 10 L/kg of methanol). The reaction
hybrid pressure effects (i.e. gases formed from decompositiontemperature of-65 °C resulted in a MSTR of 10%C, which
will contribute to the pressure generation inside the reactor was well above thd, giving it a reaction criticality class
as well as vapor pressure effects associated with the solvent)of C. In this case, preventative measures are fairly easy to
Reaction control should be applied and/or protection should apply since the reaction is dose-controlled and stopping the
be designed to mitigate the consequences of the decomposiflow of ozone into the reactor will stop the heat generation.
tion. DSC indicated that there was a moderate exothermic event

For reactions other than intrinsically safe ones (i.e. a class (404 J/g) occurring near 48C. The operating temperature
A reaction), safeguards must be put into place if the reaction of the reaction was well below the 10C safety limit and
is to be scaled up into the plant. These safeguards fall intowas deemed acceptable for the quench & 0In addition
two classes-preventative and protective measures. Preventa-to these safety controls, the composition of the headspace
tive measures relate to defining a safe operating envelopewas carefully controlled to ensure that an explosive mixture
by which the desired chemical reaction can be controlled. of oxygen, ozone, and methanol vapor was not generated at
Application of preventative measures was demonstrated byany point. By generating the ozone from air (instead of
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oxygen) and then diluting the reactor headspace with 2.1.4.1. Removal of a Potential Explosion Hazardlhe
nitrogen, both the fuel (methanol) and oxygen/ozone were medicinal chemistry roue to the MMP3 inhibitor UK-
kept below the lower flammability limit and maximum 370,106 (3) required the use of hydrogen peroxide and
oxygen concentration limit, respectively, and the process waslithium hydroxide in THF to cleave the chiral auxiliary in

scaled up to 3 kg without incident.
2.1.3.2. Example of Engineering a Safer Proces#s
part of the development program toward idoxifer®, @

intermediate15 (Scheme 3). The handling of hydrogen
peroxide in an ethereal solvent such as THF carries a risk
of explosion due to the formation of thermally unstable

selective estrogen receptor modulator, an efficient preparationorganoperoxide derivatives.

of alcohol12 was sought? This was initially achieved by a

low-temperature halogermetal exchange reaction between Scheme 3

1,4-diiodobenzene1Q) and n-BuLi. The resulting lithio
species was quenched with the ketdrieto form 12 as a
single diastereoisomer in 80% vyield (Scheme 2).

Scheme 2
"J
o
— idoxifene
O
|
9
i) BuLi, THF, -65°C
i) 0
Ph
%@\ 1 OR
Et OR
R = CH,CH,CI
H ¥
80% P']Et OH

10
12

The exothermic nature of both the iodinkthium ex-
change (thermodynamic heat of reaction-53 kJ/mol) and
the subsequent carberarbon bond formation (thermody-
namic heat of reactiorr —126 kJ/mol) precluded effective

temperature control on a larger scale. Assuming a reaction

in a 115 L hastelloy reactor with a cooling capability-060
°C, then-BuLi would have to be added over 50 min in order
to maintain the pot temperature belowb0 °C. For the
subsequent reaction with ketoh& a minimum addition time
of 110 min would be required. At temperatures abev&)

NaHMDS,
pp, 'BUO,CCH,Br Ph
_—
THF, -78°C
N)fo 65% '‘Buo N?fo
o 4 o 3
14 15

LiOH, H,0,,
THF, H,0, 0 °C, 85%

This safety concern was one of several reasons that led
the process team to explore an alternative route involving
asymmetric hydrogenation. To this end, thesubstituted

°C and addition times in excess of 60 min, it was found that itaconate sall7 was prepared via a HornelWadsworth-
yields of 12 dropped significantly due to the competing side  Emmons olefination, and it was foun_d that this substrate
reactions. These included formation of 1-butyl-4-iodobenzene could be hydrogenated (Scheme 4) usirfg-BINAP—Ru—

together with a dimer of2 resulting from lithium exchange

(p-cymene)CI]CI to give the produdt6 in 88% ee Crystal-

of the second iodine group. In summary, this procedure could lization as the cyclohexylamine salt gave a purity>#8%

not be run at scales 16 molar and this would severely limit
the potential batch sizes of this reaction.

In a variation of this process, a Barbier-type reaction was
investigated. Addition ofn-BuLi to a mixture of 1,4-
diiodobenzene and ketorid in a nonpolar solvent such as
toluene gave an 83% vyield df2 at —65 °C. At elevated
temperatures—<{40 to —10 °C), reproducibly good vyields
(77%) of high purityl2 were obtained even when interrupt-
ing the reaction and restarting after several hours.

2.1.4. Designing a Safer New Route

If the information gathered about a process indicates that
a basis of safety cannot be defined within the capabilities of
laboratory or plant equipment, then a change of route should
be made.

ee and a 65% overall yield from itacondt@é This olefina-
tion/hydrogenation approach therefore obviates the need for

Scheme 4

&
W

o N

65%.

OR OR

[(S)-BINAP-Ru-(p-cymene)CI|CI,
MeOH, H,0, H, (60p.s.i.), 60°C

t ° o
BuO '‘BuO

17 16
R=cyclohexylammonium
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the hazardous reagents required to remove the benzylsafety was unacceptable, and a research program was initiated

oxazolidinone auxiliary. In addition to having improved
safety, it is also a more economical route.

2.1.4.2. Removal of a Genotoxic HazardThe Zeneca
Pharmaceuticals drug candidate ZD-2072)((a beta-3
agonisty? entered development in 1991, intended for the
treatment of noninsulin dependent diabetes. The medicinal
chemistry route ta®22 (Scheme 5) presented a number of

Scheme 5
J/Br
OH 0
BrCH,CH,Br Br
- o =/ .
Base
Vinyl bromide
CONH, 20 19 CONH,
18
PhCH,NH,
(9% overall yield)
" 0
. I
o (R)-Styrene oxide 0
-
-
COH CONH,
22 21

challenges for scale-up. The generation of toxic vinyl
bromide® gas20in step 1 (due to base promoted dehydro-
bromination) was unavoidable given that the reaction of
dibromoethane with phenolic starting materid required
base. Vinyl bromid&0is known to have genotoxic proper-
ties and cannot be readily removed by scrubbing on a plant
scale. A risk assessment concluded that the threat to worke

Scheme 6
HO

L

N
23

H

NMP | NMM
socl, | 71%

Q
N
O N
/
24
H
OH \ J/N
(o)
NaH, NMP

CONH, 64%

18

21 CONH,

r

with the objective of finding a safe alternative route.

An alternative strategy for providing the two-carbon unit
in step 1 involved ethanolamine derivatives (Scheme 6).
N-Benzyl oxathiazolidines-oxide 24) was prepared by
reaction ofN-benzylethanolamine2@) with thionyl chloride.
This cyclic derivative of ethanolamine provided activation
of the oxygen toward nucleophilic attack while preventing
intramolecular attack by nitrogen. This approach also cir-
cumvented the issue of controlling mono- versus disubsti-
tution (e.g. dibromoethane can form a diether with phenol
18). Reaction oR4 with the sodium salt of 4-hydroxylphenyl-
acetamide 18) provided amine21 in 64% vyield (cf. route
in Scheme 5 gave a 9% overall yield). Hydrolytic instability
of the oxathiazolidine ring precluded isolation2¥ on large
scale; thereforejn situ formation and purification was
required. Thus, cyclization ¢¥3 with N-methylmorpholine
(NMM) base in NMP generated the insoluble hydrochloride
salt of NMM that was removed by filtration.

2.2. Environmental Issues

Global environmental legislation is becoming more strin-
gent; therefore, consideration of these issues must be
introduced during early stages of process development to
achieve sustainable processes and products. Project cost
reductions of 50% or more have been achieved when
environmental issues are addressed concurrently in early
stages of the project, and wider benefits to companies will
come from using more sustainable processes and technologies
that deliver significantly improved process efficiencies.

In the USA, the Environmental Protection Agency has
developed a series of regulations and policies to protect the
environment from chemical pollutantsWithin Europe, the
major regulation relating to chemical manufacture is Inte-
grated Pollution Prevention and Control (IPP€)This
regulation is founded on the hierarchy of prevent, minimize,
and render harmless. Treatment of effluent streams, or
rendering harmless, should only be used after prevention and
minimization have been considered. Figure 5 illustrates that
the earlier environmental impact is considered during
development, the higher the chance of adopting prevention
and minimization principles.

Prevent

Likelihood of success
increases as we move back
up the Development Chain

Minimize

Render
Harmless

Figure 5. Integration of environmental controls with development
time scales.

The BAT concept (best available technoloydmbraces
the prevent/minimize/render harmless hierarchy and translates
this into specific expectations for how route development
should proceed. It is not binding but is a UK-Environmental
Agency expectation of what companies are able to achieve.
Examples include (1) using substances that possess little or
no hazard/risk to human health and the environment, and
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(2) avoiding unnecessary derivatization (e.g. blocking or to improve the process; for example, telescoping stages

protecting groups).

2.2.1. Potential Environmental Issues and Their
Significance

together can reduce energy usage (by avoiding energy
intensive operations such as drying) and avoid the need to
isolate toxic intermediates. Developing processes with high
catalyst turnovers and removing stoichiometric reagents is

The manufacture of an API normally involves the use of another important area for improving environmental impact.
multistage batch processes to prepare relatively small quanti-For example, some iridium complexes are able to catalyze
ties of complex chemical compounds. However, relatively the alkylation of amines by alcohols using an internal redox
high levels of waste are produced per kilogram of product cycle producing water as the only byproduct (Schem® 7).
by chemical industry standards.

There are two key environmental issues, although they areSCheme ’
somewhat interlinked: (1) environmental impact [(a) toxicity oH PhCH,NH,
(human, plant, and animal); (b) ozone depletion; (c) climate S — Ph/\r\() . 2HO
change] and (2) sustainability [(a) depletion of natural HO [Cp*IrCL), 91% :
resources; (b) high mass of materials used and waste
generated; (c) energy-inefficient processes]. Materials that 25 26

have significant environmental impact are often strictly
controlled by regulations, and some may be subject to very
demanding emission limits, either currently or at a planned

future date. One such example is mercury and its compounds; . - -
figures, careful solvent selection to maximize efficiency and

that are included on the Water Framework Directive “priority i " .
hazardous substances list’. Under this regulation, within POtential recovery can have a huge positive environmental
Europe, emissions of mercury to the aquatic environment impact. Processes that use single solvents and avoid complex

will have to be “zero” by 2015. In the USA, the total mixtures greatly improve recycling potential within a process.

maximum daily load (TMDL) for mercury is defined by P “ "
section 303(d) of the Clean Water A¢tAssuming it takes 224 DeSIgn/ng 4 New Greener I.?oute . o

8 years to progress a candidate from drug discovery to Understanding environmental issues and identifying op-
market, a route using mercury today in early development portunities in early development will maximize the chemist's

may not be acceptable soon after launch. ability to design “greener” synthetic approaches. This is
o _ exemplified by the following examples.
2.2.2. Prediction and Assessment of Environmental Issues 2.2.4.1. Avoiding the Use of a Mercury ReagentiCl-

The assessment of environmental improvements during 162:846 &) (Scheme 8) is a histamine H2 blocker that was

process development is best achieved using a set of ntrics. under developmehfor the treatment of ulcers and gastric
However; there can often be a poor understanding aroundgcheme 8

the definition and the value of these metrics. For example, s

pursuing a simple metric such as yield will not by itself drive CFCHNH, + P

a business toward sustainable practices despite the fact that, a-

from an economic standpoint, yield remains a very good L

Solvent use is responsible for 60% of the overall energy
used in a pharmaceutical process and accounts for 50% of
dhe post-treatment green house gas emissto@s/en these

metric for high value added materials such as pharmaceu-
ticals.

A variety of green chemistry metri€sare available: (1) HoH F. CF.CHNCS : NH,
solvent usage (includes mass used, solvent acceptability from WN\[(NV s T LN
an environmental and life cycle perspective, number of NS - "L/\/CN
different solvents), (2) reaction mass efficiency (RME) (the L_~_CN
7

proportion of the key reactants that end up in the product), 2 28
HgO / N,N %CHzNHCN
H H |

reactants that ends up in the final molecule), (4) mass
productivity [the “mass of product”/“mass of all materials
used (reactants, solvents, reagetiiat excluding water)”
expressed as a percentage], and (5) environmental factor (E-
factor; defined as “kg of total waste”/“kg of product”). .

(3) atom economy (the proportion of atomic mass in the
CNCI

A number of “tools” can also be utilized in order to carry W NarN-CFs CRCHANH,
out a so-called “design for the environment”. These include NN NH
AIChE CWRT metrics (Centre for Waste Reduction Tech- 29 L _~_OCN

nologies, of the American Institute of Chemical Engineers),
life cycle inventory/assessment, total cost assessment (TCA),

and the Green Technology Guide (GT&Y? l H,SO,
2.2.3. Options To Manage Environmental Issues y

H

Development of a process that is totally sustainable and N N._CF,

has a low environmental impact is not always possible due I 'N \r[u]/|-|
to the current limits of science and technology; however, N
significant process improvements can often be achieved. L~ CONH,
Once the route is fixed, there may be significant opportunities 4
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disorders. The medicinal chemistry route 4oinvolved Scheme 10

mercury oxide desulfurization of a thiourea fragmeiitto OEt 0 Me
give the key guanidine functionality. Although it may be CO,H N
possible to purify the API to remove low levels of mercury, ©/ RN
the environmental consequences of mercury-containing waste ON  pr
are serioud! A number of mercury compounds are known 35 32 R = OH

to accumulate in aquatic ecosystems, and high levels can be CISO.H

found in certain fish. Even at low levels, mercury compounds socnz 250 SOCl,

act as neurotoxins and cause defects to the unborn child. It E)'I\ﬂzhe 92%

was very clear, therefore, that development quantities of
4 could not be manufactured using the mercury method-
ology, and the search for a new route (Scheme 8) was
initiated. Treatment of the aminopyrazole intermedi28

with a cyanamide reagent provided a more convergent 56 SO W

COH

O
(2 m
Py
z-=Z
[J]

synth_e_sis oP9 and was used for the preparation of 100 kg oN"  p
quan“t'es of4. . N-methylpiperazine, 33 R = NH,
2.2.4.2. Change of Route To Avoid Large Volumes of water, 25°C

Solvent Containing a Toxic Reagent.The medicinal H, Pd/C

chemistry route to sildenafil3{l) (Scheme 9) employed a QEt o EtOAc
late stage chlorosulfonation of pyrazolopyrimidinor89)( 2 ’
which allowed the construction of the sulfonamide func- o Me
tionality in the final bond-forming step. o.s N
29~ A
N HNT SN
Scheme 9 37 K/N\Me HN pr
O Me 34
1
) N 37 +CDI, | |
0 Me NCISOH EtO HN [N EtOAc, .
N i) H,0, CH,C, extract, SN add34 | 96%
EtO HN | ‘N replace with toluene, Pr
X % N-methylpiperazine
N o]
Me Me
Pr OZS\N H,NOC KOBu, lll
1% K/N BO O BuOH EtO HN [N
“Me y —— \N Y,
30 31 H br 95 % Pr
Since the reaction was carried out using chlorosulfonic 0,8. 08+ 31
acid as both a reagent and solvent, considerable quantities NK/ LN
of hazardous waste were generated from this step. A N-ve Me
commercial rout® was designed to incorporate the chloro- 38

citric acid,

sulfonation step earlier in the synthesis (Scheme 10). By s 99 %
-butanone, 99 %

carrying out this transformation on a lower molecular weight
compound (namely, 2-ethoxybenzoic acd®)), less chloro-
sulfonic acid was required and the quantity of acidic waste
was much reduced. In addition to this, the starting material
is a low-melting solid and could be used as a melt, allowing
further reduction in the quantity of chlorosulfonic acid
required as solvent.

After agueous quench, the product was isolated as a wate
wet sulfonyl chloride36. This material was then resuspended
in water and reacted withN-methylpiperazine, giving the
sulfonamide37, which was collected by filtration followin . ; .
pH adjustment. In this way, the sulfgnamidé’ could beg 11 linear steps in an overall yield of 9% (Scheme £1}.
prepared from 2-ethoxybenzoic ac®b) without using any Route B (Scheme 12) was quickly developed to support
organic solvents. Once the sildenafil process had beenearly clinical requirements and involved a one-pot procedure
transferred to production, solvent recovery was introduced converting 2-nitrobenzyl alcoho#3 to intermediate44.
to minimize the environmental impact of the process. Enzymatic resolution of5 using an immobilized form of
Toluene, ethyl acetate, and 2-butanone are all recovered andandida Antarcticalipase B gave the desired)(stereo-
recycled. A comparison of solvent usage at different stageschemistry. While this route was successfully scaled up to
of development is shown in Figure 6. Comparison of the give kilogram quantities ofi2, it involved a wasteful late
medicinal chemistry route with the commercial route shows Stage resolution and low-yielding preparation of mono
that not only has the quantity of solvent per kilogram of APl N-Cbz-4,4-bipiperidine.
been reduced, but also the number of solvents used has been Later in development, these issues were addressed through
reduced, maximizing the potential for solvent recycling. the introduction of route C (Scheme 13). Thus, enzymatic
Chlorinated solvents have been eliminated from the route, resolution of the simple benzodiazepiproved advanta-
and highly volatile solvents such as diethyl ether have also geous in that the unwanteB-enantiomer46 could be
been removed. recycled. Furthermore, aminocarbonylatio8fusing 4,4-

sildenafil citrate 31

83 % Overall yield from 35 to sildenafil citrate (1997 process)

2.2.4.3. Series of Route Changes That Reduce Envi-
Ironmental Impact. The medicinal chemistry synthesis (route
A) of the glycoprotein lIb/llla antagonist lotrafibaZ),
started from the Grignard reage3® and the chiral center,
was introduced using-aspartic acid. This synthesis involved
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CH,Cl,
Acetone

Ethanol
Methanal
Ether
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2-Butanone
Toluene
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Figure 6. Solvent usage in the development of sildenafil. (Reproduced with permission from ref 42. Copyright 2004 Royal Society of
Chemistry.)
Scheme 11 Scheme 12
oszu i) Pyridine iodine monochloride
B SA ol CH,Cl,, H,0
rMg mol. sleves, i) PdCI,(PPhy),, CO, (i-Pr),NEt
JE— 2 3/20 ’ 2
\C( - > w, mono-N-CBz 4,4"-bipiperidine,
F NMP, 10psi, 95°C
43% F_N_oO 47% 70% iiiy HCO,NH,, 10% Pd/C, MeOH
>~ HN N—  65°C
W N02 OH >
39 40 H,N
CO,Me N
NH 43 44 CO,Me 63%
i) TFA, Anisole, CH,Cl, HN
i) N-BOC 4,4'-bipiperidine, i) Boehringer L-2 enzyme
CO,Bu EDC, (i-Pr),NEt, DMF O N Resin, H,0, NH,, pH 6.2
iii) NaOH, H,0, MeOH, THF N__O ii) CsH;N.HCI, EtOH, CH,Cl,
iv)HCI, H,0, Dioxane H,0, 25°C
42
H—N N— 45% H—N N— 38%
\ Hel § s HN.  N—
N o N o]
COzMe COZH 45 [o)
M 42 co,Me

pyridylpiperidine gave a more efficient introduction of the
bipiperidine unit. Including the recycle of tieenantiomer
46, this route provided lotrafibad2in a 29% overall yield It is important that the development and commercialization
(cf. 17% for route B). of a pharmaceutical product can be performed without either
As mentioned above, E-factors and reaction mass ef- breaking laws or infringing valid intellectual property (IP).
ficiency (RME) are useful metrics that can be utilized Failure to do so can result in a variety of possible actions
to measure the environmental impact of a process. A depending on the circumstances. These include a court
summary of these data for routes A, B, and C is provided in injunction, destruction of goods, payment of damages,
Table 3. confiscation of profits, and suspension of license to operate.
Manufacture using route A would generate a significant €92l iSsues can arise at any point in development and can
amount of waste1.4 tons of waste per kg of API). The justify a change in synthetic route or process irrespective of

introduction of route C, however, provides a 5.4-fold Other potential issues.
improvement in waste reduction (reducing waste>hi.1
tons per kg of API). Figure 7 provides a breakdown of
E-factors for aqueous, organic, and input materials (note: Types of legal issues fall into two major categories: (1)
for details on route D, refer to the section on throughput regulated substances [(@) use of controlled or banned
(section 2.6.4.2)). substances; (b) using unacceptable quantities of COMAH

2.3. Legal Issues

2.3.1. Potential Legal Issues and Their Significance
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Scheme 13

|

NaOMe, MeOH, (MeO),CO, 50°C

38% over two steps ‘

Novozym 435,
N~ tBuOH, H,0, N
C(\Aé\io NH,, pH7.0, 50°C @:to
—_—
N N
H CO,Me H CO,Me
44 46 +
/s
N
D
N—,
H “—CO,H
47
Pyridine iodine
monochloride, H,0, 33\&50"/;;"2"
NaOH, pH 7.0, 10°C P
N* | |
x PdCl,(PPh,),, CO,
4,4'-pyridylpiperidine,
N0 diqyclohexyla(nine,
Anisole, 15psi, 100°C HN N—
4 —
86% I ©
HN :N\ 48 COMH
{ o
COH
i) Hy, Pd/C, i-PrOH
H,0, 60 psi, 75°C
78% | iy C.H,N.HCI, EtOH,
CH,Cl,, H,0, 25°C
42
Table 3.
route yield E-factor RME
A 9% 1429 1.3%
B 17% 1173 2.6%
C 29% 262 7.6%
E Factors
800
700 + ]
600
op 500 1 E‘;
g/kg
400 + oc
300 oo
200
100 | |
0
Agueous Organic Input

Figure 7. Comparison of E-factors for different routes to lotrafiban.

(Control of Major Accidents and Hazards, EU legislation)

listed chemicals; (c) transportation of certain hazardous
materials; (d) use of materials with third party restriction

(e.g. NONS data)] and (2) patent infringement [(a) use of
materials, technology, or processes that potentially infringe
current and valid third party intellectual property].

Butters et al.

2.3.2. Prediction and Assessment of Legal Issues
Associated with Regulated Substances

2.3.2.1. Controlled or Banned Substanced.he Interna-
tional Narcotics Control Board (INCB) monitors government
control over chemicals that may be used in the illicit
manufacture of drug¥*’ Licenses are often required for
the possession, supply, and manufacture of any chemical that
can also be used for illicit drug refinemefitFor example,
(+)-pseudoephedrin&Q) (Figure 8) is a regulated chemical
in the U.K. and the U.S., and yet it has many applications
as a resolving agent (see also section 2.4.4 and Scheme 20),
ligand, starting material, and chiral base in the development
of chemical processe8 Awareness of regulated chemicals
can be acquired through databases such as CHEMLIST
(regulated chemicals listingy.

NHMe
i_OH

50
Figure 8. Structure of {)-pseudoephedriné().

International governments also tightly control chemicals
used in the production of chemical weap&hd\otable
examples include phosgene and cyanogen chloride, both of
which are used in the manufacture of pharmaceuticals.

2.3.2.2. COMAH Listed Chemicals.Most countries in
the world enforce regulations to prevent and mitigate the
effects of those major accidents involving dangerous sub-
stances (e.g. chlorine, liquefied petroleum gas, explosives,
and arsenic pentoxide), which can cause serious damage and
harm to people and/or the environment. In the U.K., these
regulations are called COMAH (Control of Major Accidents
and Hazards)y? and in the U.S., the OSHA (Occupational
Safety and Health Administration) Process Safety Manage-
ment Standard targets highly hazardous chemicals that have
the potential to cause a catastrophic incidéithere are also
standards set by the U.S. Environmental Protection Agency’s
Risk Management Prografh.

2.3.2.3. Shipping RegulationsMaterial hazards can often
restrict method of transportation; for example, boraielF
complex® can only be transported by sea. In the EU,
transportation is enforced through the Notification of New
Substance Regulations 1993 (NONS)! Any material that
is being shipped within or into Europe between two legal
entities at>100 kg per supplier must be reported (Figure 9)
unless it is listed in either the European Inventory of Existing
Commercial Substances (EINECS) or the European List of
Notified Chemical Substances (ELINCS)API is exempt

NONS

Company 1
Site 1

—_—
-

Company 2

NO NONS\\\ EV /// NONS

Company 1
Site 2

——» RESTOF
<~ WORLD

Figure 9. NONS regulations for shipment of substances in Europe.
(Reproduced with permission from ref 61. Copyright 2000 Oxford
University Press.)
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from NONS, but it is important to realize that this is only Conduct

for the specific API isomer and salt form. Data from any '-gz:‘:;e

animal toxicity study that is carried out in support of a NONS

dossier is the property of the first company for a period of l

10 years. Other companies seeking notification for the same |jpdecosue 1 Yes | Amvdsdone | N0 o ceed with

substance can only access the previously collected toxicity |Patent? or intermediate ? chosen route

data through commercial agreements with the first company.

2.3.3. Prediction and Assessment of Legal Issues No. | Assess froedom to *

Associated with Patent Infringement scion o e Decsion | 0G0 Designa
It is vital when developing new processes to existing Voo

substances and new processes to new substances that an A

extensive patent search is conduct®®.This search should A) Patont expired

establish what processes have been used in the past, what B) Application phase

intermediates have been patented (by whom and in which (not yet granted)

countries), whether the patents have expired, and the validity N .

of the claims. If there are valid patents that overlap with the [is patent granted, Patent attorney to assess

intended route of manufacture, it is usual to seek a liceNSe| nuty e ves P oreider loneiy

agreement or find an alternative noninfringing route of |inmajormarkets?
synthesis. A description of some of the databases that are— o ) ) )
commonly used to facilitate prior art searches can be found Figure 10. Decision process in response to prior-art disclosures.
below.

2.3.3.1. Exemplified Compound Sourceq1) Beilstein
Xfire V 6.0—Beilstein Handbook of Organic Chemistry

it may be possible to obtain a licensing agreement, the
associated costs and complications may be less attractive than
. , ) 4 . developing a new route. Ultimately, a decision is then made
provides data from 176 journals in chemistry covering the \hether to proceed with the proposed route or to design and
period 1779 to the present. (2) CAS Registihe Registry develop a new route

File is a chemical structure and dictionary database (in- 53,41 ModifyingéSynthetic Route outside of Patent
cludes CAplus, CA, and CAOLD) with over 24 million  ¢aing acyelovir (51) (Figure 11) is a deoxyguanosine that
substances (http://WWW.stn—lnternatlonaI.de/stndatabases as discovered, developed, and marketed by GSK as an
databases/registry.htm). antiviral under the trademarks Zovirax, Zyclir, and Acyclo.
2332 Markush Sourcesin gen.eral,“a 'V'akaSh structure 1996, acyclovir(51) accounted for 40% (ca. $1.25B) of

is a chemical structure with multiple *functionally equiva- e total antiviral agents market. Not surprisingly, therefore,
lent” chemical entities allowed in one or more parts of the g product engendered intensive competition among in-

compound. They are therefore a way of representing @y, qria| research groups, which led to many challenges by
number of compounds by identifying a core structure, which generic companies to the patented Burroughs-Wellcome
remains the same, and listing all the possible variants O processes.

substitutes. A number of tools are available which search An important examplé is that of the Recordati Company,

patent databases based on Markush or related graphical repreg, g gy ccesstully identified an arguably patent-free synthetic
sentations of structures. These include Marpat (http:// g te to acyclovir 51) by noting a small omission in the
www.stn-international.de/stndatabases/databases/marpaiyejicome process patent. Wellcome did not claim=rH

html), Merged Markush Service (http://mms.inpi.fr/ 4 3 jiteral interpretation of the claims) in the definition of
what_is_mms.htm), and World Patent Index (hitp://Www. 5 ey intermediat®2, and the Recordati Company subse-
stn—|nternanonal.de/stndatabases/databases/wpldswpxquenﬂy exploited this.

h;]ml)'. Alnother. usgful t}ool is CA.S.REACT’. Wh.icfh is a In the U.S. version, it can be noted in the compound claims
chemical reaction database containing reaction information o+ R can indeed be H, therefore more clearly covering the

geriver:j fr.(/)/m journal and pf_itenlt(;jo/cun;entg frorr} d184t? 10 N.-formyl derivative. However, in the Italian/English version
ate (http://www.stn-international.de/stndatabases/databases{iere is no explicit claim for a compound where=RH,

casreact.html). which on a literal interpretation of the claims arguably
2.3.4. Options To Manage Patent Issues allowed the Recordati Company to define an industrial
process using the formyl as a 2-amino protecting group.
This highlights the care and attention that must be made
when filing patent applications. An incorrect or missed word
in a claim can create arguable legal opportunities for
competitors which could have a significant impact on the
rTls'xclusivity rights a company may have on a product they

using the process or intermediate for commercial manufac-y .0 i covered and developed. However, the possibility in
ture. These situations are generally dealt with on a case-by- ' '

case basis, and it is best to seek advice from a patent attorney. OH OH
A typical assessment and decision process is outlined in NP N o N)IN
\
RJ\NJ\\Nl N>
H NN

In developing a commercially viable route to an API, there
is a basic “freedom to operate” consideration. There may be
little point developing a route to an API that uses an

Figure 10. o >
Third party patents that have been granted and maintained HN" N7 N
by the innovator may pose a potential barrier around freedom Q
to operate the route. In this event, the patent agent would 51 \\\ 52
consider the strength and potential validity of the patent(s) OH OH
in question and the countries in which it is active. Although Figure 11. Structure of acyclovirgl) and its precursob2.



3014 Chemical Reviews, 2006, Vol. 106, No. 7 Butters et al.

the U.S. and certain European countries of asserting patent
infringement in respect of a technically-“equivalent” process
falling just outside the literal scope of the claims should be
noted.

2.3.4.2. Use of a Royalty-Free Ligand in a Catalytic
Process.Pregabalin %4) is a potent anticonvulsant for the
treatment of epilepsy and pain marketed by Pfizer. The initial
route to the biologically activeS) enantiomer involved a Catalysts based 060 were found to be effective in the
classical resolution &3 with (S)-(+)-mandelic acid (Scheme  asymmetric hydrogenation of the pregabalin intermedi8te
14) 82 Since the resolution occurred in the final stage and giving the desired producs9 in 98% ee using half the
the opposite enantiomer could not be readily recycled, a moreamount of solvent and one tenth of the previously reported
efficient route was required. catalyst loading (Scheme 15). Not only does this provide a
more economical process in itself, but it must also be noted
that the TCP catalyst is owned by Pfizer and would therefore

4y ke
7 N/ K

60
Figure 12. TriChickenfootPhos (TCP) liganéO.

Scheme 14

(S)-Mandelic acid j’\"' not incur any royalty payments if used on large scale.
\(\{\NHZ IPA, recryst twice \(\/\NHZ. HO,C” “Ph o .
con :\CO Ny 2.3.5. Designing a New Route with Freedom To Operate
2 99:1 d.r. 82% 2 i i i
53 of theory yielzi After safety considerations, the most important aspect of

54 - Mandelate Salt developing a new route is to ensure that the company has

freedom to operate the process. New patents covering aspects
of a new process serve to (i) capture competitive advantage

81%yield | () 1o eEer in obtaining exclusivity to use the route and (ii) maintain
freedom to operate in the future, i.e. avoid the prospect of a
third party patenting aspects of the route, which would
SNH impinge on the company’s ability to operate that route in
w/\\/\ 2 the future.
CO,H
) Scheme 16.(Reproduced with permission from ref 63.
54 - Pregablin

Copyright 1997 John Wiley and Sons.)

A route based on asymmetric hydrogenation was devel- ':’fo SONH,
oped? that initially employed Chirotech’s commercially [Nl1 N
available Rh Me-DuPHOS catalyst, delivering the chiral P o
product in 97% ee at a substrate to catalyst loading of 2700:1

(Scheme 15). Sulpiride 61
Scheme 15 Route 1
i) Acrylonitrile, Pd(OAc),, i) L-(+)-tartaric acid
DABCO, H,0, OR PPh,, EtOH} i) filter (R)-62-L-tartrate salt
\rxo 50°C, 97% CN CO (300 psi) | [Nlm/NHz [Nj\ _NH,
—_— —_—
ii) CICO,E, 50 C, 83%; CN S iii) D-(-)-tartaric acid )
py, CH,Cl, COR 62 iv) collect 63-D-tartrate salt 63
55 95% 56 57
Route 2
i) LIOH, H,0, THF, rt;
iiy HC; 89%
fy FILh NH
iii) ‘BuNH,, EtOAc SOCl, 3
N"YCOH ——= "N7TCOEt 7 "N TCONH,
H EtOH H MeOH H
CN 95%
\(\_:/CN Catalyst, H,, X 6 95% 65 o 66
:\ methanol
COHHNBU <« CO,H .H,NBu £
59 58
K,CO,
Spong Ni, KOH, 88%
H, (50 psi), aq Br
EtOH Red-Al
Meo NN« Sy Sconn,
HO J 90%
WNHZ
N O OMe 63 67
COH
54 68
As part of an investigation into the utility of hindered eO Br
e

three quadrant asymmetric hydrogenation catalysts, the
TriChickenfootPhos (TCP) ligand6() (Figure 12) was

prepared and shown to provide rhodium complexes that are P O OMe
effective catalysts for the asymmetric hydrogenation of
o-acetamido dehydroamino acitfs. Remoxipride 69
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2.3.5.1. Route Change To Avoid Third Party Patent each variable in eq 1 and assess the probability of meeting
Infringement. In the late 1960s, it was found that the the target.
racemic compound sulpirides]) (Scheme 16) exhibited
pronounced antipsychotic activity. Astra became interested [(daily dosex cost of bulk)+ cost of formulation]
in this benzamide group of compounds and developed selling price x
remoxipridé? (69) (a dopamine D2 receptor antagonist) for 100= % cost of goods (1)
the treatment of schizophrenia (launched as Roxiam in the )
beginning of the 1990s). The medicinal chemistry route to !llustrative example:
remoxipride 69) involved a classical resolution of racemic : ; ;
pyrrolidinamine 62). This racemate was used in the com- daily selling price= £2/day

mercial synthesis of sulpiride and readily available in bulk daily dose= 0.2 g/day

quantities. The resolution @2 (route 1, Scheme 16) was API cost= £1,500/kg

patenteff* by a third party, and various claims in the patent ) ' )
blocked commercialization of this method. For example, a formulation cost= £0.1/daily dose

“composition of matter” type claim for the tartrate salt of cgjculation
enantiomerically pure pyrrolidinamin&3) was covered in

the scope of this patent. It was therefore necessary to identify (02x2)+0.1 — oro

an alternative noninfringing route for long-term manufacture 2 x 100= 25% cost of goods

of remoxipride69. A commercial process was established

in which (9-proline 64) (natural enantiomer) was converted In predicting selling pricé&® it is necessary to consider:

to the amides6, alkylated with ethylbromide to givé7, and (1) duration of use (acute use products are likely to be more
reduced with Red-Al to providé3 as the free base (route 2, expensive), (2) price and features of competitor products,
Scheme 16). This route has the advantage that the starting3) patient and disease characteristics, (4) economic and
material proline §4) is available as a single enantiomer social value of the therapy, (5) decision making criteria of
compared with the resolution process, which has a 50% prescribers, (6) desired market position, (7) public policy

maximum theoretical yield. and insurance policy. (This list is reproduced with permission
from Haworth Press Inc.)
2.4. Economic Issues During Phase | and Il clinical trials, pricing (and market-

o ing) research should be based on key decision criteria for
The economic viability of a new drug product (e.g. tablet, product use.

capsule) is determined by several key variables. These |n early drug development, the prediction of API cost is
include (1) cost of goods, (2) selling price for the product, not easy. A reasonable approach is to compare the complexity
(3) marketing costs for the product, and, (4) in some cases,of the drug candidate with existing commercial drugs. For
product and/or technology licensing costs (see above sectionexample, commercial products could be grouped into three
on legal issues). cost ranges: low (e.g. less than £500/kg), medium, and high.
The term “cost of goods” (CoG) is used to describe the Similar approximations can be made to estimate formulation
total costs involved in manufacture of a drug product (this costs, especially for simple immediate release formulations
includes API manufacture, formulation, and packaging) based on tablets or capsules. Controlled release tablet profiles
expressed as a percentage of the selling price of the drugand formulations for other routes of administration (e.g.
APl manufacturing costs are therefore a subset of cost ofintravenous, intramuscular, intranasal, inhalation) are often

goods. more expensive and may involve licensing costs for propri-
. . e etary technology.
2.4.1. Potential Economic Issues and Their Significance Accurate prediction of dose is not usually possible until

clinical Proof of Concept or even Phase Il clinical trials. In
early drug development, however, it is helpful to model the
economic viability by considering pricing scenarios and using
expected ranges for daily dose and for API costs. The chart
in Figure 13 can be constructed using eq 1 and assuming a
fixed selling price and a fixed formulation cost.

The main types of economic issues associated with
manufacture of API are as follows: (1) failing to meet the
CoG target, (2) unacceptable investment costs during de-
velopment, and (3) licensing costs for third party intellectual

property.

2.4.2. Prediction and Assessment of Economic Issues
Dose Range

Predicting the capability of a process to meet the cost of

goods target for the future market is a critical activity. An 1 |

analysig® published by the Office of Technology Assessment \ c Assames fixed
(using data from six U.S. pharmaceutical firms) suggests that o e st
cost of goods as a proportion of total product sales is, on \

average, 25% (see eq 1). Thus, on average, 75% of product B

sales contribute to marketing costs, research and develop-

ment, operating costs, and profit margin. It must be stressed — .

that this is an average picture across a variety of product A 25% CoG

types. There will be some products that individually are not ;

profitable but satisfy an important role such as treating : >

diseases in the developing world (some products may be Cost of Bulk - Range

provided free of charge). Assuming that the target CoG is Figure 13. Probability of meeting CoG target (25%) as a function
going to be 25%, the next step is to predict likely ranges for of dose and API cost.
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In Figure 13, the box labeled A represents a low-risk cost Scheme 17

analysis; the expected dose range and API cost range place ROUTE 1 ROUTE 2
the box underneath the target cost of goods curve (25%) and
suggest it should be easy to devise an economic process./ \ % . /@
Box C, on the other hand, illustrates a high-risk position 050 . O U\ . P
where confidence in reaching an acceptable combination of fj g cBz N
dose and API cost is very low. The majority of early N OHC O 78 74
development projects fall into category A or B, where there  H
is a low to medium risk of economic failure. It is expected, 74 70 LITMP, THFl 85%
therefore, that the development chemist will be successful
in establishing a cost-effective process. BH3.per MeOH, Toluene N on
N~

2.4.3. Options To Manage Economic Issues I N

“CBz

The components that affect commercial manufacturing [O Of 79

costs of an API are (i) product volume, (ii) asset costs and OO . NaSEtlBQ%
depreciation, (iii) manpower, (iv) maintenance, (v) waste and -, O

utilities, (vi) cost of raw materials and reagents, (vii) licensing
costs for intellectual property, (viii) supplier profit margin, N oH
and (ix) throughput (as detailed later). The balance of these HCl l 85%

components will be greatly influenced by the structure of

the supply chain and the loading of other products in the

plant. It is not possible, therefore, to generalize percentage O 80
contributions from each component for the industry. Various o . o
software producfs are currently available to model the m 6 (IiL_JSSTH ‘T;(S(;:Pru
performance of a process in a plant and highlight key cost O

elements as well as allowing the chemist and engineer to 73

test the cost benefit of different process scenarios in the N' _ ™
model before investing in laboratory and plant trials. LDA, THF X I N

Other options available to manage economic issues include 85% I N 74 o CBz
(2) relaxing the percentage cost of goods target, (2) replacing 81

the drug candidate with a more potent and more bioavailable

alternative, and (3) researching more cost-effective synthetic ;7 o O i) H, Pd/iC
routes. N A r» ii) BH,.pyr
F N ‘ ‘ methanol,

, U

2.4.4. Designing a Cost-Effective New Route e O OHC :;';‘/e"e

In general, more cost-effective routes involve fewer steps,
are more convergent, use cheaper raw materials, and have NaSEt j89%
higher throughput (see section on throughput below).

\
2.4.4.1. Change of Route To Introduce an Expensive -y O BUOOH
Raw Material at a Later Stage. ZD-3638 (/7) (Scheme N f (-)-DET 3 O
17) is an atypical antipsychotic agent for the treatment of N ‘ - - =
sj O Ti(OiPr), 7

schizophrenia and was develoffgdly Zeneca from 1993 to

1997. Early clinical evaluation predicted that the daily dose 48%
requirement was likely to be somewhere in the range 10 76 77
50 mg. An economic assessment of the drug candidate indi-
cated that there was only a medium probability of meeting
a 25% CoG target when using the early development route o : i

(route 1, Scheme 17) with raw material costs of £1475/kg. Sgpsihli?l%pIpelgzlgtc()rs?georzztlg)fg) ilss ngriftgg nt()); ((esrgoKt as

The most significant contributor to raw material costs was ReQuip for the treatment of Parkinson’s disease. It has also

aldehyde70 (£910/kg of77), which was processed through  peen approved in the U.S. for the treatment of primary
five chemical steps to make sulfoxid&. In an addition restless legs syndrome (RLS).

reaction, lithio fluoropyridine74 (from LDA) was reacted o

with 73in a modest 65% yield. A series of alternative routes ~ Although the originally reported synthe¥i¢Scheme 18)
were evaluated which introduced the expensive aldefigde Was suitable for the preparation of small quantities of
at a later point in the sequence. In route 2 (Scheme 17),compound, the chemistry was expensive due to its length
aldehyde70 was introduced in the final step. In addition, (nine stages) and the high material costs. Therefore, a more
improved yields of the addition reaction betweghand78 cost-effective synthesis was required. A commercial route
(85%) were achieved using LiTMP. Raw material costs for was designed using Royer'’s ferric chlorigecetyl chloride
route 2 were much lower (£789/kg), and the contribution mediated cyclization g8-nitrostyrenes to 3-chlorooxindoles.
from aldehyde70 was only £294/kg of77. This change of ~ Thus, isochroman 88) was modified® to generate the
synthetic route significantly improved the probability of requiredj-nitrostyrene 89) via a catalytic ZnG¥benzoyl
meeting the cost of goods target. chloride ring opening, Sommelet oxidation, and, finally,

2.4.4.2. Change of Route To Reduce Starting Material
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Scheme 18 Scheme 20
P2 E}oo H
COH i) H,80, z
HCI
@\/ ||) SOCI 02
NO, " HCN NO, NP NHPr, i) LDA, THF
82 ii) BUO,CCH,CH,Br
40%
BH,, THF
coH CO,H
NPr,.HCI NPr, NPr, i) LDA, THF, -65°C H
',L:éaz’ GOCOH KOEL CO,Bu i) MeOCH,CH,0CH,CI CO,Bu
o 83%
y iy Pd / C No, (EtOCO), NO, 93 MeO 94
87 86 85
Scheme 19 50
i) PhCOCl, ZnCl, OCOPh OCOPh Meo\_\
o T)yHMTA NO, o— H
i) Hydrolysis | Cl &
iv) ‘CH,NO, FeCl, BuO,C CO,H
F— . —_— o]
55% ':;3 N 9%
88 89 9 ‘ \
OH NPr,.HCI
i) HO* i) TsCI, pyr ? Meo\_\
ij) CTH ) NPT o— H{ )\ #
iii) Hydrolysis iif) HCI o. > \
e R T G SeEas fo!
o N o
54% N 74% N o} 0 coH
91 87 Candoxatril 96
) ) ] ) . Scheme 21
treatment with nitromethane anion using a variant of the H,CO, MeO '
MacDonald procedure (Scheme 19). 3-quinuciidinol, \_g )Tl CHCL,
_ : MeO(CH.).OH ii) Et;N, 90%
The required 3-chlorooxindol@0 was successfully pre- ‘BquC—\ 22 BUC C< - .
pared from89 by the ferric chloride mediated cyclization, 72% z
and this was converted to ropinirol@7 by catalytic transfer 97 98
hydrogenation (CTH), hydrolysis, tosylation, nucleophilic
substitution with dipropylamine, and HCI salt formation.
It was demonstrated that a robust conversion of isochro- MeO— ~_O
man @8) to the nitrostyrened®) could be performed without Q o, M©
isolation of any intermediates, and this, along with modifica- BUO.C - 4 guo,c” XY COH
tion of the final substitution chemistry, allowed the synthesis S\ so.Tol  76% H
of ropinirole 87) in only five stages and 22% overall yield. % H : 100
This route resulted in a 75% cost saving over the original
synthesis and was selected for the commercial manufacture
of ropinirole 87). ggg;glgﬁ};gg—)cvmene)
2.4.4.3. Change of Route from Classical Resolution to MeOH//H,O (3:1), H, / 1) HNCeHy,
a Catalytic Asymmetric Induction. Candoxatril 96) (Scheme
20) is an orally active prodrug of candoxatrilat, a potent atrial MeO
natriuretic factor (ANF) potentiator indicated in the treatment —
of hypertension and congestive heart failure that was O— H
developed by Pfizer. While any new drug needs to demon- BuO,C CO,H HNCH,,
strate significant advantages over existing therapies, in the o

hypertension market, it is also important that new treatments

are economically viable due to the number of cheap, effective (+)-pseudoephedrinéQ) to furnish the chiral glutarat@5
remedies already available. Candoxa®)contains a chiral in 13% vyield over four steps (Scheme 20).

center, and therefore, an efficient synthesis of the single The new route (Scheme 21) used the inexpensive starting
enantiomer was required. The first development route materialtert-butyl acrylate 97) in a Baylis—Hillman reaction
employed a classical resolut@mof racemic glutarat®4 with to install the methoxyethyl side chain and give acryl@8e
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in a single step. An iodosulfonatierdehydroiodination
sequence gave the tosyl acryl&@ which then underwent
an additior-elimination step to give the geometrically pure
alkenel00ready for hydrogenation investigations.

A ruthenium BINAP based catalyst was emplo¥fdd the
hydrogenation to complete the new route to chiral glutarate
95 in 33% overall yield, an increase of 2.5-fold over the
medicinal chemistry route. An analysis of the relative costs
of the two routes showed that the asymmetric hydrogenation
route was approximately three times cheaper than the
resolution route. This brought the cost of APl below the
percentage CoG target.

2.5. Control Issues

To conduct clinical trials in the USA, it is necessary to
manufacture API according to FDA published guideliies
and in compliance with ICH guidelin&5Q3, Q6, and Q7).
Equivalent guidelines are in place for the Bldnd the rest
of the world. These guidelines serve to protect patient safety
during the clinical trials, and this is achieved through setting
appropriate quality criterfd in the API specification and
through working to cGMP (current Good Manufacturing

Practice). A key challenge for the process chemist is to scale-

up the process reproducibly and without adversely affecting
the quality of the API. Control of API quality is achieved
through control of chemical and physical parameters in the
process.

2.5.1. Potential Control Issues and Their Significance

Butters et al.

copoeia to a limit of<0.1%. The acceptance criterion for
each impurity will depend on several factors, including the
nature of the impurity (e.g. solvent, inorganic, process
related), its toxicological qualification status, the dose of the
drug, and whether the medicine is destined for human or
animal use. Guidance on setting acceptable limits for
impurities in the API specification can be found in ICH
(human health) and VICH (animal health) guidelines, which
are available on the ICH and VICH Web sites, respectively.
As an example, the following guidelin@s’® currently apply

to impurity levels for a human medicine dosed<ét g/day:

(1) Impurities below 0.05% do not need to be reported
(reporting threshold). (2) Impurities above 0.05% but below
0.10% must be reported but do not need to be identified. (3)
If an impurity exceeds 0.10%, then it must be structurally
identified (identification threshold). This is typically the
unspecified limit for impurities. (4) If an impurity is present
between 0.10 and 0.15%, no toxicological qualification is
required, provided that the impurity does not contain
structural alerts for high toxicity (e.g. an alkylating agent).
(5) If an impurity is present above 0.15%, then toxicological
qualification is required (qualification threshold).

When process related impurities have the same structure
as an APl metabolite, qualified levels can be justified on
the basis of human exposure data. Heavy metals are typically
limited”®~">to below 10 ppm in API. In the case of a known
genotoxic compound, the chemist is challenged to find
alternative chemistry that avoids generation of this impurity
or, if this is not possible, designs the process so that the
genotoxic compound is introduced at the earliest possible

When assessing a synthetic route for control issues, thegien and is stringently controlled. If any of the raw materials

process chemist should identify the following: (1) nonselec-
tive reactions (chemo-, regio-, and stereo-) and other side
reactions that are likely to generate process related impurities
(2) the chemical stability and physical properties of each
intermediate and reagent (in particular, labile functional
groups and chiral centers, stability toward heat, moisture,
and oxygen, hygroscopicity, viscosity and crystallinity), and
(3) the number and efficiency of potential purification points
in the route.

Quality control points are usually isolated intermediates
that have specification requirements to limit the level of the
impurities that may be present. Effective purification at these
points helps to ensure the quality of the final API. Perhaps
the most important control point in any route is the isolation
of the API, where the physical properties of the compound
have a significant influence on chemical purity and ease of
formulation. However, this specific area is beyond the scope
of this article.

During registration of a new drug with a regulatory
authority, a specification must be set for the API that defines
what the “acceptable quality” is. Included in the specification
are the acceptable levels for each impurity. Impufigl
(Figure 14) for example, is specified in generic dichlofenac
sodiunf” (102 and is controlled by U.K. and U.S. pharma-

CO,Na

NH
CI\©/X
101=Br, 102=CI

Figure 14. Structure of dichlofenac sodiuni@2) and its impurity
101

or reagents in a synthetic route are derived from animal
sources (e.g. amino acids, enzymes, proteins), then consid-

'eration must be given to the likely presence of transmissible

spongiform encephalopathy (TSE) agents. Typically, certi-
fication is sought from the suppliers to either state that the
source of the material is nonmammalian or that the manu-
facturing safeguards put in place minimize the risk of TSE
agents being present.

2.5.2. Prediction and Assessment of Control Issues

In reality, a manufacturing process consisting of com-
pletely selective reactions is not always possible when
preparing complex drug molecules. In addition, the time
scales involved in conducting pilot scale reactions often
reveal vulnerabilities in a laboratory scale process. This is
particularly evident when a key intermediate has limited
solution stability.

After conducting a desk screening exercise to identify
potentially labile functionalities, stability screening of isolated
intermediates and components of the process should be
carried out. Subjecting parts of the process to extended
reaction times and stressing other parameters (e.g. excess
acid, heat, or moisture) can expose potential control issues.
A similar exercise needs to be undertaken for solid-state
stability of intermediates and, particularly, the API. This can
be done using a number of techniques (e.g., dynamic vapor
sorption, thermogravimetric analysis, and ICH stability tests).

2.5.3. Options To Manage Control Issues

Nonselective reactions (chemo-, regio-, and stereo-) can
be managed in a number of ways, and the most helpful
approach is to gain a detailed understanding of the reaction
mechanism and to screen alternative catalysts and conditions
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from the literature. In addition, it can be attractive to use a crystallization process may be achieved by identifying the
engineering technologies such as continuous flow reactorskey parameter ranges based on a design of experiments
to improve selectivity? First principles modeling can also  (DoE) data set. Progress of the process is monitored using
be helpful where the key process factors are known and aPAT to understand the prevailing crystallization mechanism
screening exercise is not necess@rn addition, statistical and control phenomena such as polymorpHis#.
design of experiments (DoE) can be used to map process PAT can be extended to incorporate feedback loops linking
output as a function of the parameter range and to identify the on-line measurement of a critical quality factor to reactor
a robust area away from the edge of process fafititeA control software, thus shifting the emphasis away from fixed
number of analytical tools are available that allow the process processes to ensure the delivery of API that consistently
development chemist to gain the understanding that underpinameets specification. This was implemented, for example in
process control. Process analytical technology (PAT) is useda 1 L reactor, where a Lasentec FBRMnstrument and
for real-time monitoring of reactions and reactive intermedi- HEL®® control software were linked during a cooling
ates. A typical PAT toolbox for a process development crystallization?? A lower limit for the mean chord size (a
chemist may include on-line mid-IR, NIR, and/or Raman measure of particle size) was specified, and the control
spectroscopy; a Lasentec focused beam reflectance measuredgorithm adjusted the cooling rate at regular intervals to
ment (FBRM) instrument; and at line HPLC or GC(-MS). ensure that the target was met.
These techniqués® can also provide, on a laboratory or 2.5.3.1. Process Madification To Accommodate a New,
plant scale, information about reaction mechanisms, including More Stable Polymorph. Sampatrilat {05) is a dual ACE/
competing mechanisms giving rise to unwanted products. NEP inhibitor developed by Pfizer to potentiate atrial
Intermediates with poor chemical and/or physical stability natriuretic factor in animals and man. During the develop-
can be very problematic and are best avoided if possible. ment of this candidate, an interesting example of introducing
When an intermediate is not sufficiently stable for isolation, crystalline intermediates as control points was discov&red.
it can be attractive to telescope the process through to theThe medicinal chemistry route included hydrogenolysis of
next step. the CBz group ofL04 followed by isolation of the API as
Difficulties in controlling levels of impurities in an APl an amorphous freeze-dried solid (Scheme 22).
can be overcome through a variety of approaches. To prepare
API reproducibly to an acceptable high quality, it is often Scheme 22

advantageous to establish a series of crystalline intermediates NHSO Me

that can be readily purified. Derivatives such as salt forms CBANH

or esters are a good way of achieving this. Alternative

methods include distillation, polymer bound scavenging

agents, and adsorbents. Recent advances in simulated moving

bed (SMB) chromatography now mean that even chromato- 104 O COH

graphic purification is possible on a production scale, as

demonstrated with Pfizer’s sertraline process with the separa- NaOH (2eq), Pd/C, H, (60 psi),
tion of the racemic tetralone intermedidt@3 (Figure 15)2° ‘ 21-29°C, then HCl(aq) to pH = 4.

(0]

s Y

O COH
Cl

103 Sampatrilat 105
Figure 15. Tetralone intermedial®3 for setraline.

NHSO Me

It was discovered that the API could be isolated as a

One strategy currently promoted by regulatory authorities, crystalline hydrate from aqueous methanol. This purified
which addresses impurity control, is “quality by design”. hydrate could then be dehydrated in acetone to give an
Rather than developing a process that wholly relies on anhydrous polymorph, which melted at 185 (designated
removal of impurities by, for example, recrystallization, it P185). While this procedure was successful for the prepara-
is better to identify the cause of the impurity in the first place. tion of early toxicological and clinical supplies, a routine
The origin of each specified impurity should be identified, purification rework on a 25 L scale revealed a new
and if it is a process related impurity, the step in which itis polymorph, which set solid in the flask. The new form melted
generated is considered to be a key control point for this at 256°C, which was over 70C higher than the melting
impurity. The next stage is to identify the parameter or point of the previous anhydrous form; this meant that the
parameters that lead to the generation of the impurity and new form (P256) was significantly more stable. The inter-
set tight controls, thereby minimizing the level that is formed conversion diagrams before and after the discovery of P256
and, thus, reducing reliance on final step purification. are shown in Figures 16 and 17.

Crystallization is another area where process control issues Although it was still possible to make the P185 form via
can arise and use of PAT can be helgfukspecially in freeze-drying P256 and reslurrying in 1-propanol or aceto-
relation to downstream processing. Particles can be engi-nitrile, no method could be found to prepare the hydrate
neered to a desired size that allows acceptable separationagain. As a result of this, the old process could not be used
drying, and formulation properties (predictive techniques are to make sampatrilatlQ5) as the P256 form was so insoluble
available for filtration scale-ugy. A particle size target for  that it crystallized out onto the hydrogenation catalyst. The
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Polymorph Interconversion Before the Discovery Scheme 23
of the New Polymorph.

acetone : water granulation O NMe
Anhydrous N
Hydrate P185 N
(@)

aqueous methanol recryst.

(o]
Acetone or IPA 106
Granulation
Freeze fe?cx:t? i NH, o)
Dry 4-chlorobutyryl chloride N
Freeze
Dry
Br
Br
Amorphous 107 108
Figure 16. Polymorph interconversion prior to P256 discovery.
Polymorph Interconversion After the Discovery (HO)ZBOCOZH NCOZH
of the New Polymorph. 109
Anhydrous o
Hydrate P185 110
i) Pd(PPh,),, Na,CO, DME:H,0
orataion o ii) EtOH recryst ~ 64%

Froore aq. MeOH recryst, CH,CN or H,0 or . - - .

Dry nPrOH wet levels of <4—6 ppm. This Pd/C mediated Suzuki coupling
. reslurry solvent procedure was successfully carried out in the pilot plant to
ey prepare two 6.3 kg batches ©10.

During this plant campaign, a processing problem was
aq. MeOH recrystalisation Anhycrous encoun_tqu _dunng the aC|d|f|c.at|on and |s_olat|on1cm _
Amorphous P56 The acidification produced a thick suspension of very fine
Freeze Dry material that was extremely slow to filter, even using a
Figure 17. Polymorph interconversion after P256 discovery. centrifuge. Using a Lasentec crystallization monitor, a

comparison of the particle size distributions under different

solution to this prob'em was to Carry out the process in Cl’ysta”ization Conditions COU|d be made Th|S ShOWed that
aqueous sodium hydroxide to hydrogenate the sodium saltthe mean chord length of particles obtained under standard
of the starting material, which was soluble under these conditions was 8.2&im and the fines constituted 66% of
conditions. After removal of the catalyst by filtration, a pH the suspension. After investigating a range of conditions, it
adjustment resulted in precipitation of the P256 form, which Was shown that the temperature of acidification was crucial.
could then be collected by filtration. The discovery of the Acidification at 80°C led to particles with a much longer
new form had three advantages: (1) The new form was Mean chord length of 268m, and the percentage of fines
Signiﬁcanﬂy less hygroscopic than P185' a”owing more was S|gn|f|Cant'|y reduced to 34% Subsequent.flltl’.atlons
control over the process. (2) The new form was very proceeded rapidly, and recoveries were still maintained at
insoluble and resulted in a 15% yield increase, thus improv- 91—93%.
ing the throughput of the process. (3) The biological
performance of the new polymorph was unchanged and a
new polymorph patent was granted, giving Pfizer a potential
legal advantage over generic competitors. In changing the synthetic route, it is possible that the API

2.5.3.2. Madification of a Route To Control Palladium will have a different impurity profile requiring repeat
Contamination and Crystalline Particle Size.SB-245570 qualification in toxicology studies. This may be avoided if
(106) was developed by GSK for the treatment of depres- the new impurities are below 0.15% and there is no
sion?* A key intermediate in its preparation is biphenyl acid anticipated overt toxicology (e.g. genotoxic impurities).
110 which was prepared by a Suzuki coupling between aryl However, if the chemist can assess quality control at the start
bromide 108 (assembled from anilin&07) and 4-carboxy- of development before selecting a synthetic route, this may
phenylboronic acid{09) (Scheme 23). Unfortunately, mate- be avoided. Careful choice of intermediates, process condi-
rial prepared using Pd(PRhcatalyst was contaminated with ~ tions, and solvents can significantly improve success in
residual palladium at levels of 480 ppm, so it was  controlling impurities.
attractive to look for alternative catalysts that reduced the Other examples of changing the synthetic route to achieve
level of palladium contamination ihOG6. control over residual impuriti€sand nonselective reactidiis

It was found that Pd/C could be employed to catalyze this and to introduce crystalline control poifftshave been
Suzuki reaction using modified and optimized Buchecker reported in the literature.
conditions. The inexpensive and readily available Pd/C 2.5.4.1. Change of Route To Avoid an Unstable Chiral
proved ideal for this process, providing a palladium source Intermediate. Homochiral pyridine diol 115 is a key
supported on charcoal and easily removed by filtration. Crude intermediate in the bulk manufacture of an AstraZeneca drug
product was isolated by acidification to effect crystallization candidaté’ The medicinal chemistry route (Scheme 24) to
and further purified by slurrying at reflux in ethanol (or IMS), this intermediate involved acetonide protection and periodate
giving 110in a yield of 96-93% with residual palladium  oxidation of gluconolacton&11 to generate 2,8-isopro-

2.5.4. Designing a New Route with Adequate Control
Measures
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pylidenet-glyceraldehydel12). While it might be possible
to find more economic routes to aldehyti?, the stability
of this aldehyde is variable and presents a significant concern
for commercial manufacturing. Several reports in the litera-
ture site difficulties with epimerization, although work on
the p-isomer suggests these reports may be erron®ous.
Extensive polymerization af12 occurs within a few days;
exclusion of moisture and air retards this polymerization to
a rate of 10% per week. The option of learning how to
manage the stability issues withl2 was considered.
However, given the high cost of gluconolactone, it would
still be necessary to evaluate new routes at some point in
development. It was therefore attractive to design an alterna-
tive route t0115 using a stable intermediate in which the
chiral center could be controlled without loss of optical
purity. Asymmetric reduction of keton&l9 gave diol115
in high yield and enantiomeric excess. A Heck reaction of
3-bromopyridine {16) with 3-butene-1,2-diol17) provided
a simple route td 19whereby the dehydropalladation b8
favored the enol product.

2.5.4.2. Change of Route To Control Olefin Geometry.
Idoxifene @) (Scheme 25), a selective estrogen receptor
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Scheme 25
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modulator (see section 2.1.3) developed by GSK, contains
a tetrasubstituted double boPfdThe initial supply route to
this compound involved preparation of the alcoh®lwhich
was dehydrated under acidic conditions to give the desired
E-olefin 120as a mixture o&/Z isomers (70:30). The olefin
mixture was then taken forward to idoxifeBdy substitution
with pyrrolidine and purification by crystallization. This gave
a 35% vyield from11 (Scheme 25) and a 24% overall yield.
The lack of selectivity with respect to the alkene geometry
meant that a new long-term route was required. It was noted
that much of the stereochemical information was lost in the
acid-catalyzed dehydration reaction, and it was believed that
an improvedE/Z ratio could be obtained using a concerted
Scheme 26
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synelimination of a diastereomerically enriched substrate. Scheme 28
The preparation of alcohdl23was therefore developed via ¥O
a Felkin—Anh controlled Grignard addition tb21 (Scheme ﬁ,’O\N Nl N
26). This alcohol was converted to the pivalate edi24, N7 B(OH), 1
which was in turn converted to idoxifen8)( via a selective [Pd(PPh.),]
synelimination by refluxing with HMDS in 1,2,4-trimethyl- + —_— O
benzene. This methodology gave excellent control and a Me
considerably improvedE/Z olefin ratio of 93:7. It also Br COH O
overcame the safety issues described in section 2.1.3. This
allowed formation of9 in a 70% yield from121 and an 125 109
overall 66% yield and was subsequently selected as the route
of manufacture.

2.5.4.3. Route Change To Reduce Palladium Contami-
nation by Step Reordering.The initial medicinal chemistry
synthesis of GR127933.27) a 5HT,p antagonist in develop-
ment with GSK, involved a Pd(PBh mediated cross- (\NMe
coupling reaction between the boronic atband bromo- H N\©:N\)
OMe

128
CO,H

i) (COCl),,
EtOAc

oxadiazolel25 in the final step. This led to unacceptable ’
palladium contamination of the produt®7 (Scheme 27). 129
Unlike the example in section 2.5.3.2, changing the source

of palladium or recrystallization df27 was not effective in

reducing the level of contamination.

oN O O 0O NMe
Scheme 27 ):'\?_“—(N N
N o NMe Hﬁ
Q” \>—er (H0)23~®—4 N OMe
2 S X

OMe 127

i) MeOH, recryst

125 126
time—linked to reaction time, number of solvent replace-
ments, extraction time, crystallization, filtration and drying
[Pd(PPhy),]  o-N O O P (\NMG time, and cleaning difficulties, (4) limiting concentrations
—_— /EN N N\) of the various stages, (5) number of unit operatielirsked
Hﬁom to the number of chemical steps and convergency, (6) use
127 e of specialist equipment and techniques (e.g., chromatography
or microwave reactors), (7) use of high molecular weight
To minimize palladium contamination, a new route was Pprotecting groups or salt forms that unnecessarily increase
developed in which the cross-coupling reaction was moved the size of the campaign, and (8) poor availability of raw
to an earlier point in the sequence. This not only avoided materials (e.g. natural productsy.
the preparation of complex boronic acl®6 in favor of ;g 5 pradiction and Assessment of Throughput Issues
commercially availabl&09, but it also allowed the final stage o . )
to be changed to a simple amide formation. Thus, introduc- _ 1hroughput is likely to be an issue when the estimated
tion of an additional isolation and purification point after time of manufacture and delivery date is unacceptable. The
the palladium cross-coupling reaction led to the desired principal technical factors affecting throughput for batch

reduction of palladium levels in the final produd27 manufacture on a commercial scale are the volume limiting

(Scheme 28). operation and the time limiting operation (or cycle time).
The chemical process defines the solubility of a species in

2.6. Throughput Issues the process solvent and, therefore, the mass of material that

i _ can be generated per liter of plant volume. The chemical

_ The throughput of a process defines the amount of material process also defines the minimum time required for a unit
(in grams, kilograms, or tons) that can be manufactured in gperation to achieve specification (i.e. reaction conversion,
unit time. Throughput issues may not be identified until late jmpurity level, particle size distribution). The cycle time for
in development, potentially only upon transfer to manufac- g patch chemical manufacture or the elapsed time between
turing. However, consideration of throughput issues earlier consecutive batches being discharged may be equivalent to
than transfer to manufacturing can benefit process chemistspr greater than the process time and defines the mass
in several ways, including delivery time and plant avail- produced per hour of plant time.
ability. A recent survey of processes (using first cGMP batches)
in AstraZeneca established a clear relationship between
number of synthetic steps and the amount of API that can

Much of the literature on batch process design and be manufactured in a unit time. A simple model has been
operatiof®®192 focuses on plant related aspects of through- devised (eq 2) which supports these data. The model is based
put; rarely are the process constraints considered. Keyupon calculating the number of batches required to meet the
variables that influence the throughput of a process include demands of the project and makes use of process and plant
(1) chemical yield, (2) the capacity, number, and types of information. The variables considered are as follows: (1)
processing vessels as well as their availability, (3) cycle chemical yield,Y (%); (2) molecular weightM,: (g/mol);

2.6.1. Potential Throughput Issues and Their Significance
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Effect of Sequence Length on Throughput 1. Chemical yield can often be improved through a deeper
understanding of kinetics and mechanism. Screening of
o 16 alternative solvents, reagents, and catalysts is also an
§ 1.4 + RealData — Prediction important apprqach to yield improvement. _
Z 12 . | 2. The capacity, number, and types of processing vessels
{? 1 as well as their availability is a limiting factor, and sometimes
H 0.8 it might be attractive to transfer the campaign to an
3 g'i alternative plant.
2 o2 3. In general, reducing the number or the length of the
0 - - most time-consuming unit operations will improve through-
0 5 10 15 20 put (e.g. reaction time, number of solvent replacements,
Number of Steps extraction time, crystallization, filtration and drying time,

and cleaning activities). A popular approach is to “telescope”

Figure 18. Effect of sequence length on throughput. two or more reactions and thereby avoid extended isolation

(3) bottleneck operational volum¥, (L); (4) plant volume, and drying operations.

Ve (L); (5) plant availability,Ae; (6) process cycle timel, 4. Poor solubility (limiting concentration) is a common
(wks); (7) productivity P (equivalent toAs/T;) (batches per  issue that impacts throughput. This can be difficult to
week). overcome, and it may be necessary to change solvent systems

These variables can be used via eq 2, wireeguals the  or make soluble derivatives of either the starting material or
number of isolated steps, to calculate the number of batchesproduct.

Ng, required for a defined material requiremeRti.e. R at 5. Some specialist techniques can be very time-consuming
n=nis the amount of APl required, arilatn = 1isthe  or limiting on throughput due to equipment availability (e.g.
amount of the first stage isolated intermediate). chromatography). Often this is difficult to avoid, although
M v it can be improved by using continuous processing tech-
N, = Zn (M)_” ) niques.
® ' MutnYn /Ven 6. High molecular weight protecting groups or salt forms

can unnecessarily increase the size of a campaign, so lower
molecular weight alternatives should be considered.
7. Thorough investigation of raw material suppliers and
N lead times allows the development of an efficient sourcing
T,= ) + misc 3 strategy.
where“misc’refers to any time required for additional activi- 2.6.4. Designing a New Route with High Throughput

ties such as interstage cleaning. The model can be configured 2.6.4.1. Route Change To Avoid Preparative HPLC.
to allow appropriate selection of plant capacity depending Omeprazol®* (131) (a racemic mixture, Scheme 29) is a
on the amount of material required. Figure 18 shows the proton pump inhibitor (PPI1) used in the treatment of gastric
model predictions for how the amount of API produced reflux disease. In 1999, omeprazole (Losec) was the largest
divided by the total time required to manufacture varies with selling drug in the pharmaceutical industry with annual sales
the number of steps in a linear synthesis. Note that API is of approximately 6 billion USD. Esomeprazol&36) is the
not usually manufactured using a continuous process andS-enantiomer of omeprazold 1) and is marketed under
the use of “API Output— kg per week” should not be the name Nexium. EsomeprazBfentered development in
confused with the ability to make API on a weekly basis. 1993, and the chemical synthesis involved separation of
These units are employed to reflect the overall rate of diastereoisomer$33 by HPLC (Scheme 29).
manufacture for a multistep process making several kilo-  The first development campaign for esomeprazole con-
grams of API taking a number of weeks to reach completion. verted 40 kg of omeprazold81) to supply only 500 g of
For the example in Figure 18, a constant yield, bottleneck pure enantiomet35. It took 6 weeks to perform the first 3
operational volume, and productivity have been assumed.steps on a 250500 L pilot scale, providing 5.5 kg of
While there are obvious limitations to this simple model, unresolved mandeloyl-derivatik83 Moreover, 430 injec-
the time saving benefit of using shorter or more convergent tions on a 15 cmx 100 cm HPLC column were necessary
routes is evident. The graph shows that while the number of to separate the diastereomers, taking at least 1 week with
steps decreases in a linear fashion, the throughput increasegontinuous operation. After processing the column fractions
exponentially; that is, a new route with half the number of and cleaving the mandelate auxiliary 184, crystallization
steps takes less than half the time to complete. By referringgave 500 g of esomeprazol&35) as the sodium salt. The
to this model, it is possible to generate a crude prediction of next supply requirement was 5 kg of bulk esomeprazole.
manufacturing times for a paper route and an establishedgxtrapolation of the HPLC method would require 60 000 L
route, and in many cases, it will be quicker to discover, of eluent to support such a campaign with an unacceptable
develop andscale-up a new route if it is significantly shorter campaign time. This serious throughput issue triggered a
than the existing route. This type of analysis can be helpful research program to identify an enantioselective synthesis
in planning the strategy fo.r process research and developmento support development of the product.
ahead of candidate nomination. In principle, the most attractive approach to the homochiral
. sulfoxide135would involve catalytic asymmetric oxidation
2.6.3. Options To Manage Throughput Issues of the sulfide precursof30. Applying Kagan conditions
Options to improve the various elements of throughput unfortunately gave a near racemic mixture of isomers. An
are summarized as follows: enantioselective process (Scheme 30) was disco\éreiaen

The length of the manufacturing campaidh,, is then
calculated using eq 3
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Scheme 29.(Reproduced with permission from ref 106.
Copyright 2004 Wiley-VCH Verlag GmbH & Co. KG.)
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92% conversion,

>94% e.e.
the catalyst system was modified using diisopropy! ethyl-
amine (Hunig's base), giving esomeprazol@35) in 94%
ee and 92% conversion. This new route 1185 offers a
significant improvement in throughput, and application of

Butters et al.
Table 4.
manufacture o35
route steps from130 (5 kg in plant)
medicinal route 6 14 weeks
new route 1 2 weeks

enters the growth phase of commercial sales, it becomes more
likely that plant volume will limit the throughput of the
process and threaten the supply chain. While recycling of
the R-enantiomer6 reduces the raw material costs, it also
“ties up” additional plant volume and so improvements to
throughput are limited.

In the final stage of development, an asymmetric hydro-
genation of the unsaturated intermedia®6 was investi-
gated. It was found that using 0.05 mol % of Rh(CGEH,
precatalyst and a Josiphos ligand, L*, affords the desired
enantiomerl37in an 85% yield with 99.7%5 stereochem-
istry (Scheme 31).

Scheme 31

~  0.05% Rh(COD),BF, /L,
4 atm.H,, 45°C

85%

/
N
L
N—,
H
CO,Me

P(Bu), 137

Fe P(iPr),

This new route significantly improved throughput by
dramatically reducing the required processing time to deliver
the same amount of material. It also improved the overall
yield (increasing it to 34%) and the CoG (removing resin
bound enzyme Novozym 435 priced at £500/kg).

2.6.4.3. Route Change To Utilize Commercially Avail-
able Bulk Starting Materials. The availability of starting
materials clearly has an impact on the potential throughput
of a process and can be a major factor requiring the
identification of a new route. This was the case in the
developmenif? of the water-soluble prodrug fosfluconazole
(147). The first route to this compound (Scheme 32) involved

Scheme 32
N )Y
4_\\N (BnO),PNPr, N ’:)
N
OH 138 N
Y
\> _ =N
F \QN 1H-tetrazole
CH,CI,
F
F
139 R = P(OBn),
1 m-CICH,COH [

140 R = PO(OBn), 87%
H,, Pd/C, MeOH
: L. 141 R = POH, 65%

the throughput model (see above) predicts the differencesreaction of fluconazolel] with phosphoramidité38to yield

in campaign time shown in Table 4.

2.6.4.2. Avoiding a “Recyclé Bottleneck through Use
of an Asymmetric Hydrogenation. The commercial route
chosen for the primary manufacture of lotrafibd2)((route

the corresponding phosphii89. Carrying out oxidation to
the phosphatd40 and removal of the benzyl groups by
hydrogenolysis then completed the synthesid 4L

While this route was acceptable for providing early bulk

C, see section 2.2.4.3) involved a cost-effective recycle/ for the program, the dibenzyl diisopropylphosphoramidite

epimerization of unwantel-enantiome#r6.4344As a product

138 was only available in limited quantities from catalog
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suppliers. Attempts to source this material from custom the design of an improved synthetic route. Early assessment
manufacturers were hampered by the instability of the of process issues will enable the process chemist to make a
material toward moisture and difficulties in purification of confident decision to embark on a search for alternative
this high-boiling liquid on kilo scale. As a result, a new route routes. Early implementation of the best route will improve
was identified (Scheme 33) in which the dibenzyl phosphate delivery times and avoid wasting effort on a route with no
moiety of 140 was installed by sequential reaction of long-term future.

fluconazole 1) with phosphorus trichloride, benzyl alcohol,

and then hydrogen peroxide. All of these reagents are 5. Acknowledgments
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