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ABSTRACT: As pharmaceutical API projects advance from Development to Chemical Production, the primary objective of the
Process Research and Development (R&D) chemists is a smooth transfer of a well-developed, safe, scalable, robust, and
economical chemical process to their customers in Chemical Production. Since the definition of a Good Chemical Manufacturing
Process differs widely amongst different departments and companies, we herein summarize eight useful process evaluation criteria,
and then demonstrate our deployment according to the guiding principle “if it can be measured, then it can also be managed”,
with the aim to offer chemists a helpful toolbox to effectively compare competing API synthesis routes.

1. INTRODUCTION

Despite commonly considered recession-proof, large pharma-
ceutical companies have been adversely affected by the recent
global slowdown. A launch of a new drug of an innovative
active pharmaceutical ingredient (API) requires considerable
investments. Global Research and Development (R&D)
expenditures of research-based pharmaceutical companies
have dramatically risen 10-fold over 25 years, from $4.1 billion
in 1985 to $45.8 billion in 2009, and now constitute ∼16% of
total sales.1a At Boehringer Ingelheim, pharma R&D spend
accounted for $2.9 billion in 2009 and is projected to reach $3.2
billion by 2016, which represents ∼22% of prescription
medicine sales. The historical average pharmaceutical R&D
spend per FDA submission of new molecular entities (NMEs),2

which was discussed in detail by DiMasi and Paul,3 has
gradually increased from $0.3 billion in 1995 to $1.3 billion in
2009, while the number of annual pharmaceutical new
molecular entity (NME) submissions have decreased,1b as is
illustrated in Figure 1.
On top of the unfavorable divergence of pharma R&D spend

and NME submissions, manufacturing costs have risen by
∼20% over the past 10 years.4 Consequently, in order to
remain competitive and thrive, pharma companies are aiming to
reduce manufacturing costs through innovative approaches
related to cost structures and workflows in Process R&D and
Chemical Production. In this context, strategic and tactical
outsourcing has been utilized to leverage internal and external
capacities, while improving overall efficiencies and economics
by externally procuring key raw materials, intermediates, and
even the final APIs. Furthermore, deliberate incorporation of
niche suppliers utilizing specialized technologies such as
biocatalysis, flow chemistry, and pressure reactions can lead
to environmental and economic advantages.5

For Chemical Manufacturing, the pharmaceutical industry
has been moving away from its traditional model, which is to
retain spare capacity and inventory in order to ensure that
timelines of new orders are never missed. Organizations must
now be able to produce products and documentation that are
“right the first time” and delivered on time with leaner

workforces.6 This requires that manufacturing facilities have the
solutions they need to enable continuous process under-
standing and improvement. Additional activities include
improving the efficiency of knowledge transfer between a
company’s R&D and manufacturing units, with an increasing
focus on process analytical technologies (PAT), quality by
design (QbD) initiatives,7 and driving a culture of design for
manufacturability (DFM)8 into API development workflows.
Greater flexibility for process design and development typically
resides within Process R&D, and companies are aiming to
accelerate API development by designing more robust, viable,
and cost-effective manufacturing processes in early develop-
ment with the goal to transfer these to manufacturing
operations effectively and efficiently with minimal changes.
Due to the high project attrition rate in early development,
however, these optimization efforts are typically balanced in
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Figure 1. Divergence of Pharma R&D spend and NME submissions.
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order to avoid unnecessary ‘frontloading’. In order to achieve
this goal, it is important that Process R&D chemists have a
culture and awareness of the underlying principles of a “Good
Chemical Manufacturing Process”, eight of which are explained
in detail below.

2. CHEMICAL SYNTHESIS EVOLUTION DURING API
DEVELOPMENT

A New Chemical Entity (NCE) is first synthesized by
Medicinal Chemists in the Discovery division. The initial
scale-up synthetic route is designed to provide the NCE rapidly
in small quantities to support initial toxicological evaluations
and typically does not represent the most efficient route to the
NCE. Consequently, a Medicinal Chemistry route cannot be
scaled up to kilogram quantities without modifications.
However, comparing a Medicinal Chemistry route of synthesis
with a commercial process is not meaningful because different
goals are driving the route selection decisions.
After an NCE meets predefined biological and physicochem-

ical criteria, the compound is selected for continued develop-
ment, and the project is transferred to Chemical Development

(Process R&D) for kilogram-scale synthesis, where speed,
safety, quality control, and economics become important
parameters. At this point, several disciplines, including Process
Chemistry, Analytical Chemistry, Technical Outsourcing,
Process Engineering, and Safety, Regulatory Compliance, and
scale-up groups such as Kilolab and Pilot Plant are essential for
the design and development of an economical and scalable
route. The API development and supply chain at Boehringer
Ingelheim consists of three major chemistry units: Chemical
Development, Process Development, and Chemical Production
(Figure 2). The aim of Process R&D chemists in Chemical
Development is to secure the first supplies of API for
toxicological studies, pharmaceutical purposes, and the initial
clinical supplies, while defining a route of synthesis that is
scalable, safe, robust, and economical and that guarantees the
freedom to operate (FTO). During late phase I or early phase
II, the project transfers from Chemical Development to Process
Development, which evaluates the scalability and further
optimizes the transferred process, or even develops a new
process if required, and then validates and transfers the process
to Chemical Production during phase III. Chemical Production

Figure 2. Typical drug substance development activity interfaces of the chemistry divisions. SoPD = start of preclinical development; SoD = start of
development; LO = lead optimization; PAI = pre-approval inspection.

Figure 3. The two pillars of API product cost.
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supports large-scale manufacturing activities, conducts transfer
batches in order to demonstrate the optimized chemical
procedure from Process Development, runs primary stability
batches for drug substance, performs validation batches, and
provides market supplies after product launch.
Due to the handovers between the involved chemistry units,

a complex picture in terms of route design and selection arises.
Comparing different routes of synthesis is challenging due to
the diverse viewpoints and different business drivers of the
three chemistry units. In addition, elegance and efficiency in
terms of molecular design are difficult to reduce to objective
and measurable figures. However, it is understood that the
quality of a manufacturing process will ultimately be measured by
its financial impact on the business, i.e. the total production
cost of the API. Manufacturing of an API typically involves a
multistep chemical synthesis (10−15 steps or chemical
transformations) utilizing external and internal multipurpose
plants. The total API product cost comprises two major
portions, the material cost and the conversion cost (including
waste disposal; see eq 1 (the two components of API product
cost) and Figure 3).

= +API product cost material cost conversion cost (1)

While the material cost constitutes a single category
representing the expenses of all procured chemicals including
raw materials and outsourced intermediates, the conversion
cost is subcategorized into several readily quantifiable process
efficiency and reproducibility criteria. The subsequent sections
describe a scorecard matrix consisting of the eight key criteria
that have been utilized at Boehringer Ingelheim to evaluate the
relative quality of chemical manufacturing processes. The
criteria presented herein are not suggested for application to
processes in all stages of the Development cycle, but as a
helpful optional tool to stimulate discussions about quality of
the current process as well as to identify areas for further
process improvements. These criteria have been designed to
assess the economics and operability of a chemical process.9 To
evaluate a chemical process, one must take a holistic approach as no
single parameter is suf f icient to describe the quality of a process.
For example, the evaluation of process economics must include
considerations for annual API requirements, as the economics
for a low-volume API is substantially different from that for an
API required in multiton amounts.
While other key aspects of process development such as

quality control of product, timelines, comprehensive reaction
safety studies [including environmental, health, and safety
(EHS) aspects], intellectual property (IP) protection, and
regulatory compliance must also be thoroughly evaluated for
each project, they are outside the scope of this article.
The eight criteria discussed herein fall into three categories,

namely the material cost factors (criterion 1), conversion cost
factors, separated into process efficiency factors (criteria 2−5)
and process reproducibility factors (criteria 6−7), and the
modified ecoscale (criterion 8)

3. MATERIAL COST FACTORS (CRITERION 1)
Criterion 1: Material Cost. The material cost is calculated

from the cost of all externally procured raw materials,
intermediates, reagents, solvents, and catalysts and is highly
scale dependent. While conversion cost factors such as atom
economy and yield constitute an integral part of the material
costs and are continuously optimized by the external suppliers,
they do not require consideration in this section as they are

reflected in the material cost itself. The selection of an
economical raw material strategy is critical for synthetic route
design, and Process R&D programs at Boehringer Ingelheim
are guided by the economical material cost analysis of potential
routes. When a new synthetic route is proposed by the process
R&D chemists, a cost analysis is carried out in consideration of
a long-term outsourcing strategy, to estimate the potential cost
savings compared to the existing route. The cost analysis will
also identify the cost drivers, or top cost materials, for a
particular route and aid the chemists to focus their efforts on
optimizing the synthetic cost drivers.
The material costs depend on the availability of raw

materials, the level of outsourcing for intermediates, and the
required quantities. API structure-forming materials can be
divided into three categories: (1) Intermediate: the chemical
compound is proprietary to Boehringer Ingelheim and is
produced according to an internal technology package
consisting of a chemical procedure and analytical specifications
by selected custom manufacturing companies. In the early
development phases the unit cost for such custom-made
intermediates is normally high. (2) Raw material: the chemical
is readily available from several commercial suppliers on 10−
1000 kg scale and the specifications and method of synthesis
may be adapted to those of the suppliers. In general, these raw
materials are more economical than the custom-synthesized
intermediates. In cases where the raw materials are utilized in
the regulated (or current good manufacturing practice, cGMP)
segment of the API synthesis, close attention must be given to
the QA-EHS qualification process of the raw material
suppliers.10 (3) Commodity chemical: this is the best case in
terms of economics. One example is dimethyl carbonate which
has an annual manufacturing volume of more than 100,000 tons
produced by a variety of established industrial suppliers. As in
the case of raw materials, issues could arise for regulated steps
in terms of cGMP requirements since it is unlikely that
commodity suppliers, due to cost pressures associated with low
margin commodities, will incorporate the cGMP expectations
of pharmaceutical companies.

4. CONVERSION COST FACTORS (CRITERIA 2−7)
The conversion cost in a production facility is derived from
time- and equipment-related costs for utilities, depreciation,
maintenance, labor, and overhead and waste disposal.11 Due to
the fact that several different API projects typically compete for
available capacity, any time lost for one project will also delay
other projects, therefore causing a negative financial impact on
the business. VTO, QSL, and PEI (as defined in subsequent
sections) are three parameters that Boehringer Ingelheim
routinely uses to measure the effectiveness of equipment and
manpower utilization in production.

4.1. Process Efficiency Factors (Criteria 2−5). Criterion
2: Atom Economy (AE). Atom economy12 (AE) is defined as a
measure of how many atoms of the starting/raw materials are
utilized in the final product, and is calculated as the quotient of
the molecular weight (MW) of the product and the sum of the
MWs of the raw materials. This figure reflects the theoretical
efficiency of the synthetic design. When too many or high-
molecular weight protective groups or auxiliaries are used, the
AE will be lower. Diels−Alder reactions and catalytic
hydrogenations are examples of ideal atom-economical
reactions. The higher the AE, the more productive the chemical
transformation is. The AE is typically defined before the
technology transfer from chemical development to process
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development and is calculated as shown in eq 2, determination
of AE.

=
×

∑
AE

MW(product) 100%
MW(raw materials) (2)

The following example illustrates how AE can be used to
evaluate different synthetic strategies towards the same target
molecule. 2-Phenyl-6-azaindole (8, Scheme 1)13 is a synthetic
building block for a past developmental API project at
Boehringer Ingelheim. This compound was not commercially
available in bulk quantities, and the existing synthesis (Route 1)
required four chemical steps.14 The low AE of the sequence,
which equals 194/(94 + 218 + 254 + 102) = 24%, is due to the
use of the Boc protecting group and the high-MW halogen
atom, iodine. Subsequently, an alternative synthesis of the
target azaindole 8 (route 2) was developed through in-house
Process R&D, in which the readily available 3-amino-4-picoline
(6) was dilithiated with s-BuLi and the resulting dianion 7
condensed with ethyl benzoate to give the target molecule in a
single step.15 The new sequence significantly improved the AE
to 75% [= 194/(108 + 150)] since the protecting group was
avoided and only one mole of ethanol and one mole of water
were expelled from the condensation reaction. This example
illustrates that AE is a helpful criterion to assess the efficiency of
the synthetic route design. While it is difficult to assign a
common aspiration value for AE across different synthetic
targets due to significant variations in their structural
complexities, this value is helpful to compare two competing
routes of the same target. At Boehringer Ingelheim, we typically
aspire to values in the range of 70−90%.
Criterion 3: Yield. The yield, also referred to as chemical

yield and reaction yield, is the amount of product obtained in a
chemical reaction. While AE shows the efficiency of a synthetic
strategy, yields represent the actual productivity of the steps.
The actual percentage yield, which measures the effectiveness
of a synthetic step, is calculated by dividing the amount of the
obtained product [g or mol], corrected for purity, by the
theoretical yield [g or mol], multiplied by 100 (% yield = 100 ×
actual yield/theoretical yield). One or more reactants in a
chemical reaction are typically used in excess. The % yield is

calculated on the basis of the amount of the limiting reactant,
corrected for purity. The ideal or theoretical yield of a chemical
reaction would be 100%. According to Vogel,16 yields around
100% are called quantitative; yields about 90% are excellent;
80%, very good; 70%, good; 50%, fair; and yields below about
40% are considered poor. Purification steps such as distillation
or recrystallization always lower the yield, and the reported
yield usually refers to the yield of the final purified product.
More significant than the yield of an individual step is the

overall yield of the synthetic sequence. Theoretically, if every
step has a high yield, the overall chemical yield will also be
good. A strategy that aims to achieve high overall efficiency
(yield) for a multistep chemical synthesis therefore often
attempts to design a convergent synthesis route, which involves
the preparation of several key intermediates for their
combination in late stages of the synthesis. Assuming a
constant yield for each step, the linear sequence A → B → C
→ product gives a lower overall yield than the convergent
sequence (A → B)+(D → E) → product, with the same
number of overall steps (Scheme 2).

When expensive reactants, starting materials, reagents, or
solvents are used, the yield has more impact on the overall cost.
Consequently, one synthetic design consideration is to use
these components as late as possible in the synthesis, in order
to minimize their impact on the overall cost.
Once the route of synthesis has been selected, all steps will

be subjected to systematic and exhaustive optimization with
respect to yield by utilizing tools such as design of experiment
(DOE).17 The objective of the development chemist is to reach

Scheme 1. Two synthetic pathways to 2-phenyl-6-azaindole (8)

Scheme 2. Efficiency of convergent vs linear synthesis
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yields of 80% or above. Yields in the range of 70% and below
are often considered unfavorable in the pharmaceutical
business. The lower the yield, the larger are the number and
relative amounts of side products, which can carry over to
subsequent steps and potentially remain undetected. Since
questions can be raised about the destiny of the unaccounted
materials during regulatory inspections, particular consider-
ations are given to the monitoring and fate of genotoxic
impurities,18 and avoidance of gentoxic impurities has become
an increasingly important synthetic design consideration.
Finally, for low-yielding steps, the cleaning operations can
become complex and more involved.
Criterion 4: Volume−Time−Output (VTO). VTO is defined

as nominal volume of all reactors (m3) multiplied by the hours
per batch, divided by the output per batch in kg (eq 3,
determination of VTO). If the resulting number is <1, the
process for the chemical step is acceptable; if the number is far
above 1, the process needs to be improved. Dryer and
centrifuge operations during product isolation are not
considered for VTO analysis, although these can be the rate-
limiting operations. For a particular process, if long drying
times define the bottleneck of a process, i.e. product isolation
times are greater than reactor processing times, the VTO will
have a reduced impact.

=
×

VTO
nominal volume of all reactors[m ] time per batch[h]

output per step[kg]

3

(3)

The use of VTO is illustrated with the following example. In
a multipurpose plant, a reaction is running in two reactors with
a nominal volume of 3 m3 each. The fill-volume of the two
reactors is 80% in the first reactor and 60% in the second
reactor. The output of product per batch is 250 kg per 24 h,
and centrifugation and drying are also complete within 24 h.
The VTO for this process is 0.58 m3 h/kg as calculated in eq 4,
VTO example.

= + × =VTO
(3 3) 24

250
0.58 m h/kg3

(4)

In this example, even though the reactors were not
completely filled, the nominal volume is used for calculation
(i.e., 3 m3), because the remaining volume in the occupied
reactors cannot be used for another process. If one can improve
the process such that it only requires one reactor, the VTO will
be halved, hence, a 2-fold increase in productivity (VTO = 0.29
m3 h/kg).

The Conversion Cost for a reaction can be derived from the
VTO. Assuming that a typical multipurpose plant with 100 m3

total reactor volume has an annual operating cost of $20M, 330
24-h days of operation, and a capacity utilization of 60%, the
usable capacity in this facility equals 100 × 330 × 24 × 0.6 =
475,200 m3 h. When dividing the annual operating cost by the
usable capacity, one obtains $42/m3 h, representing a cost of
$42 for use of a 1 m3 reactor for one hour. This cost is called
standard operating cost.11 For the above example, the
conversion cost equals 0.58 m3 h/kg × $42/m3 h = $24/kg,
or $24/kg × 250 kg/batch = $6000/batch.19

If the API is a large-volume product, it may be more cost-
effective to have a dedicated production plant. Production costs
in the pilot plant are naturally higher due to smaller batch sizes
and unoptimized workflows, reflecting the fact that the process
is on a learning curve in development.
VTO is also utilized to project the capacity demand for the

company’s planned manufacturing portfolio to support
campaign scheduling and capital investment decisions. For
example, one of the key steps in the synthesis of the former
Boehringer Ingelheim developmental API BILN2061 was the
ruthenium-catalyzed ring-closing metathesis reaction (RCM) to
construct a 15-membered macrocyclic structure (Scheme 3).20

This macrocyclization reaction originally required high dilution
conditions. With a catalytic amount of Grela catalyst 11 at 0.01
mol/L initial diene (9) concentration, the product (12) was
obtained in 82% yield after 48 h reaction and workup time. In
this case, a 6 m3 reactor filled at 80% (i.e., a 5 m3 charge)
furnished only 35 kg product. These reaction conditions led to
a high VTO of 8.2 m3 h/kg for this step alone [VTO = (6 ×
48)/35 m3 h/kg], which is significantly above the internally
acceptable level of 1 m3 h/kg. Considering the large projected
annual demand for this API and the large VTO, a dedicated
plant would have had to be constructed even before phase III
clinical trials, with estimated associated expenses of tens of
millions of dollars.
After extensive and successful process research and develop-

ment, a Boc protected substrate (10) was discovered to be a
more suitable substrate for the RCM reaction. The cyclization
could then be accomplished at a more than 20-fold higher
substrate concentration with 0.05 mol % catalyst loading to
furnish 93% yield of 13 (799 kg from a 6 m3 reactor at 80% fill)
within 1 h.21 The workup and reactor cleaning time could also
be reduced to 12 h. The VTO was therefore reduced from 8.2
to [(6 × (12 + 1))/799] = 0.1 m3 h/kg. In addition, and more
importantly, the new RCM process could be readily
accommodated in existing standard multipurpose reactors,
thus eliminating large corporate infrastructure investments.

Scheme 3. Ruthenium-catalyzed ring-closing metathesis reaction (RCM) towards BILN 2061
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This example demonstrates that VTO can guide optimization
of a chemical process and drive innovation in process
chemistry, and is therefore a useful business planning tool.
Criterion 5: Environmental Factor (E-Factor)/Process Mass

Intensity (PMI). Procedures for the handling of chemical waste
are undergoing significant and continuous changes commensu-
rate with society’s heightened awareness and concern for the
environmental protection. These changes are resulting in ever-
increasing regulations and a corresponding escalation of
incurred costs for waste disposal. Consequently, the cost of
waste disposal has become a significant part of overall
production cost and must be incorporated as an evaluation
criterion for any chemical process.
In an effort to reduce waste and environmental impact

through synthetic route design, the concept of Green
Chemistry was born, and numerous metrics have been
formulated to assess the Green Chemistry improvements and
waste/mass efficiencies of chemical processes.22,23 The most
frequently used metrics are the E-factor and the PMI. The E-
factor calculates the actual amount of generated waste relative
to the amount of desired product isolated, and is defined as
everything but the desired product (eq 5, determination of E-
factor). Inherently, the E-factor takes into account the chemical
yields.24

=
∑ −

=

E
mass of materials in[kg] mass of product out[kg]

mass of product out[kg]
mass of waste[kg]

mass of product out[kg] (5)

Typically, the E-factor analysis includes all steps of a
synthetic path from commonly available materials to the final
API. It has been estimated that pharmaceutical companies with
10−1000 ton production and estimated E-factors of 25−100
consequently produce 250−100,000 tons of chemical waste
annually.25

While the E-factor calculates the ratio of kg of waste to kg of
product, the process mass intensity (PMI) is the ratio of the
total kg amount of incoming materials to kg product (eq 6,
determination of PMI). When calculating the E-factor or PMI,
all materials used in the synthesis are considered, including
workup solvents and water.

=
∑

PMI
mass of materials in[kg]

mass of product out[kg] (6)

It is important to keep in mind that E-factor and PMI
typically do not consider recyclable factors such as recycled
solvents and reused catalysts, and that the starting point or first
step of synthesis for analysis has not been consistently defined
across the industry or even within the same companies. For
example, one has to decide whether to incorporate the E-factor
of the outsourced intermediates, which therefore can lead to
inconsistencies. In addition, the E-factor does not include steps
for making commonly available reagents (e.g., n-butyllithium)
and does not take into account the production volume and the
nature and environmental impact of the generated waste. Since
the E-factor considers only the mass of the waste but not its
nature and environmental impact, an environmental quotient
(EQ) was introduced, which is obtained by multiplying the E-
factor with an arbitrarily assigned unfriendliness quotient Q.26,27

Despite its aforementioned limitations, the E-factor is a useful

indicator of the environmental impact of chemical processes.
The E-factor is scale dependent, as recycling plays an ever-
increasing role as the API process is transferred from
Development to Chemical Production. The calculations of E-
factor and PMI have been well illustrated in previously
published articles such as the one authored by Lapkin and
Constable.28 It is difficult to assign a common aspiration value
for PMI or E-factor due to great variations of project
complexities; however, at Boehringer Ingelheim, values in the
range of 10−40 per step are frequently being targeted.

4.2. Process Reproducibility Factors (Criteria 6−7).
Criterion 6: Quality Service Level (QSL). In order to gain a
better understanding of the reproducibility and robustness of a
production scale process, with respect to the in-process and
product specifications, Boehringer Ingelheim has defined four
quality levels (Q1−Q4). The four quality levels have been
correlated with failure points to quantify the quality service
level (QSL) of a given step, as shown in Table 1.

The QSL is derived from the quality levels as outlined in eq
7, determination of QSL.

=
− ×

QSL[%]
(total points total failure points) 100%

total points
(7)

total points = total number of batches
In a hypothetical scenario, a chemical reaction was carried

out 15 times. Out of the 15 batches, 11 batches proceeded
according to the MBR to provide product of acceptable quality
(purity >98%), and were assigned quality level Q1 with 0 failure
points. Two batches did not reach the desired conversion and
had to be reworked to meet the >98% purity specification
resulting in two Q3 events with 0.5 failure points each. Yet
another two batches had to be discarded due to unexpected
side reactions, leading to two Q4 events with 1 failure point
each. In this case, the QSL is calculated as [15 − (2 × 0.5 + 2 ×
1)]/15 = 80%. A more robust or reproducible process step will
deliver a higher QSL. Typically, Boehringer Ingelheim targets a
QSL of 98−100% for a given step.
To allow for comparison of an entire process with an

alternative process, the QSL values for the individual steps are
rolled up into a single QSL value for the entire process by
multiplying all individual QSL values.

Criterion 7: Process Excellence Index (PEI). This reprodu-
cibility or robustness criterion is a particularly useful tool for
Chemical Production processes. The PEI is an indicator for the
performance of the process and is utilized to evaluate the
performance in terms of yield and cycle time of diverse
operations, such as cycle time for the reaction, centrifugation,
drying, or any other operations relevant to the process, and
total cycle time. In this section, the PEI yield and PEI cycle time

Table 1. Quality level−failure point correlation

quality
level definition

failure
points

Q1 full compliance with the in-process and isolated product
specifications as defined in the master batch record
(MBR)

0

Q2 minor deviation but acceptable 0
Q3 rejected, reanalyzed, but can be reprocessed/reworked 0.5
Q4 product has to be discarded or used for technical purposes

only
1.0
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are discussed. The PEI yield of a given step is defined as the
quotient of the average yield and the aspiration level yield (eq 8,
determination of PEI yield).

=
×

PEI yield
average yield 100%
aspiration level yield (8)

The average yield of the step is obtained by dividing the sum
of the yields of all batches by the number of batches. The
aspiration level yield is calculated as follows (eq 9,
determination of aspiration level yield).

=
+

aspiration level yield
median yield best yield

2 (9)

The median yield of the step is the middle value of all yields,
from lowest to highest. For an even number of yields, when
there is no single middle yield, the median is then defined to be
the mean of the two middle yields. The best yield equals the
highest yield ever observed.
To illustrate the calculation, the yields of the five batches for

a given step are 80, 87, 81, 82, and 90%, respectively. The
average yield is (80 + 87 + 81 + 82 + 90)/5 = 84%, the median
yield 82%, and the best yield 90%. This results in an aspiration
level yield of (82 + 90)/2 = 86%, and consequently a PEI yield
of 84/86 = 98%. The PEI yield target is 98−100% for
commercial processes.
For the PEI cycle time, lower values are more desirable as is

reflected in an inverted formula as compared to PEI yield (eq
10, determination of PEI cycle time).

=
×

PEI cycle time
aspiration level cycle time 100%

average cycle time (10)

As mentioned in the VTO section, the cycle time of the
centrifugation operation during product isolation can become
the rate-limiting operation, or bottleneck, if the suspension
containing the product in a reactor turns out to be difficult to
centrifuge. This results in a delay for subsequent batches using
the same reactor, thereby increasing the cycle time and the cost.
It is therefore helpful if isolation studies can be conducted
during scale-up activities to identify and address potential
isolation issues. Smaller filtration units or lab centrifuges,
equipped with an appropriate filter cloth, will provide a first
readout. In addition, modern tools such as Mettler Toledo’s
Lasentec29 allow for good understanding of particle size, shape,
and count distribution via inline real-time measurements.
Therefore, the Process R&D chemist, in collaboration with a
specialized Technology or Crystal Engineering lab, can
optimize and control the crystallization process, providing a
more robust and reproducible process that minimizes down-
stream cycle times during centrifugation, and consequently
reducing product isolation delays during pilot plant and
manufacturing campaigns.
Returning to our example, the total cycle times of the five

batches are 36, 32, 40, 37, and 30 h, respectively. The average
cycle time is (36 + 32 + 40 + 37 + 30)/5 = 35 h, the median
cycle time 36 h and the best cycle time 30 h. This results in an
aspiration level cycle time of (36 + 30)/2 = 33 h, and
consequently a PEI cycle time of 33/35 = 94%. The PEI cycle

Table 2. Modified EcoScale template for step evaluation at Boehringer Ingelheim
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time target is 98−100% for a single step for commercial
processes. It goes without saying that a larger number of
available batch data will provide a better overview of the PEIs
and concomitantly of the overall process performance. If the
PEI of a commercial process is below the target of 98%, the
process ought to be reanalyzed in details to determine the root
cause of the issues.
Just as with overall chemical yield and VTO, the overall PEI

cycle time for the entire process is obtained by multiplying the
individual PEI cycle times.

5. ECOSCALE (CRITERION 8)
The EcoScale was introduced as a penalty point-based analysis
tool for assessing the quality of a chemical process step on the
basis of yield, cost, safety, conditions, and ease of workup and
purification.30 It is consequently not a single criterion but rather
represents a simplified multipoint analysis system combining
the seven criteria discussed above plus EHS considerations.
Criterion 8: Modified EcoScale. Boehringer Ingelheim

adopted a modified version of the EcoScale tool by expanding
the scope of the parameters for the chemical process and using
a reward rather than a penalty system, ranging from 0 for the
least efficient to 10 points for the most efficient process or
operation. Table 2 illustrates the modified EcoScale parameters.
The modified EcoScale criterion contains some parameters
such as yield and cycle time which are also part of criteria 3 and
4 discussed earlier. In order to avoid duplicate influence of
these parameters in the overall assessment, the relative

weighting of the eight criteria discussed in section 7 was
adjusted accordingly. Since the parameters are flexible and can
be fine-tuned on the basis of the specific business need, other
users may decide to eliminate potential duplication from their
modified EcoScale analysis. However, to ensure consistency
within a global company with multiple production and
development centers, the relative values or points ought to
be clearly defined and communicated.
The score for the modified EcoScale is calculated as a

percentage of the scored points relative to the total points. This
tool has proven helpful in expediently evaluating chemical
reaction conditions at laboratory scale.
As an example, the two RCM processes discussed in the

VTO section (Scheme 2) were analyzed against the modified
EcoScale parameters listed in Table 2. The original RCM
process using high dilution conditions (Route 1) scored (73/
110) = 66%, and the optimized Route 2 scored (103/110) =
94%.

6. OTHER APPROACHES
Several alternative approaches have been described in the
literature to assess the efficiency of a chemical synthesis. In
1975, Hendrickson defined % Ideality of a synthesis as:
[(number of construction reactions) + (number of strategic
reactions)] divided by the total number of steps multiplied by
100.31 Construction reactions are those transformations in
which skeletal bonds like C−C or C−heteroatom are formed.
In 2010, Baran published “Aiming for the Ideal Synthesis”32

Table 3. Eight criteria defining a good chemical manufacturing process

Figure 4. Weighting of process assessment criteria.
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and stated that one may never achieve a total synthesis
characterized by 100% ideality, but such a pursuit serves as a
constant source of inspiration to discover and develop new
chemistry. Finally, the PASE concept from Clarke (PASE: pot-,
atom-, and step-economy) can be useful to evaluate different
synthetic routes, similar to the modified EcoScale.33

7. CONCLUSION AND OUTLOOK
The eight criteria defining a chemical manufacturing process, as
summarized in Table 3, will have different weighting or relative
importance, depending on whether deployed in Chemical
Development, Process Development, or Chemical Production.
The authors suggest a relative weighting of the eight criteria

shown in Table 3, which is graphically outlined in Figure 4. The
relative criteria weighting will vary for different process
optimization objectives and by company priorities. Boehringer
Ingelheim considers the volume-time-output (VTO) criterion
most impactful and uses it predominantly when evaluating
commercial synthesis processes.
Once relative criteria weighting has been adjusted on the

basis of the project status, development phase, and/or the
corporate strategy, different routes of synthesis towards the
same API can be semiquantitatively compared through selective
application of the criteria, which then allows for a data-driven
selection of the most appropriate route of synthesis.34

In summary, we have provided a comprehensive overview of
the constituents of a Good Chemical Process by discussing
eight criteria helpful for transferring a development process
from Process R&D to commercial Chemical Production. These
criteria for a Good Chemical Process are ultimately driven by
economic factors. Volume and time efficiency of the utilized
reactors plays a predominant role and is quantifiable by
determining the VTO. Chemical yields and material costs will
remain important, but environmental aspects are also receiving
increasing attention. We are hopeful that this article will
stimulate productive discussions about quality of chemical
processes and help identify areas for process improvements.
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