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Modeling-based Approach Towards Quality
by Design for a Telescoped Process
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Abstract: A telescoped, two-step synthesis was investigated by applying Quality by Design principles. A kinetic
model consisting of 12 individual reactions was successfully established to describe the synthesis and side reac-
tions. The resulting model predicts the effects of changes in process parameters on total yield and quality. Con-
tour plots were created by varying process parameters and displaying the model predicted process response.
The areas in which the process response fulfils predetermined quality requirements are called design spaces.
New ranges for process parameters were explored within these design spaces. New conditions were found that
increased the robustness of the process and allowed for a considerable reduction of the used amounts of a re-
agent. Further optimizations, based on the newly generated knowledge, are expected. Improvements can either
be direct process improvements or enhancements to control strategies. The developed strategies can also be
applied to other processes, enhancing upcoming and preexisting research and development efforts.
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Abbreviations

CQA Critical quality attributes
NOR Normal operating range
OFAT One-Factor-at-a-Time
QbD Quality by Design

QRPPS Quality relevant process parameters

1. Introduction

One of the most important focuses in pharmaceutical produc-
tion is to ensure the safety of the patient. The best way to achieve
the required confidence in the production of an API with repro-
ducible quality is extensive and robust process understanding. By
developing a mechanistic model for a process, this process un-
derstanding can be achieved often with less effort than statistical
design of experiment approaches. Additionally, due to the robust
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nature of mechanistic models, process optimizations can be made
to edge closer to the global optimum.

In this article a two-step telescoped process is investigated and
methods to simplify a complex mechanistic model are presented.

1.1 QbD

The ICH guideline Q8 (R2) defines Quality by Design (QbD)
as “a systematic approach to pharmaceutical development that
begins with predefined objectives and emphasizes product and
process understanding and process control, based on sound sci-
ence and quality risk management” .11

Most important are risks to quality that may directly or indi-
rectly affect the patient. To ensure the quality of drug products
these risks must be understood and mitigated. A quality risk as-
sessment is used to evaluate these risks. To achieve this, the signif-
icance of quality attributes for a given product needs to be under-
stood. Quality as a combination of attributes that impact the safety
and efficacy of the final product. These critical quality attributes
(CQAs) need to be identified and their acceptable ranges have to
be defined.l?! Linking the CQAs back to process parameters that
can be controlled is achieved by first identifying potential quality
relevant process parameters (pQRPPs). These are then investigat-
ed to identify the quality relevant process parameters (QRPPs).[3!

A model is established that describes the effects of the QRPPs
on CQAs.[451 This allows the determination of a multidimensional
space of QRPP value combinations that are predicted to meet the
limits of the CQAs, a so-called design space.

In the traditional approach to process development, one-fac-
tor-at-a-time (OFAT), only one process parameter is varied at a
time to demonstrate proven acceptable ranges. Normal operating
ranges (NORs) are defined within the proven acceptable ranges.
The proven acceptable ranges are mostly based on one-factor-
at-a-time approach. The robustness of a process investigated by
one-factor-at-a-time is only demonstrated for a single parameter
varying from the standard process parameters. Fig. 1 illustrates
how that creates blind spots for any interacting parameter combi-
nations, even if they are within the investigated ranges.

It follows that applying a QbD approach results in a deeper
and more exhaustive understanding of the process. Therefore,
wider parameter ranges can be defined, which in turn leads to
greater operational flexibility-[®! Adjustments to reaction condi-
tions, reagents amounts efc. within the registered design space
can be made without regulatory post-approval.lll With additional
knowledge and methods becoming available, improvements to the
process, the model and control strategies become possible.
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Fig. 1. Comparison of one-factor-at-a-time (left) vs Quality by Design
(right) approaches to process development. The blue regions are the
investigated/described parameter combinations.
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1.2 Modeling

An important step in the enhanced QbD approach is the estab-
lishment of a model. Its purpose is to link the QRPPs to the CQAs.
The model must be able to predict the effects of variations in the
process on the product. There are two main concepts to model-
ing for QbD, mechanistic or empirical. A mechanistic model is
derived from known physical and chemical equations. Empirical
models on the other hand rely on large amounts of data to find
arbitrary equations to describe the investigated process.!”!

Both concepts have distinct advantages and disadvantages.
Mechanistic models tend to be more robust and can be extrapo-
lated to a certain degree as they are based on fundamental equa-
tions. However, extensive process knowledge and understanding
is required, and the underlying physical and chemical phenom-
ena must be known. This is not the case for empirical models.
Therefore, more complex correlations or correlations not yet fun-
damentally understood can be described. However, this typically
requires an extensive experimental design, utilizing statistical
methods such as design of experiment.[8]

1.3 Strategy for Model-based Approach to QbD

The focus of this work is to obtain a better, model-based pro-
cess understanding, as shown in Fig. 2. Initially the available in-
formation and knowledge concerning the investigated process is
gathered. Afterwards an initial quality risk assessment is per-
formed. Knowledge gaps that are discovered during this assess-
ment are then used as a basis to define experiments specifically
targeted to fill these gaps. Simultaneously, a mechanistic kinetic
model is developed. This is based on the available process under-
standing and represents the working hypothesis. Results from ex-
periments continuously challenge the working hypothesis, and
appropriate changes must be made. The model is adjusted and
improved accordingly.
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Fig. 2. General strategy for a model-based approach towards QbD.

Reevaluating both the quality risk assessment and the model
then restarts this process. This continues until two conditions are
met: All potential QRPPs have been investigated and classified
as either affecting or not affecting the quality of the product. Ad-
ditionally, the model must be capable of predicting process re-
sponses to a satisfactory degree.

1.4 Investigated Process

The investigated process is a multi-step chemical synthesis
of an API. Two telescoped steps of the synthesis are known to be
critical for impurity formation. These steps are quite complex and
use expensive reagents with an increased chemical hazard poten-
tial. As such, these steps are chosen as the subject of this work as
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there is potential for optimization of the process and the safety of
both the patient and the process.

The two investigated steps are overall an N-demethylation in
two chemical steps. In the first step a) an amine (1) reacts with
DIAD (2) to form the aminal intermediate (3). The second step
b) follows without purification. Dimedone (4) is used to quench
excess DIAD (2). Additionally, dimedone (4) reacts with the am-
inal intermediate (3) to form the product (5) (Scheme 1). The work-
up of the resulting suspension is not investigated in this article.

Yield is not a quality attribute; however, it does serve as a
proxy for impurity formation. A higher yield does imply that
less side reactions occurred, which may form impurities. With
the initial procedure a yield of approximately 80 % is achieved.
The design goal is set to 90 % yield for the process optimization.
With a traditional approach, the process optimization would
have to be performed before validation experiments for the reg-
istration of the process. A QbD approach results in a model,
which can be used to perform the process optimization in silico.
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Scheme 1. Overall reaction scheme of the investigated process.

To aid in reproducibility, automation is used whenever pos-
sible. The dosing and temperature are controlled using a Mettler
Toledo RX-10TM reactor control system. Sampling is performed
using a Mettler Toledo EasySampler 1210 system.

2. Results

2.1 Quality Risk Assessment

The first step to assess risks to quality is to define quality in
the context of the specific process considered. The process inves-
tigated in this article is a telescoped process, where the product is
not isolated. Furthermore, only the synthesis and not the purifica-
tion steps are in the scope of this article. In a telescoped process,
a quality risk assessment of the sub-steps can be done to make
the assessment more efficient and transparent. The effects of po-
tentially formed impurities on later steps and their purging dur-
ing purification are not in the scope of this article and therefore,
CQAs of the final API like inorganic impurities, polymorphism,
residual solvents efc. are not described. From prior experience it
is however known that impurities formed are purged by a crystal-
lization step.

For these reasons, only yield is defined as an indicator for the
CQA ‘purity’. Since the starting material (1) as well as the product
(6) is in solution, yield is defined as

actual

o
yield = -100% (1)
Ctheo,max
where C_ = is the measured concentration of product (6) and
C[hen_max is the maximum theoretical concentration of product (6),

based on the concentration of (1) in the starting solution.

The optimized process then only requires few verification ex-
periments to validate the design spaces and with it the proven
acceptable ranges for the registration. This leads to lower ex-
perimental effort and therefore saves time and money in research
and development.

With the CQA defined, a list of all potential QRPPs is created.
To this end the process is divided into subprocesses. These sub-
processes are then further divided into individual parameters. This
is depicted in an Ishikawa-diagram in Fig. 3.
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Fig. 3. Ishikawa-Diagram for the quality risk assessment of the investiga-
ted process. All potential QRPPs are investigated and if they are found
to be quality relevant, they are indicated in red.

The potential QRPPs are then investigated individually to as-
sess if they are relevant QRPPs. For brevity’s sake, only a few
examples of such investigations are given here.



138

CHIMIA 2024, 78, No. 3

AcaDEMIC / INDUSTRIAL COLLABORATIONS IN PRocEss CHEMISTRY & TECHNOLOGY

The starting material is a solution of (1) in solvent from the
previous synthesis step (not in the scope of this article). Solids
are removed with a filtration, before the solution is used in step
a. It is therefore sufficient to demonstrate negligible solubility of
side products in the solvent to conclude that they are not quality
relevant.

The phase transfer catalyst that is used in the previous step is
shown to be readily soluble in the solvent. It is however inert, and
the investigated steps a and b are single-phase reactions. There-
fore, the phase transfer catalyst is not considered in the model.
Similarly, stirring speed is disregarded since the reactions are in
a homogeneous phase.

Overall, the 32 potential parameters were reduced to six
QRPPs, significantly reducing the model complexity.

2.2 Mechanistic Model

An initial model based on the available knowledge and current
hypothesis regarding reaction mechanisms is created, consisting of
a total of 36 reactions. Getting all the required kinetic parameters
for such an extensive model is time consuming, impractical and in
most cases not necessary. In parallel to the quality risk assessment,
extensive process understanding was used to simplify the model.

An important method to simplify the model is to consolidate
multiple reaction steps into one rate determining step. Scheme 2
shows the proposed reaction mechanism by Huisgen et al.l! for
the aminal (3) formation during step a.
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Scheme 2. Proposed reaction mechanism for the aminal formation.®!

Three reaction steps for one observable conversion gives the
model a lot of degrees of freedom. This leads to issues obtaining
a good fit for the kinetic parameters. Instead, the reaction shown
in Scheme 3 is used in the model.
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Scheme 3. Aminal formation reduced to its rate determining step.

This can be justified as reaction (d) is an intramolecular proton
exchange. Reaction (e) is a rearrangement. Both are assumed to
be faster than reaction (c) by orders of magnitude, thus making
reaction (c¢) the rate determining step.

For DIAD (2) decomposition is empirically known to occur.
However, the decomposition reaction and the resulting com-
pounds are unknown and therefore not described in the initial
model. Itis however possible to observe the heat of decomposition
in DSC measurements. The observed heat flow @ in W can be
described by equation (2):

0p = AHg Vv @)

Where AH, is the heat of reaction in J/mole , V is the volume in
m? of the sample, and v is the reaction rate in mole/s/m?* according
to equation (3).10!

Eq
v = [DIAD]-A-e RT (3)

Where [DIAD] is the concentration of DIAD (2) in mole/m?, A is
the frequency factor in s, E_is the activation energy in J/mole,
R is the gas constant in J/K/mole, and T is the temperature in K.

Since the measurement is performed non-isothermally, both
kinetic parameters A and E, can be fitted to one experiment. This
is achieved by imposing the experimental temperature-time curve
and defining the initial sample. Then the kinetic parameters are
adjusted until the simulated heat flow matches the measurement.
An overlay of the resulting heat flow-time curves is shown in
Fig. 4. To satisfy the mass balance in the model, a decomposi-
tion product with molecular weight equal to the product (5) is
introduced.

Sl ion
= = Experiment

Q [W/kg]

0 50 100 150 200
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Fig. 4. Experimental DSC data for the DIAD (2) decomposition in orange

dashed line and a comparison to the simulated curve using the fitted

kinetic parameters in blue.

Besides other specific experiments, where only parts of the
process are investigated, experiments with all reaction compo-
nents are also performed. To gain as much knowledge as possible,
experiments are performed far away from the initial setpoints.
For example, halving the amount of a reactant used will have a
significant effect on the process and help to determine the order of
component of the reaction.l'!] A model that can predict even such
drastic changes is in turn very robust.

Finally, a model consisting of 12 reactions is established. In
Fig. 5 a comparison between model predictions and experimen-
tal data is shown. With the available analytical methods, only the
starting material (1) concentration can be measured during step a.
Similarly, only product (5) concentration can be measured during
step b. Additionally, the water (12) content is measured at the start,
before the dimedone (4) addition and after the completed reaction
using Karl-Fischer titration. The model can predict the starting ma-
terial (1) and the product (5) concentration well. The prediction for
water (11) content is less reliable, especially for step b. The water
(11) concentration is important for step a because it can react with
starting material (1) and to the product (5) according to Scheme 4.
The following dimerization and condensation reactions are shown
in Scheme 5.[121
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Fig. 5. Comparison of simulated concentration time curves and experi-
mental data for starting material (1), product (6) and water (11) of some
selected experiments.
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Scheme 4. Reaction (f): formation of product (5) and dimedone-derivati-
ve (10) with dimedone (4). Reaction (g): Hydrolyzation of aminal interme-
diate (3) to product (5) and formaldehyde (12)
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Scheme 5. Reaction (h): Dimerization of the dimedone-derivative (10)
and dimedone (4). Reaction (i): Condensation of the dimer (10) to (7) and
water (11)

This is however deemed acceptable, as the main effects of wa-
ter (11) in the process are during step a, where water (11) content
is well predicted.

2.3 Design Spaces

At this point, the CQAs and the QRPPs are defined, and a
model of the process is also established. Critical process param-
eters were identified. With the model, combinations of variable
QRPPs can be found that fulfil the predefined CQA limits. The

space of such parameter combinations is called design space. A de-
sign space describes how process parameters or material attributes
affect a critical quality attribute.!! For the investigated process that
means visualizing the effects of the six identified QRPPs on the
proxy quality attribute yield. The visualization is done by simulat-
ing the process with varying parameter combinations and plotting
the process responses in contour plots. The design space is then
readily found in the contour plots in the areas that fulfil our design
goal of a minimum of 90 % yield. Then an optimum is searched
within the design space and the normal operating ranges set.

N-dimensional investigations are difficult to visualize
and interpret. Reasonably, only two process parameters and
one process response can be investigated per contour plot.
It can be a challenge to choose appropriate parameters and
responses.

2.3.1 Reaction Temperature

Increasing the reaction temperature not only speeds up the
desired reactions, but also side reactions and decompositions. It
can be seen in Fig. 6 that an increase in reaction temperature from
55 °Cto 65 °C results in a smaller high yield area. Decreasing the
reaction temperature to 45 °C instead leads to longer reaction
times. The reaction temperature is fixed to 55 °C as a compromise
between reaction speed and process robustness.

45 °C

— 1200

Reaction time step a [min

1.5 2 25 :
DIAD (2) equivalents
Fig. 6. Contour plots illustrating the effects of reaction time in step a,
and DIAD (2) equivalents on yield. At a reaction temperature of 45 °C
(left), 55 °C (middle) and 65 °C (right) respectively.

2.3.2 Water Content

During this work, it became clear that water (11) has a sig-
nificant impact on step a. It reacts with the aminal-intermediate
(3) to form the product (5) which is not stable under these condi-
tions according to Scheme 6.

o @
)%ymﬂwﬁj/
— = . Ry °

1 N 2
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)\o)k N/N\\( \( Hfo
RLN) °

R
3 5
Scheme 6. Reaction (g): Formation of product (5) with water (11) during
step a. Reaction (j): Decomposition reaction of product (5) with DIAD (2).

The product (5) loss due to water (11) is illustrated in Fig. 7.

The starting solution produced in a previous chemical step had
a water (11) content of up to 0.25 %. The raw material specifica-
tions are therefore defined to rule out higher water (11) contents.
As such, water (11) content is fixed at 0.25 % as a worst-case
scenario for all following contour plots.

2.3.3 DIAD and Reaction Time

The only remaining QRPPs left for step a are the reaction time
and the DIAD (2) equivalents. The yield of aminal-intermediate
(3) is chosen as the process response. The resulting contour-plot
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Fig. 7. Contour plots illustrating the effects of reaction time and DIAD
(2) equivalents on the yield of water (11) with a content of 0 % (left) and
0.25 % (right). Simulations are performed with a reaction temperature of
55 °C.

is shown in Fig. 8. No data is available for DIAD (2) equivalents
lower than 1.5. To avoid incorrect extrapolation as an error source,
lower DIAD (2) equivalents were not considered in the design
space. The design space is further limited by the design goal of
90% yield.

2500
s ) % design goal
s Normal operating ranges
2000
1000
500
3

1.4 1.i 1.8 2 22 2.4 2.6 2.8
DIAD (2) equivalents

,_
=1
=
=

Reaction time step a[min]

Fig. 8. Contour plot illustrating the effects of reaction time during step a,
and DIAD (2) equivalents on the yield. Simulations are performed with a
reaction temperature of 55 °C and a water (11) content of 0.25 %.

Additional considerations are then made to establish normal
operating ranges. With the safety of the product ensured, economic
factors can be considered. As such, normal operating ranges are
chosen towards lower DIAD (2) equivalents and shorter reaction
times.

2.3.4 Dimedone

Dimedone (4) has two functions in the reaction as shown in
Scheme 7. It quenches the excess DIAD (2) in reaction (k), while
also reacting with the aminal-intermediate (3) to form product (5)
in reaction (f). It was found that DIAD (2) decomposes the prod-
uct (5). However, reaction (k) is orders of magnitude faster than
reaction (f). Therefore, not a lot of product (5) decomposition,
according to reaction (k), is expected if high enough dimedone
(4) equivalents are used.

It can be summarized, that the dimedone (4) amount used has
a significant impact on the process and is dependent on the DIAD
(2) excess.

To isolate this important interaction, ‘max yield’ is selected as
an alternative process response. This is the highest yield predicted
at any timepoint in the model, effectively eliminating the reaction

R'—
) 4
1
R \,‘\‘ R
R? 3 5

Scheme 7. Reaction (f): Product (5) formation from aminal intermediate
(8) with dimedone (4). Reaction (k): Quench of excess DIAD (2) with dim-
edone (4).

time as a factor. The resulting contour plot is shown in Fig. 9. The
design space is again limited by the design goal of 90% yield and
the normal operating ranges are chosen towards lower dimedone
equivalents.

e () 9%, dlesign goal
e Normal operaling ranges

Dimedone (4) equivalents

18 2 22 24 26 28 3
DIAD (2) equivalents

Fig. 9. Contour plot illustrating the effects of DIAD (2) and dimedone (4)
eq. with max yield as the process response. Simulations are performed
with a reaction temperature of 55 °C, a water (11) content of 0.25 % and
a reaction time in step a of 10 h.

2.3.5 Reaction Time Step b

To investigate the reaction time, either the dimedone (4) or the
DIAD (2) equivalents must be fixed for each design space. As pre-
viously stated, these interacting factors are highly dependent on
each other and have drastic effects in step b. Fig. 10 shows contour
plots of dimedone (4) equivalents against reaction time at 3 differ-
ent levels of DIAD (2) equivalents. Higher DIAD (2) equivalents
lead to a smaller high-yield window. As such, the design space is
established with 1.8 equivalents of DIAD (2), as this is the upper
limit of the previously established normal operating range.

2.3.6 Verification

The established design spaces and NORs must be verified, as
they are based on model predictions. The number of verification
experiments can be limited by forcing unfavorable interactions of
the QRPPs. For example, the combination of short reaction times
and low DIAD (2) equivalents leads to an incomplete reaction.
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Fig. 10. Contour plots of total reaction time and dimedone equivalents with yield as the process response with 1.5, 1.8 and 2.1 equivalents of DIAD,

(2), respectively.

The opposite, long reaction times and high DIAD (2) equivalents,
leads to increased decomposition reactions. Now, if the CQA lim-
its are fulfilled in both these extreme cases, then less extreme
cases would not need to be verified.

Over the course of an QbD approach, a sufficient process un-
derstanding is to be expected. A quite generic example for such a
correlation is reaction time and temperature. A long reaction time
and a high temperature ensures a completed reaction, but in turn
results in increased thermal stress for the product. The inverse, i.e.
short reaction time and low temperature, would reduce thermal
stress but risk incomplete reaction.

3. Conclusion

A mechanistic model for the investigated process is success-
fully developed. The QbD approach forces an in-depth investiga-
tion of the process, which leads to significantly increased process
understanding. Thanks to the systematic approach of a quality risk
assessment previously unknown effects are investigated. It is dis-
covered that moisture is critical and leads to increased decomposi-
tion reactions. These effects are described in a model, which allows
for new control strategies. The very complex interactions and rela-
tionships between the many critical process parameters would not
have been discovered by applying the traditional OFAT approach.

Furthermore, improvements to the process are enabled. A
significant reduction in DIAD (2) equivalents was made and is
already implemented at the commercial stage. Not only is this
an economic improvement, but also improves process safety, as
DIAD (2) has an increased chemical hazard potential.

With more data collected from the production scale, further
improvements will be possible in the future. The additional regu-
latory freedom granted would enable easier implementation of
these improvements.

Overall, applying mechanistic modeling to QbD results in
robust process understanding, while not requiring extensive ex-
perimental designs. This means fast process optimization and an
enhanced control over quality.
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