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ABSTRACT: This article details erts to characterize and develop a process control strategy for the manufacturg af enone

car Izomib drug substance intermediate obtained through a Barbier-type Grignard reaction of morpHolift@samalaedes

the development of a novel mechanistic model for the heterogeneous Barbier-type Grignard reaction. After the model w:
characterized with laboratory-scale batch experiments, its performance was compared with experimental data collected ur
continuous operating conditions. Under nominal operating conditions, the experimentally measured conversion of morpholin
amide varied from 94.3% to 96.7%, a range that was encompassed by the model. With a mechanistic model validated un
continuous operating conditions, relationships between the magnesium charging interval and the variability in conversion
morpholine amid& to enone2 were determined to further explore the experimental design space. The remaining unit operations
were subsequently characterized, and the models developed for the individual operations were integrashaaiie\ve!

dynamic process model implemented in the gPROMS FormulatedProducts software. The impact of various process disturbances
model uncertainties on the critical quality attributes were then investigated, and critical process parameters, failure modes, ¢
control strategies to address these disturbances wereddédrte process was found to be most sensitive to operational
disturbances in the supplied reactants: morpholine larnde2-bromopropene (2-BP). As manufactured upstream by the

process described in Part 1 of this series, in silico analysis of potential process control strategies focused on manipulation of the 2
concentration andow rate into the primary reactor. Overall, this work highlights th&shmneing mathematical modeling to

deepen the understanding of pharmaceutical manufacturing processes and enable integrated unit operations in a continu
manufacturing setting.

KEYWORDS:continuous pharmaceutical manufacturing, process systems engineering, smaii-rolotenigeyAPI,
heterogeneous surface reaction, advanced process control

1. INTRODUCTION integrated unit operations. To avoid the need for an
eonentially large number of experiments to characterize

In recent years, academia, industry, and regulatory agen 3 L .
Y Y 9 Yy ag se potential interactions, a systems approach for process

have been advocating for a transition from batch processing Ssign. control, and optimization is typically addptdhis

continuous manufacturing of pharmaceuticads described ; h invol devel t and validatign of
by the U.S. Food and Drug Administration (FDA), continuoug$YS€MS approach Involves development and vall ho

manufacturing @rs several advantages over batch processggnc'pleS m(_)dels fqr each unit operation in isolation and
including reduction of equnent size and footprint, Subsequent integration of these isolated models under one

consequential improvement of heat and mass transfer trf:&mmon framework. This integrated model can then be used

can make possible the implementation of highly exothermig evaluate the i_mpact of various process dis.turbances on th'e
and di usion-limited heterogeneous reactions, and the abili ocess dynamics and performance, enabling the determi-

to divert material in cases of detected process ailur atiqn of c_ritical process parameters (CF.)PS) for_ each critical
Academically and indusiia there have been various duality attribute (CQA). In addition, the ability to simulate the

demonstrations of continuous processing for individual unit ———————
operations and a limited number of demonstrations of end-t§ecial IssueFlow Chemistry Enabling Eient m
end continuous processes, as discusBedt itof this series ~ Synthesis
(10.1021/acs.oprd.OcOO).é?However, along with the; Received: April 15, 2020
advantages come some unique challenges for continu@ygjished: July 14, 2020
manufacturing. Specally, continuous processing results in

more direct and complex interactions among the series of
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end-to-end process dynamics with an integrated model alloaisemistry’ The kinetic model assumes that the Grignard
for a systematic material- and time-sparing approach to createaction occurs by dision of 2-BP from the bulk phase
process control strategy that ensures high-quality produdistrough a mass transfer boundary layer to react on the Mg
Similar approaches have been demonstrated in academiasianface. The model wago experimental data and used (1)
the continuous drug substance manufacturing process tofdevelop relationships between the Mg charging interval and
aliskiren hemifumaraté* as well as traditionaf and reactor performance and (2) to determine the impact of
innovative®* continuous drug product processes. Havingorocess disturbances on the integrated process performance,
adopted a model-based systems approach to develop contnaluding the conversion of morpholine arhiteenone?, a
strategies, our work for a daomib drug substance critical in-process control. It is found that (1) the continuously
intermediate continues to advance the future of pharmaceutisttred tank reactor (CSTR) performance can be maintained at
manufacturing that ensures the supply of quality produet Mg charging interval of approximately 1 h and (2) the
through the use of control strategies based on advancegisting process cguration and operation strategy are
process modeling. sensitive to disturbances in tloev rates and concentrations
Part 1of this series introduces the end-to-end continuousf the morpholine amide and 2-BP feeds, with a deviation of
process to prepare an epoxy ketone intermediate used for #@% in any one of these reaction conditions leading to a
manufacture of cazomib via a four-step synthetic sequence.reaction conversion lower than the targeted 95%.
Part 1 also focuses on the development of a continuous
manufacturing process to produce tise isolated product, 2. VIRTUAL PLANT DEVELOPMENT FOR ENONE
morpholine amidd, from Bo-leucine monohydrate and SYNTHESIS

introduces the methodology of using a virtual plant for in silicgpe reaction to generate enoReconsists of multiple
disturbance analysis and control strategy development. elementary steps followed by liquiguid separation

Part 2 of this series describes the development of perations; the chemical scheme is depict&ttiame 2
continuous Barbier-type Grignard process to produce enoBgq the processow diagram for continuous operation is
2 from morpholine amidé (Scheme )1 The challenges  ghown inScheme.3This process involves feeding a stream of
) i i morpholine amidé and a solution of 2-BP into CSTR1 along
Scheme 1. Conversion of Morpholine Amide 1 to Enone 2 ith portionwise solid dosing of Mg turnings to generate the
via a Mg-Mediated Barbier-Type Grignard Reaction with 2- Grignard reagent, isopropenylmagnesium bromide. The liquid

Bromopropene e uent of CSTRL1 is sent to CSTR2 for additional residence
time, and Mg turnings are retained in CSTR1 through the use
)\ ho %Br )\ of a Mg trap? In both CSTRs, the Grignard reagent reacts
: NJ % with morpholine amidé to form deprotonated morpholine
BocHN™ 1~ Mg’ 1y BocHN amide3 and tetrahedral intermedidtavhich is subsequently
0 THF/2-MeTHF, 40 °C o converted to enorin CSTR3 upon protonation with citric
morpholine amide 1 enone 2 acid. The potential CPPs that impact the CQAs of this process

include (1) the feed rates of morpholine arhided 2-BP,
(2) the agitation rate for CSTR1 containing a heterogeneous
associated with industrial-scale implementation of Grignandgixture, (3) the temperatures across all of the CSTRs, (4) the
processes are well-documented and include (1) the largeean residence time for all of the CSTRs, and (5) the schedule
exotherms associated with these processes, (2)dhkyddf for charging of Mg to CSTR1. These parameters must be
developing robust initiation protocols for the formation ofthosen such that the desired reaction yield is achieved with
Grignard reagents, and (3) the sensitivity of Grignard reagergsaranteed process safety and maximized protesg\e
to air and water, which complicates storage and shipping. The organic phase of the liquid stream from CSTR3 is
To address the aforementioned challenges, the Grignasdparated from its agueous phase in DEC1 and sent to CSTRA4,
process described herein adopts (1) a continuous approashere it is washed with 8 wt % sodium bicarbonate
that improves the heat and mass transfer through improvédaHCQO;) to remove residual citric acid in the organic
surface area to volume ratios and (2) a Barbier reaction thstream. Next, the organic phase of the liquid stream from
forms the Grignard reagent in situ in the presence of an alkeit@6TR4 is again separated from its aqueous phase in DEC2 and
bromide such that the reagent is consumed upon itsollected in a hold tank. After the hold tank reaches aedpeci
formation."*° volume, axed volume of liquid from the hold tank is sent to
Here we present a new kinetic model to describe théhe batch distillation drum and distilled to a speaiolume.
generation of the Grighard reagent from 2-bromopropene (2-o that distilled volume is addedkad volume of acetonitrile
BP) and magnesium. Others have modeled similar Grignaf8lCN), and the resulting mixture is distilled once more to a

Scheme 2. Chemical Synthesis of Enone 2

)\Br (3.0 equiv) o
)\ MgP (excess), I, (cat) )\ )\ (/7 . . )\
. po THE/2-MeTHF, 40 °C S ﬁo /J\ : 25 wt% citric acid *
: N + B +

H N H
~N MgBr
BocHN/W BocN g' Bocw/\f/< Mg?r BocHN/}HL
0 BrMg O (2.0 equiv) BrMg  OMgBr  (1-0equiv) 5
morpholine amide 1 tetrah 2
deprotonated  tetrahedral H ﬁo enone
morpholine amide 3 intermediate 4 }—%N
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Scheme 3. Process Flow Diagram for the Continuous Process That Converts Morpholine Amide 1 to Enone 2
Feed Tanks Reaction (CSTRs) Quench and Phase Separation Distillation

c— __ —> 25 wt% aq o
citric acid MTBE 8 wt% aq acetonitrile
solution NaHCO;3
/

Morphgline Q Q Q
amide
A solution in Q M trap g g 1 biphic orn/c
THF/2-MeTHF transfer !... Igyer
= (LD e
B 2-BP product
solution solution in
in THF organic acetonitrile
Yream
— CSTR 1 CSTR2 s
Tr=40°C Tr=40°C ° ° ~_
aqueous
waste distillate
stream waste
v
nal volume. The concentrated solution of enone in ACN is EM. 1
collected in another hold tank, diluted with acetic acid, and K, = kexp| R S o
sent downstream for further synthesis anccptian steps as ref 4)

described inPart 3 of this series 1(0.1021/acs.oprd. . . .
0c0018022 The automated batch distillation operation allowsVN€rek is the pre-exponential factor for the readfida,the

for integration of continuous upstream and downstream urﬁtﬁt'vat'on tenergR ;S thegugl\;ﬁrs?l gas c?nstar%t,, Ii'tmeth
operations to build an end-to-end process. relerence temperature, an € tlemperature at which the

> 1. Barbier-T : R ion Kinetic Model rate constant is to be determined. _
Derivatio?lrt;ﬁgl ggfeﬁgr%r;rtd A i?)(r:rt'llglrelzx Isr;?t'gf bigﬂgsic Under the assumption that there is no accumulation of 2-BP
reactions occurs in CSTR1. Thet reaction, formation of the O the surface of the Mg particles, the rate of removal of 2-BP

Grignard reagent, involves the reaction of solid Mg and quu@ﬁqual to the rate of the surface reaction between Mg and 2-
2-BP to form isopropenylmagnesium brongdel)( :

Mg+ 2 BP isopropenyl MgB (1) kA GepS Goab = kaly G (5)

Equations 2and 5 can be simpled to remove the

This reaction occurs only in CSTR1. ngendence 0B@5gp the surface concentration of 2-BP:

Here we propose a new mathematical model to describe t

Grignard formation mechanism wherein the reaction occurs by -~ k kG a
di usion of 2-BP to the surface of Mg particles. A model for —28F = S . =& S Co
similar chemistry in which Mg particles are assumedise di dt k. + kCug (6)

from the magnesium surface to react with 2-BP has been ] )
previously reportéd. While this formulation can describe The volumetric surface areacan be approximated by
experimental observations, the extremely low solubility of sofigfrelating the mass of solid Mg at tim{#gg(t)) to its
Mg in tetrahydrofuran (THF) and 2-methyltetrahydrofuraninitial mass (Mg0)):
(MeTHF) makes bulk dusion of Mg an unlikely mechanism. /3
In the proposed mechanism, the time dependence of the bulk  _ g.(t)
concentration of 2-BE{zg is described by the mass transfer a= ayy(0) 9.(0)
coe cient ), the volumetric surface area available for s ™

di usion of 2-BP to Mg partlcleg,(and the concentration of whereay,(0) is the initial volumetric surface area of Mg
2-BP at the surface of Mg particlgisd: particles, which are assumed to be monodispersed spheres.
Substitution oéq 7into eq 6gives

dCopp _ & &
—= =Sk GgpS QB)’ /3
The rate of the surface reaction between Mg and 2-BP dt k + qu’\‘,]g 9 g.(0) & ®)

depends on the reaction rate constd)t (he surface
concentration of 2-BP, and the surface concentration of Mthe time-dependent mass of Mg can be tracked through the

(G- stoichiometry of the Grignard reaction, the rate of the
Grignard reactionrdg.ad, the molecular weight of Mg
Terignard= K ACWCog 3) (MW)y,,), and the total reaction volumé)(
: . dm
The reaction rate const&nfollows an Arrhenius temperature G = S MWy Vs rignard
dependence: dt 9"ty (9)
1878 https://dx.doi.org/10.1021/acs.oprd.0c00188
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Figure 2.Comparison between model predictions and experimental values fbe(a-BP concentration and {Jithe reactor temperature at
(a, d) 30°C, (b, e) 40°C, and (c, f) 45C.

If the reaction is kinetically limited rather than mass-transfererresponds to a single addition of 2-BP followed by an

limited (i.e.k. kG, the total reaction rate constant can agitation reduction of 50 rpfigure ). Upon analysis of the

be reduced to a lumped surface reaction rate: varying 2-BP consumption rak¢swas determined to be 350
rpm, and the process was then designed to be operated at

k k- Cug . 500 rpm, which is well abaNg

k + quﬂg K Cug (10) A set of batch kinetic experiments were then designed and
executed to validate the mechanistic model for the Grignard

This assumption, which is key to model sioggion, was generation. The volumetric scale of experiments was 60 to 90

validated experimentally. Reactions at various agitation leyBls Of total reaction mixture, and time series data of vessel
(500 to 200 rpm in 50 rpm increments) were performed in 104eMperature and 2-BP concentration were collected. To begin
mL reactors with overhead agitation. At each agitation levéle experiment, solid Mg was activated by ,tmeethod

the 2-BP disappearance rate was recorded through Fourigported previously.Following activation of solid Mg, 2-BP
transform infrared spectroscopy (FTIR) to identify the justwas added in boluses to the reaction mixture until the solid Mg
suspended agitation speedy)( at which the reaction Wwas depleted. This design allowed the molar ratio of Mg in
overcomes mass transfer limitations. This was accomplists&tution to 2-BP in the bolus (the Mg to 2-BP ratio) to be
in a single reaction vessel with Mg in excess; each data eatied from 11 to 0.5, thus characterizing a wider range of Mg
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to 2-BP ratios than the targeted ratio of 3 in continuous geprotonated morpholine amigle 2 isopropenyt MgB
operation. The reaction temperature was varied between 35

and 45°C, with the agitation rate kept constant at 500 rpm tetrahedral intermediate (12)

(Figure ¥ The model was calibrated at higher Mg t0 2-BPThe heat of reaction for the combined two reactions was
ratios (red circles iRigure 3, as they are more relevant t0 measured to be 271.08 kJ/mol of morpholine amide,
continuous operation. Moreover, the greatest disagreemen¢reasing the adiabatic temperature rise of the combined
between the measured data and the model predictions occefiggnard formation, deprotonation, and nucleophilic addition
at the end of the run, where both the Mg to 2-BP ratio is quit@eactions to 203C. These are the key reactions that occur in
low and experimental errors (i.e., discrepancies in charged M§TR1 and CSTR2no other major impurities were
or 2-BP) have accumulated. identi ed during process characterization, and 85% mass
As mentioned, Grignard reactions are generally exothermigeovery was demonstrated at the batch scale.
with the heat of reaction for the chemical reaction described by, theory, only a total of 2 equiv of isopropenylmagnesium
eq Imeasured to be 304.1 kJ/mol of 2-BP. As shdwawire  promide is required for the process to occur; in practice,
2, this exothermic activity resu_lts in temperature oscillations ghwever, 3 equiv of isopropenylmagnesium bromide was
up to 4°C above the set point during the batch runs. Torequired to achieve high conversion of morpholine amide to
address this variability, heat transfer within the reactor wasge tetrahedral intermediate in replicate experimentsisThe
modeled with gPROMS ForfatedProducts embedded elementary step is deprotonation of the carbamate of the
equations for temperature controllers and reaction Vess%rpholine amide (MA) with 1 equiv of isopropenylmagne-
and the overall heat transfer atent (UA) and the process sjum bromide to form the deprotonated spegieshe
time for the temperature controllgryere regressed with the  stojchiometric requirements of the second elementary step,
supplied temperature dafeafle ). The nal parameter in  npycleophilic addition to the deprotonated species, may be
impacted by a complex higher-order agglomerate network of

Table 1. Regressed Kinetic Parameters of the Grignard  either the deprotonated species itself or the Grignard reagent
Reaction for the Surface Reaction Rate Expression and  as governed by the Schlenk equilibfium.

Reactor Heat Transfer ModeT = 40°C) Along with 95% The reaction rate equations are describedsg3and14
Con dence Intervals and Measured Initial Volumetric _
Surface Area of Mg Turnings I = KCoqrignard® m (13)
parameter value units 3= k3CGrignarcp deprotonatediV (14)
6 8
kéeq”g 613.35.2;18.891 43710 nlzgs/mol where k, and k; follow an Arrhenius-type temperature
UA 1.13+ (0.90% 10 3 W/ °C dependence a shownen 4 In eq 14 the dependence of
43.37+ 0.48 S the rate on the concentration of the Grignard reagent is
a(0) 22.40% 16 m2/m3 assumed to berst-order because only one species, i.e. the
¢ dimer, is required to interact with deprotonated morpholine
amidel.

this model, the initial volumetric surface area of Mg turnings, |0 characterize these reactions, a set of batch kinetic

0), was measured experimentally as 22 4363 usin experiments were de_signed and executed. For this, the reaction
ZMlg\Jﬁic)romeritics TriStar Ilpsurface ar)éa analyzer. k temperature was varied between 30 af@.4dnd the molar
The conversion of morpholine amide, a CQA for thig'@io of 2-BP to morpholine amide was kept at 3. The
process, occurs via deprotonation of the morpholine amide ajfumetric scale was 60 to 90 mL of total reaction mixture for
formation of the tetrahedral intermediate (and propene) pynese experiments. Tlme'serles Qata were coIIecteq to track the
reaction with the newly formed Grignard reagaiteme ,2 epletion of the morpholine amide and the formation of the
vide supra). These two reactions, which occur in both CSTF%gtrahedral intermediate via high-performance liquid chroma-

; s 1 1 ography (HPLC)Figure 3shows the experimental data and
and CSTR?, are describecqs 11and12 model t, and the tted model parameters are listetahle 2

morpholine amideé  isopropenyl MgBr After being calibrated with batch experiments, the kinetic
model for the Barbier-type Grignard reaction was validated in

deprotonated morpholine aride  prepen (11) continuous operation. Thest set of experiments evaluated

(a) (b) (c) (d)
.80 — 40 40 40
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Figure 3.Comparison between model predictions and experimental values for morpholine amide (M. A.) consumption and tetrahedral
intermediate (T. I) production at (a) 3CQ, (b, ¢) 35°C, and (d) 40°C.
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Table 2. Regressed Kinetic ParameterE@fiations 13and corresponding experimental measurement, whereas that for
14 to Produce the Tetrahedral Intermediate Shown with  case (2) deviates more from the experimental measurement.
95% Condence IntervalsT;; = 40 °C) The experimental data for these two case studies, summarized
_ in Table 3 also demonstrate sigrant variability in the
parameter value units

conversion of morpholine amide, indicating the importance of

ko 1.37x 10+ 1.89x 10° m? mol s ! disturbance analysis to evaluate the process robustness toward
B2 14297 17.3 . kimol uctuations in the operating nditions. Finally, better

ks 4.63x 10 “+ 2.37x 10 m" mol ° s agreement between the model and data and a greater overall
= 128.26+ 65.3 kd/mol

morpholine amide conversion were observed in case (1).
Therefore, the rest of this paper considers these conditions.
the impact of the residence time on the overall conversion of The validated range for this model is as follows: reactor
morpholine amidem(gure . At a Mg dosing interval of 50 temperature of 3@l0 °C, residence time of 140 min,
min, an individual reactor volume of 100 mL, and a reactdtosing interval of 3G0 min, and 1224 equiv of residual
temperature at 46 5 °C, the residence time for each reactor Magnesium. The model tends be more accurate at greater
was varied from 13 to 40 miRigure 4shows that the residence times and greater magnesium dosing intervals. The
maximum disagreement between the model-predicted cdRodel can account for decreased residence time at large
version and the experimental measurements is below 4.3@sidual magnesium levels, but mass transfer limitations
Figure 4also demonstrates the relationship between the dosifgyond the validated range have not been investigated and
interval, reactor residence time, and variability in morpholif@ay impact the predictive power. S
amide conversion. For the shortest residence time of 13 min2.2. Workup Steps: Reaction Kinetics, Liquid Liquid
(condition 3 inFigure ¥, both the model-predicted and Extraction, Mass Transfer, and Model Development.
experimentally measured morpholine amide conversion rang&¢ reaction kinetic formulation for the agqueous workup
are the highest among the conditions studied. Thed&cludes two reactions in CSTR3: (1) the reaction of the
variabilities result from the semibatch (i.e., noncontinuouggtrahedral intermediate (TI) with citric acid to form the
additions of magnesium. Accordingly, as the ratio of the dosifgone (the desired product), morpholine citrate, and
interval to the reactor residence time increases, so does fRagnesium bromide citrate (19 and (2) the reaction of
range of magnesium concentrations in the reactor and tigopropenylmagnesium bromide with citric acid to form
morpholine conversion variability. While the model results argagnesium bromide citrate and propenel:
acceptable, the impact of the residence time on the morpholine
amide conversion is underpredicted. The model is most 3citricacidt Tl enohe morpholine citrat
accurate at the residence time of 40 min and has greater .
prediction error at the lower residence times. + 2MgBr citrate (19)
Following regression, the model was further validated for
extended operation. Two cases were studied: (1) a 40 min Mg citric acid+ isopropenyl MgBr ~ MgBr citrate  prepen
dosing interval with a 20 min residence time per reactor at 40 (16)
°C and (2) a 30 min Mg dosing interval with a 30 min
residence time per reactor at % The reactions were Both reactions were comed to be fast under acidic reaction
initiated with a mixture of magnesium, 2-BP, and morpholineonditions, reaching complete conversion in less than 1 min.
amide in a smaller working volume, an approximately 500 niurther optimization of the residence time was not needed
batch for case (1) and an approximately 200 mL batch for calsecause the reaction was instantaneous relative to the
(2). The mixture was aged overnight, after which continuougsidence time of 10 min ded in CSTR3. The reactions
operation began; the zero-time point refers to the end afiere then assigned arbitrarily high rate constants to ensure
overnight aging. As shownFigure 5the model-predicted high conversion in the gPROMS FormulatedProduct-based
conversion of morpholine amide for case (1) matches thmodel.
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Figure 4.Comparison between model predictions and experimental values for conversion of morpholine amide in (a) CSTR1 and (b) CSTR2 at
residence times of (1) 40 min per reactor, (2) 20 min per reactor, and (3) 13 min per reactor. Above each set of data isesboes the di
between the model prediction and the experimental data.
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Figure 5.Comparison between model predictions (red) and experimental values (blue) for the kilo-scale demonstration of the Grignard proces
showing the morpholine amide conversion for (a) CSTR1 at a 40 min Mg dosing interval with a 20 min residence time peiGeézior at 40
CSTR1 at a 30 min Mg dosing interval with a 30 min residence time per reat@r(a) 8B TR2 at a 40 min Mg dosing interval with a 20 min
residence time per reactor at’@) and (d) CSTR2 at a 30 min Mg dosing interval with a 30 min residence time per reaé@rEad0

experiment was run following a batch startup in CSTR1, which is why the conversion in CSTR1 dips initially.

Table 3. Range of Measured Morpholine Amide the process outcomes such as conversion, partitioning, and
Conversions Observed during Continuous Operation for mass transfer of all the species between te organic and aqueous
(1) a 40 min Mg Dosing Interval with a 20 min Residence layers.

Time Per Reactor at 40C and (2) a 30 min Mg Dosing In the experiments to characterize equilibrium partition
Interval with a 30 min Residence Time Per Reactor a&tG0  coe cients, the total solvent content was kept constant, while
the compositions of THF, MeTHF, 25 wt % citric acid

conversion range (%) solution, and methygrtbutyl ether (MTBE) were varied up

case CSTR1 CSTR2 to £15% of their nominal values. Additionally, the morpholine
1 88.2 98.3 94.398.5 amide impurity level was increased up to 3 times its nominal
2 84.3 96.8 92.897.2 value to reach the spexd limit of 95 mol % conversion of

morpholine amide, while the morpholine, MiBate, and
Following the aqueous quench in CSTRS3, the biphasienone concentrations were kept at their nominal values. The
stream undergoes a liquiduid phase separation in decanter goal was to show impurity clearance at elevated levels and
1 (DEC1). The characterization of phase separation and mdssestigate the ect of concentration on the partition
transfer kinetics between the aqueous and organic layers w@s cients. The process was shown to be robust and capable
executed in batch experiments. These experiments aimedoforemoving elevated impurities. The temperature was also
characterize the impact of varying the process parameterskapt at 20°C. Table 4 summarizes the combinations of

Table 4. Design of Experiments for Characterization of Liquiduid Extraction 1 at 20C*

solvent composition (vol %) concentration

expt THF MeTHF citric acid MTBE product: enone impurity 1: morpholine amide impurity 2: morpholine impuritgigatdgBr

1 N N N N 1x 3x 1x 1x
2 N + 15% R R R A 3x 1x 1x
3 N  15% R R R A 3% 1x 1x
4 R R N + 15% R A 3x 1x 1x
5 R R N 15% R kS 3x 1x 1x
6 R R R N + 15% A 3x 1x 1x
7 R R R N 15% k 3x 1x 1x
8 N N N N 1x 1x 1x 1x

ZAbbreviations: N, nominal; R, residual;riominal concentrationx 3three times elevated morpholine amide impurity concentration.
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Figure 6 Measured and model-predicted partition cieats in liquidliquid extraction 1 for (a) the enone, (b) the morpholine amide, (c) water,
(d) THF, (e) MeTHF, and (f) MTBE.

Table 5. Design of Experiments for Characterization of Liquiduid Extraction 2 at 20C*

solvent composition concentration
expt THF MeTHF citric acid NaHGO MTBE product: enone impurity 1: morpholine amide
1 N N N N N 1x 3x
2 N + 15% R R R R x1 3x
3 N  15% R R R R XL 3x
4 R R R N + 15% R x1 3x
5 R R R N 15% R % 3x
6 R R R R N + 15% x1 3x
7 R R R R N 15% k 3x
8 N N N N N 1x 1x

ZAbbreviations: N, nominal; R, residual/;riominal concentrationx 3three times elevated morpholine amide impurity concentration.

conditions used to characterize the equilibrium partitiomass transfer kinetics was assumed for all of the liquid species
coe cients. The liquidiquid extraction was allowed to mix as well as the degassing of propene to the reactor headspace.
for 24 h to allow the phases to reach equilibrium before beingThe reaction of citric acid with sodium bicarbonate to create
analyzed by ultraperformance liquid chromatography (UPLGYater, carbon dioxide, and trisodium citrate 1) was

for the concentrations of morpholine amide and enone, g&gnsidered for CSTR4:

chromatography (GC) for the concentrations of THF, o .

MeTHF, and MTBE, and Karl Fisher (KF) titration for 3NaHCQ + citric acid
water concentration. The extraction was modeled using the trisodium citrate 3CO 3@ 17)
partition coe cient, i.e., the ratio of the concentration of a
species in the organic phase to that of the same species in
aqueous phase. As showhrigure §the partition coecients

of the enone, the morpholine amide, THF, MeTHF, an
MTBE had a linear dependence on the mass fraction of TH “The biphasic reaction stream then undergoes a liquid

Alsq _shown irFigure Gis the lack of dependence of the phase separation in DEC2. Similar to the acidic workup
partition coe cient of water on the mass fraction of THF; the yaccribed above. batch experiments were executed to
partition coe cient of water was modeled as the average valug rition coe cients for all of the species. For these batch
of all experimental observations. The other species in thigheriments, the total amount of solvent was kept constant,
extraction, morpholine citrate and magnesium bromide citraighile the compositions of THF, MeTHF, MTBE, citric acid,
could not be detected in the organic layer; a partitiomand sodium bicarbonate solution were varied byr15% of
coe cient of 10° was assumed_ for these species. their nominal values. The morpholine amide impurity level was
Mass transfer of all the species (solvents, solutes, and watgfied up to 3 times the sped limit to reach 95 mol %
present in this step was experimentallyrmeal to be much  conversion of morpholine amide, with the enone concentration
faster than the process time scale (i.e., residence time of képt constant at its nominal value. The goal was to show
min in DEC1) for all studied agitation levels. Therefore, fastnpurity clearance at elevated levels and investigatedhe e

This reaction was camed to be fast under basic reaction
conditions, reaching complete conversion in less than 1 min,
4nd was modeled with a rate constant Sf(@d/mol)" st

|t_o have fast acidbase reaction kinetics.
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Figure 7 Measured and model-predicted partition cieats in liquidliquid extraction 2 for (a) the enone, (b) the morpholine amide, (c) water,
(d) MTBE, (e) THF, and (f) MeTHF.

of concentration on the partition cegents. The process was distilled again to a speedl volume. The charge and
shown to be robust and capable of removing elevated levelditillation volumes for these steps were determined with the
impurities. The temperature was also kept constant@t 20 DynoChem solvent swap distillation model and themderi
Table 5shows all of the combinations of conditions used foexperimentally on the development scale. After completion of
partition coecient characterization. In the ligiduid the nal distillation step, the product solution is diluted with
extraction characterization experiments, the phases weacetic acid and transferred to the product collection tank,
allowed to mix for 24 h before being separated and analyzetlich is sent downstream to the third synthesis step of the
for the concentrations of morpholine arhidad enon@ by epoxy ketone manufacturing process. This semibatch distil-
UPLC, THF, MeTHF, and MTBE by GC, and water by KF lation is repeated continuously to provide a steady feed to the
titration. No strong correlation was idaerdi between the next synthesis step.
experimental parameters (impurity concentration and solventin the virtual plant owsheet, the gPROMS Formulated-
and water composition) and the partition @dent of any Products distillation drum model was used in conjunction with
species; these cadents were modeled as the average valugts Task functionality to describe the operating procedure. The
of the corresponding experimental observations shown vapor liquid equilibrium was modeled using temperature-
Figure 7 The only species not detected in the organic phasdependent two-liquid binary interaction parameters from the
trisodium citrate, was modeled with a partition @eat of nonrandom two-liquid (NRTL) model for MeTHF, THF,
103, MTBE, ACN, and watéf.Fast mass transfer of the solvents
Mass transfer of all the species (solvents, solutes, and wat)l water between the liquid and vapor phases was assumed,
in DEC2 was experimentally aomed to be fast relative to with the overall volumetric mass transfer @eat modeled
the process time scale (i.e., a residence time of <5 min & 1 s'. The enone and any impurities were treated as
DEC?2). No mixing sensitivity was observed for mass transfemainvolatile species.
any of the studied agitation levels. Therefore, fast mass transfe2.4. Computational Methods. The end-to-end simula-
kinetics was assumed for all of the species. Carbon dioxide Wi@as was created in gPROMS FormulatedProducts version 1.4
assumed to be transferred to the reactor headspace at a Higim Process Systems Enterptisk. database containing
mass transfer rate. physical and thermodynamic properties of proprietary and
2.3. Distillation Model Development. The nal unit other compounds was developed using gPROMS Formulated-
operation, a distillation drum, serves to swap the enone solv&rbducts Utilities and MultiFlash 6.1. NRTL activity
from MeTHF, THF, and MTBE to a combination of coe cients describing the vaplquid equilibria of water
acetonitrile and acetic acid. Smadiy, the process is designed and solvents were obtained from Dechiémk.of the unit
to achieve 0.5 wt % each of MeTHF, THF, and MTBE and operations, including CSTRs, decanters, and the distillation
25 wt % enone such that the epoxidation reaction in the thirdrum, were modeled with gPROMS FormulatedProducts
synthesis step of the overall process can be performstndard and custom library models. The semibatch distillation
e ciently in acetonitrile. The distillation process is semibatatirum operation was modeled using the gPROMS Formulated-
and constrained to have a maximum internal temperature of B@oducts Task, a feature of this modeling software that enables
°C and a vacuum pressure of <200 mbar. Once the hold tahkbrid continuousdiscrete modelirf§.
reaches a speed volume, axed volume of process solution  Kinetic parameter estimates for reactions occurring in
is charged to the distillation drum. The mixture in theCSTR1 and CSTR2 were determined in gPROMS using
distillation drum is then distilled to a spettivolume, to  concentration measurements for both the reactant and
which acetonitrile is charged and the resulting new mixturepsoduct. The reactions occurring in CSTR3 and CSTR4
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Figure 8 Number of Mg equivalents in CSTR1 (blue) and morpholine amide conversion in CSTR2 (red) for magnesium dosing intervals of (a) 40
min, (b) 80 min, and (c) 120 min. The black dashed lines show the target morpholine amide conversion (95%).

were conrmed to follow fast acithase kinetics and therefore
were not calibrated. The partition coents for the liquid
liquid equilibrium in DEC1 had a linear dependence on the
total THF mass fraction and were modeled as such. The
partition coecients for the liquidiquid equilibrium in
DEC2 were modeled as the average values from all
experimental data. The mass transfer comm@s for the
liquid liquid equilibria in DEC1 and DEC2 were cored to
be su ciently large and were not estimated. For the distillation
drum, the mass transfer coents were assumed to be large
and therefore were not characterized.

For level control within each relevant unit operation, the
out ow condition was based onxd-volume specation. 0 20 40 60
For temperature control, an embedded model was used to AverageiMg squivalcnts

manipulate the tempe_rature of the incoming heat tranis!ter (gigure 9.Variability in morpholine amide conversion leaving CSTR2
The heat transfer coeients for glass reactors were estimateqys 3 function of average number of magnesium equivalents in CSTR1

to be 4.56 W/K using DynoChem Utilitiés. and magnesium dosing interval (40, 80, or 120 min) (red) and
For disturbance analysis, the simulation masun with  average morpholine amide conversion leaving CSTR2 as a function of
nominal conditions to reach steady state (10000 s), unleg®se same parameters (blue).
otherwise spe@d. Following the simulation under nominal
conditions, disturbances were introduced as step changes glidiionship between operational tractability (i.e., frequency
allowed to reach steady state. Process disturbances w, anual magnesium dosing) and process stability (i.e.
determined on the basis of expecteduations at scale, and nsistency of enone conversion). '
model disturbances were determined on the basis of either he use of in silico modeling was critical for this analysis

the standard deviations of the determined parameters or ((j[g?nce experimental characterization of the full design space for
the largest derence between the model predictions antihis reaction was déult because of (1) the lack of accurate
experimental data in the calibration set. methods to measure the number of Mg equivalents in real time
and (2) the variability in CSTR conversion due to the
3. RESULTS AND DISCUSSION noncontinuous nature of the magnesium dosing. The objective
After individual calibration, the models were connected in af the in silico studies was to investigate the range of
owsheet-level integrated model including regulatory controiorpholine amide conversions for a given range of magnesium
loops for dynamic simulation. The integrated model for thequivalents:igure 8shows the morpholine amide conversion
overall Step 2 process was then used to determine (1) tkes a function of the total number of Mg equivalents in CSTR1
relationship among the magnesium charging interval, averégethree dierent dosing strategies (40, 80, and 120 min). In
number of magnesium equivalents in the reaction, and thiee simulation, the reaction is assumed to have been initiated
morpholine amide conversion and (2) the impact of processith a very small amount of Mg, in contrast to the normal
disturbances and uncertainties on various CQAs. Thebatch initiation with a greater amount of Mg. Then magnesium
analyses were used to guide operational decisions and thelosed in each interval such that the number of magnesium
development of a process control strategy. equivalents gradually increases over time. At earlier times in
3.1. Case Study for the Development of an Operation the simulation, the number of magnesium equivalents is quite
Strategy: Mg Charging Strategy. The development of a low ( 5), and therefore, the variability in conversion is quite
Mg charging strategy is a crucial step in continuous Grignanégh. As the number of magnesium equivalents increases, both
reactions to maximize the time between Mg charges bthie variability and the average conversion asymptotically
minimize variability in the reactor conditions, including thepproach constant values. Theedtion point for this
number of Mg equivalents and the reaction conversion. Feariability is around 12 magnesium equivalents, in agreement
development runs, the Mg charging interval was képatow with batch characterization heuristics that suggested operation
30 40 min to maintain process stability. Instead of performingt a minimum of 12 magnesium equivalents to achieve the 95%
additional highly complex development runs, the validatambnversion target. These trends are consistent with the
Grignard reaction model was used to understand thenderlying chemistry: at a greater number of magnesium
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Figure 10lmpact of the dosing interval (40, 80, or 120 min) on the residual concentrations of (a) 2-BP in CSTR1 and (b) isopropenylmagnesium

bromide in CSTR2.

Table 6. Process Uncertainties in the Form of Operational Table 7. Model Uncertainties in the Form of Parametric
Uncertainties Considered in the Disturbance Analyses

Disturbances Considered in the Disturbance Analyses

stream or unit variable

morpholine amide solution in ow rate +10% of total ow

THF/MeTHF rate
morpholine amide solution inmolarity of +10% of total
THF/MeTHF morpholine amide molarity

2-BP solution in THF +10% of total ow

rate

+10% of total
molarity

+10% of total ow
rate

25 wt % aq citric acid solution weight percent oft 10% of total

ow rate
2-BP solution in THF molarity of 2-BP

25 wt % aq citric acid solutionow rate

citric acid weight fraction
MTBE ow rate +10% of total ow
rate
8 wt % NaHCQ ow rate +10% of total ow
rate

8 wt % NaHCQ weight fraction of +10% of total

NaHCO; weight fraction
CSTR1 temperature +5°C
CSTR1 Il level +10% Reactor
volume
CSTR2 temperature +5°C
CSTR2 Il level +10% of reactor
volume
CSTR3 Il level +10% of reactor
volume
CSTR4 Il level +10% of reactor
volume

allowed tolerance

stream or unit

CSTR1/CSTR2
CSTR1/CSTR2
CSTR1/CSTR2
DEC1
DEC1

DEC1

DEC1

DEC1

DEC1

DEC1

DEC2

DEC2

DEC2

DEC2

DEC2

DEC2
DEC2

equivalents, each magnesium charge causes a smaller relatt)il\zlg2
change in the magnesium surface concentration, resulting in a
smaller relative change in morpholine amide conversion. &mide conversion (i.e., the most stable process). Furthermore,
Figure 9this analysis is then used to determine the variabilitgnce the conversion variability and the corresponding dosing
in average morpholine amide conversion as a function imfterval have been idemiil, the measured variability in
dosing interval and average number of magnesium equivaleotsversion can be used as a soft sensor for the average number
Interestingly, at axed number of magnesium equivalents, theof magnesium equivalents in the reactor. Having this
conversion variability increases with increasing dosing tinmeasurement is critical, as stirred tanks are integrated systems
but the average morpholine amide conversion remairamd thus are dicult to control without feedback from real-
relatively constant. Additionally, as the average number tohe measurements.
magnesium equivalents increases, the variabilities for all cas®¢hile quantifying the variability in conversion of the main
asymptotically approach a minimum value for each dosimgactant is important, understanding how this variability
interval. Both trends make qualitative sense, but there is likétypacts the impurity prie is critical for the development of
some upper limit on the number of magnesium equivalents anrobust procesSigure 1&hows the residual concentrations
CSTR1 that has not been characterized. This analysis can tleér2-BP and isopropenylmagnesium bromide in CSTR2 over
be used to determine the maximum dosing interval (i.e., theme for three dierent magnesium charging intervals.
least complex process) from a desired variability in morpholiBmwnstream of CSTR2, 2-BP is removed in the distillation

variable

forward reaction rate ()

forward reaction rate (L)
forward reaction rate (L3
imidazole partition coeient

morpholine partition
coe cient

imidazole-HCI partition
coe cient

morpholine amide partition
coe cient

water partition coeient
MeTHF partition coecient
HCI partition coecient
Boc-Leu-OH partition

coe cient

morpholine amide partition
coe cient

water partition coeient
MeTHF partition coecient

NaCO; partition coe cient

NaCl partition coecient
NaHCQ partition coe cient
HCI partition coecient

allowed tolerance

+10% of absolute value
+10% of absolute value
+10% of absolute value
+10% of absolute value
+10% of absolute value

+10% of absolute value

+28/ 33% of absolute
value

+18/ 11% of absolute
value

+12/ 17% of absolute
value

+18/ 11% of absolute
value

+10% of absolute value

+21/ 25% of absolute
value

+36/ 43% of absolute
value

+12/ 43% of absolute
value

+36/ 43% of absolute
value

+10% of absolute value
+10% of absolute value
+10% of absolute value
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Figure 11 .Conversion of morpholine amide as a function of (a) morpholine amid®e, (b) morpholine amide concentration, (c) 2eBP
rate, (d) 2-BP concentration, (e) CSTR1 temperature, (f) CSMRtel, (g) CSTR2 temperature, (h) CSTR2evel (i) eq 10rate constant
(kGig), (i) eq 13rate constant, and)(eq l4rate constant. The legend in (e) is the same as in the restgfrheand the bounds correlate to
the maximum (+10%), minimum0%), half-maximum (+5%), and half-minimuB?4) of the values ifables Gand?7.
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Figure 12.Tornado diagram for the conversion of morpholine amide as a function of (a) morpholireraratée (b) morpholine amide
concentration, (c) 2-BRw rate, (d) 2-BP concentration, () CSTR1 temperature, (f) CHT&®Z&I, (g) CSTR2 temperature, (h) CSTR2
level (i) eq 10rate constant{Cg), (j) eq 13rate constant, and (k) 14rate constant.

drum because of its volatility, and isopropenylmagnesiutine Mg charging interval and increasing the residual number of
bromide is removed in CSTR3 upon the addition of citric acidhagnesium equivalents. On the basis of in silico process
to quench the tetrahedral intermediate. Understanding hodevelopment studies, a residence time of 40 min and a
these charging strategies can impact the residual concemnimum of 12 equiv of Mg were recommended as operating
trations provides insight into the amount of overdesigparameters. Implementation of this approach would result in a
required for the quench reaction. As the number of magnesiiprocess that delivers the CQAs and maintains a relatively stable
equivalents increases, the residual concentration of 2-BRpurity prole.
decreases and the residual concentration of isopropenylmag3.2. Process Disturbance AnalysisAfter identication of
nesium bromide increases. However, the variability in thbe Mg charge strategy, tlwvsheet-level integrated dynamic
isopropenylmagnesium bromide concentration does notodel was used to determine how disturbances and
exceed the experimentally characterized range and can ubeertainties would impact various CQAs. All of the process
removed in downstream operations. specications were initially developed for the batch process
Taken together, the simulation results indicate that thand targeted by the continuous process. The uncertainties
process could be made less operationally complex by redudhgdied in this paper belong to two groups: process
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Figure 13 Reduction and recovery in the conversion of morpholine amide leaving CSTR2 for (a) the worst-case scenario of operating conditions
(b) decreased 2-BP concentratiow rate ( 5% of nominal), (¢) nominal 2-BP concentratiow/rate, (d) increased 2-BP concentratimm/

rate (+5% of nominal), (e) increased 2-BP concentraiigmate (+10% of nominal), (f) increased 2-BP concentratomate (+15% of

nominal), (g) increased 2-BP concentratimn/rate (+20% of nominal), (h) increased 2-BP concentratiométe (+25% of nominal), (i)

increased 2-BP concentratiaw rate (+30% of nominal), (j) increased 2-BP concentratwmate (+35% of nominal), (k) increased 2-BP
concentration/ow rate (+40% of nominal), and (l) increased 2-BP concentratiordte (+45% of nominal).

uncertainties and model uncertainties. Process uncertaintse®nario for all uncertainties combined can result in
consist of operational disturbances, includmgrates and  conversions as low as 70%. It would be a highly unlikely
concentrations of feed streams, temperatured| kvetls of  scenario to have all of the worst-case disturbances and
unit operations, and are showmaible 6 Model uncertainties  uncertainties occur simultaneously. Even in this unlikely
consist of parametric uncertainties of estim_ated kinetic arRgenario, a design change or feedback control in the form of
thermodynamic parameters and are shoWabile 7 All of changing a process variable can recover the process to meet the
the CPPs were recorded in the simulation, but the major foc get conversion of 95%. In terms of design, in silico analysis

of this analysis is the conversion of morpholine amide IeaVngmonstrates that a 35% increase in 2-BP concentration is

CSTR2. To decouple theseeets from the magnesium : o } -
charging interval, the number of magnesium equivalents v{éguwed to maintain the target-level process Gpms for

kept very high (30) to minimize variability due to residual etwcljrstt—pase fcometlatlon (?f ?Iltdlsturbances._ IB| term_?hof
magnesium levels. control, it is preferred to manipulate process variables with a

The step response matrices for the conversion of morph8foNg impact on conversion. However, it is not practical to
line amide leaving CSTR2 are showRigure 11 1n this manipulate two of these variables, the concentratioovand
gure, oscillations at steady state are due to each magnesi@# Of incoming morpholine amide, because this stream is
charge. As shown, operational disturbances in the morpholipi@duced upstream in the continuous manufacturing process.
amide ow rate, morpholine amide concentration, 2eBP This leaves three options for manipulated variables: (1) the
rate, and 2-BP concentration have a strong impact on themperature of CSTR1, (2) the temperature of CSTR2, and
conversion, while operational disturbances in the CSTRB) the ow rate of 2-BP. Since the Grignard reaction is a
temperature, CSTR1I level, CSTR2 temperature, and highly exothermic reaction, controlling the temperatures of
CSTR2 Il level and model uncertainties in kinetic parameteCSTR1 and CSTR2 is not desirable because of process safety
estimates have a moderate impact on the conversion. All of thﬁ)acts_ Therefore, thew rate of 2-BP was selected as a
other disturbances and uncertainties have negligible impactsffirable manipulated variable to control the reaction
the conversion of CSTR2 and are not shown. conversion. As shownFigure 13the conversion monotoni-

The total impact and relative magnitudes of impact of the%a”y increases with 2-BBw rate for the combination of

g!sturbanqesr agd :ncertalrltltasl are |II1;]strated_ In a tormnago, s case disturbances, suggests that this would be a suitable
lagramigure 1) As expected, larger changes in ConVers'opnanipulated variable. This control strategy was not imple-

are caused by operational disturbances that change the . . ) :
amounts of supplied reactants. This occurs because tW§nte_d in order to reduce_ the co_mplexny assomateq W!th
reactants are supplied at nearly stoichiometric amalmts adjusting the Mg charges n real time during proQucUon n
residual concentration of isopropenylmagnesium bromide, tRgcordance with changes in 2-BW rate for sucient
excess reactant, is 20 mM. The other disturbances impact fREgnard reagent generation. Instead, strict regulatory control
relative reaction rate but are still limited by the reactioffPecications were daed on key operational parameters of
equivalents. the process to minimize disturbances. This includes
In terms of developing a robust process, the conversion ddgplementing ow rate control and concentration sjegi
not meet the desired minimum conversion of 95% for sonig@ns on critical reagent streams and reaction temperature
operational disturbance scenarios. Additionally, the worst-casatrol with narrow quaéid ranges.
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