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ABSTRACT: This article describes the process characterization and development of models to inform a process control strategy
prepare RR)-epoxy ketong, an intermediate in the manufacture ofzzzamib. Model calibration for relevant unit operations and

the development of a dynamic integrab@sheet-level model in gPROMS FormulatedProducts software enabled investigation of
the impact of process disturbances and model uncertainties on the critical quality attributes (CQAsgatith idéntitical

process disturbances and failure modes to guide a process control strategy. The model development was similar to that describe
the previous parts of this series, but with the added complexity of comparing two distinct kinetic formulations for the epoxidatiol
reaction. The main CQAs for this process were (1) the conversion df @gaayet 99.0 mol % conversion) and (2) the purity

target for solids prior to cake wash (tar@t.5% purity by weight). Conversion of enone was not always achieved with the
expected disturbances: whereas 99.5% conversion was expected for normal operating conditions, 97.2% conversion was predict
the worst-case combination of disturbances. The chiral purity of cryRERHem@oky keton2 was not always achieved with the
expected disturbances: 98.2% purity was expected for normal operating conditions, and 96.7% purity was expected for the worst-
combination of disturbances. These analyses allowed for rank ordering of critical process parameters that impact conversion
suitable manipulated variables to develop a robust process control strategy for the manufacturing scheme.

KEYWORDS:continuous pharmaceutical manufacturing, process emodbkngistry, continuous crystallization,
continuoudtration, advanced process control

1. INTRODUCTION manufacturing process to prodiRB)¢epoxy ketong from

Continuous manufacturing (CM) has gained interest fron?nonel(Schemg)]by mangane.sel—catalyzed epoxidatipn using
grogen peroxide as the stoichiometric oxXitlamk. major

academia, regulatory agencies, and the pharmaceutical ir}?ci!efllenge of this chemistry is its strongly exothermic nature, with
try. * Capitalizing on this interest, Amgen has evaluated the, - "¢ oo tion of alm@250 kJ/mol° and an adiabatic

implementation of CM for the production of alzamib drug ;
substance intermediate. The oxidation reaction detailed heré%nperature.rlse (ART) O.f 6a. Anothgr challenge agdres_sed
is work is the undesired competing disproportionation of

is of particular interest because the process requires exother] ig1

and hazardous chemistries that are well-controlled in continughs 09€"N peroxide b_y the manganese céﬁﬂ;aﬁbwmg the
operatior® reaction to synthesiz&R)-epoxy keton€, a number of

To aid in the development of this CM process, in SiIiCOWorkup steps, including ligBldjuid extraction, continuous

modeling has been used to determine the process parame%yssta"'zat'on' andtration, are performed to separate and

. o : . urify it. A mixed-suspeaosi mixed-product-removal
PPs) that most strongly impact the critical quality attribute . o .
ECQA)\S)?’S The adoptio(rgw Béf surz:h an approachiqscruzial becaufMSMPR) continuous crystallization process, which has been

of the inherent interconnectedness of unit operations iﬁeemonstrated academically and industffaliywas devel-

continuous manufactury® Therefore, the work in this oped. Similarly, Itration has also been demonstrated in

) ; iralestriaI and academic settings, with vatioatson schemes
series of papers focuses on the development, experimenta

validation, and use of in silico models to support the

deve'opment of a CM process. SpeCial IssueFlow Chemistry Enabling Eient
Parts landll of this series show the development of procesSynthesis

models for the synthesis and mation of the morpholine  Received: April 15, 2020

amide (10.1021/acs.oprd.0900)[’§7and enond (10.1021/  pypjished: July 14, 2020

acs.oprd.0c001)38 respectively. Part Il of this publication

series continues with thevdlpment of a continuous
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Scheme 1. Synthesis & R)-Epoxy Ketone 2 by Epoxidation of Enone 1
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having been developed for CM procéS&s. Continuous  tertbutyl ether (MTBE). This solution is then sent for the next
Itration examples include (1) rotating porous plates andtep, not discussed herein, which includes the reaction with

carousels foiltration, washing, and drying of isolated matenatnazabmylodecene to form tl&&Rf-epoxy ketone which is

and (2) parallel batchwise devices ltoation, washing, and then isolated via batch crystallization #ration?*

dissolution of the cake, as employed in this'ork Process Each unit operation irscheme 2was individually
models were developed for all of the unit operations and used éharacterized to develop a mechanistic understanding of the
in silico characterization of the integrated continuous procesglevant phenomena. An experimental plan was developed and

which enabled the development and testing of an advancexecuted to characterize each unit operation in batch mode for

process control strategy. normal and abnormal operation. Data from this characterization
were used to calibrate the model of each unit operation. The
2. VIRTUAL PLANT DEVELOPMENT FOR THE mo_dels were then integrated into an end-to-ensheet,
SYNTHESIS ORR-EPOXY KETONE 2 which was used for disturbance analysis and the development of

a process design and process control strategy to meet the desired
The continuous manufacturing process¥BJ-epoxy ketone  specications in the presence of these disturbances.
2isillustrated iBcheme.Z'he feed streams containingeone 2.1, Process Characterization Experiments and Param-
in acetonitrile (ACN) and acetic acid (ACOH), Mn cat&@lyst  eter Estimation for Model Development. 2.1.1. Product
in ACN, and 50 wt % hydrogen peroxidgO)lin water are  Formation: Reaction Kinetics and Kinetic Model Develop-
passed through precooling loops and combined to initiate tiigent. Three key reactions occur in CSTR1. Thereaction,
epoxidation process. The observation of gas evolution resultihg formation ofRR)-epoxy ketong, involves the reaction of
from the disproportionation ot®, to form oxygen and water enonel and HO, as described i 1 The second reaction,
(vide infra) prompted the use of a continuously stirred tankormation of RS-epoxy keton8, the primary impurity, also
reactor (CSTR) platform for this reaction sequence. Thénvolves the reaction of endrand HO,, as described @ 2
e uent of CSTR1 is sent to CSTR2 along with another streamhe nal reaction, disproportionation ofG4 by the Mn
of hydrogen peroxide. Additional aging is required in CSTRatalyst, is showndn 3 The catalystis homogeneous, and thus,
and CSTR3 prior to the quench with an aqueous solution @l of the reactions are homogeneous as well.
sodium bisute (NaHSQ) in CSTR4 followed by phase

Mn
separation in Decanter 1 (DEC1). The organic phase is senttoaénonetr H Q = R R) epoxy ketore @ @)
two-stage MSMPR crystallization along with water and AcOH.
The e uentof MSMPR crystallizer 1 (MSMPR1)isthensentto enonet+t H Q R S) epoxy ketore @ 2

MSMPR2 for improved recovery of tReR(-epoxy ketone.
The crystallized solids are then washed and isolated using w0, Mn H,O + 502
parallel Itration units. The solids are then dissolved in methyl 2 3

1892 https://dx.doi.org/10.1021/acs.oprd.0c00189
Org. Process Res. D2020, 24, 189$1908


https://pubs.acs.org/doi/10.1021/acs.oprd.0c00189?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00189?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00189?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00189?fig=sch2&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://dx.doi.org/10.1021/acs.oprd.0c00189?ref=pdf

Organic Process Research & Development pubs.acs.org/OPRD

—
)
S
—
=2
—
—
[2)
A

o
'S
o
i
e
o
s
=)
»

°
2

4

w
o
w
e

=3

@
e
w
e
=
@

0.02

o
-
=)
o
e
o
=
e
o
e
o
=

Concentration [mol/L]
o
Concentration [mol/L]
o
-

\

\

o
o
N
Concentration [mol/L]

Concentration [mol/L]
(=]
N

Concentration [mol/L]

(=]
(=]
(=]
o

(=]

o
o
o

20 40 60 50 100 50 100
Time [min] Time [min] Time [min]

e
B
o

S
kS

0.04

=]
i
e
=3
1Y

o
N

0.03

o
w

# measured enone

== predicted enone

* measured (R,R)-epoxyketone
== 'predicted (R,R)-epoxyketone

#* measured (R,S)-epoxyketone
= predicted (R,S)-epoxyketone

0.02

e
Y

0.01

e
o

Concentration [mol/L]

S

\
Concentration [mol/L]
Concentration [mol/L]

S

=4

(=4

N
Concentration [mol/L]

0 0 e
10 20 30 40 0 5 10 15 20
Time [min] Time [min]

(=]
b

o

Figure 1.Comparison between model predictions withipBtharacterized and experimental values for the édBjeppxy ketone, anR -
epoxy ketone concentrations for§a°C and 0.01 mol % Mn catalyst, §98°C and 0.01 mol % Mn catalyst, $§ °C and 0.01 mol % Mn
catalyst, (dp18°C and 0.05 mol % Mn catalyst, andS&3 °C and 0.1 mol % Mn catalyst.

To characterize the reaction kinetics for the reactions showiable 1. Regressed Kinetic Parameters of the Epoxidation
in eqgs land2, a set of batch kinetic experiments with reactiorReaction without Hydrogen Peroxide Decompositidp.{(=
temperatures betwe®h8 andS8 °C and Mn catalyst loadings 518 °C)
between 0.01 and 0.1 mol % with respect to the enone were

A nS1 St
executed. The volumetric scale of the experimentswas 1 to2 ~ '€action rate CO”Stim [timol) ,f I B (ki/mol)
of total reaction mixture to minimize the impact of the reaction €91 4.7x 10?61 2.8x 10?7 14+ 7
exotherm, and time series data were collected in every reaction €92 5.3x 10+ 2.7x 10° 29+ 6

to track the depletion of enob@and the formation oRR)-
epoxy keton2and -epoxy keton8via high-performance . L L L
Iiguidychromatogra%r?y (gPLyC) as shomﬁiggmrglAliquots peroxide decomposition in the model. Estimation of the kinetic
of the reaction mixture were immediately quenched at ﬂ%aralmelier?fortr}e_realcgon shovenjiwas di ﬁu“ be((:jause Off h
appropriate dilution with a room-temperature 1:1 ACN/watef€ 'ack of analytical data to measure the products of this
solution. Control experiments coned that the reaction was €action. . . .
inhibited using this quench strategy. To characterize the h_ydr_ogen pgroxtde decomposition
The reaction was found to hst-order with respect to the rgar::téog,?a Sf% /o1|‘VIbatch IT'net'C expaenr_nerﬁf@a%nd oC di
reactants and four-thirds order with respect to the Mn cataly§th 0-07 mol % Mn catalyst were designed and executed in a
concentration. The order with respect to the catalys'fe_acuon calorimeter. Enchevas excluded from the reaction
concentration was found by plotting the measured enor{Q'XtLr’]re to ensure thdat Qr;?qhis WO.UId occ(:jur..The Iargg
concentration as a function of time multiplied by the cataly§*Cterm associated withstieaction and vigorous,
concentration for the experimentsigure 1 The reaction evolut|on_ challenged the cha(acterlzatlon of this reaction. The
order (four-thirds) corresponds to the condition under whict/olumetric scale of the experiments was 35 to 40 mL of total
the data fall onto a master curve, as the catalyst is not consurhgCtion mixture, and time series calorimetry data were collected
in the reaction. While the mechanism for a four-thirds order witR" correlate_d tothe depleyon of hydrogen pero>_(|Qe throughits
respect to Mn is not clear, this model describes the experimertgft ©f reagc;ﬁ%, akSJ/ShO‘INﬁ:@We 2The| e>(<jotherm|0|ty of the
observations well. The reaction rate constjmtas modeled ~ Process (97. mol of,®) resulted in temperature

to have an Arrhenius temperature depende variations despite the use of a reaction calorimeter designed to
P P ack ( ensure isothermal reaction performance. The rG29 &C
1 were executed as technical replicates to understand the batch-to-
k, = kexp| Eﬁ S — batch variability, and no sigraint impact on the conversion
R Tt (4) was observed.

With these new data, the kinetic parameters for the reactions
wherek is pre-exponential factor for the reactigns the shown iregs land2 were ret using the original experimental
activation energf is the universal gas constdny; is the data, as shown liigure 3As before, the rates of the reactions
reference temperature, anis the temperature at which the shown iregs land2 had a four-thirds order dependence on the
rate constant is to be determined. Values of the parameters eagalyst concentration. While the agreement with the exper-
given inTable 1 This model was found to overpredict the imental data looks qualitatively simil&idgnires and3, both
conversion of the enone (i.e., the rates of the reactions giventhg kinetic parameter estimatesife 3 and predictive powers
egs land2), presumably because of the exclusion of hydrogesf the models are quite drent. An implicit assumption of this
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Figure 3.Comparison between experimental data and model predictions with inelgsitor tie enone RR)-epoxy ketone, an&§-epoxy
ketone concentrations for reactions run &18JC and 0.01 mol % catalyst, §1)8°C and 0.01 mol % catalyst,%8°C and 0.01 mol % catalyst,
(d) S18°C and 0.05 mol % catalyst, and323 °C and 0.1 mol % catalyst.

parameter estimation strategy is that the presence of the enaoaditions performed in a continuous manner, in which the
and epoxy ketone does not dramatically impact the kinetics refaction temperature was held348 °C, the Mn catalyst
hydrogen peroxide decomposition. The conversions in CSTR#ading was varied between 0.035 and 0.045 mol %, the number
and CSTR3 from the model with this assumption exhibit strongf equivalents of hydrogen peroxide was varied between 1 and 2,
agreement with the experimental dagiare 5 and each CSTR contained around 700 mL of total reaction
Following batch characterization, the performances of the twtixture. The results are showrkigure 4 This comparison
models were compared fore dierent sets of reactions highlights the importance of characterizing without this

1894 https://dx.doi.org/10.1021/acs.oprd.0c00189
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Table 2. Regressed Kinetic Parameters of the Epoxidation 100
Reaction with Hydrogen Peroxide Decompositidi(=
S20°C) 9
o = 90
reaction rate constant [fimol) ™! s> E, (kJ/mol) o
eql 8.83x 10°5 + 3.1x 10°° 35.9+ 3.4 g
eq 2 9.43x 10°¢ + 2.58x 10°7 29.7+ 2.7 z 8of s o]
S3 S4 [*] — prediction
eq3 4.01x 10°%+ 1.08x 10° 55.2+ 3.5 o e CSTR 2 prediction
g s CSTR 3 prediction
[2] 70r # CSTR 1 measured |]
© # CSTR 2 measured
characterization, the model overpredicts the conversion in $ CSTR3 measured

CSTR2 in all cases and predicts that erelit number of 600 1 2 3 4

CSTRs is required to reach the desired 99% conversion. The Time [h]

model withoutq 3underpredicts the conversiorFigure 1 ) _ o _

and overpredicts the conversiori§gare 4 This is consistent ~ Figure 5.Comparison between model predictions and experimental
with the behaviors of stirred tanks and batch reactors wh&gt@ for the nal validation of the K,-dependent reaction kinetic

: : : ormulation. Experimentally, 1.8 equiw@hias fed to both CSTR1
competing reactions (hexgs land2versugq J are involved. and CSTR2, and a total of three CSTRs were used with aresidence time

Folloyvlng this comparison, the model wiffdwas Useo.' 10 of 15 min and a temperatureSf5 °C for each reactor. All three
determine a set of conditions where the enone conversion woldldtrs were initiallyled with acetonitrile only.

surpass the desired conversion. The updated model led -to
increased understanding of the reaction conversion mechanism
and the impact of @, decomposition, which resulted in lower
conversion of the desired reaction. The optimized proceggd (3) the decomposition of hydrogen peroxided( To
conditions to reach >99% conversion were determined to be Laracterize the reaction kinetics, a set of batch experiments with
equiv of HO, fed to both CSTR1 and CSTR2 with a total of reaction temperatures between 30 and(Gnd enone
three CSTRs at a residence time of 15 min in each reactor, gfgburity between its nominal value and 3 times the nominal
process was designed accordingly. Splitting@hedtlition  value was executed. The volumetric scale of the experiments was
between two CSTRs is critical for reaching the desiregto 3 mL of total reaction mixture, and time series data were
conversion, as it reduces the exotherm and te@ H collected in every reaction to track the depletion of the enone via
decomposition. This experiment began with readleds  HpLC, as shown Ifigure 6The mass transfer was studied for
with ACN only. The predictions of the updated model werghjs reaction, and no mass transfer limitations were observed in
veri ed experimentally, as showigure 5The gas evolution  the characterized stirring rate range &3S0 rpm.
observed in CSTR1 challenged a quantitative assessment of thghe reaction was modeled to followgt-order reaction
reaction stream and rendered the concentration measuremeagetics with respect to all reactants, and the kinetic rate
more variable than those obtained in CSTR2 and CSTR3.  ¢constants for the Arrhenius equation are providedia3To

2.1.2. Workup Steps: Reaction Kinetics, L&jLglid avoid overtting, the activation energiesdgs 5and6 were
Extractions, Mass Transfer, and Model Developménee  assumed to be the same, and the temperature depenegnce of
reactions are considered in CSTR4: (1) the reaction oflenones was assumed to be negligible. The model accuracy could be
with bisulte (HSO;) to form an enone sue adduct¢q 9, improved by characterizing the hydrogen peroxide breakdown,

enoner HS%) enone sulfite adduct ) similar to what was done for the productive reaction described

) ) . above, but since 99% conversion was egpetithe end of the
(2) the H,0,-catalyzed reaction of enaneth HSQ® to form productive reaction and this quench reaction does not directly
the enone sute adduct€q 9, correlate to a tight specation, this was not needed. The rate
s H,0, ) constant foeq 3in CSTR4 is dierent from the rate constant for

enonet HS® enone sulfite adduct (6) eq 3in CSTR1, CSTR2, and CSTR3 as a result of many factors,

0
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o
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Figure 4 Comparison between model predictions for enone conversion in (a) CSTR1 and (b) CSTR2 with arul3uitidentvarious sets of

conditions: (1) 0.035 mol % catalyst with 1 equiv of hydrogen peroxide fed to CSTR1, (2) 0.035 mol % catalyst with 1.5 equiv of hydrogen peroxide fe
to CSTR1, (3) 0.045 mol % catalyst with 1.4 equiv of hydrogen peroxide fed to CSTR1, (4) 0.045 mol % catalyst with 0.9 equiv of hydrogen peroxic
fedto CSTR1 and 0.45 equiv of hydrogen peroxide fed to CSTR2, and (5) 0.045 mol % catalyst with 0.9 equiv of hydrogen peroxide fedto CSTR1 a
0.9 equiv of hydrogen peroxide fed to CSTR2.
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Figure 6 Comparison between model predictions and measurements for the breakdowninfG$ioRd at (a) 30C, (b) 40°C, and (c) 50C
for various numbers of molar equivalents of hydrogen peroxide with respect to the enone feed for the epoxidation process and various enone impt
levels (X, 3x) leaving the epoxidation process.

Table 3. Regressed Kinetic Parameters of the Quench impurities. In the experiments to characterize the equilibrium
Reaction (Classical Arrhenius) partition coe cients, the total solvent content was kept
constant, and the compositions of AcOH, water, and ACN

reaction rate constant [¢fmol) "2 % kJ/mol ! . . o
{tmo) 51 ] = ) were varied up ©15% of their nominal values. Additionally,
eds 252x 10+ 1.82< 10 25.0£ 02 the enone andRS-epoxy ketone impurity levels were
eq 6 5.52x 1052 + 1.86x 108 25.0+ 0.2 poxy purity

eq3 219 162+ 2.65x 16 g increased up to 3 times their nominal values, whilB,®e (
epoxy ketone concentration was kept at its nominal amount and
. . . ) the temperature was varied, as summarizatllm4

including the reaction temperature and chemical speciestq ensure that the phases reached equilibrium, thé& liquid

present. Iﬁlcrl{%ld extraction was carried out for 24 h before analysis of both
et P ses for the contents of the endRB)-epoxy ketone, and
liquidSliquid phase separation in decanter 1 (DEC1). To

characterize the phase separation and mass transfer kinéﬁ@’emxy ke'Fone by UF.)LC’. ACN and ACO_H by GC, and
between the aqueous and organic layers, batch experiments W&ig" Py Karl Fisher (KF) titration. The extraction was modeled
designed and executed. These experiments aimed to charadgfld the partition coeient, i.e., the ratio of the concentration

ize the impact of varying the process parameters, such as @ha species in the organic phase divided by the concentration of
enone conversion, the selectivity for Bjg){epoxy ketone thatsame spaces inthe aqueous phase. The partiticiemctse

over the RS-epoxy ketone, and the solveow rates, on the  (H) for the (RR)-epoxy ketone, th&k)-epoxy ketone, and
process outcomes, such as the partitioning and mass transfevatier were found to depend on the reaction temperajure (

Table 4. Design of Experiments for Characterization of Li§ligiid Extraction £

compound concentration(mg/mL) solvent vol %

expt T (°C) (R,B- epoxy ketone (P) enone (11) R($- epoxy ketone (12) water ACN AcOH
1 T, 1x 3% 3x N N N
2 Ix 3x 3% N + 15% R R
3 x 3x 3x N S 15% R R
4 1x 3x 3x R N + 15% R
5 x 3% 3% R NS 15% R
6 1x 1x 1x N N N
7 T, 1x 3x 3% N N N
8 Ix 3x 3x N + 15% R R
9 x 3x 3x N S 15% R R

10 Ix 3% 3% R N + 15% R

11 x 3x 3x R NS 15% R

ZAbbreviations: N, nominal; R, residual (from 100 vol®s)dminal concentrationx 33 times the elevated impurity concentration.
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Figure 7 Comparison between the measured and regressed partitiients€l) in CSTR4 for (a) theR R)-epoxy ketone, (b) th&(S)-epoxy
ketone, (c) the enone, (d) acetic acid, (e) water, and (f) acetonitrile.

water contentvfyater 1o, aNd ACN contentiacy o), &S shown
ineq 7

a
InH = ? + bWNater,tof" C\MCN,toT d

@)

process stream, water, acetic acid, and acetonitrile are supplied
for crystallization. To improve the recovery ofRf®-époxy

ketone, the slurry leaving MSMPR1 is fed to MSMPR2, which
operates at a lower temperature. This decreases the solubility of
the (RR)-epoxy ketone in MSMPR2 while suppressing the

in which the parameteasb, ¢ andd were obtained via least- formation of ne crystals and secondary nucleationin MSMPR1.
squares minimizatidfigure shows these correlations as well The solubility data for thRR)-epoxy ketone were observed to

as the lack of correlation for the partition cgents of acetic

follow a vaihHo relationship, where theeet of the solvent

acid, acetonitrile, and enone. Therefore, the partitiogomposition can be attributed entirely to a linear variation of the
coe cients of the latter species were modeled as the averggfropy term (the intercept of the logarithmic solubility

values of the experimental observations. The regressgction) in the Gibbs free energy of the dissolution process

parameters for these data are givéahie 5

Table 5. Regressed Parameters@diation 7#or the Partition
Coe cients of Species in CSTR4 Along wihValues
Describing the Goodness of the Fits

component a b c d R
(RR-epoxy ketone 51820  21.8 9.61 $2.69 0.71
(R,S)epoxy ketone 297 28.0 17.3 S14.7 0.65
enone 0 0 0 8.44 S
AcOH 0 0 0 $0.094 S
water 8472 574 158  $6.49 0.84
ACN 0 0 0 0.833 $§

At a reactor size of 100 mL, a temperature t€48nd a

(Figure @,b). Accordingly, the viaHo solubility expression
was modied to include solventects as shown @ 8

A
Inx=35 T + BVintisovenit € (8)

wherex is the solubilityT is the absolute temperature, and
VantisovendS the volume fraction of antisolvent in the solute-free
solvent system. The values of the paramfet&sandC
obtained by regression are giveraine 6

To obtain experimental solubility and equilibrium distribu-
tion coe cient data, a set of batch and continuous experiments
at reaction temperatures between 5 af@ 2&none impurity
levels between the nominal value and 3 times the nominal value,
water volume fractions from 0.65 to 0.8, ACN volume fractions

stirring rate of 400 rpm, the time required for mass transfer of §ipm 0.1t00.175, and AcOH volume fractions from 0.110 0.175
species (solvents, solutes, and water) in this step w#§re designed and executed. In the batch experiments, the total
experimentally cormed to be much shorter (on the order of Crystallization mixture volume wasnL. After addition of the

<5 min) than the process time scale (40 minyure 3.

antisolvent, the samples were allowed to crystallize at constant

Therefore, fast mass transfer kinetics was assumed for all oftgfgperature for 24 h. Subsequétmation using a 0.2m
solutes and liquid species, and the models were implemenginge Iter followed by HPLC analysis of the liquid phase was
under the assumption that the phase partitioning follows ttRmployed to calculate the system solubility at each temperature

equilibrium partition coecients at all times.

and solvent composition. Equilibrium distribution cieats

2.2.3. MSMPR Crystallization and Model Development.were calculated on the basis of the HPLC data from the feed and
Following liquiBliquid extraction, the organic fraction leavingmother liquor combined with the mass balance for the system.
DECL1 is sent to a two-stage MSMPR crystallization cascade Eard-point data were collected via HPLC to determine the
cooling and antisolvent (water) crystallization. In MSMPR1, theolubility of the R R)-epoxy ketone, as showririgure 9
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Figure 8 Determination of the mass transfer rates in CSTR4 for (a) the enone RIR)thpdxy ketone, (c) th&(S-epoxy ketone, (d) water, (e)
acetonitrile, and (f) acetic acid. A data set was generated at 500 rpm and demonstrated a negligible impact on the agitation rate.
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Figure 9.(a) Demonstration of the vaio dependence of th&®R)-epoxy ketone solubility at varying antisolvent (AS) compositions. (b)
Demonstration of linear variation of the entropy term for the solubilityRR)hexoxy ketone. (c) Comparison between measured and regressed
solubilities (in mg/mL) of theRR)-epoxy ketone for various conditions.

Continuous MSMPR crystallization experiments were usedam operating volume of 80 mL. The transfer of feed and
determine the crystal growth ra®& &nd nucleation ratd3)
from steady-state data. The experimental setup was built aroymusnps. To avoid segregation of solids, product withdrawal was
a Mettler Toledo EasyMax reactor system, including twoonducted intermittently by removing 10% of the crystallizer
MSMPR crystallizers in series, each equipped with a 48olume every 10% of the residence time and controlling the
downpumping impeller (50 mm diameter, 600 rpm), and havingessel volume by means of a dipfipais withdrawal was

antisolvent was conducted in a continuous manner using syringe
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Table 6. Vati Ho Solubility Model Parameters for the By
Solubility of the RR)-Epoxy Ketone in a Mixture of Acetic G= ky eXPN

Acid, Water, and Acetonitrile ©
parameter value units _ o Ebnd o, 22
A 2.79% 10° K B= ko expE‘%T i My (10)
B §12.0 S
o] 9.58 $ where the the supersaturation orders for nucleation and growth

were assumed to be 2 and 1, respectively. These rate equations
are functions of a pre-exponential fak§goKk,q) as well as an

conducted using programmable peristaltic pumps operatinga&tivation energy for nucleatiggy(or growth E,9. While the

full speed. The onset of the steady state was determined in &rgets of_process parameters suchas the_supersatl)ramdn (
via focused beam sxtance measurement (FBRM) and suspension densityl{) are directly quanied, the eects of

infrared (IR) spectroscopy and later eerivia HPLC analysis mixing ar_1d solvent composition are lumped into the pre-
of the mother liquor. Mother liquor samples were taken eve ponential factor. In this case, the supersaturation is calculated

residence time via syringération (0.2 m Iter) of the om its thermodynamic detion as a function of the mole

MSMPR suspension. In addition, a consistent crystal habit Wh&clions under saturated,,) and supersaturatec)(

veri ed via optical microscopy analysis of the crystallizatio(f?nd't'ons’ assuming an activity @vent ratio of 1¢q 1J:

slurry, and a consistent solvent composition wasivwéae KF —inxX

titration of the mother liquor. The outlet of the crystallization ~ — ™ 1)

setup was directed to a vacultmation setup to collect the

solid material. This material was analyzed via HPLC and X-rayThe kinetic parameters were regressed from steady-state data

powder diraction (XRPD) to quantify the impurity incorpo- by means of the method of moments for an ideal MSMPR

ration and verify a consistent crystal morphology, respectivadyystallizéf’ in combination with the crystallizer mass balance

By means of this data-rich methodology, transient and steadging the square-weighted mean chord length and the mother

state information could be obtained for the crystal chord lengtiyuor concentration as the objective variables, as explained in

distribution, crystal habit, crystal structure, solvent compositicsimilar work® Because all of the experiments presented similar

and impurity distribution coeients. crystal aspect ratios and the same crystal structure, a single set of
The residence time was maintained constant between the twarameters was regressed from the unidimensional chord length

stages, with the entire antisolvent addition being conducted diistribution data. The presence of loosely bound aggregates

the rststage. Across experiments, the operating residence timeslered the chord length distribution data, often presenting a

varied between 30 and 45 min, and the temperature was varisohodal distribution in return. Because of the sati size

between 10 and 2Q in the rststage and between5an8ll0  di erence, it was possible to employ only rétepeak (free-

in the second stage. To simplify parameter estimation, thewing single crystals) for model calibration. These aggregates

antisolvent (water) concentration was maintained constant do not survive the washing process, and the particle size

72.5 vol %. The crystallization kinetics was modeled usidigstribution is not a critical parameter for this intermediate.

semiempirical rate equatioagy %and10) Hence, this simplation was applied instead of modeling the
(@) | _ _ (b) _
2 2
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Figure 10Comparison between model predictions and measured FBRM square-weighted counts for continuous MSMPR crystafiation at (a) 20
with a 30 min residence time, (b)°>@with a 30 min residence time, (cf20with a 45 min residence time, and (d)@%vith a 30 min residence
time. These data are from thist MSMPR stage of each experiment, used for calibration of the crystallization kinetics.
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Figure 11 Comparison between model predictions and measured mother liquor concentrations for continuous MSMPR crystalliz&tion at (a) 20
with a 30 min residence time, (b)°>@with a 30 min residence time, (cf20with a 45 min residence time, and (d)@%vith a 30 min residence
time. These data are from tist MSMPR stage of each experiment, used for calibration of the crystallization kinetics.

aggregation process, and the accuracy of the model foymposition, temperature, crystal form, and concentration of
prediction of the yield and chiral purity was validated separatefigteign species.

Comparisons between the experimental data and tsadel Both the batch and continuous data were used, as shown in
shown inFigures 1@ndFigure 11land the kinetic parameter Figure 12and the parameter estimates are shovavia 7 As
estimates are givenliable 7 the distribution coecients varied among the crystallization
conditions, the data from the continuous experiment were used
Table 7. Parameter Estimates for the Crystallization Processin the full simulation, as they match the levels of supersaturation
and suspension density expected at scale. Finally, because each
stage operates at elient supersaturations, the product will

Crystallization Kinetics

parameter value Wl have dierent impurity concentrations across the crystal lattice.
koo 1.75x 10 glst Thus, the nal crystal chiral purity was calculated on the basis of
B 25.13 kJ/mol the mass deposition and the distribution ciesit in each
Kgo 3.75 m/s crystallization stage, accounting for the history of the crystalline
Eag 12.35 kJ/mol phase_
Distribution Coe cient (All Unitless) 2.2.4. Filtration Device and Model Developmdiie nal
parameter enone RE-epoxy ketone operations in this manufacturing procesdteaon, washing
batch. £imp $15.38 $0.17 of the collected cake, and dissolution of the solids in the slurry
batch ximp 0.78 0.12 removed from MSMPR2. Two parallel batcation units are
batch.3imp $15.66 50.38 used to allow for continuous production of the product solution.
batch, imp 1.41 0.36 The Iter model is based on maeti Darclg law €gs 13and
MSMPR $16.87 $0.064 14);3132
MSMPR 1.19 0.047
i = i\M,ms + Rmi\
m A PNm A (13)
Finally, incorporation of the impurity (the enoneRf){
epoxy ketone) into thérR)-epoxy ketone crystals was taken n
into account using a distribution coent model, as shown in P i
eq 12° "M Py (14)
DC. = MT,i/ I\/lT,squte_ le,i

i = = + wheremy is the mass of solidsis the Itrate viscosity, is the
Gt Crisone G+ Crsotuee (12) specic cake resistance (length/mas& the ltration aredg,,

Here the impurity distribution coeient (DG) isde nedasthe  is the medium resistantds the ltration time, P is the

ratio of the relative concentrations of solute and impurity in theressure drop across the cakie,the mass of thdtrate,C is

solid phaseM souie@ndMy j, respectively) divided by the ratio the mass of solids per unit volume of liquid in the slisthe

of relative concentrations in the liquid plﬁgg&uteandcm%. ltrate density, amds the cake compressibility. This model was

These can be predicted from mother liquor concentratioh datamodi ed to account for continuous operation at consRuiats

using ; and ; as parameters that depend on the solvenshown ireq 15
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Figure 12.Comparison between measured and regressed distributarnteef (a) theRS-epoxy ketone and (b) the enone for the batch
crystallization at the nominal impurity level (red), the batch crystallization at 3 times the nominal impurity level (blue), and cotiations crystal
at the nominal impurity level (black).
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Figure 13 Comparison between model predictions and experimental datatifom at (a) 26 psi and (b) 12.5 psi.
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A set of two experiments were designed and executed in which 3
P was varied from 12.6 to 25 psi and the mass dfrtite Z 1ol
over time was recorded, as showinjnre 13The determined 2
kinetic parameters are showhable 8 The cake resistance n
5 . . . .
Table 8. Parameter Estimates for the Filtration Process -5 0 5 10 15 20 25
Temperature [°C]
parameter description value units . )
ke resistance 94D.05)x 10° m/k Figure 14 Comparison between measurements and thélgant
0 ca - ( -05) kg for the solubility of theRR)-epoxy ketone in heptane.
n cake compressibility 0.929.004 S
. . v1
R medium resistance (140.02)x1¢  cn? Table 9. Vait Ho  Solubility Model Parameters for the
Solubility of the R R)-Epoxy Ketone in Heptane

was <Ix 10" m/kg and the compressibilityvas <1, which parameter VI UL
suggestédthat the cake is uncompressible under the operating A 2.42x 1C° K
conditions and commed that the operation is suitable for c 10.9 S

vacuum/pressurdiration. Shortltration times were achieved,

and no particle compression or breakage was observed.  to an impurity spedaiation and is negligible compared with the
Furthermore, as heptane is used for one of the wash steps, tittal amount of solid.

solubility of theRRR)-epoxy ketone was modeled using’avan 2.3. Computational Methods. The end-to-end simulation

Ho relationship as showndq § but without an antisolvent was created in gPROMS FormulatedProducts version 1.2.2

dependence. To determine the model parameters, a setfafnm Process Systems Enterptige.database containing

experiments with temperatures fr6% to 25 °C were physical and thermodynamic properties of proprietary and other

conducted, as shownFigure 14and the model parameters compounds was developed using gPROMS FormulatedProd-

can be found iffable 9 There is some experimental variability ucts Utilities and MultiFlash 6.1. All of the CSTRs and decanters

in Figure 1dbecause the solubility in heptane is low. Again, thisrere modeled with the gPROMS FormulatedProducts standard

level of model uncertainty is allowable, as the amoRR)ef ( and custom library models. The MSMPRs #eds were

epoxy ketone dissolution in heptane does not directly correlatedeled using custom-built code and relevant equations.
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Kinetic parameter estimates for the reactions occurring fable 10. Process Uncertainties in the Form of Operational

CSTR1, CSTR2, and CSTR3 were determined in MATLAB Disturbances Considered in the Disturbance Analyses

using concentration and temperature measurements for both the ) )
reactant and product. The reactions occurring in CSTR4 we  Sréam/unit operation
estimated in gPROMS FormulatedProducts version 1.2.2 usiﬁg’gg;o'mio” in ACN/ ow rate
concentration measurements for the reactant. Partition -

coe cients for the liquiliquid equilibrium in DEC1 had a g solution in ACN/
dependence on temperature, water fraction, and acetonitrilg, catalyst solution in
fraction and were modeled as such. The mass transfeACN

coe cients for the liquiliquid equilibrium in DEC1 were  Mn catalyst solution in

con rmed to be suciently large and were not estimated. For ACN

variable

ow rate

molarity of Mn

MSMPR1 and MSMPR2, aggregates were observed in tAgWt%HO;inwater —owrate
FBRM as a bimodal distribution. The unweighted chord lengtR® Wt % HO: in water V|V-|ezlcg>2t fraction of
distribution measurements were n_1an_ua||_y curqt_ed in Ml(_:roso]faiwt % aqueous sodium ow rate

Excel to truncate the aggregate distribution, giving a unimodasisul te

distribution of freeewing crystals that followed the assump- 15 wt % aqueous sodium weight fraction of

allowed tolerance
+10% of total ow rate

molarity of the enone+ 10% of total molarity

+10% of total ow rate

+10% of total molarity

+10% of total ow rate

+10% of total weight
fraction

+10% of total ow rate

+10% of total weight

tions of an ideal MSMPR crystallizer. The crystallization bisulte NaHSQ fraction
parameters were determined in gPROMS FormulatedProdudie©OH ow rate +10% of total ow rate
version 1.2.2 (kinetics) and in Microsoft Excel using lineawater ow rate +10% of total ow rate

ACN/AcOH/water wash amount charged +10% of amount

regression (solubility and distribution adents). Finally, the

[tration parameters were determined in gPROMS Formulated®®Ut" charged
Products version 1.2.2 heptane wash amount charged tlﬁ% ofdamount
s . . charge
For level control within each relevant unit operation, thecstr: temperature +5°C
out ow condition was based orxad-volume specation. For CSTR1 Il level +10% of the reactor
temperature control, an embedded model was used to volume
manipulate the temperature of the incoming heat transfetSTR2 temperature +5°C
uid. Heat transfer coeients for glass reactors were estimatedCSTR2 I level +10% of reactor
to be 4.56 W/K using DynoChem Utilitiés. volume
For disturbance analysis, the simulation was run with nomingPTR3 temperature 5 S
conditions to reach the steady state (10 000 s), unless otherwisgR3 Il level + 109 of reactor
sEeued. Fo(IJO\f\I/mg t(:nts dlstturbtan%es \t/v?reFl)ntroducgq f\sbstq\ﬁ)SMPRl temperature +59C
changes and allowed to run to steady state. Process disturbanggsqr, Il level +10% of reactor
were determined on the basis of the expeuttdations at volume
spale, and model disturbar)cgs were determingd on the basissefrr2 temperature +5°C
either (1) the standard deviation of the determlneq parametergsmpR2 Il level +10% of reactor
or (2) the largest derence between the model predictions and volume
i i i i MTBE dissolution solvent amount charged +10% of amount
experimental data in the calibration set. dissoluti | harged 0 fd
charge

3. RESULTS AND DISCUSSION

After models for the individual unit operations were develope@STR3 and the chiral purity of thR)-epoxy ketone crystals,
the models were connected inasheet-level integrated model both of which are CQAs.

including lower-level control loops (i.e., temperature, level, andConversion of Enone Leaving CSTR3he step response

ow rate) for dynamic simulation. The simulation was then usedatrices for the conversion of the enone leaving CSTR3 are
to perform disturbance analysis in order to determine hoshown inFigure 15For each parameter, a disturbance within
disturbances would impact downstream unit operatiomredened allowed tolerances was applied at four levels:
especially the critical quality attributes (CQAS). The simulationsominal plus the maximum tolerance, nominal plus half the
allowed the determination of the process parameters (PPs) wittaximum tolerance, nominal minus half the maximum
the most impact on the CQAs and guided the development oftalerance, and nominal minus the maximum tolerance. As
process control strategy to control those CQAs througkhown, operational disturbances in the eromeate, enone
manipulation of PPs. The target-level processcspiecs concentration, hydrogen peroxide rate and concentration,
were initially developed for the batch process and were targetedt! CSTR2 temperature have a greater impact on conversion.
by the continuous process. The uncertainties belong to twadditionally, the conversion is relatively sensitive to kinetic
distinct groups. Process uncertainties in the form of operatiomarameter estimates for the main conversion reaction as well as
disturbances include disturbances in thw rate and the hydrogen peroxide reaction. Furthermore, operational
composition of the feed stream, the temperature, anlll the disturbances in the Mn catalyst concentration demonstrate a
levelin every unit operation. The operational disturbances alosigght to negligible impact on the conversion, and all of the other
with the allowed tolerances (relative to the nominal values) adésturbances and uncertainties have negligible impacts on the
shown inTable 10 Model uncertainties include parametric conversion in CSTR3 and are not shown.

uncertainties of the estimated kinetic and thermodynamic The relative ordering of the impacts of these disturbances and
parameters. The model uncertainties along with the allowedcertainties in one parameter at a time is shdviguire 16
tolerance for each parameter are shoWwabite 11 All of the The large impacts of hydrogen peroxide and the enone are
process parameters were recorded in the simulation, but tbensistent with the fact that since they are the primary reactants,
major focus of this analysis is the conversion of the enone leavémy changes in their concentrations should change the total
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Table 11. Model Uncertainties in the Form of Parametric
Uncertainties Considered in the Disturbance Analyses

stream/unit

impact is small because the reactions are competitive. This
phenomenon helps explain the saraetdor the Il levels of
CSTR1, CSTR2, and CSTRicreasing the total reaction rate

for each species early in the process serves only to decompose

operation variable allowed tolerance -
CSTR1/CSTR2/ pre-exponential factor fay 1  +10% of absolute value hydrogen peroxide further. Thees of the CSTR1, CST.RZ’
CSTR3 and CSTR3 temperatures are more nuanced. capiecia
CSTR1/CSTR2/ pre-exponential factor fay 2 +10% ofabsolutevalue ~ t€Mperature dependence of the conversion would be expected
CSTR3 on the basis of the dirence in the activation energies of the
CSTR1/CSTR2/ pre-exponential factor fay 3 +10% of absolutevalue  primary reactions. For example, decreasing the temperature
CSTR3 ] should increase the overall conversion because of an increase in
CSTR4 pre-exponential factordqi5  £10% of absolute value - ga|ectivity between enone conversion and hydrogen peroxide
CSTR4 pre-exponent!al factorefgré  +10% of absolute value decomposition; however, thiee is minimized in CSTR1
CSTR4 pre-exponential factordid - +10% of absolutevalue  hacayse of the hydrogen peroxide stream entering CSTR2. The
CSTR4 RR)-epoxy ketone partition +90/850% of absolute  reas0n that this ect is not strongly observed in CSTR3 is is the
CSTR4 RS-epoxy ketone partition +108/570% of very Iow concentration of reactants entering CSTR3 (98.5%
coe cient absolute value conversion of the enone). Finally, the sensitivity of the
CSTR4 enone partition cogient +2500670% of conversion to the primary conversion rate constant and the
absolute value hydrogen peroxide rate cmg is consistent with fast
CSTR4 water partition coeient +30%ofabsolutevalue  competitive kinetics and demonstrates the value of the data
CSTR4 ACN partition coeient +\Z§ﬁ§0% ofabsolute  generated in the reaction kinetics characterization studies, as
. _ demonstrated iRigures 4@nd>5.
:\:ASSLR;R N (cho_gpzi:'ﬂgtnoﬁze'ent iigzz 2; ZE::S:Z XZ:E: In terms of developing a more robust process, the worst-case
MSMPR2 distribution coecient combination of all disturbances was analiyad€ 1Y. This
MSMPR1/ nucleation rate +10% of absolute value  iNVolved taking the condition for each lettétignire 1&hat
MSMPR2 resulted in the smalle®R)-epoxy ketone conversion. These
M’\S/II\S/I’\P/IgéIZ growth rate +10% of absolute value  disturbances were then combined to see the total impact on the

reaction rate. The Mn catalyst participates in both di@ne
(egs Jand2) and detrimental(q J reactions for conversion of
the enone. This explains the apparent lack of dependence on ligh-quality product. However, the conversion tagtained

Mn catalyst concentration armv rate; increasing the amount in CSTR3 from 98.5 to 99.5% overall conversion at steady state
of catalyst increases the rates of all of the reactions, but thees suggest diminishing returns on adding another CSTR in

(RR)-epoxy ketone conversion98.5% conversion of the
enone was maintained with the worst-case combination of all
disturbances. This is close to the desired conversion of 99.0%,
and further conversion of the enone in CSTR4 could resultin a

(a) (b) o) (d) .
Enone flowrate Enone Concentration Cat_Feed_Flow Cat_Feed_Concentration H202_Feed_Flow
100 100 100 100 100
995 6 99.5 = 995 295 99.6 e
99 99 99 99 99
0 0.5 1 1.5 2 0 0.5 1 15 2 0 0.5 1 1.5 2 0 0.5 1 15 2 [} 0.5 1 15 2
r °' Time [h] Time [h] Time [h] Time [h] Time [h]
S (a) (h) oy (D) () _
e eed_Concentration H202_Feed_Flow2 H202_Feed_Concentration2 CSTR_1_Temp CSTR_1_Fill
100 100 100 100 100
o 99.5 e 99.5 [ 99.5 99.5 g 90.5 %
-
N 99 99 99 99 99
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Figure 15Conversion of the enone leaving CSTR3 as a function of each parameter individuallyof@yaterie) enone concentration, (c) Mn
catalystow rate, (d) Mn catalyst concentration, @) rate of the hydrogen peroxide stream entering CSTR1, (f) concentration of the hydrogen
peroxide stream entering CSTR2, ¢g) rate of the hydrogen peroxide stream entering CSTR2, (h) concentration of the hydrogen peroxide stream
entering CSTR2, (i) CSTR1 temperature, (j) CSTRdvel, (k) CSTR2 temperature, (I) CSTRZvel, (m) CSTR3 temperature, (n) CSTR3

level, (0) pre-exponential factorefqr], (p) pre-exponential factor foy 2 and (q) pre-exponential factordqr3
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Figure 16.Tornado plot for conversion of the enone leaving CSTR3 as a function of the individual parametersp{ayaeorle) enone
concentration, (c) Mn catalystw rate, (d) Mn catalyst concentration, (e)v rate of the hydrogen peroxide stream entering CSTR1, (f)
concentration of the hydrogen peroxide stream entering CSTB®&, i@k of the hydrogen peroxide stream entering CSTR2, (h) concentration of
the hydrogen peroxide stream entering CSTR2, (i) CSTR1 temperature, (j) ILBVRI] (k) CSTR2 temperature, (I) CSTR2evel, (m)
CSTR3temperature, (n) CSTRAevel, (0) pre-exponential factorfqr, (p) pre-exponential factor &ar 2 and (q) pre-exponential factordqr

3.

100 — T T T T T T T T T degradation of hydrogen peroxide in the reactors and possibly a
- =H§8§;E:23 runaway reaction. As such, options (1) and (2) were
Dl = = = = = = = = = i investigated iRigure 1y increasing the hydrogen peroxide
5 ow rates incrementally by 10% at a time. In the unlikely
g scenario of the worst-case combination of all disturbances
g 9% § happening at the same time, an 80% increase in the hydrogen
° peroxide ow rate sent to CSTR1 and a 100% increase in the
S o7k i hydrogen peroxideow rate sent to CSTR2 are required to
& maintain the target-level process sg@mns. The nominal

hydrogen peroxideow rate is 5% of the total ow rate

@ M © @ © @ (@ ) @ 0 k o entering CSTR1, so this increase will have minimal impacts on
Disturbance the residence time and downstream operation.

' : , , . Chiral Purity of (RR)-Epoxy Ketone Crystals Leaving
Figure 17Recovery in conversion of the enone leaving CSTR3 starti . - .
Wi?h (a) the worst-gase combination of disturbances f%llowé'ﬁ)by (b I}\QISMPRZ.The step response_matrlces for the purlty_ b.y weight
increased hydrogen peroxidev rate to CSTR1/CSTR2 at (b) ©fthe RR)-epoxy ketone leaving MSMPR2 are shawgline
nominal, (c) +10% of nominal, (d) +20% of nominal, (e) +30% of18 In general, this plot looks quite similaigoire 15which is
nominal, (f) +40% of nominal, (g) +50% of nominal, (h) +60% ofto be expected. Spegilly, the distribution coeients in
nominal, (i) +70% of nominal, (j) +80% of nominal, (k) +90% of Figure 1Zare quite large (.6) for the enone and quite small
nominal, and () +100% of nominal. ( 0.05) for the R9-epoxy ketone. Thus, the greatest changes
in purity should correlate to changes in the enone being fed to
series. A better strategy was determined to be the developmirg MSMPR crystallizer, which explains the correlation. The
of a feedback control strategy for online control of thether disturbances (changesaws and concentrations after
conversion. Among the process variables with a strong imp&3TR3) have a negligible impact on the purity, which shows
on the conversion, the concentration amd rate of the  that the process seems to be quite robust toward process
incoming enone could not be manipulated because this streardisturbances. The relative ordering of the impacts of these
produced upstream in the continuous manufacturing procesisturbances and uncertainties on the product purity is shown in
This left three options for manipulated variables: (1)othe  Figure 19
rate of the hydrogen peroxide stream entering CSTR1, (2) theln terms of developing a more robust process, the worst-case

ow rate of the hydrogen peroxide stream entering CSTR2, aadmbination of all disturbances occurring at the same time is
(3) the temperature of CSTR2. As the epoxidation reaction fredicted to result in96.7 wt % purity of theR(R)-epoxy
strongly exothermic, increasing the reaction temperature woldegkone prior to the wash protocol. This is quite close to the
not be desirable, as it would allow the opportunity for furthedesired 97.5% purity, a value that was determined by correlation
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Figure 18Purity of the RR)-epoxy ketone crystals leaving MSMPR?2 as a function of changes in individual parameterew@en@meenone
concentration, (c) Mn catalyst concentration, ¢ rate of the hydrogen peroxide stream entering CSTR1, (e) concentration of the hydrogen
peroxide stream entering CSTR1,dfy rate of the hydrogen peroxide stream entering CSTR2, (g) concentration of the hydrogen peroxide stream
entering CSTR2, (h) CSTRI1l level, (i) CSTR2 temperature, (j) CSTRRlevel, (k) CSTR3 temperature, (I) CSTR3evel, (m) CSTR4
temperature, (n) CSTR4 level, (0) MSMPR1 temperature, (p) MSMPRIgvel, (q) antisolvenbw rate to MSMPR1, (q lrate constant, (s)

eq 3rate constant, and (t) distribution cagent for the RS)-epoxy ketone.

Figure 19.Tornado plot for the purity of th& R)-epoxy ketone crystals leaving MSMPR2 as a function of individual parameters ranked for their
impact: (a) enoneow rate, (b) enone concentration, (c) Mn catalyst concentratioow(date of the hydrogen peroxide stream entering CSTR1,

(e) concentration of the hydrogen peroxide stream entering CST&4 yéfle of the hydrogen peroxide stream entering CSTR2, (g) concentration

of the hydrogen peroxide stream entering CSTR2, (h) C8T&REI, (i) CSTR2 temperature, (j) CSTR2evel, (k) CSTR3 temperature, (1)

CSTR3 Il level, (m) CSTR4 temperature, (n) CSTR4evel, (0) MSMPR1 temperature, (p) MSMPRI1evel, (q) antisolvenow rate to
MSMPR1, (req lrate constant, (£q 3rate constant, and (t) distribution cagent for the RS-epoxy ketone.

to the desired chiral purity of 99.5% prior to dissolution irconversion to suppress disturbances in purity was also
MTBE solution for nal processing. This implies that minimal investigatedHigure 20 As expected, this analysis revealed
control strategy development may be needed. Because of that the purity is more sensitive to these manipulated variables
dependence on similar process disturbances observed in bibidin the conversion (i.e., a smaller changwirate is required
Figures 1@&nd15, the ability of the control strategy for enone to reach the desired purity), so that one control strategy would
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Figure 20Recovery in the purity of thiRR)-epoxy ketone leaving MSMPR2 for additive disturbances starting with (a) the worst-case combination
of disturbances followed bys(pincreased hydrogen peroxidev rate to CSTR1/CSTR2 at (b) nominal, (c) +10% of nominal, (d) +20% of
nominal, (e) +30% of nominal, (f) +40% of nominal, (g) +50% of nominal, (h) +60% of nominal, (i) +70% of nominal, (j) +80% of nominal, and (k)
90% of nominal.

be capable of satisfying both constraints. This exciting resultGerard Capellad&Department of Chemical Engineering,

implies that the crystallization CQA for purity is largely driven  Massachusetts Institute of Technology, Cambridge, Massachuse!
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