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ABSTRACT: Anhydrous tert-butyl hydroperoxide (TBHP) is a powerful oxidizing agent in many chemical transformations.
Despite the versatility in organic reactions, the use of anhydrous TBHP has been greatly limited because of safety concerns over
its shipping, handling, and storage, particularly on production scale. Herein we describe a membrane pervaporation method that
allows the production of the anhydrous TBHP solution in continuous manner. The system consists of membrane modules in
series that are made of perﬂuorinated polymer with very high gas permeability, allowing it to remove water eﬃciently. The
pervaporation skid has been successfully implemented in production by continuously generating anhydrous 1.5 M TBHP
solution in nonane at a rate of up to 100 mL·min−1 for more than 96 h, achieving the target of 0.15 wt % water. An integrated
ﬂow oxidation of a γ-butyrolactam substrate provides an eﬃcient and diastereoselective synthesis of a key lactam intermediate for
the preparation of a drug candidate targeting interleukin-1 receptor associated kinase 4 for the treatment of inﬂammation and
oncology diseases.
ﬂuorination of its precursor 4a via enolation followed by
reaction with N-ﬂuorobenzenesulfonimide (Scheme 2). The

1. INTRODUCTION
Interleukin-1 receptor associated kinase 4 (IRAK4) is a serine
threonine kinase that serves as a key node in innate immune
signaling and is activated by the interleukin 1 (IL-1) family
receptors (IL-1R, IL-18R, and IL-33R) as well as the Toll-like
receptors (TLRs). Inhibition of IRAK-4 blocks the production
of inﬂammatory cytokines such as type-I interferons, IL-6,
tumor necrosis factor (TNF), IL-1, and IL-12 that are key
drivers of autoimmune and inﬂammatory diseases. IRAK4 is an
attractive therapeutic target for diseases associated with
dysregulated inﬂammation, such as systemic lupus erythematosus (SLE) and rheumatoid arthritis.1 Compound 12 (Scheme
1) is a potent and selective IRAK4 inhibitor currently under
clinical development. The complexity of the active pharmaceutical ingredient (API) synthesis arises primarily from chiral
lactam 2 featuring three contiguous stereocenters. In the early
generation of the synthesis, 2 was prepared from electrophilic

Scheme 2. Early Synthesis of α-Fluorolactam 2a

a
Reagents and conditions: (a) LDA, NFSI, THF, −78 °C. (b) LDA,
THF, −20 °C. (c) TFA, MeCN/water.

Scheme 1. Retrosynthesis of IRAK4 Inhibitor 1

reaction gave a mixture of diastereomers of 5 and 6; the
undesired trans isomer 5 was the major product in a ∼2:1 ratio
to the desired cis isomer 6. In addition, the diﬂuorinated
byproduct 7 was typically observed at the ∼5% level.3 To make
the matter further complicated, the lactam 4a precursor was
contaminated with ∼5% 4b as an impurity4 that equally
participated in the reaction to give the corresponding
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appearance of the enolate double-bond stretch at 1611 cm−1
were found to be suitable for monitoring the enolate formation.
In turn, the disappearance of the 1611 cm−1 absorbance and
growth of the band at 1686 cm−1 corresponding to the product
8a were used to monitor the oxidation (Figure 1). In early
studies, LHMDS (2.2 equiv) was added to a solution of 4a in
THF slowly over a 1 h period to maintain the internal
temperature at −70 °C. The enolate formation was rapid, as
evidenced by the IR trend (Figure 1). After the enolate was
completely formed, anhydrous TBHP solution was added to
the reaction mixture at −70 °C. No reaction was observed at
−70 °C, and the reaction mixture was warmed gradually to −30
°C, whereupon the formation of 8a was detected by the
appearance of the band at 1686 cm−1 (Figure 2). The reaction
was sluggish at this temperature, and further warming to −5 °C
enabled the reaction to reach the “desired” completion point
(vide infra). As the reaction was observed to give rise to an
overoxidized byproduct, the diketo compound 9, the optimal
reaction quench point to maximize the yield was not at full
conversion of 4a but rather at the conversion where there was a
balance between 9 and the unreacted starting material 4a. In
the ReactIR-monitored run, we tested the addition of a 5 mol %
excess of TBHP at the 05:10 time point (Figure 3) and noticed
a drop in the total area of the 1686 cm−1 IR absorbance from
2.0 to an area value of 1.8 over the following 40 min. At 06:00,
an additional 5% LHMDS was introduced, which increased the
1686 cm−1 band, returning the total area of this absorbance
back to 2.0. This was interpreted and conﬁrmed by UPLC
oﬄine analysis that excess TBHP could lead to the increase of
9, and the additional base could drive the conversion of 4a
further. With the understanding that the reaction was sluggish
at −30 to −20 °C, we compared the reaction outcomes using
three diﬀerent addition orders: (1) adding TBHP to the
preformed enolate at −70 °C and warming to −20 °C; (2)
adding TBHP to the enolate at −20 °C; and (3) adding
LHMDS to the mixture of 4a and TBHP at −20 °C, allowing
all reactions to warm to 0 °C over 2 h. The reaction proﬁles for
the head-to-head runs were nearly identical, giving product 8a
in 80−82% in situ yield with the diastereoselectivity
consistently at >30:1 and major impurities 4a and 9 at less
than 5%. After reaction quench and workup, the crude product
could be converted to 6 directly by reaction with XtalFluor-E.
Alternatively, it was treated with triﬂic anhydride in the
presence of 2,6-lutidine to give triﬂate 10 as an intermediate,
which underwent SN2 ﬂuorination with triethylamine trihydrogen ﬂuoride to give 6 as the product. Triﬂate 10 appeared to
be suﬃciently stable to undergo aqueous extractive workup and
was carried forward as a solution into the ﬂuorination reaction.
The reactions proceeded with no loss of stereointegrity. With
the crude product at >80 area % UPLC purity, the isolation of 6
could be accomplished by crystallization from n-heptane. The
overall yield (4a → 6) was in the range of 40−50% after
factoring in the potency of the starting material without
chromatography. This represented a substantial process
improvement from the early synthesis by greatly reducing the
production time and process waste as a consequence of the
elimination of the recycling of 5, extensive chromatography,
and the distillation of thousands of liters of solvent. With this
chemistry in place, the next challenge was to turn it into a viable
process. Not surprisingly, the focal point for further development of the process was the supply and/or generation of
anhydrous TBHP.

ﬂuorinated isomers as impurities. The desired product had to
be isolated by silica gel chromatography,5 a challenging and
laborious task that consumed a large amount of silica gel and
solvents. The undesired isomer 5 from the chromatographic
isolation was then subjected to epimerization under basic
conditions to equilibrate to give a ∼ 1:1 mixture of 5 and 6 at
best. After workup, the resulting mixture was again chromatographed to yield a second crop of the desired isomer 6. The
recycle was typically repeated one more time to give an overall
yield of 28−35%6 for this single chemical transformation step
(4a → 6). In an API campaign, for the preparation of 14 kg of
6, ∼30 000 L of solvents and ∼600 kg of silica gel were used for
the chromatography operation alone. Furthermore, the isolated
product from the chromatographic isolation and one
recrystallization5 was still contaminated with diﬂuorinated and
unreacted materials at levels of 0.5−1.0%. As the clinical
development of 1 advanced to phase II and a large quantity of
the API was needed, it became evident that a more eﬃcient
synthesis was needed.

2. RESULTS AND DISCUSSION
We envisioned that a diastereoselective synthesis through the
preparation of hydroxylated lactam 8a would be viable.
Nucleophilic substitution at the α-carbon can often be achieved
with high retention of stereointegrity.7 α-Oxidations of ketones,
carboxylic esters, and lactams are well-known in the literature.8
When the enolate of 4a was reacted with oxygen at −78 °C, the
diastereoselectivity was only ∼4:1 (8a/8b). Use of Vedejs
reagent or other peroxides9 was not considered because of high
cost and diﬃculty of production. Subsequently we turned our
attention to hydroxylation of carbanions via the transfer of an
electrophilic oxygen atom.10 In this approach, lithium tert-butyl
peroxide (LiOOtBu), which is readily generated from LDA or
LHMDS and tert-butyl hydroperoxide (TBHP), is reacted with
a carbanion to give the hydroxylated product.11 Using this
method, we found that a highly diastereoselective hydroxylation
of 4a could be achieved in an 8a/8b ratio greater than 30:1
(Scheme 3). With this ﬁnding, we set out to understand the
reaction kinetics and impurity proﬁles under diﬀerent
conditions.
ReactIR was used to monitor the progression of both the
enolate formation and the oxidation reaction. While it was
diﬃcult to generate deﬁnitive trends that correlated to the
consumption of LiOOtBu, the disappearance of the 1693 cm−1
IR band corresponding to the carbonyl stretch of 4a and the
Scheme 3. Improved Synthesis of 6 Using the Oxenoid
Approacha

Reagents and conditions: (a) 4a, LHMDS (2.2 equiv), THF, −70 °C,
then dry air, −70 °C → 0 °C. (b) 4a, LHMDS (2.2 equiv), THF, −70
°C, then TBHP, −70 °C → 0 °C. (c) 4a and TBHP, −20 °C, then
LHMDS (2.2 equiv), −20 °C → 0 °C. (d) Tf2O, 2,6-lutidine, DCM, 0
°C. (e) TEA·3HF, TEA, 2-MeTHF. (f) XtalFluor-E, 2-MeTHF, 40 °C.
a
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Figure 1. Trends of the IR bands at 1693 and 1611 cm−1 during enolate formation.

laboratory use, anhydrous TBHP solution in hydrocarbons18
is commercially available. Nevertheless, because of the explosive
risk in transportation and storage, anhydrous TBHP is not
available on bulk scale and has been largely avoided by the
community of process chemists for scale-up use. On the other
hand, 70 wt % TBHP solution in water (TBHP-70AQ), an
important reagent in the polymer industry, is readily available in
bulk quantities, as its explosion hazards have been evaluated
extensively from laboratory-scale to intermediate-scale tests.19
Though TBHP-70AQ also presents serious safety concerns, the
thermal stability data of TBHP-70AQ suggested that the
exothermic onset temperature of TBHP is 69.5 °C.20 Liu and
co-workers suggested that TBHP-70AQ must be controlled
below 55.6 °C to ensure safety during production, transportation and storage.17 In addition, it should be noted that
TBHP appears to be very sensitive to minor impurities and
traces of metals.21
Because of safety concerns over storage of large volumes of
anhydrous TBHP solution, it is advantageous to maintain a
relatively small inventory of the reagent, as this minimizes the
accumulation of potential energy that can be released at one

3. ANHYDROUS TBHP MEMBRANE PERVAPORATION
3.1. TBHP and Its Safety. Anhydrous TBHP is a powerful
oxidizing agent in many chemical transformations.12 Its use in
Sharpless epoxidation13 is probably the most well-known and
practiced application in organic synthesis. More recently,
anhydrous TBHP under Cu(II) catalysis was used for the
preparation of highly functionalized benzylic esters, α-keto
amides, and propargylamines.14 Despite the versatility in
organic reactions, the use of anhydrous TBHP has been greatly
limited because of safety concerns associated with shipping,
handling, and storage, particularly at production scale. A serious
explosion15 occurred during the engineering development of a
Sharpless epoxidation process when TBHP was dried by
azeotropic distillation using the published procedure.16 The
explosion was believed to be caused by inadvertent heating of a
very concentrated TBHP solution.15 Another accident involving TBHP occurred in 2007 in a chemical company in China
and led to two deaths and four injuries.17 Consequently, the
production of anhydrous TBHP in both the laboratory and
production setting is much discouraged. For small-scale
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Figure 2. Trends of the IR bands at 1686 and 1611 cm−1 during the oxidation reaction.

Figure 3. Trends of the IR bands at 1686 and 1611 cm−1 after TBHP addition.
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Figure 4. Laboratory stirred-cell pervaporation system.

time. Consequently, continuous processing presents inherent
advantages, wherein the generation of anhydrous TBHP
solution is followed by the consumption of the reagent within
a short time. However, the execution of a continuous drying
process for TBHP was without precedent. An azeotropic drying
method was deemed unsafe, as the distillation temperature of
70−75 °C under reduced pressure to remove water through its
azeotrope with toluene would exceed the diﬀerential scanning
calorimetry (DSC) degradation onset point. The use of
dehydrating agents such as anhydrous magnesium sulfate,
sodium sulfate, and molecular sieves was also considered.
However, in a continuous drying operation, the use of solid
drying agent(s) in cartridges or vessels would require a large
TBHP holdup volume. A more serious concern was the
exothermicity of the drying process and the diﬃculty in
controlling the solution temperature within a continuous drying
apparatus. The life span of the drying agent(s) would also
require close monitoring, in addition to the generation of solid
wastes. An attractive approach to water removal from organic
solvents is the use of membrane pervaporation (PV)
technology, which generates minimal waste, has a low operating
cost, and most importantly does not generate heat. In a recent
pharmaceutical application, PV technology was piloted as a
green process for the recovery of THF in manufacturing.22
With that precedent, the Pﬁzer team engaged Compact
Membrane Systems, Inc. (CMS) to test and develop PV
drying of TBHP.
3.2. Membrane Pervaporation Drying Studies and
System Design. Small-scale laboratory PV tests were designed
to determine the kinetics of drying a 1.5 M solution of TBHP
in nonane23 containing up to 1 wt % water. The tests were
conducted with a laboratory-scale PV system, shown schematically in Figure 4. This unit consists of a cell loaded with a 47
mm membrane disk. The lab-scale membrane consists of a thin
composite membrane with a perﬂuorinated polymer coated on
top of a chemically and thermally resistant microporous ﬂatsheet support. The cell was loaded with the TBHP/nonane
mixture, where it was stirred and heated to a target
temperature. Vacuum was applied on the permeate side for a
predetermined length of time. At the end of the test, the
remaining solution in the cell and the permeate captured in the
cold trap were weighed and analyzed by Karl Fischer (KF)
titration to determine the water concentration. The lab test
results are summarized in Table 1. Five tests were run, each
starting with 8 g of the initial mixture. To minimize the

Table 1. Lab Tests Results on the Pervaporation of TBHP/
Nonane
H2O content
by KF (wt %)
test
no.

run time
(min)

temperature
(°C)

permeate pressure
(psia)

initial

ﬁnal

1
2
3
4
5

180
150
151
102
82

24
24
27
32
35

0.2
0.2
0.9
1.2
1.2

0.90
0.86
0.66
0.82
0.86

0.10
0.12
0.09
0.09
0.12

concentration of TBHP in the permeate, the tests were run
with an inert gas sweep rate of 100 cm3·min−1.
The water permeance of the membrane does not depend on
the liquid feed composition. However, the water permeation
rate per unit area or ﬂux is a function of the liquid feed
composition and temperature, membrane area, and vacuum (or
permeate pressure) according to the following relationship:

where Qw is the water ﬂux (in mol·(cm2 of membrane)−1·s−1), x
is the water mole fraction of the permeating species in the bulk
of the liquid feed, π is the water permeability (in mol·cm−2·s−1·
cmHg−1·μm−1), γ is the water activity coeﬃcient under the
liquid feed conditions, P° is the water vapor pressure (in
cmHg), p is the permeate pressure (in cmHg), and y is the
water mole fraction in the permeate.
The water/organic (TBHP) separation factor was about 360,
which means that the permeation rate of water is much greater
than that of the organic. The separation factor of water relative
to the organic is given by the following expression:
SFW − O = (XW,P/XW,F)/(XO,P/XO,F)

where SFW−O is the water−organic separation factor, XW,P is the
mass fraction of H2O in the permeate, XW,F is the mass fraction
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Table 2. Water Permeability−Activity Coeﬃcient Product, πγ, As Calculated Using Data and the Pervaporation Model
πγ in various units
test no.

molar ﬂow (mol·μm·s−1·cm−2·cmHg−1)

1
2
3
4
5
avg.

3.90
4.03
3.44
4.09
3.92
3.88

standard gas ﬂow (std cm3·μm·s−1·cm−2·cmHg−1)

membranologist units (barrer)

0.0087
0.0090
0.0077
0.0091
0.0088
0.0087

8728
9017
7705
9147
8780
8675

−7

× 10
× 10−7
× 10−7
× 10−7
× 10−7
× 10−7

Figure 5. Flow diagram of the skid-mounted PV system for continuous drying of 1.5 M TBHP/nonane.

and 45 °C and then enters a bank of four membrane modules
with the feed connected in series. The retentate from module 1
becomes the feed of module 2; the retentate from module 2
becomes the feed of module 3, and so on. The retentate from
module 4 is the dried product. The system provides the means
for intermembrane stage heating to maintain a nearly constant
temperature in the feed to each module. Water from the feed to
each module selectively permeates through the membrane.
Some organics also permeate through the membrane. However,
the permeability of the organics (TBHP and nonane) is
substantially lower than that of water (<1:360). The permeate
streams from each module, which are in the vapor phase, are
mixed and directed to a condenser and then collected as a
liquid in the permeate tank (cooled tank in Figure 5). The
permeate tank is kept under vacuum by the vacuum pump and
maintained at low temperature by a cooling coil.
Membrane Modules. The membrane modules used in the
skid are commercially produced by CMS. The modules consist
of a membrane cartridge and a housing. The membrane
cartridge is made from a perﬂuorinated polymer (active layer)
coated on hundreds of microporous hollow ﬁbers made of a
thermally and chemically resistant material. The cartridges are
contained in a special stainless steel (SS) housing. A picture of
the cartridge and housing is shown in Figure 6.
3.3. Adaptation to a Continuous Flow Process. With
the realization of a continuous drying process for the safe
generation of anhydrous TBHP, the continuous consumption
of TBHP to minimize total accumulation was the second part
of the solution. As the safe handling and storage of anhydrous
TBHP was the primary objective to enable the key stereo-

of H2O in the feed, XO,P is the mass fraction of organic in the
permeate, and XO,F is the mass fraction of organic in the feed.
A mass balance around the system in Figure 4 yields the
following simpliﬁed model for the batch pervaporation:
ln

xi
πγAP°
=
t
xf
mδ

where xi and xf are the initial and ﬁnal water mole fractions,
respectively, A is the membrane area (in cm2), m is the number
of moles of TBHP/nonane mixture, δ is the membrane
thickness (in μm), and t is the time (in s).
Using the data from Table 1 in the model above, the
fundamental parameter for the process was determined: the
permeability−activity coeﬃcient product, πγ. The values of πγ
for each of the tests of Table 1 are shown in Table 2. It should
be noticed that within the measurement error, πγ is basically
independent of temperature and concentration in the respective
ranges studied for these factors. Since this parameter is
independent of whether the system is run in batch or
continuous mode, it could be used to design the skid-mounted
continuous pervaporation system to achieve the main goal of
this project (vide infra).
Using the data from the batch process study, a scale-up skidmounted PV system was designed and constructed. The PV
system was speciﬁcally designed for continuous drying of up to
100 mL of the mixture per minute at a feed temperature
between 40 to 45 °C. Suﬃcient membrane surface area was
supplied to obtain a dry product containing no more than 0.20
wt % water. A simpliﬁed ﬂow diagram of the PV system is
shown in Figure 5. The incoming feed is preheated between 40
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the PV system, and then mixed with 4a and THF in a 500 L
glass-lined reactor to obtain the reagent solution (vide infra).
The initial process conditions for the oxidation utilized two
streams (4a/TBHP/nonane and LiHMDS solutions) that were
fed to a plug ﬂow reactor (PFR)/continuous stirred tank
reactor (CSTR) hybrid system. The PFR was oriented in a
vertical position with a planned residence time of 75 min, and
the three CSTRs in series were expected to give an additional
residence time of 30 min. This ﬂow setup was expected to give
the desired reaction end point. The fourth CSTR was used for
continuous quenching of the residual TBHP; workup was
performed in batch mode.
A reload campaign of ∼2 times the size quickly followed after
the ﬁrst delivery. Some modiﬁcations were made in order to
reduce the equipment footprint and optimize the process. The
size of the PFR was increased to 50 L, and the number of
CSTRs was reduced to one, as depicted in Figure 7. Tables 4
and 5 provide comparisons of the diﬀerent reactors used.
The oxidation reaction was evaluated to optimize its
residence time and streamline the equipment by potentially
eliminating the CSTR downstream of the PFR. Two experiments were conducted with similar feed rates while the
conﬁguration of the reactors was varied as follows: experiment
no. 1 with the regular setup of one PFR and one CSTR in series
and experiment no. 2 with only one PFR for the oxidation
reaction. Because of the reduction in residence time resulting
from elimination of the downstream CSTR, an additional 30
min was added to the PFR residence time for a total reaction
time of 90 min. The reaction conditions were kept consistent,
and only the reaction setup was modiﬁed as described
previously. Experiment no. 1 (PFR + CSTR) provided less
starting material (4a = 0.07%; 8a = 80.31%; 9 = 8.33%), while
experiment no. 2 (PFR only) exhibited a higher concentration
of unreacted 4a (∼4.62%) despite the longer residence time.
The higher length/diameter ratio (L/D) in the 50 L PFR
reduces axial dispersion and promotes radial dispersion, thereby
enhancing the conversion by approximating an ideal PFR.
Because of the increase in reactant ﬂow rates to accommodate
higher throughput, the mean velocity is higher; nevertheless,
the laminar ﬂow regime (Reynolds number (Re) < 2100) is
maintained, and mixing of the reactants is governed by diﬀusion
in the radial direction with reduced axial dispersion.
Implementation of a larger PFR to increase throughput was
deemed to be low risk on the basis of the aforementioned
factors, and it was validated during the campaign by producing
consistent-quality material. Also, the downstream CSTRs were
evaluated to streamline equipment setup while maintaining
similar reaction proﬁle. Table 5 depicts the optimized
parameters based on the evaluation results to reduce the
three CSTRs used in campaign 1 to a proposed single CSTR in
campaign 2. A similar mixing pattern was achieved by keeping

Figure 6. Commercial CMS membrane cartridge and housing

selective lactam oxidation step, continuous ﬂow technology
emerged as the optimal choice for the process. Continuous
processing technology oﬀers many advantages over batch
methods, including precise control of stoichiometry, reaction
time, and temperature, high reproducibility, and often better
reaction yields.24 The much higher surface area to volume ratio
under ﬂow conditions allows highly eﬃcient heat transfer.
When coupled with the much smaller volume in the reaction
train, safety hazards in handling exothermic reactions associated
with explosive intermediates are minimized.25
The oxidation reaction of 4a works eﬀectively when 4a and
TBHP are combined, then LHMDS is added at −20 °C, and
then the temperature is allowed to rise to −5 to +5 °C to drive
the reaction to completion (vide supra). This batch process was
found to be readily adaptable to continuous processing.
Extensive research and development (R&D) was conducted
to obtain the optimal parameters for the production campaigns.
The R&D work was extended to upstream operational units,
where an aqueous TBHP solution was ﬁrst extracted in nonane
using a continuous extractor and the resulting water-saturated
TBHP/nonane solution was continuously dehydrated using
pervaporation. A total of >200 kg of 4a has been processed to
date (Table 3), and a fully continuous TBHP extraction and
dehydration and lactam oxidation process was implemented in
the last campaign. Modiﬁcations to the equipment setup and
process conditions were found to be necessary to realize the
fully continuous process, which led to an improvement in the
overall yield and purity (vide infra).
The equipment setup and process parameters used to deliver
the ﬁrst ∼12 kg of 8a are depicted in Figure 7. The TBHP/
nonane solution was extracted in batch mode, dehydrated using
Table 3. Campaign Summary
manufacturing mode
campaign
no.

TBHP extraction

TBHP/nonane drying by
pervaporation

1

batch

ﬂow (90 mL·min−1)

2

batch

ﬂow (90 mL·min−1)

3

ﬂow (105 mL·min−1)

ﬂow (90 mL·min−1)

output of 8a
oxidation reaction (residence time)

ﬂow PFR (30 L), three CSTR (8 L each)
(115 min)
ﬂow PFR (50 L), one CSTR (50 L)
(90 min)
ﬂow PFR (50 L), one CSTR (20 L)
(90 min)
713

potency-corrected
weight (kg)

HPLC purity
(%)

yield
(%)

12.2

80.4

72.6

31.0

80.0

71.8

148.6

84.2

75.9
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Figure 7. Process ﬂow diagram for the oxidation reaction and quenching step.

Table 4. Comparison of PFR Parameters at Three Scales
scale

D (mm)

L/D

reactor volume (L)

cross-sectional area (mm2)

mean velocity (mm·min−1)

residence time (min)

Re

lab
campaign 1
campaign 2

2.14
15
15

46 729
10 667
20 000

0.360
28.27
53.01

3.6
176.6
176.6

1329
2278
4099

75.2
70
73

74
885
1593

Table 5. Continuous Stirred Tank Reactor Comparison
scale

reactor volume (L)

campaign 1

24 (three 8 L
CSTRs)
50 (one 50 L CSTR)

campaign 2

residence time
(min)

impeller
type

construction
material

heat transfer ﬂuid
(HTF)

HTF ﬂow rate (L·min−1)

jacket volume
(L)

40

propeller

316SS

ethanol

8

5

20

propeller

glass

ethanol

8

10

Table 6. Process Conditions and Results for Integration of the Pervaporation and Reaction Systems
IPC results (%)
entry

reaction conditionsa

4a

8a

9

1

A: 4a + TBHP (1.1 equiv) + THF (24 mL·g−1; 2.96 g·min−1)
B: LiHMDS (1 M; 3.23 g·min−1)
A: 4a + THF (15 mL·g−1; 1.86 g·min−1)
B: TBHP (1.1 equiv; 0.46 g·min−1)
C: LiHMDS (1 M; 5 equiv; 2.97 g·min−1)
A: 4a + THF (7.5 mL·g−1; 1.01 g·min−1)
B: TBHP (1.1 equiv) + THF (7.5 mL·g−1; 1.31 g·min−1)
C: LiHMDS (1 M; 5 equiv; 1.97 g·min−1)

2.2

85.6

6.0

2.5

71.1

11.4

1.3

86.2

8.0

2

3

a

Residence times: PFR, 60 min; CSTR, 40 min.

the same type of impeller and equivalent reactor geometry at
diﬀerent scales.
The experimental data demonstrated that the reaction could
be completed using only a single CSTR in lieu of three CSTRs
with a reduced residence time (20 min). A larger CSTR (50 L)
combines the nominal working volume of the three CSTRs and
provides the advantage of allowing steady-state dynamics to be
reached sooner, thereby streamlining the equipment setup.
Experiments were performed in an attempt to remove the
CSTR and complete the reaction solely in the PFR. While
similar product purities were achieved, the reaction proﬁles
were diﬀerent, and full conversion of 4a was not achieved in the
PFR-only setup. The data suggest that while more 4a is
converted to the product in the CSTR, there is also
simultaneous conversion of the product to the diketone
impurity 9. The reaction proﬁle aﬀorded by utilizing the
CSTR is preferred since 9 can be purged in downstream steps

while residual starting material is more diﬃcult to remove and
impacts the overall yield. Understanding the kinetics of the
oxidation reaction and diketone impurity formation may be
helpful in understanding the dynamics in each of the reactors
and further optimizing the process to possibly enable a single
PFR reactor to be used.
In both campaigns 1 and 2, extraction of the TBHP solution
was carried out as a batch process. This was clearly undesirable,
as it would require the storage of multihundred liters of
anhydrous TBHP solution. In addition, the original process
premixed 4a solution in THF with the anhydrous TBHP/
nonane solution, and it was held as one of the two feed streams.
Though it was deemed safe on the basis of process safety
testing, precombining an ethereal solvent with a peroxide
solution is not considered a good practice. Thus, a continuous
extraction of the aqueous TBHP solution was developed to
avoid the accumulation of large volumes of anhydrous TBHP
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solution and the premixing of TBHP and THF solutions. Three
diﬀerent experiments (entries 1−3) were performed using a
typical “T-mixer” to investigate the new addition order prior to
the oxidation reaction. Process conditions and results are
summarized in Table 6. Experimental data (entry 3)
demonstrated that it was important to dilute the TBHP/
nonane solution with THF, and a simple inline mixing between
the reaction solutions was found to be eﬀective and to provide
similar results as premixing in the 500 L reactor (entry 1).
Additional types of static mixers were then evaluated to
determine the best type for the production campaign.
Evaluation of Mixing Eﬃciency of the Oxidation Reaction
Feed Solutions Using Inline Static Mixers. Seven diﬀerent
types of mixers, ranging from T-Mixers to inline agitators and
tube-in-tube jets, were evaluated to determine the optimal
setup for large-scale production. The diﬀerent mixers used in
this study are summarized in Table 7.

Figure 8. Pervaporation system at the kilo lab facility

respectively) to enable end-to-end processing of extraction/
drying/oxidation. The connection of the pervaporation unit to
the reaction system also reduced the risk of tetrahydrofuran
peroxide generation, which had been identiﬁed as a potential
safety risk associated with the premixing of the TBHP/nonane
and starting material/THF solutions. Figure 9 presents the
process ﬂow diagram showing the interconnectivity between
the diﬀerent operational units as set in campaign 3.
PV Performance in Scale-Up Runs. On a typical run, the
“wet” TBHP/nonane solution (water content ∼1% by KF) was
fed to the pervaporation system at a rate of 65 g·min−1 to
provide enough residence time throughout the four membrane
modules to reduce the water content to less than 0.15 wt %.
The system was sampled every 1−3 h, and if the solution failed
to reach the KF target, then the feed rate was adjusted
accordingly to provide a longer residence time for the
dehydration process. The material not meeting the KF criteria
could be recirculated through the system for further KF
reduction, and therefore, no waste was generated. When the PV
system operated without telescoping to the downstream units
(e.g., the oxidation reaction), as occurred in campaigns 1 and 2,
the material was collected in SS drums26 and then manually
transferred. The material collected in the drums was assayed for
water content by KF analysis and TBHP content by NMR
analysis. In campaign 1, the anhydrous TBHP solution in
nonane was collected in four drums; the KF results ranged from
798−1230 ppm, and the TBHP potency was 16.68−17.13%.
As the campaign size increased by more than 12-fold in the
third campaign, large volume storage of TBHP was not a
preferred option, and an integrated continuous process was
desired. This required the TBHP solution entering the
oxidation reaction to meet both the speciﬁcations of dryness
and concentration. Thus, process analytical technology using
ReactIR was investigated to monitor the TBHP concentration
at the outlet of the PV system. A calibration curve was
established, and the data were collected throughout campaign
3. The results were compared with the TBHP content
measured by NMR analysis. Adjustments of the reagent ﬂow
rates in the downstream oxidation reaction were performed
manually, but the results from the IR monitoring demonstrated
the feasibility of using ReactIR for automated adjustments in
the future. Figure 10 shows the characteristic IR calibration
curve used in campaign 3. A calibration curve was generated
using TBHP standards to correlate the TBHP concentration
(wt %) and the IR peak area.

Table 7. Inline Mixers Summary (4a in THF + TBHP/
Nonane Solution)
IPC results (%)
mixer
1
2
3
4
5
6
7

description
T-mixer; same diameter inlet/outlet
T-mixer; smaller inlet diameter, bigger outlet
diameter
T-mixer; smaller inlet diameter, bigger outlet
diameter with SS packing in the outlet coil
inline mixer with mechanical agitator
inline mixer without agitator but with SS
packing in the agitator housing
tube-in-tube cocurrent jet mixer
tube-in-tube countercurrent jet mixer

4a

8a

9

6.0
4.5

80
81

3.0
7.5

3.3

81

4.4

2.8
1.1

85
83

7.0
5.5

1.8
1.4

80
81

9.0
6.0

In-process control (IPC) samples were collected at the
outlets of the PFR and the CSTR to measure the presence of
4a, 8a, and 9 in order to understand the impact of mixing in the
oxidation reaction.
An ideal reaction proﬁle would give high 8a purity and low
residuals of 4a and 9. Since the starting material 4a is more
diﬃcult to purge in the downstream chemistry but the diketone
impurity 9 can be readily rejected, residual 4a was a primary
factor in the evaluation of the inline mixers. On the basis of the
analytical results, the three best mixers are (a) the inline mixer
with mechanical agitator, (b) the inline mixer without a
mechanical agitator but with SS packing on the agitator’s
housing, and (c) the tube-in-tube countercurrent jet mixer. In
consideration of manufacturing of the mixer and simplicity/
robustness in operation (e.g., fewer moving parts), the project
team decided to implement the tube-in-tube countercurrent jet
mixer.
Pervaporation System Performance and Integration of
Process Analytical Technology at Production Scale. The
pervaporation system has been utilized in three separate
campaigns and for continuous operations up to 96 h. The KF
analysis results for the anhydrous TBHP solution were
consistent at 1100 ± 200 ppm. Figure 8 shows the PV system
at the kilo lab facility, where it continuously dehydrated the
TBHP/nonane solution to support campaigns 1 and 2. For
campaign 3, the portable PV system was moved to the pilot
plant to support the larger-scale manufacturing. This
pervaporation system was connected to the extraction and
reaction systems (upstream and downstream operational units,
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Figure 9. Campaign 3 process ﬂow diagram.

calibration curve. The step change in TBHP concentration
close to the mark of 36 000 s (Figure 11) was attributed to a
change in the continuous extraction system where the starting
material solution was slightly more concentrated but still within
the operating range.
Samples were periodically retrieved to measure the TBHP
concentration via NMR analysis. The average NMR [TBHP]
values were compared with [TBHP] values obtained from the
IR instrument (see Figure 12 for details).
The average concentration of TBHP measured by IR on all
four batches was 16.4 wt %, and the concentration measured by
NMR was 16.7 wt %. The diﬀerence between the two analytical
methods, 0.3 wt %, equated to 0.02 equiv of TBHP, which was
insigniﬁcant given the 20% excess of TBHP used in the
reaction. Thus, the online IR method provided a high level of
conﬁdence in monitoring the TBHP concentration.
The improved synthetic route combined with the application
of continuous manufacturing delivered a safer process as well as

Figure 10. IR calibration curve for TBHP concentration.

From the calibration curve and average IR peak area data
collected for all four runs in campaign 3, the TBHP
concentrations were calculated. Figure 11 shows IR peak area
data for a 24 h monitoring period. The average IR peak area
during that period was 1.65−1.7, which equated to a TBHP
concentration of approximately 16.4 wt % based on the system

Figure 11. TBHP IR peak area information collected at the PV system outlet
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Figure 12. Comparison of [TBHP] data obtained from IR and NMR analyses.

0 min, 5% B; 6.9 min, 100% B; hold at 100% B for 1.5 min;
ramp to 5% B in 1.5 min.
Caution! Although the continuous TBHP drying process was
carried out successf ully in a scale-up facility without incident, our
experience has been limited only to the handling of 1.5 to 2.0 M
TBHP solution in nonane. Extreme caution should be exercised in
handling TBHP solutions of any strength, and users should refer to
recommended practices in the literature and f rom the commercial
suppliers.28
Continuous Production of (6R,7S,7aS)-7-Ethyl-6-hydroxy-3,3-dimethyltetrahydro-3H,5H-pyrrolo[1,2-c]oxazol-5-one (8a). Feed Solutions Preparation and/or
Staging. The following solutions were prepared:
Solution A: 134.6 kg of nonane.
Solution B: 44.8 kg of aqueous 70 wt % TBHP (note: for
safety, the amount of TBHP on the production
ﬂoor was limited to 50 L at any point in time).
Solution D: A clean, dry 3000 L glass-lined reactor was
evacuated (vacuum of approximately −0.05 to
−0.08 MPa) and then ﬁlled with nitrogen until the
oxygen content was less than 1.0% (0.2% O2).
While a temperature between 20 and 30 °C (23.4−
24.7 °C) was maintained, 996.8 kg of THF was
added to the reactor, followed by 46.5 kg
(corrected for potency) of 4a, and the mixture
was stirred for 1−2 h (102 min).
Solution F: 1022 kg (209.6 corrected) of lithium bis(trimethylsilyl)amide in THF.
Solution G: In a 1000 L glass-lined reactor kept at a
temperature between 20 and 30 °C, 46 kg of
sodium thiosulfate was mixed in 414 kg of puriﬁed
water.
Continuous Extraction of TBHP. A glass extraction column
with 316SS discs was swept with nitrogen for 0.5−1 h, and the
oxygen content was measured to ensure that it was below 1%
(0.9%). While a temperature of 25−35 °C was maintained, 4.6
kg of solution A (nonane) and 1.5 kg of solution B were added
to the column. Solutions A and B were continuously added to
the column at rates of 20 and 60 g·min−1 respectively. The ﬂow
rate of each solution was monitored and controlled using a
setup of electronic scales and pumps managed by a programmable logic controller (PLC). The TBHP/nonane solution
(solution C) with water content of ∼1% was continuously
discharged from the top of the column and collected in a 50 L

reducing waste. Impact on the environment was measured by
the calculated E-factor. The E-factor calculated for the previous
synthetic route was 1948, while that for the improved chemistry
in ﬂow was 131, a 15-fold reduction.27 Continuous improvements and modiﬁcations to the process are ongoing to deliver
an end-to-end ﬂow process encompassing all operational units
through product isolation.

4. SUMMARY
We have developed an alternative, scalable method for the
continuous preparation of anhydrous TBHP solution. The
continuous PV drying method for TBHP is run at a
temperature below the DSC decomposition onset, wellcontrolled, and reproducible, and it generates the anhydrous
TBHP solution on demand, thereby avoiding a large stockpile
volume typically encountered in batch processes. The PV skid
with four 2 in. commercial modules was used to continuously
generate anhydrous 1.5 M TBHP solution at a rate of up to 100
mL·min−1 for more than 96 h in a single run. With the
implementation of the PV drying, the large-scale continuous
oxidation of 4a to support the API campaign of IRAK4
inhibitor 1 has become feasible. To the best of our knowledge,
this also represents the ﬁrst example of using anhydrous TBHP
solution in the production of pharmaceutical intermediates.

■

EXPERIMENTAL SECTION
General Information. 1H NMR spectra were recorded in
CDCl3 using a Varian Mercury Plus 400 MHz spectrometer;
the chemical shifts are reported in parts per million in reference
to CDCl3 (7.26 ppm for 1H NMR and 77.0 ppm for 13C
NMR). The online IR spectrum for TBHP dehydration was
recorded on a Bruker MATRIX-MF explosion-proof spectrometer equipped with an IN350-T ATR-Fiber (MIR)
accessory. The batch reaction development used ReactIR
iC10 by Mettler Toledo. UPLC analysis was performed using a
Waters Acquity HSS T3 column (1.8 μm, 2.1 mm × 50 mm)
on a Waters H-Class UPLC chromatograph with photodiode
array detector and autosampler. HPLC-grade acetonitrile and
triﬂuoroacetic acid were purchased from commercial sources.
Water used for preparing the mobile phase was puriﬁed using a
Milli-Q 10A ultrapure water system. UPLC method: mobile
phase A, 0.05% TFA in H2O; mobile phase B, MeCN; ﬂow
rate, 0.65 mL·min−1; column temperature, 30 °C; detection at
210 nm; injection volume, 1 μL; run time, 9 min; gradient: t =
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after correction by assay; 74.9% yield, 82% purity by UPLC
with detection at 210 nm) was carried forward to downstream
steps directly. An analytically pure sample was obtained by
chromatography as a light-yellow oil. 1H NMR (CDCl3, δ)
4.41−4.35 (1H, m), 4.09 (1H, d, J = 3.3 Hz), 3.95 (1H, dd, J =
5.8 and 8.3 Hz), 3.88−3.73 (1H, m), 3.55 (1H, dd, J = 8.3 and
10.3 Hz), 2.23 (1H, qd, J = 7.7 and 4.4 Hz), 1.63 (s, 3H),
1.55−1.44 (5H, m), 1.02 (3H, t, J = 7.4 Hz). 13C NMR
(CDCl3, δ) 172.43, 91.59, 79.84, 64.87, 61.37, 41.83, 26.94,
23.52, 21.47, 12.33. MS: calcd for C10H18NO3+ (M + 1) 200.1;
found 200.1, 142.0.
(6S,7S,7aS)-7-Ethyl-6-ﬂuoro-3,3-dimethyltetrahydro3H,5H-pyrrolo[1,2-c]oxazol-5-one (6). Method 1. To a
reaction ﬂask was added XtalFluoro-E (1.30 equiv, 28.4 mmol,
6.84 g), and 2-MeTHF (50 mL) was added. The mixture was
cooled to 0 °C, and triethylamine trihydroﬂuoride (1.35 equiv,
29.5 mmol, 4.80 g) was added. No exotherm was observed.
Triethylamine (2.33 equiv, 50.9 mmol, 5.15 g) was added
dropwise while the temperature of the mixture was kept below
10 °C (the addition was exothermic). 8a (5.0 g, 21.8 mmol)
was added as a solution in 2-MeTHF (25 mL). The addition
was slightly exothermic. After the addition, the reaction mixture
was heated at 30 °C for 2 h and then cooled to 15 °C.
Disodium hydrogen phosphate (1 M in water; 2 equiv, 43.7
mL) was added. The layers were separated, and the aqueous
phase was extracted one more time with 2-MeTHF (10
volumes). The combined organic phase was concentrated to
∼25 mL, ﬁltered through a silica gel pad (10 g, 200 wt %) in a
fritted funnel, and rinsed with 150 mL of 40% EtOAc in
heptane. The ﬁltrate was vacuum-concentrated to an oil and
stirred with 25 mL of heptane at 20 °C. After 2 h of stirring, the
resulting slurry was ﬁltered. The ﬁlter cake was pulled dry
under vacuum and then dried in a vacuum oven to give 3.18 g
of the desired product (64% yield) with 99.16% UPLC purity
(210 nm) as a white solid. 1H NMR (CDCl3, δ) 5.23 (dd, 1H, J
= 51.6 and 7.3 Hz), 4.18−4.00 (m, 1H), 3.76−3.64 (m, 1H),
2.71−2.63 (m, 1H), 1.78−1.68 (m, 5H), 1.48 (s, 3H), 1.44−
1.28 (m, 1H), 0.96 (t, 3H, J = 7.3 Hz). 13C NMR (CDCl3, δ)
165.48 (d, J = 23.4 Hz), 93.22 (s), 91.37 (d, J = 24.0 Hz), 84.74
(s), 58.12 (d, J = 2.2 Hz), 41.90 (d, J = 16.8 Hz), 26.29 (s),
24.41(s), 15.50 (d, J = 8.8 Hz), 12.82 (d, J = 2.9 Hz).
Method 2. To a reaction ﬂask were added 8a (5.0 g, 25.1
mmol) and dichloromethane (50 mL). 2,6-Lutidine (1.5 equiv,
37.641 mmol, 4.03 g) was added, and the resulting solution was
cooled to −5 °C. Triﬂuoromethanesulfonic anhydride (1.2
equiv, 30.12 mmol, 8.50 g) was added dropwise while the
temperature was kept below 0 °C. After 10 min, the reaction
was conﬁrmed to be complete by UPLC analysis of a reaction
aliquot. The reaction was quenched with water (50 mL), and
the mixture was allowed to warm to >5 °C during the water
addition. The phases were separated. The DCM phase was
solvent-exchanged with 2-MeTHF (125 mL) to a ﬁnal volume
of ∼50 mL (20 °C, 50 mmHg). The triﬂate in the 2-MeTHF
solution was then treated with 2,6-lutidine (3 equiv, 75.3 mmol,
8.07 g) at 20 °C.
Triethylamine trihydroﬂuoride (1.5 equiv, 37.64 mmol, 6.19
g) was added dropwise to the mixture while the temperature
was kept under 20 °C (the pH of the reaction mixture was
about 5). After 3 h, the reaction was determined to be complete
as assayed by UPLC. Water (50 mL) was added. The mixture
was stirred and settled, and the aqueous phase was removed.
The organic phase was washed with 10% citric acid solution
and then vacuum-concentrated (35 °C, 40 mmHg) to give a

SS vessel. The aqueous phase from the bottom of the column
was collected, analyzed, and discarded.
Pervaporation (TBHP/Nonane Dehydration). The pervaporation system bath temperature was set to 48−53 °C for the
heat-up cycle and then controlled at 43−46 °C (44.1 °C) for
the process; vacuum was controlled at −28 inHg by means of a
dedicated vacuum pump. Solution C was continuously added at
a rate of 65 g·min−1 using a similar feed setup as for the
continuous extraction, in which a PLC was used to monitor and
control the ﬂow rate. The dehydrated TBHP/nonane solution
was collected in a 50 L SS vessel and assayed for TBHP content
via NMR spectroscopy (15.8−17.3 wt %) before being fed to
the next operational unit (reaction). The solution (solution E)
was also sampled from the outlet of the PV system every 4−12
h, for the water content to be below 1500 ppm (average of
1127 ppm) as determined by KF analysis.
Reaction and Quenching. A 50 L 316SS PFR and a two 20
L 316SS CSTRs were cooled to between −7 and −3 °C. The
PFR temperature was controlled at −7 to −3 °C and the
temperature of the CSTRs at −5 to 5 °C. The PFR was swept
with nitrogen for 30 min, and then 50.1 kg of THF was
pumped into the PFR to test the stability of the automatic feed
system and ensure dryness (H2O < 500 ppm by KF) of the
system prior to the reaction (H2O = 130 ppm by KF). CSTR1
was used to complete the reaction, while CSTR2 was used for
continuous quenching with solution G. A downstream 5000 L
glass-lined reactor, whose temperature was controlled at −10 to
0 °C, was set as a reservoir of the quenched solution in
preparation for workup.
All of the feed solutions were controlled with the following
ﬂow rates in the automatic feed control system: solution D (4a
solution) = 409 g·min−1; solution E (TBHP/nonane solution)
= 60 g·min−1; solution F (LiHMDS solution) = 373 g·min−1;
solution G (quenching solution) = 170 g·min−1. It should be
noted that solution G was started once the reaction solution
started to overﬂow from CSTR1. After 100 min, the quenched
solution from CSTR2 was sampled for purity analysis by
UPLC, and then it was sampled every 1−3 h for 4a < 2 area %
(4a = 0 area %). The overall reaction time was set to 70 min
(50 min in the PFR, 20 min in the CSTR). After the addition
was completed, 50.1 kg of THF was pumped into the PFR to
push out the reaction solution, followed by a nitrogen sweep
into the receiving reactor.
Workup and Isolation. Once all of the quenched solution
was collected into the 5000 L glass-lined reactor, the pH of the
mixture was adjusted with a solution of concentrated HCl
(149.8 kg) and water (370.0 kg) at a rate of 10−40 kg·h−1
(addition time of 7 h 43 min) and a temperature of −5 to 5 °C.
After the whole aqueous HCl solution had been added, the
mixture was stirred for 25 min, and the pH was checked to be
between 8 and 9. Following the pH adjustment, the mixture
was warmed to 20−30 °C under stirring and nitrogen sparging.
The reaction mixture was sampled every 2−4 h to conﬁrm that
the pH was in the range of 7−8. After 10 h, the mixture was
sampled and analyzed by GC (wt %) for the presence of
residual hexamethyldisilazane (HMDS) until it reached
≤0.05%. Sodium chloride (115 kg) was added to the reactor,
and the phases were allowed to settle. The organic phase was
transferred to another reactor, and the aqueous phase was
extracted with 2-MeTHF (2 × 391 kg). The combined organic
phase was concentrated to a volume of ∼500 L (T ≤ 45 °C, P
≤ −0.09 MPa) and then ﬁltered and rinsed with THF (20.0
kg). The desired product solution (143.3 kg of solution, 37.8 kg
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including in situ derivatization. J. Am. Chem. Soc. 1987, 109, 5765−
5780. (c) Wang, Z. M.; Zhou, W. S. Asymmetric epoxidation of allylic

brown oil, which failed to crystallize. Thus, the oil was stirred
with 25 g of silica gel in the presence of 2% TEA in MTBE
(100 mL) for 2 h and ﬁltered. The ﬁlter cake was washed with
MTBE (200 mL). The ﬁltrate was vacuum-concentrated to an
oil, which was stirred with heptane (50 mL). Crystallization
occurred upon seeding with 3 mg of the product. After 2 h of
granulation, the solids were collected with a Buchner funnel
and rinsed with heptane (10 mL). Drying gave 3.03 g of the
desired product (60% yield) with ∼97% UPLC purity (210
nm). The spectroscopic data were identical to those for the
material obtained from method 1.
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