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ABSTRACT: The development and kilogram-scale demonstration of an improved process for the synthesis of the epoxyketone
warhead of carfilzomib is described. Critical to the success of this process was: (1) development of a scalable asymmetric epoxidation
protocol; (2) identification of a crystalline intermediate with improved physical properties for isolation; (3) discovery and
optimization of epimerization conditions to set the target stereochemistry; and (4) introduction of a seeded-bed coaddition
crystallization to facilitate isolation of the final low-melting target. The results of kilogram-scale demonstration runs are shared,
including details of a continuous process for the safe execution of an exothermic Barbier-type Grignard process.
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■ INTRODUCTION
As described in the first part of this series (10.1021/
acs.oprd.0c00051), efforts toward a detailed understanding of
the commercial manufacture of epoxyketone 1 highlighted
several opportunities for improvement in the life-cycle
management phase of this program. Central to our approach
was identification and development of a scalable asymmetric
epoxidation method that could address challenges associated
with the existing bleach epoxidation process and eliminate the
requirement for column chromatography. Described herein are
our efforts toward an improved route to (S,R)-epoxyketone 1,
an intermediate in the synthesis of carfilzomib (Figure 1).1

■ RESULTS AND DISCUSSION
Development of an Improved Synthesis of 1. The

established oxidation procedure to prepare (S,R)-epoxyketone
1 employs a substrate-controlled bleach epoxidation to
generate a mixture of epoxide diastereomers (ca. 2:1 dr)
from enone 2 (Scheme 1). The poor stereoselectivity, coupled
with the low melting point of the desired epoxyketone
stereoisomer (41 °C), rendered crystallization of the product
from the crude reaction stream impractical. A chromatographic
purification step was required to reduce impurity content prior
to the final isolation, resulting in a significant increase in
solvent consumption, processing time, and analytical testing
burden. Efforts to deliver an improved manufacturing process
focused on the development of a stereoselective epoxidation
strategy to minimize formation of the undesired diastereomer
and facilitate crystallization of the target compound 1.
Despite the breadth of literature precedent, rendering the

epoxidation of olefin 2 asymmetric proved to be a significant
challenge.2 The electron-deficient nature of the substrate
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Figure 1. Epoxyketone intermediate in the synthesis of carfilzomib.

Scheme 1. Bleach Epoxidation to Synthesize Epoxyketone 1
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necessitates a nucleophilic epoxidation method, which
discounts many of the available asymmetric epoxidation
methods. In addition, the substitution pattern adjacent to the
ketone of olefin 2 challenges iminium ion and Lewis acid
activation methods, which have proven to be useful approaches
for the asymmetric epoxidation of α,β-unsaturated carbonyls.3

Leveraging phase-transfer catalysis4 resulted in poor con-
versions or epimerization of the labile amino-acid side chain.
Approaches relying on redox manipulations of the ketone were
evaluated but ultimately not selected due to the added
synthetic steps and limited improvement to the overall control
strategy.
Bioinspired nonheme manganese and iron complexes

bearing tetradentate N-donor ligands have emerged as a class
of bench-stable catalysts capable of oxidizing a wide range of
olefins, including electron-deficient and sterically congested
enones.5 Of direct relevance to this effort, Sun and coworkers
reported a manganese-catalyzed epoxidation protocol to
prepare the target epoxyketone in high yield and good
stereoselectivity, albeit with a preference for the undesired
diastereomer.6 The protocol utilizes a Mn-catalyst (C1) in the
presence of H2O2 and acetic acid to prepare (S,S)-epoxyketone
3 in >95% assay yield for the combined epoxide stereoisomers
and 88:12 dr, in excellent agreement with the literature report
(Scheme 2). The enantiomer of enone 2 was then subjected to

identical conditions to determine the influence of catalyst
control on stereoselectivity. This experiment also delivered the
undesired diastereomer as the major product but with
decreased selectivity and yield, indicative of a mismatched
catalyst−substrate combination (Scheme 2). These prelimi-
nary results encouraged further examination of the ligand
architecture and reaction conditions to increase process
efficiency.
Extensive evaluation of the reaction parameters, including

ligand structure, metal and counterion, acid additive, oxidant,
temperature, and solvent, were unsuccessful in identifying a
system capable of overturning the apparent substrate-biased
diastereoselectivity.7 These optimization efforts culminated
with the identification of an improved catalyst complex C2
(Scheme 3) allowing for significantly decreased catalyst
loading (0.04 mol %) while retaining high reaction yield
(>95% assay yield) and diastereoselectivity (91:9 dr); however,
the preference for the undesired (S,S)-epoxyketone 3
remained. The ligand can be prepared in a single step from
commercially available materials. Complexation of the ligand

with Mn(OTf)2 provided a crystalline and bench-stable
catalyst complex.8

Despite an inability to overcome the substrate bias for
formation of the undesired diastereomer, the solid-state phase
behavior of (S,S)-epoxyketone 3 differed significantly from that
of the target stereoisomer. Notably, the undesired diastereomer
had an increased melting point (78 °C), rendering the
compound amenable to a wider range of crystallization
conditions and providing the opportunity to eliminate the
use of chromatography in the synthetic route. The synthesis
illustrated in Scheme 4 was proposed and served as the basis

for further process development efforts, including: (1)
preparation of (R)-enone 2 from unnatural Boc-D-leucine;
(2) diastereoselective epoxidation and isolation by crystal-
lization of (R,R)-epoxyketone 4 with high stereochemical
purity; and (3) epimerization of the leucine side chain to
prepare (S,R)-epoxyketone 1 with high stereoselectivity (target
≥95:5 dr) and purity, enabling a final isolation by
crystallization of this low-melting compound.
As detailed in the previous manuscript of this series

(10.1021/acs.oprd.0c00051), precedent existed for the stereo-
chemical lability of the leucine side-chain of epoxyketone 1 in
the presence of basic additives. Base identity impacted the
selectivity of the epimerization and product stability, as
summarized in Figure 2. Inorganic bases resulted in
epimerization to form the desired stereoisomer but were
associated with significant decomposition. A range of organic

Scheme 2. Mn-Catalyzed Asymmetric Epoxidation of Enone
2 by the Procedure of Sun and Coworkers

Scheme 3. Optimized Conditions for Oxidation of Enone 2

Scheme 4. Proposed Route to Prepare (S,R)-Epoxyketone 1
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bases was investigated, demonstrating the requirement for a
small, strong (i.e., pKBH+ > 20 as measured in acetonitrile),9

non-nucleophilic base. Importantly, decomposition was sup-
pressed, and a preference for the desired stereoisomer was
observed, providing the requisite proof-of-concept required to
advance this route. Use of triethylamine (TEA, pKBH+ = 18.8)
did not result in formation of the desired isomer, even after
extended aging at elevated temperatures. The use of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU, pKBH+ = 24.3) was
productive in effecting the desired epimerization event while
retaining near quantitative assay yields for the process. 1,5,7-
Triazabicyclo[4.4.0]dec-5-ene (TBD, pKBH+ = 26.0) was
similarly productive in generating the desired stereoisomer,
whereas 7-methyl-triazabicyclo[4.4.0]dec-5-ene (MTBD,
pKBH+ = 25.5) and polystyrene-bound TBD (pKBH+ = 26.0)
were completely ineffective for this transformation, supporting
the requirement for a nonhindered base. Sterically hindered
phosphazene bases did not result in the desired epimerization,
and use of less-hindered variants was accompanied by
decomposition. Overall, a range of bases was found to be
effective for this transformation, with diastereoselectivity
governed by thermodynamic equilibrium and favoring the
desired stereoisomer (ca. 95:5 dr at 20 °C). Importantly, the
diastereoselectivity for epimerization met the required target
purity to enable a final isolation by crystallization.
With lab-scale proof of concept established for the synthetic

sequence illustrated in Scheme 4, efforts turned to the
development of a robust, safe, and scalable solution for the
manufacture of (S,R)-epoxyketone 1 from raw materials
through final isolation in the absence of column chromatog-
raphy.
Synthesis of (R)-Enone 2. The existing route to enone 2 is

a two-step telescoped process from Boc-leucine−OH·mono-
hydrate, as illustrated in Scheme 5. Development efforts for
these steps focused on improving yield, purity profile, and

throughput efficiency while retaining the overall bond-
formation strategy.
Development efforts to prepare enone 2 initiated with

optimization of the step 1 process, involving synthesis of
Weinreb amide 5 via isobutylchloroformate-mediated amide-
bond formation. The morpholine amide variant (6) was
evaluated in preliminary experiments and found to perform
comparably in both the coupling step and downstream
processes; therefore, all subsequent studies focused on the
preparation and use of this intermediate.10 From the myriad of
commercially available and well-precedented amide-bond
forming reagents, N,N′-carbonyldiimidazole (CDI) provided
the highest yield and purity profile in an initial evaluation to
prepare morpholine amide 6.11 Formation of acyl imidazole
intermediate 7 proceeded rapidly, as determined by in situ
ReactIR measurements and corroborated by off-line UPLC
analysis (Figure 3).12 Of note, increasing the equivalence of
CDI (from 1.2 to 2.0 equiv) enabled the direct use of Boc-Leu-
OH·H2O without drying via azeotropic distillation. Addition of
morpholine to the reaction mixture resulted in rapid and
complete consumption of intermediate 7 and generation of the
desired morpholine amide 6. A range of solvents were found to
be effective for this transformation (e.g., 2-MeTHF, toluene,
MTBE, THF, etc.); ultimately, 2-MeTHF was chosen for its
ability to solubilize reaction byproducts (e.g., imidazole),
effective partitioning through the aqueous wash sequence, and
the ability to remove water via azeotropic distillation thus
ensuring compatibility with the downstream process. Intro-
duction of an aqueous HCl wash was sufficient to remove
imidazole and excess morpholine from the organic stream, and
an aqueous NaHCO3 or Na2CO3 wash was effective in purging
>5 mol % remaining starting material in the case of incomplete
reaction conversion. Details of a representative kilogram-scale
demonstration using MTBE as solvent to generate the desired
morpholine amide 6 in 97% assay yield and >99.5 A% HPLC

Figure 2. Effect of base on the epimerization and stability of (R,R)-epoxyketone 4.

Scheme 5. Existing Route to Prepare Enone 2
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achiral and chiral purity are available in the Experimental
Section.
The step 2 process to prepare (R)-enone 2 involves addition

of isopropenylmagnesium bromide to Weinreb amide 5 in
THF (Scheme 5). The use of this commercially available
Grignard reagent presents a significant bottleneck as its low
solubility in THF (0.5 M) results in high dilution at the wide
point of the existing batch process (50 volumes). The
successful design, development, and implementation of a
Barbier-type Grignard process avoids the cycle times associated
with sourcing and titration of the preformed Grignard reagent
and eliminates solubility considerations as the reagent is
consumed on-demand.
Critical to both process safety and product quality for the

Barbier process was control of the exothermic Grignard
formation and a sequence of reactions including deprotonation
(carbamate N−H) and nucleophilic addition to the carbonyl of
morpholine amide 6. Figure 4 illustrates the heat flow (W)
associated with the portion-wise addition of 2-bromopropene
to a reaction calorimeter containing magnesium turnings and
morpholine amide 6 in THF/2-MeTHF at 40 °C. In the

presence of a catalytic quantity of iodine, the initiation event
typically occurs within 0.2−0.8 equiv of charged 2-
bromopropene; in this specific experiment, the initiation
proceeded upon addition and extended aging of 0.3 equiv 2-
bromopropene. The total heat of reaction was calculated to be
−1182 kJ/mol, corresponding to a 203 °C adiabatic temper-
ature rise. ReactIR and UPLC methods were developed to
monitor both the consumption of 2-bromopropene and the
formation of product to mitigate the potential safety issues
associated with accumulation of the Grignard precursor.
The high exothermicity of this process, together with

variability observed for the initiation step, prompted develop-
ment of a continuous process for the safe execution of this
chemistry. Translation of the batch process to a continuous
process utilizing continuously stirred tank reactors (CSTR) in
series was accomplished with only minor changes to the
procedure; for example, the THF/2-MeTHF ratio was
optimized to facilitate improved solubility of the Grignard
reagent to avoid clogging of the transfer lines or fouling of the
magnesium turnings.13 Proof-of-concept was completed at kg/
day productivities utilizing a dual CSTR reaction platform
followed by inline quench of the basic reaction medium with a
25 wt % citric acid solution and continuous phase separation.
As depicted in Figure 5, a solution of morpholine amide 6 in
THF/2-MeTHF was combined with 2-bromopropene (3.0
equiv) in CSTR1 (20 min, 40 °C) containing an excess of
magnesium turnings.14 The reaction solution was transferred
from CSTR1 to CSTR2 (20 min, 40 °C) to achieve the
required level of conversion (>95%) utilizing a peristaltic
pump and particle-segregation tube to prevent transfer of solid
magnesium turnings.15,16 The crude reaction mixture from
CSTR2 could then be combined with a 25 wt % citric acid
solution and MTBE in CSTR3 to facilitate neutralization of the
stream and phase separation, respectively. Through imple-
mentation of a continuous process, the reaction temperature of
both reaction CSTRs could be controlled to within ±2.5 °C
over the course of a 26 h demonstration, ensuring safe
operation and delivery of kg-quantities of enone 2 in 89% yield
with the requisite achiral (>90 A%) and chiral (>99.9 A%)
purity profile for downstream processing.
The kilogram-scale demonstration of this process high-

lighted an additional safety benefit of continuous operation;
that is, a single small-scale magnesium activation event was
suitable to initiate Grignard formation and support the entirety

Figure 3. (a) Reaction progress as determined by quantitative in situ
ReactIR measurements. (b) 3-D surface plot of IR spectra as a
function of time and wavenumber.

Figure 4. RC1 data for Barbier-type Grignard process to prepare
enone 2.
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of processing. For direct comparison, initiation of the multiday
continuous process used 6.0 g of magnesium turnings, whereas
the corresponding batch process would require a single charge
of over 1 kg. Of the myriad magnesium activation options
available,17 prestirring the magnesium turnings with a catalytic
quantity of iodine was demonstrated to provide a robust and
well-controlled initiation process. Subsequent additions of 2-
bromopropene resulted in immediate and reproducible
exotherms (see Figure 4).
Synthesis of (S,R)-Epoxyketone 1. With an improved

two-step telescoped process to deliver enone 2, we next
focused on the final steps to prepare the target (S,R)-
epoxyketone 1. The foundation for this two-step sequence,
Mn-catalyzed epoxidation and epimerization, was established
through the proof-of-concept efforts discussed in the previous
section. Continued development was then required to optimize
the reaction conditions, aqueous workup procedures, and
intermediate and final isolations to achieve the target of
eliminating column chromatography.
Reaction conditions for the Mn-catalyzed epoxidation to

prepare epoxyketone 4 were established through the proof-of-
concept studies (Scheme 3, vide inf ra). In summary, slow
addition of a 50 wt % aqueous solution of H2O2 (2.0 equiv) to

a cooled (−20 °C) solution of enone 2 and catalyst C2 in
ACN (10 volumes) and AcOH (5.0 equiv) generated the
desired epoxide in >95% assay yield and a 91:9 mixture of
diastereomers. Upon reaction completion, 5 volumes of a 25
wt % aqueous NaHSO3 solution was charged to quench
residual hydrogen peroxide and facilitate a phase separation. As
illustrated in Table 1 below, the concentration and identity of
the inorganic salt was critical for the efficient reduction of
hydrogen peroxide, quality of phase cut with the water-miscible
reaction milieu, and minimization of new impurities.
Critical to the success of this process was identification of

conditions for isolation of this intermediate, (R,R)-epoxyke-
tone 4. A solubility screen identified several solvent systems
capable of purging impurities generated in the telescoped
upstream process. Among these options, crystallization from
IPA/water was evaluated for ease of operation and
demonstrated capacity to reject the undesired diastereomer
generated from the epoxidation procedure. Solvent exchange
from the reaction solvents to IPA could be performed with a
single distillation to achieve ≤1.0 wt % ACN. The water
content could then be adjusted to the target of 60 wt %, as
informed by the IPA/water solubility profile (Figure 6) and
capacity for rejection of the undesired epoxide diastereomer.

Figure 5. Details of the continuous process to prepare enone 2. (a) Process flow diagram including reaction, inline quench, and phase separation.
(b) Conversion values for enone 2 as determined by UPLC analysis of CSTR2.
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Cooling the batch to 5 °C served as an efficient strategy to
minimize losses without impact to product quality. As
designed, the epoxidation reaction, aqueous workup, and
IPA/water crystallization could tolerate and reject process
impurities generated in the preceding steps without the aid of
column chromatography. Details of a representative kilogram-
scale procedure to prepare (R,R)-epoxyketone 4 in 77%
potency adjusted yield containing <0.5 A% epoxide diaster-
eomer are available in the Experimental Section.
The high-purity crystalline solid isolated from step 3 could

be subjected to the base-promoted epimerization procedure to
generate a reaction solution of adequate purity to enable a final
crystallization of the low-melting target compound 1.
Optimization of the epimerization process identified sub-
stoichiometric quantities of DBU to be an effective promoter
in a range of nonpolar organic solvents (e.g., MTBE, MeTHF,
toluene, heptane, etc.). MTBE was selected due to the high
solubility of both starting material and product, compatibility
with aqueous workup, and facile exchange to the crystallization
solvent (vide inf ra). Continued development of this process
resulted in the procedure shown in Scheme 6. Addition of
DBU (20 mol %) to a solution of (R,R)-epoxyketone 4 in 10
volumes MTBE results in a 95:5 dr favoring the target
compound 1 after 10 h at 20 °C. A wash with 5 wt % aqueous
NaHSO4 served to remove DBU from the organic layer, and a
final water wash purged residual inorganics. Representative
material from this optimized process was used to support
development of the final crystallization procedure to isolate

(S,R)-epoxyketone 1, meeting targets for chiral and achiral
purity.
The high solubility of epoxyketone 1 in a wide range of

organic solvents prompted the use of water as antisolvent for
isolation at reasonable processing temperatures. Unfortunately,
an evaluation of aqueous-based solvent systems quickly
identified a propensity for oiling (liquid−liquid phase
separation). For example, addition of water to solutions of
epoxyketone 1 in water-miscible cosolvents (e.g., NMP or
MeOH) resulted in oiling and reactor fouling for a wide range
of temperatures, solvent compositions, substrate concentra-
tions, and addition rates. Attempts to determine solubility in a
range of solvent systems highlighted increased temperature, vol
% organic solvent, and epoxyketone 1 concentration as
contributing to liquid−liquid phase separation (Figure 7). At

20 °C, equilibrating epoxyketone 1 in solvent compositions
>45 vol % MeOH resulted in oils, whereas at 5 °C oils were
not observed through 70 vol % MeOH. Based on these results
and the requirement to purge 5 mol % diastereomer from the
upstream process, a crystallization operating at an end-point of
50 vol % water at 5 °C was developed.
The solubility of epoxyketone 1 in MeOH/water and

propensity for oil formation suggested the substrate should be
isolated using a seeded batch coaddition process. This variety
of process enables a constant solvent composition and
supernatant concentration when addition rates are controlled
to match desupersaturation kinetics. In this approach, two
solutions (A) epoxyketone 1 in organic solvent and (B) water
are added simultaneously and at the same rate to a preformed
slurry of 5 wt % seed in 5 volumes 1:1 (v/v) MeOH/water at 5
°C (Figure 8). Water content and supernatant concentration
can be monitored throughout the crystallization process and
adjusted based on addition rates of the two streams. Keeping
these values constant throughout the addition allows the
execution of this process avoiding conditions where liquid−

Table 1. Representative Survey of Aqueous Work-up
Conditions

entry conditions comments
losses in aq
phase (%)

peroxide
test strip
result

1 5 wt % NaHSO3
(10 volumes)

no phase separation positive

2 20 wt %
NaHSO3 (10
volumes)

clean phase cut <1 negative

3 25 wt %
NaHSO3 (5
volumes)

clean and rapid phase
separation

<1 negative

4 5 wt % Na2SO3
(10 volumes)

no phase separation positive

5 20 wt % Na2SO3
(10 volumes)

precipitation of inorganic
salts

negative

a 35 wt % Na2SO3
(3 volumes)

clean phase separation,
new impurity at 2.2 A%

<1 negative

Figure 6. Solubility of epoxyketone 4 in IPA/water (20 °C) and
representative polarized-light microscope image of isolated solids.

Scheme 6. Epimerization Process to Prepare Crude (S,R)-
Epoxyketone 1

Figure 7. Solubility of epoxyketone 1 in MeOH/water as a function
of solvent composition and temperature.
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liquid phase separation occur, facilitating the isolation of this
low-melting compound in a robust manner. Details of a
representative kilogram-scale procedure to prepare (S,R)-
epoxyketone 1 utilizing an analogous NMP/water seeded
batch coaddition crystallization procedure are available in the
Experimental Section.

■ CONCLUSIONS
An improved four-step process to prepare the epoxyketone
warhead of carfilzomib was developed, which culminated in the
elimination of column chromatography. The identification of a
stereoselective epoxidation reaction, coupled with an under-
standing of the phase behavior of each stereoisomer, were
critical to advance this approach. The process has been
demonstrated on kilogram-scale to generate the target
compound in over 50% yield with an E-factor reduction of
88% (2639 to 304).18,19

■ EXPERIMENTAL SECTION
General. All reactions were performed under an atmos-

phere of nitrogen under anhydrous conditions unless otherwise
noted. All solvents and reagents were commercially obtained
and used without further purification. 1H NMR spectra were
recorded at ambient temperature at 400 MHz using a Bruker
AVANCE-400 spectrometer, and 13C NMR spectra were
recorded at 125 MHz using a Bruker AVANCE-500
spectrometer. The 1H NMR data are reported as follows:
chemical shift in parts per million (ppm) from an internal
standard of residual CHCl3 in CDCl3 (7.27 ppm) on the δ
scale, multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet), coupling constants in hertz (Hz), and
integration (H). Chemical shifts of 13C NMR spectra are
reported in ppm from the central peak of CDCl3 (77.0 ppm).
High resolution mass spectra (HRMS) were obtained using
Agilent 1100 systems. Melting points were measured by
differential scanning calorimetry (DSC) using a TA Instru-
ments Q200 DSC at 10 °C/min.
Preparation of tert-Butyl (R)-(4-Methyl-1-morpholino-1-

oxopentan-2-yl)carbamate 6. A solution of (tert-butoxycar-
bonyl)-D-leucine·mohonohydrate (1.93 kg, 7.73 mol) in THF
(4.8 L, 2.5 L/kg) was concentrated to 2 L/kg under vacuum
while maintaining the temperature at <35 °C. Additional THF

(4.8 L, 2.5 L/kg) was added, and the distillation was repeated.
MTBE (9.6 L, 5.0 L/kg) was added; the solution was
concentrated to 2 L/kg under vacuum while maintaining the
temperature at <35 °C, and the resulting concentrate was
reconstituted with MTBE (9.6 L, 5.0 L/kg). The solution was
cooled to 0 °C, and a slurry of N,N′-carbonyldiimidazole (1.51
kg, 9.28 mol) in MTBE (7.7 L, 4.0 L/kg) was added over 25
min while maintaining the internal temperature at <5 °C. The
reaction mixture was aged for an additional 1 h at 0 °C. To the
cooled reaction mixture was added morpholine (1.01 kg, 11.6
mol) over 30 min while maintaining the internal temperature
at <10 °C. The reaction mixture was aged for 1 h at 0 °C. A
solution of 1 M aqueous HCl (6.8 L, 3.5 L/kg) was added, and
the biphasic mixture was warmed to 20 °C. The layers were
allowed to separate, and the bottom aqueous layer was
removed. The organic layer was washed sequentially with 1 M
aqueous HCl (2.9 L, 1.5 L/kg), 8 wt % aqueous NaHCO3 (1.9
L, 1.0 L/kg), and 6 M aqueous NaCl (5.8 L, 3.0 L/kg) to
afford an MTBE solution of morpholine amide 6 (2.25 kg, >
99.5 LCAP, 97% solution assay yield). A sample was
characterized after concentration of the solution to provide
the following analytical data: 1H NMR (400 MHz, CDCl3) δ
5.26 (d, J = 8.9 Hz, 1H), 4.62 (m, 1H), 3.45−3.72 (m, 8H),
1.71 (m, 1H), 1.42 (m, 11 H), 0.96 (d, J = 6.7 Hz, 3H), 0.92
(d, J = 6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 171.6,
155.6, 79.6, 66.8, 66.6, 48.2, 46.0, 42.8, 42.4, 28.4, 24.6, 23.3,
22.0; HRMS (ESI-TOF) m/z calcd for C15H29N2O4 (M + H)+

301.2127, found 301.2126.
Preparation of tert-Butyl (R)-(2,6-Dimethyl-3-oxohept-1-

en-4-yl)carbamate 2. Two solutions were prepared for
continuous addition to CSTR1: (A) a 0.658 M solution of
morpholine amide 6 (5.22 kg, 17.4 mol) in 2.5:1 (v/v) THF/
2-MeTHF (21.9 L, 4.20 L/kg) and (B) a 0.886 M solution of
2-bromopropene (6.61 kg, 51.9 mol) in THF (53.8 L, 10.3 L/
kg).
Batch start-up of CSTR1 was performed to activate the

magnesium turnings prior to continuous operation. To an
inerted 1 L jacketed vessel (CSTR1) was charged magnesium
turnings (6.04 g, 0.248 mol), a catalytic quantity of iodine, and
morpholine amide solution A (0.120 L, 0.0776 mol). The
reaction mixture was warmed to 40 °C, and 2-bromopropene
(5.94 g, 0.0466 mol) was added in three equivalent portions
and aged until initiation was confirmed by observation of an
exothermic event and corroborated by in situ ReactIR. To the
reaction mixture was added an additional quantity of 2-
bromopropene (23.8 g, 0.186 mol) while maintaining the
internal temperature at <45 °C.
A single bulk addition of magnesium turnings (59.2 g, 2.44

mol), corresponding to 12.0 equiv per CSTR turnover, was
charged to CSTR1, and then continuous operation was
commenced. To CSTR1 was pumped simultaneously feed
solution A (15.4 mL/min, 10.1 mmol/min) and feed solution
B (35.0 mL/min, 31.0 mmol/min). Both CSTR1 and CSTR2
were 1 L jacketed reactors with mean residence times of 20
min each, as dictated by the level of transfer tube. The internal
reaction temperature was controlled at 40 °C, and the vessels
were swept with nitrogen. A tube-in-tube transfer line was used
between CSTR1 and CSTR2 to prevent solid magnesium
transfer.15 Additional magnesium turnings were charged in
bulk portions at regular intervals to maintain 6−18 equiv
magnesium with respect to morpholine amide 6 (per CSTR
turnover).

Figure 8. Illustration of the seeded batch coaddition crystallization
procedure.
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The product stream from CSTR2 was transferred con-
tinuously to CSTR3 and combined with 25 wt % aqueous citric
acid (28 mL/min, 9.0 L/kg) and MTBE (15 mL/min, 5.0 L/
kg). CSTR3 was a 1 L glass-lined jacketed reactor with internal
reaction temperature controlled at 20 °C and mean residence
time of 5 min. The rapidly agitated biphasic mixture from
CSTR3 was transferred to a settling vessel where the aqueous
solution was diverted to waste and the organic layer was
transferred to a collection vessel to afford a solution of enone 2
(3.64 kg, 94.4 LCAP, 89% solution assay yield) over 26 h of
continuous operation. A sample was characterized after
concentration of the solution to provide the following
analytical data: 1H NMR (400 MHz, CDCl3) δ 6.09 (s, 1H),
5.89 (s, 1H), 5.10 (m, 2H), 1.91 (s, 3H), 1.74 (m, 1H), 1.49
(m, 1H), 1.44 (s, 9H), 1.34 (m, 1H), 1.01 (d, J = 6.5 Hz, 3H),
0.92 (d, J = 6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ
155.5, 142.4, 126.0, 105.0, 79.6, 52.6, 43.2, 28.4, 25.0, 23.4,
21.8, 17.8; HRMS (ESI-TOF) m/z calcd for C14H25NNaO3
(M + Na)+ 278.1732, found 278.1731.
A total of 75 kg of organic solution from continuous

operation was subjected to batch workup and distillation.
Aqueous wash of the product solution was performed in two
identical batches: the organic solution was washed sequentially
with 5 wt % aqueous NaCl (10 L, 4.0 L/kg), 8 wt % aqueous
NaHCO3 (13 L, 5.0 L/kg), and 5 wt % aqueous NaCl (10 L,
4.0 L/kg). The resulting organic solutions were combined and
then concentrated to 2 L/kg under vacuum while maintaining
the temperature at <30 °C. Acetonitrile (24 L, 5.0 L/kg) was
added, and the solution concentrated to 2 L/kg under vacuum
while maintaining temperature at <30 °C. The potency of the
organic solution was then adjusted with acetonitrile in
preparation for the downstream process.
Preparation of tert-Butyl ((R)-4-Methyl-1-((R)-2-methylox-

iran-2-yl)-1-oxopentan-2-yl)carbamate 4. To a reactor
containing a solution of enone 2 (1.09 kg, 4.28 mol) in
acetonitrile (12 L, 11 L/kg) was charged catalyst C2 (0.00139
kg, 0.00171 mol) and acetic acid (1.29 kg, 21.4 mol). The
solution was cooled to −20 °C; a solution of 50 wt % aqueous
hydrogen peroxide (0.583 kg, 8.57 mol) was added over 1.5 h
while maintaining temperature at <−15 °C, and the reaction
mixture was aged for 2 h at −20 °C. Upon reaction
completion, the solution was warmed to 0 °C, and 35 wt %
aqueous Na2S2O3 (5.1 L, 4.7 L/kg) was added over 20 min
while maintaining the temperature at <10 °C. The biphasic
mixture was warmed to 20 °C; the layers were allowed to
separate, and the bottom aqueous layer was removed. The
organic layer was concentrated to 3 L/kg under vacuum while
maintaining the temperature at <35 °C. Isopropanol (12 L, 11
L/kg) was added, and the solution was concentrated to 5 L/kg
under vacuum while maintaining the temperature at <35 °C.
Water (5.6 L, 5.1 L/kg) was added over 1.5 h, and the resulting
slurry was cooled to 0 °C over 4 h. The slurry was then filtered,
and the wet cake was washed twice with a cooled (0 °C)
solution of 2:3 (v/v) isopropanol/water (2.4 L, 2.2 L/kg) and
dried at 20 °C under vacuum to afford ( R,R)-epoxyketone 4
(0.91 kg, 95.9 LCAP, 97.2 wt %, 77% yield) as a white
crystalline solid: 1H NMR (400 MHz, CDCl 3) δ 4.88 (m,
1H), 4.58 (m, 1H), 3.04 (d, J = 5.1 Hz, 1H), 2.86 (d, J = 5.1
Hz, 1H), 1.71 (m, 1H), 1.56 (s, 3H), 1.44 (s, 9H), 1.36 (m,
2H), 0.98 (d, J = 6.4 Hz, 3H), 0.93 (d, J = 6.6 Hz, 3H); 13C
NMR (125 MHz, CDCl3) δ 207.8, 155.2, 79.8, 58.7, 52.9, 52.8,
41.1, 28.3, 24.9, 23.3, 21.5, 17.6; melting point = 77−78 °C;

HRMS (ESI-TOF) m/z calcd for C14H25NNaO4 (M + Na)+

294.1681, found 294.1680.
Preparation of tert-Butyl ((S)-4-Methyl-1-((R)-2-methylox-

iran-2-yl)-1-oxopentan-2-yl)carbamate 1. To a 20 °C
solution of (R,R)-epoxyketone 4 (1.03 kg, 3.79 mol) in
MTBE (10 L, 10 L/kg) was charged l,8-diazabicyclo[5.4.0]-
undec-7-ene (0.116 kg, 0.762 mol) in a single portion. The
reaction mixture was aged for 24 h at 20 °C, and a solution of 5
wt % aqueous NaHSO4 (4.6 L, 4.5 L/kg) was added. The
layers were allowed to separate, and the bottom aqueous layer
was removed. The organic layer was washed with water (5.5 L,
5.4 L/kg) and then polish filtered to remove particulate matter.
The solution was concentrated to 3 L/kg under vacuum while
maintaining the temperature at <35 °C. NMP (2.1 L, 2.0 L/
kg) was added, and the solution was concentrated under
vacuum while maintaining temperature at <35 °C until a target
of <1 wt % MTBE remained (ca. 3 L/kg). The solution was
diluted with additional NMP (3.1 L, 3.0 L/kg) and transferred
to a holding vessel. Simultaneous addition of the organic
solution and an equal volume of water (6.1 L, 5.9 L/kg) to a
precooled (5 °C) seed slurry of (S,R)-epoxyketone 1 (0.0515
kg, 0.200 mol) in 1:1 (v/v) NMP/water (5.1 L, 5.0 L/kg)
proceeded over 9 h. The resulting slurry was then filtered, and
the wet cake was washed twice with a cooled (5 °C) solution
of 1:1 (v/v) NMP/water (2.1 L, 2.0 L/kg), twice with cooled
(5 °C) water (2.1 L, 2.0 L/kg), and dried at 20 °C under
vacuum to afford (S,R)-epoxyketone 1 (0.89 kg, 98.6 LCAP,
97.4 wt %, 79% yield) as a white crystalline solid: 1H NMR
(400 MHz, CDCl3) δ 4.86 (d, J = 8.5 Hz, 1H), 4.31 (m, 1H),
3.29 (d, J = 4.9 Hz, 1H), 2.88 (d, J = 5.0 Hz, 1H), 1.72 (m,
1H), 1.51 (s, 3H), 1.48 (m, 1H), 1.41 (s, 9H), 1.17 (m, 1H),
0.96 (d, J = 6.5 Hz, 3H), 0.93 (d, J = 6.6 Hz, 3H); 13C NMR
(125 MHz, CDCl3) δ 209.5, 155.6, 79.7, 59.0, 52.3, 51.4, 40.5,
28.3, 25.1, 23.4, 21.3, 16.8; melting point = 39−41 °C; HRMS
(ESI-TOF) m/z calcd for C14H25NNaO4 (M + Na)+ 294.1681,
found 294.1681.
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(9) Kaljurand, I.; Kütt, A.; Sooval̈i, L.; Rodima, T.; Maëmets, V.;
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