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ABSTRACT: Herein, we describe two practical approaches to synthesize (R)-(+)-1,2-epoxy-S-hexene from inexpensive and readily
available raw materials and reagents. The first approach is a two-step sequence, involving an epoxidation with meta-
chloroperoxybenzoic acid (mCPBA) and a chiral resolution with (salen)Co(II), producing (R)-(+)-1,2-epoxy-S-hexene in 24—30%
overall yield. The second approach utilizes readily available (R)-epichlorohydrin as the starting material and features an epoxide ring-
opening reaction with allylMgCl and the NaOH-mediated ring closure reaction. Development of this two-step process affords R-
(+)-1,2-epoxy-S-hexene in overall isolated yields of S5—60% with an exceptional purity profile. Both approaches have been
successfully demonstrated on 100—200 g scales.
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1. INTRODUCTION Scheme 1. Reported Synthetic Route for the Synthesis of
The epoxide (R)-1,2-epoxyhex-5-ene (1) is an important chiral Compound 3 from Epoxide 1

building block. It has been used in a number of asymmetric _ HO o
synthetic methodologies, including the syntheses of chiral ?}\/\/ TMP, nBuli _TEMPO _ é
isothiazolidine-1,1-dioxides," benzoxathiazepine-l,l-dioxides,2 MTBE, 0°C @ NaOCl
y-butanolides,” p-hydroxy morpholine amides,” and varied 1 82% 2 MTSSE’ o*c 3
alcohols. Several natural product syntheses have also utilized &

compound 1, such as in the syntheses of (+)-gigantecin and /
(+)-14-deoxy-9-oxygigantecin,” pyragonicin,” amphidinolides

C and F,”® and Sch725674 macrolactones.” Biologically active
compounds and pharmaceutical substances have also been
prepared as single enantiomers from this chiral epoxide. For
example, compound 1 is used in the synthesis of the C20—C26
fragment of the anticancer drug- Halaven.'” A kg-scale
synthesis of the bicyclic ketone, (1R,5S)-bicyclo[3.1.0]hexan-

2-one (3), has been reported, and this synthetic method begins cl
with the chiral epoxide 1 (Scheme l).ll In this transformation, _SO,Me
the chiral epoxide is reacted with catalytic lithium 2,2,6,6- N

tetramethylpiperidide (TMP), which allows for insertion into
the olefin group to provide the bicyclic alcohol (2). Oxidation
of the alcohol gives compound 3 as a single enantiomer. This
bicyclic ketone has been used to synthesize a potent series of
cannabinoid receptor modulators and active pharmaceutical
ingredients.'”"* We have successfully used compound 1 in our
current synthesis of a fragment of lenacapavir 4, an anti-HIV
drug, as shown in Scheme 1. Received: March 10, 2024
Previously, compound 1 was prepared by enantioselective Revised:  July 3, 2024

hydrolytic ring opening of the racemic mixture. In chemistry Accepted: July 10, 2024
developed by the Jacobsen group, the enantioenriched epoxide Published: August 1, 2024
is obtained by hydrolytic kinetic resolution (HKR) involving a

chiral (salen)Co (III) complex (the resolution route, Route

1).'>'° This method has been used by several other groups to
prepare compound 1.”7'*"77*! The chiral epoxide 1 has been

prepared from the chiral epichlorohydrin (the epichlorohydrin
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route, Route 2).”*>® The reported routes offer initial pathways
for the synthesis of (R)-1,2-epoxyhex-S-ene (1); however, the
methods were only done on a small scale and require
chromatographic purification. The racemic epoxide has been
prepared by epoxidation of 1,5-hexadiene with meta-
chloroperoxybenzmc acid (mCPBA)24 as well as other
reagents.”” The racemic epoxide has also been synthesized
from the chlorohydrin (itself obtained by the reaction of
allyltrimethylsilane and epichlorohydrin with TiCl,).*®

With the synthetic utility of compound 1, we sought to
develop a process that provides a scalable and economical
route to this chiral epoxide. In this study, we focus on the
process development of both the resolution route and the
epichlorohydrin route. The results of our study are detailed in
the following sections.

2. RESULTS AND DISCUSSION

2.1. Synthesis of (R)-(+)-1,2-Epoxy-5-hexene through
the Resolution Route (Route 1). 2.1.1. Synthesis of
Racemic Epoxide 1-rac through Epoxidation of 1,5-
Hexadiene with mCPBA. At the outset of our work, the chiral
epoxide 1 was prepared in two steps according to the literature
method: (1) epoxidation of 1,5-hexadiene 5§ with mCPBA to
obtain the racemic epoxide 1-rac>**’” and (2) HKR of 1-rac
with Jacobsen’s cobalt salen catalyst to afford the chiral
epoxide 1 (Scheme 2)."> Adding 1,5-hexadiene to mCPBA at 0

Scheme 2. Resolution Route for the Synthesis of Chiral
Epoxide 1

Step 1a Step 2a o
(R,R)-Cobalt A
mCPBA salen catalyst 1
/\/\/ —_— |>\/\/ —_— N
5 CHCl; Aerac H,0, AcOH OH
THF

{§ cot* %}

(R,R)-Cobalt salen catalyst

°C (reverse addition), the epoxidation was conducted with a
stoichiometric amount of mCPBA in CHCI; (25 V) followed
by stirring the mixture for 24—30 h (with warming to 25 °C).
This conversion is reported to give a 65% isolated yield of the
monoepoxide 1-rac.”* Although there was no mention of bis-
epoxide 7 in the original report, we observed a significant
amount of bis-epoxide 7 (~20%) using these conditions.
Additionally, the isolated yield of monoepoxide 1-rac was only
41%. The overepoxidation might be attributed to the excess
amount of mCPBA during the initial charging of the 1,5-
hexadiene with the reverse addition. This two-step protocol
utilizes inexpensive starting materials—providing a potentially
cost-effective route for the synthesis of the chiral epoxide.
However, the current method is not favorable for scale-up due
to (1) the formation of a significant amount of undesired bis-
epoxide 7 (~20 A %); (2) the employment of chloroform [a
class 2 solvent, with low permitted daily exposure (PDE) (0.6
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mg/day) and concentration limit (60 ppm) due to its inherent
toxicity].”*

Based on the aforementioned reasons, a comprehensive
optimization of this two-step process was carried out to ensure
a viable approach for the synthesis of the chiral epoxide in
scale. Our initial solvent optimization identified that dichloro-
methane (DCM) was the solvent of choice (PDE: 6.0 mg/day,
concentration limit: 600 ppm). The reaction in DCM was
completed within 3 h, giving the desired epoxide 1-rac in an
~60 A % of the yield and the bis-epoxide 7 in ~16 A %. The
investigation of the addition order of the reagent showed
similar results between the reverse addition (adding 1,5-
hexadiene to mCPBA) and the regular addition (adding
mCPBA to the 1,5-hexadiene). For operational practicality, the
regular addition was used for all of the following investigation.
It was observed that warming the reaction to room
temperature might not be necessary and could be one of the
reasons for the higher amount of bis-epoxide 7 formation.
Therefore, the reaction in DCM was performed below 3 °C;
however, a similar reaction profile was observed with just a
minor decrease in the formation of the bis-epoxide (see Table
S1 for details). Although no significant reduction in the bis-
epoxide 7 impurity was observed, this optimization informed
the desired parameters for the design of experiments (DOE)
analysis.

Based on the prior results, a DOE analysis was performed by
varying four parameters: (1) molar ratio of mCPBA and 1,5-
hexadiene (0.4 to 2.0); (2) solvent volume (5 to 25 V); (3)
reaction time (20 to 180 min); and (4) reaction temperature
(=11 to 29 °C). According to the DOE analysis, 27
experiments were designed and conducted. The detailed
experimental setup and results are presented in Table S3
(see Supporting Information). Parenthetically, identical out-
comes for the three center point reactions confirmed the
validity of this DOE analysis. For all of these reactions, the
desired epoxide 1-rac was monitored by GCMS. As expected,
the outcome highly relied on the reaction temperature and the
amount of 1,5-hexadiene. For example, at 19 °C, up to 60 A %
of unwanted bis-epoxide 7 was observed when 1,5-hexadiene
was the limiting reagent. In contrast, less than 10 A % of the
unwanted bis-epoxide 7 was observed when performing the
reaction at —1 °C (under otherwise a similar reaction
condition). An excess of 1,5-hexadiene is critical to minimize
the formation of bis-epoxide and achieve high yield of the
desired monoepoxide. For instance, at 9 °C, the use of 2.0
equiv of 1,5-hexadiene afforded the bis-epoxide 7 less than 5 A
% while 1-rac was up to 92 A %. However, with a molar ratio
of 2:1 mCPBA to 1,5-hexadiene, 1-rac is obtained in a 48 A %
yield, while the undesired bis-epoxide 7 was up to 45 A %
yield.

Based on the initial results from the DOE analysis, further
optimization was designed to optimize the solvent volumes of
this transformation. With 2.0 equiv of 1,5-hexadiene, two sets
of reactions with varied solvent volumes at two different
temperatures (0 and 10 °C) were performed (Table S4). It was
found that the optimal solvent volume is 5 V and the optimal
reaction temperature is about 0 & 5 °C. Under this optimized
condition, 1-rac was obtained >90 A %, and the formation of
bis-epoxide 7 was less than 10 A %.

With the optimized process in hand, two batches of
reactions with 150 g of 1,5-hexadiene were conducted to
prepare epoxide 1-rac in a 2 L ChemRxnHub reactor (Table
1). In the first batch, a mixture of 1,5-hexadiene (150 g) and §
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Table 1. Scale-Up of Epoxidation of 1,5-Hexadiene S with mCPBA“
mCPBA (1eq) o (0]
/W W + M
~ DCM (5V) o)
5(2eq)  0-10°C,3h 1-rac 7
Regular addition
entry scale (g) temp (°C) in-solution yield (TIC A %)° isolated yield % (g)° 1-rac purityf wt %
1-rac (%) 7 (%) 5 (%) 1-rac S
150 0+5 88 8 94 42% (47 g) 43% (32 g)* 85%
2 150 0+5S 95 S 100 71% (67 g) 95% (71 g)° 94%

“See Experimental Section for details. “In-solution yields were calculated based on GCMS (A %) by total ion chromatogram. “The corrected
isolated yield was calculated based on the wt % purity. “Atmospheric distillation. “Atmospheric distillation with a N, flow. "The wt % purity was
obtained from GCMS (wt %) compared to a standard of known purity.

Table 2. Scale-Up of the Hydrolytic Kinetic Resolution of rac-1,2-Epoxy-5-hexene 1-rac”

assay yield (%)°

(R,R)-Cobalt
o) salen catalyst O,
, P +
NN ——m [4;,)\/\/
1-rac H,0, AcOH (R)-(+)-1,2-epoxy-5-hexene
THF, 16h 1
entry scale (g) ee (%)°
1 8 95
2 20 96
3 60 94

“All reactions were performed with (salen)Co(II) (0.5 mol
“Monitored by chiral GC. “Assay yield determined by GCMS.

purity was obtained by GCMS (A %). IThe ee was achieved after 160 h.

OH
Ho A~z

8

HQ"H
—N =
C02+
Bu 0  O- {Bu
tBu tBu

(R,R)-Cobalt salen catalyst

isolated yield (g)* purity (%)°

44 40% (3.2 g) 100
49 33% (6.6 ) 93
49 34% (204 g) 99

%‘), AcOH (2 mol %), THF (0.1 mL/g), air, water (0.55 equiv), 0 °C-rt, 16 h.
Isolated yield determined after distillation under vacuum (90 °C, 90 Torr). “The

vol of DCM was cooled to 0 °C, and then 210 g of mCPBA
was added portionwise over 50 min. After the addition of the
mCPBA, the resulting suspension was stirred at 0 °C for
another 3 h, and the mixture was quenched by an aqueous
solution of NaOH (2 N). Two clear layers of solution were
formed, and the organic phase (in-solution) yield of 1-rac was
up to 88 A % and the formation of bis-epoxide 7 was just 8 A
%. Crude '"H NMR and a peroxide strip test indicated the
removal of peroxy materials. The mixture was then subjected
to an atmospheric distillation at 50—100 °C, and 32 g of 1,5-
hexadiene was recovered as a DCM solution. The resulting
crude material was further refined by distillation at 170 °C, and
47 g of epoxide was obtained with a purity of 85 wt % by
GCMS. The corrected isolated yield of epoxide was 42%. It
should be noted that a drastic amount of product loss occurred
during the solvent purge and distillation due to the low boiling
point of the epoxide (~120 °C) and 1,5-hexadiene (~60 °C).
To improve the recovery yield, we decreased the distillation
temperature; meanwhile, N, flow was used throughout the
distillation process. This operation increased the recovery yield
dramatically. As shown in the second batch, the epoxidation
gave an in-solution yield of 1-rac up to 95 A % after the
aqueous workup. The resulting DCM solution was distilled at
50—80 °C with N, flow (0.1 N L/min), and 71 g of 1,5-
hexadiene was recovered along with DCM. The recovery yield
of 1,5-hexadiene was 95%. Further distillation at 170 °C with
N, flow gave 67 g of epoxide 1-rac with a purity of 95 wt %.
The isolated yield of 1-rac was 71%.

2.2. Hydrolytic Kinetic Resolution of 1-rac to
Synthesize Chiral Epoxide 1. With racemic epoxide 1-rac
in hand, we sought to develop a scalable process for the
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resolution of the epoxide following Jacobsen’s HKR procedure
to prepare chiral epoxide 1. Jacobsen’s HKR procedure
enriches one enantiomer of the epoxide by enantioselective
ring opening, a process catalyzed by a chiral (salen)Co(II)
catalyst. In the case of 1-rac, the (R,R)-chiral (salen)Co(II)
catalyst promoted the (S)-epoxide to allow the ring-opening
reaction with water, and as a result, 1-rac was resolved to
obtain (R)-epoxide 1."* The Jacobsen’s HKR is well developed
and finds a myriad of applications in small-scale chiral epoxide
synthesis and utilizes cost-effective reagents.””** To obtain an
optimal catalyst loading for scale, we screened the catalyst
loading against the original 0.5 mol % catalyst loading with 1 g-
scale reactions. After extensive experimentation, we found that
the original 0.5 mol % catalyst loading was optimal (Figure
S3). As reported, the experiment with 0.5 mol % of catalyst
loading was complete after 16 h, affording compound 1 in up
to 99.6% ee. Then the condition was demonstrated on 8—60 g
scale reactions. As shown in Table 2, the two smaller-scale
reactions performed well; however, the 60 g scale batch
proceeded much slower. The reason for the slow reaction on
the large scale is unknown, but it suggests challenges of this
HKR process for the synthesis of epoxide 1 in scale-up. It
should be noted that a significant amount of product was lost
during the distillation. A higher recovery yield in distillation for
a large-scale production is expected.

The resolution route (two-step) affords the chiral epoxide 1
from readily available 1,5-hexadiene in up to 25% overall yield
in hundreds of gram-scale reactions. This route exhibits
promise for scale-up; however, the inherent low yield (no
greater than 50%) of the HKR step results in a low overall
yield. To obtain a more practical and cost-effective route for

https://doi.org/10.1021/acs.oprd.4c00101
Org. Process Res. Dev. 2024, 28, 3197—3205


https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.4c00101/suppl_file/op4c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.4c00101/suppl_file/op4c00101_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00101?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00101?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00101?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00101?fig=tbl2&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.4c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Process Research & Development

pubs.acs.org/OPRD

Scheme 3. Reported Method to Synthesize Chiral Epoxide 1 from Chiral Epichlorohydrin 6

Ke) Cul (2mol%)
CIW

6 9

OH

NaOH o.,

+ CIMg/\/ —_— Cl\/\/\/ — > | AP

10 1

Table 3. Optimization of Ring Opening of (R)-Epichlorohydrin 6 with Allyl MgCl 9

...........................................

: OH :
FANAANAS -
0 ANF — 4 Z " E
O N Y SNNANF :
~N CiMg step 1b : on I E
6 9 10 : 0 5 :
(R)-(-)-epichlorohydrin CI\/1'2\/CI :
entry conditions 6 A% 10 A % 11 A% 12A % SA%
1 6:9 = 1:0.8, regular addition,” 2 mol % Cul, rt, THF (10 V) 9.6 52.7 9.6 9.4 16.8
2 6:9 = 1:1, regular addition, 2 mol % Cul, rt, THF (10 V) 4.6 58 7.3 6.8 18.5
3 6:9 = 1:1.2, regular addition, 2 mol % Cul, rt, THF (10 V) 60.3 1.6 3.5 21.5
4 6:9 = 1:1.2, regular addition, 2 mol % Cul, —10°C, THF (10 V), air 59.3 S 18.5
S 6:9 = 1:1.2, regular addition, without Cul, —10°C, THF (10 V) 81 - - 1.1
6 6:9 = 1.05:1, reverse addition,” without Cul, 10°C, neat 93.9 6.0 0.9
7 6:9 = 1.05:1, reverse addition, without Cul, 20°C, neat 91.2 0.4 14
8 6:9 = 1.05:1, reverse addition, without Cul, 20°C, neat (25 g) 73.7 9.1
99 6:9 = 1:1, regular addition, without Cul, —5°C, THF (1 V) 94.3 22
10° 6:9 = 1:1, regular addition, without Cul, —5°C, THF (1 V) 86.6 - 2.1
1Y 6:9 = 1:1, regular addition, without Cul, —5°C, THF (1 V) 81.7 2.1

“All reactions were carried out with 6 (1 g) and allylmagnesium chloride (9, 2 M in THF) in THF under dry nitrogen at a given molar ratio as
shown in the table, 1 h, quenched with MeOH, neutralized by aq HCl (2 M), extracted with EtOAc, and analyzed on GCMS by total ion
chromatogram. Regular addition: adding the Gngnard reagent to the solution of epichlorohydrin in THF dropwise. “Reverse addition: adding

eplchlorohydrm to the Grignard reagent dropwise.
NH,CL. /25 g of 6 was used, quenched by aq H,SO, (1 M).

410 g of 6 was used, quenched by aq 2 M HCL. “25 g of 6 was used, quenched by saturated aq

the synthesis of chiral epoxide 1, a route utilizing inexpensive
and readily available (R)-epichlorohydrin 6 as the starting
material was then investigated.

2.3. Synthesis of Chiral Epoxide 1 through the
Epichlorohydrin Route (Route 2). 2.3.1. Synthesis of
Chlorohydrin 10 through Ring Opening of (R)-Epichlorohy-
drin 6. We initially evaluated the literature method to make
epoxide 1 through the ring-opening reaction of 1.0 equiv of
(R)-epichlorohydrin 6 with 1.2 equiv of allyIMgCl 9, followed
by NaOH treatment (Scheme 3).°>*' 7 In the presence of 2
mol % Cul, (R)-epichlorohydrin 6 reacted with allylMgCl 9 to
afford intermediate 10 in an ~60% vyield after column
purification. Epoxide 1 was obtained in a quantitative yield
by the reaction of intermediate 10 with NaOH pellets. This
two-step process shows promise for the synthesis of chiral
epoxide 1 from economical starting materials. However, the
low yield of the first ring-opening reaction and the need for
column purification impede scale-up. The impurity profile of
the crude reaction mixture of the ring-opening reaction was
investigated by GCMS. It was found that the major impurities
included 1,5-hexadiene 5 (up to 20%), 1,8-nonadien-S-ol 11
(up to 2%), and dichlorohydrin 12 (up to 4%). For a scalable
process development of the epichlorohydrin route, we aimed
to (1) minimize the formation of 1,5-hexadiene § and other
side products 11 and 12, thus improving the yield of the
compound 10 and (2) eliminate the need for column
purification, minimizing processing costs and enabling
scalability.

As shown in Table 3, our first attempt was to screen
equivalents of allylMgCl 9 in the presence of 2 mol % of Cul.
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With the equivalents of allylMgCl 9 from 0.8 to 1.2, it was
found that a significant amount of 1,5-hexadiene (up to 22 A
%) always formed (Table 3, entries 1—3). The side products of
1,8-nonadien-5-ol 11 and dichlorohydrin 12 were also
observed under these conditions. Specifically, both 11 and
12 were formed at a level of about 7% when a stoichiometric
amount of the Grignard reagent was used (Table 3, entry 2). It
is assumed that trace amounts of oxygen promote the
homocouphng reaction of the Grignard reagent to form 1,5-
hexadiene.’* However, a careful removal of oxygen by purging
the reaction mixture with argon gave no improvement; in
contrast, the reaction proceeded similarly well under air (Table
3, entry 4). Intriguingly, the formation of 1,5-hexadiene $ was
drastically suppressed in the absence of Cul. Without the
addition of Cul, the reaction of epichlorohydrin 6 with 1.2
equiv of allylMgCl 9 afforded the compound 10 in up to 81 A
% with only 1.1 A % of 1,5-hexadiene (Table 3, entry 5).
Notably, under these conditions, 1,8-nonadien-5-ol 11 and
dichlorohydrin 12 were not detected. Encouraged by this
promising result, we further optimized the conditions without
the use of Cul by investigating the addition order, the
equivalents of allyIMgCl 9, and the reaction temperature.

For a more convenient operation in scale, the addition of
epichlorohydrin to the Grignard reagent (reverse addition) was
investigated. Without the use of Cul, the reverse addition
fashion showed promise on a gram scale. For instance, the
reaction of 1.05 equiv of (R)-epichlorohydrin 6 with 1.0 equiv
of the Grignard reagent 9 at 10 °C afforded the desired
product 10 in 94 A %, and the formation of 11 and 12 was
only 0.9 and 1.2 A %, respectively (Table 3, entry 6). A similar
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Table 4. Optimization of Ring Closure of 10 with Base”

e T o
ClaAANAF C A (il —— l/\/\/ 6-rac '
' 12 i mp OH :
o e time 1 EHOM :
Step 2b :‘_ 8-rac ‘,E
entry conditions 1 (A %) % ee 6-rac (A %)
1 NaOH (2 equiv, pellets), neat, rt —60°C, 2 h 94 99.9 1.5
2 K,CO; (2 equiv), neat, 60°C, 2 h 44>
3 K,CO; (1 equiv), ethylene glycol, 60°C, 4 h 88
4 DIPEA (1 equiv), ethylene glycol, 60°C, 4 h 0"
5 DIPEA (1 equiv), diglyme, 60°C, 4 h o®
6 NaOH (2 equiv, 2 M), water, rt, 12 h 72.87 - -
7 NaOH (1.2 equiv, 2 M), MTBE (2 V), 1t, 12 h 95 99.9 2
8 NaOH (1.2 equiv, 2 M), MTBE (2 V), S0°C, 2 h 98¢ 99.9 2

“All reactions were performed with 10 (1 g, 1 equiv) and base under the condltlons as indicated in the table, and 8-rac was not observed in all

conditions; A

A % was calculated based on GCMS by total ion chromatogram. bEstimated by "HNMR. “Ring opening with ethylene glycol was the

major side-reaction. “20.6 A % of 10 was unreacted. “About 1.5 A % of 10 remained.

result was obtained when the internal temperature was kept
below 20 °C (Table 3, entry 7). Unfortunately, when we scaled
to 25 g of (R)-epichlorohydrin 6 under these conditions, up to
9 A % of 12 was generated (Table 3, entry 8), which indicated
the competition reaction of the epichlorohydrin with chloride
anion at scale. As a result, the regular addition approach
(adding the Grignard reagent to the epichlorohydrin) was
revisited. The prior results indicated that the use of excess
Grignard reagent resulted in the formation of both side-
products 11 and 12, while the excess (R)-epichlorohydrin 6
underwent ring-opening reaction with a chloride anion to form
the side-product 12 as well. After fine-tuning the ratio of the
epichlorohydrin and Grignard reagent, it was found that the
stoichiometric reaction of the epichlorohydrin and Grignard
reagent afforded the best results (Table 3, entries 9—11).
Under a regular addition mode, the optimal internal temper-
ature was identified as 0 & S °C, and the optimal volume of the
solvent was found to be 1 V. As a result, with a regular addition
mode, the stoichiometric reaction between the allylMgCl 9 and
(R)-epichlorohydrin 6 at 0 + S °C in 1 V of THF afforded the
desired product 10 in 94 A %. The side product of 11 was not
detected, and the formation of 12 was only 2.2 A %. Notably,
the side product of 1,5-hexadiene 5 was also not detected
under this condition (Table 3, entry 9). This process showed
good repeatability as comparable results were obtained in a 25
g scale reaction. It should be noted that the MeOH quench is
critical before the workup.’' A clear aqueous and organic phase
separation was achieved with a MeOH quench followed by an
aq HCI (2 M) neutralization. However, without the MeOH
treatment, a direct acid neutralization of the reaction mixture
generated a gel-like mass, precluding further purification.
Notably, a similar impurity profile was obtained when the
reaction mixture was acidified with aq H,SO, (1 M) or
saturated aq NH,CI (Table 3, entries 10 and 11). In all cases,
the aqueous layer contained less than S A % product by GCMS
after a one-time MTBE extraction. Attempts to separate
compound 10 from the side-products 11 and 12 by distillation
failed due to a similar boiling point of these compounds.
2.3.2. Synthesis of Chiral Epoxide 1 through Ring Closure
of Chlorohydrin 10. A previous report described the NaOH-
promoted conversion of the chlorohydrin 10 to epoxide 1,
although this was done on a small scale.”” To our delight, the
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ring closure reaction of crude 10 went smoothly in the
presence of 2.0 equiv of NaOH pellets at 60 °C, and up to 94
A % yield of epoxide 1 was obtained. Impurity 12 was not
detected, but epichlorohydrin 6-rac was observed in 1.5 A %,
indicating that compound 12 underwent ring closure as well
(Table 4, entry 1).

Although NaOH showed great promise, the use of solid
NaOH is not amenable to scale-up. Additionally, it is noted
that utilizing NaOH at 60 °C may cause etching of glass
reactors. To develop a more practical process for the scale-up
of the ring closure reaction, we screened different bases,
solvents, and temperatures. As summarized in Table 4, a milder
base, K,COj, under a similar condition, gave a poor conversion
with only 44 A % of 1 (Table 4, entry 2). In a high boiling
point solvent such as ethylene glycol, the reaction with K,CO;
proceeded more efficiently. For instance, the treatment of the
crude 10 with K,COj in ethylene glycol afforded the epoxide
in 88 A %; unfortunately, about 10 A % of adduct of the
epoxide with ethylene glycol was also observed (Table 4, entry
3). The use of DIPEA gave no product in either ethylene glycol
or diglyme at 60 °C (Table 4, entries 4 and S). As a result,
NaOH was revisited for the epoxide formation. Initial results
showed that an aqueous solution of NaOH (2 N) was
promising for the ring closure of compound 10. Treating
chlorohydrin 10 with 2.0 equiv of NaOH (2 N) at room
temperature, the desired epoxide was obtained in a 73 A %
yield after 12 h, and about 21 A % starting alcohol remained
(Table 4, entry 6). When switching the solvent to the MTBE,
1.2 equiv of NaOH (2 N) enabled a full conversion within 12 h
at room temperature (Table 4, entry 7). Notably, the hex-S-
ene-1,2-diol (8-rac) was not detected under these conditions,
which indicated the chemical inertness of epoxide 1 with
NaOH. Increasing the reaction temperature to 50 °C was
sufficient to afford a satisfactory conversion (>98%) within 2 h.
For instance, the treatment of compound 10 with 1.2 equiv of
NaOH (2 N) in MTBE (2 V) at 50 °C for 2 h produced
epoxide 1 in 98 A % conversion (Table 4, entry 8). The
successful epoxidation in MTBE enabled a possible direct use
of the resulting MTBE solution from the prior ring-opening
reaction without the need for solvent swap. When treating the
MTBE solution of the crude product 10 (from step 1b) with
1.2 equiv of NaOH (2 N) at 50 °C for 2 h, full conversion was
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Table 5. Two-Step Process for the Synthesis of Epoxide 1 from (R)-Epichlorohydrin 6

OH OH ey \
At Mg = O A AZ | ONALD —> W o
Step 1b :  Step 2b :
6 ® 10 (SR L . S
step 1b: ring opening of epichlorohydrin to form 10
entry scale (g) compound 10 (in-solution yield) (%)” impurity 12 (%)
1 150 93 2.5
2 150 94 39
3 200 91 4.0
step 2b: ring closure of 10 to yield epoxide 1
entry scale (g) in-solution yield of 1 (%) in-solution purity” yield of 1 after distillation?
epoxide 1 (%) impurity 6-rac (%) gram, yield %, A % purity, ee”
4 70 96 1.0 97 g 60%, 99 A %, 99.9%
58 76 96 12 91 g, 56%, 98 A %, 99.9%
6" 77 98 L5 125 g, 59%, 96 A %, 99.9%

“See Experimental Section for details. bAll the in-solution yields were calculated based on GCMS (wt %). “The impurity percentage was obtained
by GCMS (A %). 0.4 A % of 1,8-nonadien-5-0l 11 was also detected. The area purity was obtained by GCMS (A %), and the mass/yield was
corrected data. “The ee was obtained by chiral column GC./The distillation of compound 1 was performed under 70—80 Torr at 80 °C.
£Atmospheric distillation at 170 °C with N, flow. hAtmospheric distillation at 170 °C without N, flow.

obtained, the in-solution yield was up to 90 A %, and the purity
was up to 96 A % after water wash. It is worth mentioning that
all epoxide obtained through this process was the (R)-
enantiomer (>99.9% ee), as confirmed by a chiral GC analysis.

2.4. Scale-Up of the Epichlorohydrin Route (Route 2)
for the Synthesis of Chiral Epoxide 1. With the optimized
two-step epichlorohydrin route for the production of 1 in
hand, the scale-up of the process in a 100 g scale (100—200 g)
was demonstrated in a S L ChemRxnHub reactor (Table S).
This process generated the epoxide with an overall in-solution
yield of 70—77 A %, a chemical purity of up to 96 A %, and an
enantiomeric excess of up to 99.9%. After distillation in the
second step, 56—60% isolated yield and up to 99 A % purity
were achieved. For instance, as shown in entry 1 (Table S), at
the scale of 150 g of the epichlorohydrin 6, its stoichiometric
reaction with the allyIMgCl 9 afforded the chlorinated alcohol
10 in 93 A % in-solution yield after workup [quenched by
MeOH, neutralized with aq HC], and extracted by MBTE (750
mL)]. The major impurity was dichlorohydrin 12 (2.5 A %).
The crude 10 in MTBE underwent the ring closure reaction
smoothly by treating with 1.2 equiv of NaOH (2 N) at 50 °C
for 2 h. After washing the organic phase with water until the
aqueous phase showed pH = 7, the resulting MTBE solution of
1 exhibited an in-solution yield of 70 %. As was found on the
small scale, compound 12 was not observed, but epichlorohy-
drin 6-rac was detected (1 A % yield). After removal of the
MTBE, the resulting crude product was purified by vacuum
distillation (70—80 Torr at 80 °C), affording compound 1 in a
56—60% isolated yield with excellent chemical and enantio-
meric excess purities (Table S, entries 1 and 4). It should be
noted that up to 20 % of compound 1 was lost during the
solvent purge and distillation. Other distillation approaches,
such as normal pressure distillation w/o N, purge, resulted in a
similar recovery yield (Table S, entries S and 6).

3. CONCLUSIONS

In conclusion, two scalable routes for the synthesis of R-
(+)-1,2-epoxy-S-hexene 1 were developed from inexpensive,
readily available starting materials. Route 1 involves
epoxidation and the Jacobsen HKR. The epoxidation of 2
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equiv of 1,5-hexadiene with 1 equiv of mCPBA afforded the
assay yields of up to 95 A %. The following resolution step
achieved the assay yield up to 49 A % (vs theoretical yield: SO
A %). The two-step process was demonstrated on a 100 g
scale, affording the chiral epoxide 1 with an overall yield of
~25% after distillation. It is worth noting that although the
HKR can only generate maximum 50% yield, it is distinctive of
method 2 in that no chiral pool material is required.

Route 2 employed (R)-epichlorohydrin as the starting
material and included an epoxide ring-opening reaction and
a ring closure reaction. Development of this process
successfully minimized the formation of side products, thereby
enabling the formation of the enantiopure epoxide 1 with an
overall isolated yield of up to 56—60% and purity of up to 99 A
% on a hundred-gram scale. Additionally, the excellent purity
profile of crude epoxide 1 from the epichlorohydrin route
provides possible telescoping options to subsequent synthetic
steps. For example, this allows implementation of the Hodgson
reaction to produce 2. Compared to the resolution route, the
epichlorohydrin route provides a more efficient and scalable
strategy to prepare this chiral building block, (R)-1,2-
epoxyhex-S-ene (1).

We hope that these scalable approaches to the chiral epoxide
1 will inspire more applications of its use in organic synthesis
routes, including further efforts to optimize the process toward
the cost-effective synthesis of lenacapavir.

4. EXPERIMENTAL SECTION

4.1. General Information. Reagents and solvents were
obtained from commercial suppliers and used as received
unless otherwise indicated. (R)-Epichlorohydrin (99%) was
purchased from Oakwood Chemical, and allylmagnesium
chloride solution (2.0 M in THF) was purchased from
Sigma-Aldrich. Reactions were conducted in oven-dried (120
°C) glassware, which was assembled while hot and cooled to
ambient temperature under an inert atmosphere. All reactions
were conducted under an inert atmosphere (N,) unless
otherwise noted. Reactions were monitored by TLC (pre-
coated silica gel 60 F254 plates, EMD Chemicals), GCMS, or
chiral-column GC using various methods. TLC was visualized
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with UV light or by treatment with phosphatidyl alcohol
(PMA), ninhydrin, and/or KMnO,. Flash chromatography was
performed on a Teledyne ISCO Combi-Flash NEXTGEN
300+ and/or a Biotage Isolera using solvents as indicated.
HRMS was recorded using PerkinElmer Axion 2 ToF MS,
ionization mode: positive with scan range: 100—1000 m/z,
flight tube voltage: 8 kV, spray voltage: 3.5 kV, solvent:
methanol. '"HNMR and "*CNMR spectra were routinely
recorded on a Bruker Avance III HD Ascend 600 MHz
spectrometer. The NMR solvents used were CDCl; or CD;CN
as indicated. Tetramethylsilane (TMS) was used as an internal
standard. Coupling constants J are reported in hertz (Hz). The
following abbreviations were used to designate signal multi-
plicity: s, singlet; d, doublet; t, triplet; q, quartet, p, pentet; dd,
doublet of doublets; ddd, doublet of doublet of doublets; dt,
double of triplets; ddt, doublet of doublet of triplets; m,
multiplet; br, broad. 1,3,5-Trimethoxybenzene and triphenyl-
methane were used as internal standards for quantitative 'H
NMR.

4.1.1. Synthesis of rac-(x)-1,2-Epoxy-5-hexene (1-rac)
(Step 1a, Resolution Route). A 2 L ChemRxnHub reactor was
charged with 750 mL of DCM (S V) and 1,5-hexadiene (150 g,
1.83 mol, 2 equiv), and the reaction solution was cooled to —$
°C (internal temperature —3.8 °C) with a chiller. Solid
mCPBA (210.0 g, 912.7 mmol, 1 equiv) was added in three
equal portions (3 X 70.0 g), maintaining the internal
temperature <5 °C. Once the reaction cooled back down to
—3 °C after the final addition, the reaction was assayed for
unconsumed mCPBA: ca. 10% mCPBA remained (‘H NMR,
CD,CN). The reaction was warmed to 5 °C and stirred for 1 h
to complete. At this point, the reaction was quenched with aq
NaOH (440 mL, 2.5 N, 0.6 equiv), stirred briefly and
separated, and the organic phase was assayed for product
epoxide (86.83 g, 97%). The epoxide solution was concen-
trated to ca. 250 mL at 65 °C, and further distillation of the
volatiles continued at 50—80 °C under gentle N, stream (0.1
NL/min) on a separate distillation setup with a 10” Vigreux
column, long-path condenser into a cooled (—78 °C) receiving
flask to recover 1,5-hexadiene (71 g, yield: 95%) as a solution
in DCM. Once the volatiles were purged, atmospheric
distillation continued at 170—200 °C to yield rac-1,2-epoxy-
S-hexene 1-rac (67.5 g, 93.8 wt %, yield: 71%).

'H NMR (600 MHz, CDCL,): & 5.82—5.75 (m, 1H), 5.01
(dq, J = 17.1, 1.7 Hz, 1H), 493 (dq, J = 10.2, 1.7 Hz, 1H),
2.87-2.86 (m, 1H), 2.69—2.68 (m, 1H), 2.42—2.41 (m, 1H),
2.18-2.11 (m, 2H), 1.62—1.53 (m, 2H). 3C NMR (150 MHz,
CDCL): 6 137.6, 115.1, 51.8, 47.1, 31.8, 30.2. MS-EI (m/2):
(M), 98.1.

4.1.2. Synthesis of R-(+)-1,2-Epoxy-5-hexene (1) (Step 2a,
Resolution Route). A 250 mL flask with overhead stirring was
charged with (R,R)-(salen)Co(II) (1.82 g, 3.01 mmol, 0.005
equiv). The catalyst was treated with rac-1,2-epoxy-5-hexene 1-
rac (63.1 g, 93.8 wt %, 602.8 mmol), AcOH (0.69 mL, 12.06
mmol, 0.02 equiv), and 6 mL of THF under aerobic
conditions. The reaction flask was cooled to 0 °C, and H,O
(6.0 mL, 332 mmol, 0.55 equiv) was added in one portion.
The reaction was allowed to warm to room temperature and
monitored by chiral GC. After stirring for 160 h, the ee was
94%, with an assay yield of 49 A %. At this time, the volatile
materials were distilled at 90 °C under a gentle N, stream (0.1
N L/min), followed by vacuum transfer under 90 Torr at 90
°C to afford (R)-1,2-epoxy-S-hexene 1 (19.82 g, 602.8 mmol,
33.5%).

3203

'"H NMR (600 MHz, CDCL): § 5.82—5.75 (m, 1H), 5.01
(dq, J = 17.1, 1.7 Hz, 1H), 493 (dq, J = 10.2, 1.7 Hz, 1H),
2.87-2.86 (m, 1H), 2.69—2.68 (m, 1H), 2.42—2.41 (m, 1H),
2.18—2.11 (m, 2H), 1.62—1.53 (m, 2H). *C NMR (150 MHz,
CDCL): § 137.6, 115.1, S1.8, 47.1, 31.8, 30.2. MS-EI (m/z):
(M), 98.1.

4.1.3. Synthesis of (R)-1-Chlorohex-5-en-2-ol (10) (Step
1b, Epichlorohydrin Route). To a § L ChemRxnHub reactor
under a nitrogen atmosphere was added THF (200 mL, 1 V)
followed by (R)-epichlorohydrin 6 (200 g, 2.16 mol, 1 equiv).
This mixture was cooled at —25 °C (internal temperature was
—15.5 °C) using a chiller. When the internal temperature
reached —15 °C, allylmagnesium chloride 9 (1.08 L, 2.16 mol,
1 equiv, 2 M in THF) was added using a peristaltic pump with
a flow rate of 5—10 mL/min, maintaining the internal
temperature below —5.0 °C. After addition, this mixture was
stirred at the same temperature for an additional 1 h. Then
methanol (219 mL, 5.4 mol, 2.5 equiv) was added dropwise,
keeping the internal temperature below 0 °C, followed by the
addition of HCI (2.16 L, 2 M, 2.0 equiv) at 0 °C. The
circulating cooling system was turned off, and MTBE (1 L)
was added. The organic layer was collected and washed with
HCI (400 mL, 2 M) and water (400 mL), respectively. This
resulting organic layer (1.8 L) gave an in-solution yield of 91%
10 assayed by GCMS, containing 4% dichlorohydrin 12 and
0.4% 1,8-nonadien-S-ol 11. The crude compound 10 was used
for the next step without further purification. A small amount
of pure compound 10 was obtained by column chromatog-
raphy for the analytical data.

'"H NMR (600 MHz, CDCL,): § 5.85—5.78 (m, 1H), 5.03
(dq, J = 17.1, 1.7 Hz, 1H), 4.96 (dq, ] = 10.2, 1.7 Hz, 1H),
2.92-2.89 (m, 1H), 2.73—2.72 (m, 1H), 2.46—2.45 (m, 1H),
2.24-2.14 (m, 2H), 1.95 (br, 1H), 1.65—1.56 (m, 2H). *C
NMR (150 MHz, CDCL,): 6 137.7, 115.3, 70.8, 50.3, 33.3,
29.7. MS-EI (m/z): (M"), 134.1.

4.1.4. Synthesis of R-(+)-1,2-Epoxy-5-hexene (1) (Step 2b,
Epichlorohydrin Route). A'S L ChemRxnHub reactor was
charged with a solution of chlorohydrin 10 in MTBE (1.8 L).
To the reactor was added an aqueous solution of NaOH (1.3
L, 1.2 equiv, 2 N). The mixture was heated to S0 °C and
stired for 2 h. After completion, the organic layer was
collected and washed with water (500 mL X 4) until the
aqueous-phase reached pH = 7. The resulting organic phase
gave an in-solution yield of 77 A % assayed by GCMS (TIC),
containing chiral epoxide 1 of 98.6 A % and epichlorohydrin 6-
rac of 1.5 A %. The solution was evaporated at 90 °C to
remove solvents of MTBE and THEF. The resulting crude
product was distilled with Vigreux column at 130—170 °C to
afford the desired epoxide 1 (125 g, yield: 59%, purity: 99 A %
by GCMS, ee: 99.9%).

'"H NMR (600 MHz, CDCL): § 5.82—5.75 (m, 1H), 5.01
(dq, J = 17.1, 1.7 Hz, 1H), 4.93 (dq, J = 10.2, 1.7 Hz, 1H),
2.87-2.86 (m, 1H), 2.69—2.68 (m, 1H), 2.42—2.41 (m, 1H),
2.18-2.11 (m, 2H), 1.62—1.53 (m, 2H). *C NMR (150 MHz,
CDCl,): § 137.6, 115.1, S51.8, 47.1, 31.8, 30.2. MS-EI (m/z):
(M), 98.1.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00101.

https://doi.org/10.1021/acs.oprd.4c00101
Org. Process Res. Dev. 2024, 28, 3197—3205


https://pubs.acs.org/doi/10.1021/acs.oprd.4c00101?goto=supporting-info
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.4c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Process Research & Development

pubs.acs.org/OPRD

Additional experimental details and analytical methods
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Limei Jin — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-3068,
United States; ® orcid.org/0009-0009-8036-2004;
Email: jinl3@vcu.edu

Authors

Daryl Guthrie — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-3068,
United States

John M. Saathoff — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-3068,
United States

Rajkumar Lalji Sahani — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-3068,
United States

Aline Nunes De Souza — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-3068,
United States

Daniel W. Cook — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-
3068, United States; ® orcid.org/0000-0003-0621-3624

Samuel R. Hochstetler — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-
3068, United States

Justina M. Burns — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-
3068, United States

Roudabeh Sadat Moazeni-Pourasil — Medicines for All
Institute, Virginia Commonwealth University, Richmond,
Virginia 23284-3068, United States

Janie Wierzbicki — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-
3068, United States

Saeed Ahmad — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-
3068, United States

G. Michael Laidlaw — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-
3068, United States

B. Frank Gupton — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-
3068, United States; © orcid.org/0000-0002-8165-1088

Charles S. Shanahan — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-
3068, United States

Douglas A. Klumpp — Medicines for All Institute, Virginia
Commonwealth University, Richmond, Virginia 23284-
3068, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.oprd.4c00101

Author Contributions
iD.G., JM.S,, RL.S,, and AN.D.S. contributed equally.
Notes

The authors declare no competing financial interest.

3204

B ACKNOWLEDGMENTS

This work was supported by funding from the Bill & Melinda
Gates Foundation (BMGF). The Medicines for All Institute
(M4ALL) would like to express gratitude to Dr. Trevor Laird,
Dr. John Dillon, and Dr. Ryan Nelson (BMGF) for their
helpful technical guidance throughout this project as well as
Silpa Sundaram (BMGF) and Dr. Susan Hershenson (BMGF)
for their ongoing collaboration and support of the M4ALL
mission. The authors are also grateful to Sarah Cox and
Michael Osberg for their input on this work.

B REFERENCES

(1) Cleator, E.; Sheen, F. J.; Bio, M. M.; Jos Brands, K. M.; Davies,
A. J; Dolling, U.-H. Regioselective Synthesis of N-Substituted-4-
Substituted Isothiazolidine-1,1-Dioxides. Tetrahedron Lett. 2006, 47
(25), 4245—4248.

(2) Cleator, E.; Baxter, C. A; O’Hagan, M; O'Riordan, T. J. C;
Sheen, F. J.; Stewart, G. W. Synthesis of Novel Benzoxathiazepine-1,1-
Dioxides by Means of a One-Pot Multicomponent Reaction.
Tetrahedron Lett. 2010, 51 (7), 1079—1082.

(3) Movassaghi, M.; Jacobsen, E. N. A Direct Method for the
Conversion of Terminal Epoxides into y-Butanolides. J. Am. Chem.
Soc. 2002, 124 (11), 2456—2457.

(4) Goodman, S. N.; Jacobsen, E. N. Enantiopure p-Hydroxy
Morpholine Amides from Terminal Epoxides by Carbonylation at 1
Atm. Angew. Chem., Int. Ed. 2002, 41 (24), 4703—4705.

(5) Hoye, T. R;; Eklov, B. M.; Jeon, J.; Khoroosi, M. Sequencing of
Three-Component Olefin Metatheses: Total Synthesis of Either
(+)-Gigantecin or (+)-14-Deoxy-9-Oxygigantecin. Org. Lett. 2006, 8
(15), 3383—3386.

(6) Takahashi, S.; Hongo, Y.; Ogawa, N.; Koshino, H.; Nakata, T.
Convergent Synthesis of Pyragonicin. J. Org. Chem. 2006, 71 (16),
6305—6308.

(7) Valot, G.; Mailhol, D.; Regens, C. S.; O’Malley, D. P.; Godineau,
E.; Takikawa, H.; Philipps, P.; Fiirstner, A. Concise Total Syntheses of
Amphidinolides C and F. Chem.—Eur. . 2015, 21 (6), 2398—2408.

(8) Valot, G.; Regens, C. S; O’Malley, D. P.; Godineau, E;
Takikawa, H.; Fiirstner, A. Total Synthesis of Amphidinolide F.
Angew. Chem., Int. Ed. 2013, 52 (36), 9534—9538.

(9) Moretti, J. D.; Wang, X; Curran, D. P. Minimal Fluorous
Tagging Strategy That Enables the Synthesis of the Complete
Stereoisomer Library of SCH725674 Macrolactones. J. Am. Chem. Soc.
2012, 134 (18), 7963—7970.

(10) Austad, B. C.; Benayoud, F.; Calkins, T. L; Campagna, S.;
Chase, C. E.; Choi, H.; Christ, W.; Costanzo, R.; Cutter, J.; Endo, A,;
Fang, F. G.; Hu, Y.; Lewis, B. M.; Lewis, M. D.; McKenna, S.; Noland,
T. A;; Orr, J. D.; Pesant, M,; Schnaderbeck, M. J.; Wilkie, G. D.; Abe,
T.; Asai, N; Asai, Y.; Kayano, A.; Kimoto, Y.; Komatsu, Y.; Kubota,
M.; Kuroda, H.; Mizuno, M.; Nakamura, T.; Omae, T.; Ozeki, N,;
Suzuki, T.; Takigawa, T.; Watanabe, T.; Yoshizawa, K. Process
Development of Halaven®: Synthesis of the C14-C3S Fragment via
Iterative Nozaki-Hiyama-Kishi Reaction-Williamson Ether Cycliza-
tion. Synlett 2013, 24 (03), 327—332.

(11) Alorati, A. D.; Bio, M. M,; Brands, K. M. J.; Cleator, E.; Davies,
A. J.; Wilson, R. D.; Wise, C. S. A Practical and Scaleable Synthesis of
1R,5S-Bicyclo[3.1.0]Hexan-2-One: The Development of a Catalytic
Lithium 2,2,6,6-Tetramethylpiperidide (LTMP) Mediated Intra-
molecular Cyclopropanation of (R)-1,2-Epoxyhex-S-Ene. Org. Process
Res. Dev. 2007, 11 (3), 637—641.

(12) Jones, R. M.; Han, S.; Thoresen, L.; Jung, J.-K.; Strah-Pleynet,
S.; Zhu, X,; Xiong, Y.; Yue, D. Cannabinoid Receptor Modulators.
WO 2011025541 Al, 2011.

(13) Allan, K. M.; Batten, A. L.; Brizgys, G.; Dhar, S.; Doxsee, L J;
Goldberg, A,; Heumann, L. V.; Huang, Z.; Kadunce, N. T.; Kazerani,
S.; Lew, W,; Ngo, V. X,; O’keefe, B. M.; Rainey, T. J.; Roberts, B. J.;
Shi, B,; Steinhuebel, D. P.; Tse, W. C.; Wagner, A. M.; Wang, X;
Wolckenhauer, S. A;; Wong, C. Y.; Zhang, J. R. Methods and

https://doi.org/10.1021/acs.oprd.4c00101
Org. Process Res. Dev. 2024, 28, 3197—3205


https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.4c00101/suppl_file/op4c00101_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Limei+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-8036-2004
mailto:jinl3@vcu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daryl+Guthrie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+M.+Saathoff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajkumar+Lalji+Sahani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aline+Nunes+De+Souza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+W.+Cook"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0621-3624
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+R.+Hochstetler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justina+M.+Burns"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roudabeh+Sadat+Moazeni-Pourasil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janie+Wierzbicki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saeed+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="G.+Michael+Laidlaw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="B.+Frank+Gupton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8165-1088
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+S.+Shanahan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Douglas+A.+Klumpp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.4c00101?ref=pdf
https://doi.org/10.1016/j.tetlet.2006.04.038
https://doi.org/10.1016/j.tetlet.2006.04.038
https://doi.org/10.1016/j.tetlet.2009.12.099
https://doi.org/10.1016/j.tetlet.2009.12.099
https://doi.org/10.1021/ja025604c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja025604c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200290022
https://doi.org/10.1002/anie.200290022
https://doi.org/10.1002/anie.200290022
https://doi.org/10.1021/ol061383u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol061383u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol061383u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo060970q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201405790
https://doi.org/10.1002/chem.201405790
https://doi.org/10.1002/anie.201301700
https://doi.org/10.1021/ja302260d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja302260d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja302260d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0032-1317920
https://doi.org/10.1055/s-0032-1317920
https://doi.org/10.1055/s-0032-1317920
https://doi.org/10.1055/s-0032-1317920
https://doi.org/10.1021/op700042w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op700042w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op700042w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op700042w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.4c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Process Research & Development

pubs.acs.org/OPRD

Intermediates for Preparing a Therapeutic Compound Useful in the
Treatment of Retroviridae Viral Infection. WO 2019161280 A1, 2019.

(14) The results will be disclosed in due course.

(15) Schaus, S. E.; Brandes, B. D.; Larrow, J. F.; Tokunaga, M,;
Hansen, K. B.; Gould, A. E.; Furrow, M. E.; Jacobsen, E. N. Highly
Selective Hydrolytic Kinetic Resolution of Terminal Epoxides
Catalyzed by Chiral (Salen)Colll Complexes. Practical Synthesis of
Enantioenriched Terminal Epoxides and 1,2-Diols. ]. Am. Chem. Soc.
2002, 124 (7), 1307—1318.

(16) Kumar, P.; Gupta, P. Hydrolytic Kinetic Resolution as an
Emerging Tool in the Synthesis of Bioactive Molecules. Synlett 2009,
2009 (09), 1367—1382.

(17) Sinha, S. C.; Li, L.-S.; Watanabe, S.; Kaltgrad, E.; Tanaka, F.;
Rader, C.; Lerner, R. A.; Barbas, C. F. Aldolase Antibody Activation of
Prodrugs of Potent Aldehyde-Containing Cytotoxics for Selective
Chemotherapy. Chem.—Eur. ]. 2004, 10 (21), 5467—5472.

(18) Roy, T.; Barik, S.; Kumar, M.; Kureshy, R. L; Ganguly, B;
Khan, N. H,; Abdi, S. H. R;; Bajaj, H. C. Asymmetric Hydrolytic
Kinetic Resolution with Recyclable Polymeric Co(III)—Salen
Complexes: A Practical Strategy in the Preparation of (S)-Metoprolol,
(S)-Toliprolol and (S)-Alprenolol: Computational Rationale for
Enantioselectivity. Catal. Sci. Technol. 2014, 4 (11), 3899—3908.

(19) Habel, A; Boland, W. Efficient and Flexible Synthesis of Chiral
7- and S-Lactones. Org. Biomol. Chem. 2008, 6 (9), 1601—1604.

(20) Hodgson, D. M,; Chung, Y. K; Nuzzo, I; Freixas, G;
Kulikiewicz, K. K.; Cleator, E.; Paris, J.-M. Intramolecular Cyclo-
propanation of Unsaturated Terminal Epoxides and Chlorohydrins. J.
Am. Chem. Soc. 2007, 129 (14), 4456—4462.

(21) Liu, H; Ottosen, R. N.; Jennet, K. M.; Svenningsen, E. B.;
Kristensen, T. F.; Biltoft, M.; Jakobsen, M. R.; Poulsen, T. B.
Macrodiolide Diversification Reveals Broad Immunosuppressive
Activity That Impairs the cGAS-STING Pathway. Angew. Chem., Int.
Ed. 2021, 60 (34), 18734—18741.

(22) Xiao, H.-X,; Yan, Q.-X.; He, Z.-H.; Zou, Z.-B.; Le, Q.-Q.; Chen,
T.-T.; Cai, B; Yang, X.-W,; Luo, S.-L. Total Synthesis and Anti-
Inflammatory Bioactivity of (—)-Majusculoic Acid and Its Derivatives.
Mar. Drugs 2021, 19 (6), 288.

(23) Kremsmair, A.; Wilke, H. R.; Harenberg, ]. H.; Bissinger, B. R.
G.; Simon, M. M.; Alandini, N.; Knochel, P. In Situ Quench Reactions
of Enantioenriched Secondary Alkyllithium Reagents in Batch and
Continuous Flow Using an I/Li-Exchange. Angew. Chem., Int. Ed.
2023, 62 (1), No. e202214377.

(24) Davies, S. G.; Polywka, M. E. C.; Thomas, S. E. Synthesis of
Cyclic Ethers via Bromine Assisted Epoxide Ring Expansion. J. Chem.
Soc. Perkin 1986, 1, 1277.

(25) Bhuiyan, M. M. R;; Mohammed, M. L.; Saha, B. Greener and
Efficient Epoxidation of 1,5-Hexadiene with Tert-Butyl Hydro-
peroxide (TBHP) as an Oxidising Reagent in the Presence of
Polybenzimidazole Supported Mo(VI) Catalyst. Reactions 2022, 3
(4), 537-552.

(26) Imai, T.; Nishida, S. Lewis Acid Promoted Ring-Opening
Allylation of Epichlorohydrin with Allylic Silanes and Stannanes to
Afford 1-Chloro-5-Alken-2-Ols. A Short Synthesis of (S)-(—)-Ipsenol.
J. Org. Chem. 1990, 55 (16), 4849—4852.

(27) Zhang, X; Hu, A; Pan, C; Zhao, Q.; Wang, X; Lu, J. Safer
Preparation of M-CPBA/DMF Solution in Pilot Plant. Org. Process
Res. Dev. 2013, 17 (12), 1591—1596.

(28) ICH Official web site: ICH. https://www.ich.org/ (accessed
Jan 19, 2024).

(29) Hou, J.; Chevallier-Michaud, S.; Jean, M.; Favre, L.; Hérault,
D.; Bressy, C. Physical Separation of Enantiomeric Products by
Compartmentalized Parallel Kinetic Resolution. J. Am. Chem. Soc.
2023, 145 (50), 27236—27241.

(30) Thomas, R. M.; Widger, P. C. B.; Ahmed, S. M,; Jeske, R. C;
Hirahata, W.; Lobkovsky, E. B.; Coates, G. W. Enantioselective
Epoxide Polymerization Using a Bimetallic Cobalt Catalyst. J. Am.
Chem. Soc. 2010, 132 (46), 16520—16525.

(31) Alam, M.; Wise, C.; Baxter, C. A.; Cleator, E.; Walkinshaw, A.
Development of a Robust Procedure for the Copper-Catalyzed Ring-

3205

Opening of Epoxides with Grignard Reagents. Org. Process Res. Dev.
2012, 16 (3), 435—441.

(32) Raheem, L. T.; Breslin, M. J.; Bruno, J.; Cabalu, T. D.; Cooke,
A.; Cox, C. D,; Cui, D.; Garson, S.; Gotter, A. L.; Fox, S. V.; Harrell,
C. M,; Kuduk, S. D.; Lemaire, W.; Prueksaritanont, T.; Renger, J. J.;
Stump, C.; Tannenbaum, P. L.; Williams, P. D.; Winrow, C. J.;
Coleman, P. J. Discovery of Piperidine Ethers as Selective Orexin
Receptor Antagonists (SORAs) Inspired by Filorexant. Bioorg. Med.
Chem. Lett. 2015, 25 (3), 444—450.

(33) Hodgson, D.; Chung, Y.; Paris, J.-M. Intramolecular Cyclo-
propanation of Epichlorohydrin-Derived Unsaturated Chlorohydrins.
Synthesis 2005, 2005 (13), 2264—2266.

(34) Seyferth, D. The Grignard Reagents. Organometallics 2009, 28
(6), 1598—1605.

https://doi.org/10.1021/acs.oprd.4c00101
Org. Process Res. Dev. 2024, 28, 3197—3205


https://doi.org/10.1021/ja016737l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016737l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016737l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja016737l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0029-1217171
https://doi.org/10.1055/s-0029-1217171
https://doi.org/10.1002/chem.200400419
https://doi.org/10.1002/chem.200400419
https://doi.org/10.1002/chem.200400419
https://doi.org/10.1039/C4CY00594E
https://doi.org/10.1039/C4CY00594E
https://doi.org/10.1039/C4CY00594E
https://doi.org/10.1039/C4CY00594E
https://doi.org/10.1039/C4CY00594E
https://doi.org/10.1039/b801514g
https://doi.org/10.1039/b801514g
https://doi.org/10.1021/ja0672932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0672932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202105793
https://doi.org/10.1002/anie.202105793
https://doi.org/10.3390/md19060288
https://doi.org/10.3390/md19060288
https://doi.org/10.1002/anie.202214377
https://doi.org/10.1002/anie.202214377
https://doi.org/10.1002/anie.202214377
https://doi.org/10.1039/p19860001277
https://doi.org/10.1039/p19860001277
https://doi.org/10.3390/reactions3040036
https://doi.org/10.3390/reactions3040036
https://doi.org/10.3390/reactions3040036
https://doi.org/10.3390/reactions3040036
https://doi.org/10.1021/jo00303a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00303a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00303a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op400208b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op400208b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.ich.org/
https://doi.org/10.1021/jacs.3c12120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c12120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1058422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1058422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op200329x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op200329x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmcl.2014.12.056
https://doi.org/10.1016/j.bmcl.2014.12.056
https://doi.org/10.1055/s-2005-869973
https://doi.org/10.1055/s-2005-869973
https://doi.org/10.1021/om900088z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.4c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

