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ABSTRACT: We report the scalable, high-yielding, and highly selective synthesis of the β-lactamase inhibitor QPX7728 featuring
two key synthetic steps: nickel-catalyzed boron insertion of benzofuran 1 followed by enantioselective cyclopropanation of the
resulting cyclic vinylboronate 2. The identification of the key reagents (catalyst and chiral auxiliary) for both steps relied on the use
of high-throughput experimentation. Further optimization allowed for the cost-effective and scalable production of QPX7728.
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■ INTRODUCTION

The use of antibiotics to prevent and treat infectious diseases
has been recognized as one of the most prominent medical
advances of the 20th century.1 In response to the pressure of
antibiotic usage, multiple resistance mechanisms have become
widespread and threaten the clinical utility of antibacterial
therapy.2 In fact, various bacteria have evolved β-lactamases
that degrade the β-lactam ring of various β-lactam antibiotics,
making them inactive.3 The fast spread of bacterial resistance
and the evolution of multiresistant strains severely limits the
number of β-lactam treatment options available.4 It is well-
established that the activity of β-lactams (amoxicillin,
ampicillin, piperacillin, ticarcillin) can be restored and widened
by combining them with a β-lactamase inhibitor;5 however,
older agents (clavulanic acid, sulbactam, tazobactam) have
seen declining utility with the emergence of new β-lactamase
enzymes that are not effectively inhibited. Therefore, there is a
strong need to synthesize new β-lactamase inhibitors that are
effective against these new β-lactamase variants.
The ultrabroad-spectrum β-lactamase inhibitor QPX7728

(4) (Scheme 1) developed at Qpex Biopharma showcases very
good preclinical properties, with inhibition of both serine and
metalloenzymes and potent activity in combination with

multiple β-lactam antibiotics against Acinetobacter, Pseudomo-
nas, and Enterobacteriaceae.6 Herein we describe a scalable,
high-yielding synthesis of QPX7728 featuring two key
synthetic steps: an efficient and cost-effective Ni-catalyzed
boron insertion into benzofuran substrate 1 and a novel
method for the enantioselective cyclopropanation of the
resulting 2H-benzoxaborinine 2 (Scheme 1). This synthetic
route allows attainment of the desired enantiomer 4 with high
purity after a final hydrolysis step.

■ BACKGROUND
The original medicinal chemistry route to QPX7728 is
described in Scheme 2. 2-Bromo-5-fluorophenol (5) was
converted to tert-butyl carbonate 6; treatment with LDA
effected deprotonation and acyl transfer, after which the
resulting phenol was reprotected, affording 7. The two
protecting groups were replaced with a single acetonide in 8,
which was then subjected to a Heck reaction to introduce the
acrylate side chain, furnishing 9. Bromination followed by
decarboxylative elimination generated cis-vinyl bromide 10.
Palladium-catalyzed Miyaura borylation with bis(pinacolato)-
diboron followed by periodate cleavage of the pinacol ester
resulted in cis-vinylboronate 11. Enantioselective introduction
of the cyclopropane was accomplished by first making the
N,N,N′,N′-tetramethyltartaramide (TMTA) boronate ester,
followed by Furukawa cyclopropanation to give 12 in 95% ee.7

The enantiopurity was then upgraded to >99% ee by
exchanging TMTA for (+)-pinanediol and separating the
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Scheme 1. Scalable Synthetic Route toward QPX7728 (4)
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diastereomers by column chromatography. Sequential hydrol-
ysis of the acetonide and pinanediol protecting groups afforded
the free diacid QPX7728, which was converted to its crystalline
disodium salt.
While this enantioselective route allowed for the synthesis of

∼100 g of the final compound, it suffered from significant
drawbacks for production of larger amounts, including the
large total number of steps, the overall yield of 5%, and
especially the very high number of equivalents of pyrophoric
and expensive reagents for the cyclopropanation step.
Consequently, a safer and cheaper alternative was sought.

■ RESULTS AND DISCUSSION
Fortuitously, about the time that we started looking at
alternative syntheses of QPX7728, a report appeared from
Yorimitsu’s laboratories describing nickel-catalyzed boron
insertion into the C2−O bond of benzofuran to give 2H-
benzoxaborinines.8 This selective borylation of benzofurans to
give their corresponding 2H-benzoxaborinines was achieved in
moderate to good yields in the presence of NiCl2(PPh3)IPr
(IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) as
the catalyst, bis(pinacolato)diboron (B2(pin)2), and Cs2CO3
in toluene. This reaction represented a much more efficient
way to introduce the cis-vinylboronate moiety required as an
intermediate for QPX7728. All that would be needed to
complete the synthesis would be an enantioselective cyclo-
propanation reaction, resulting in a highly concise route from a
simple benzofuran precursor (Scheme 1).
1. Benzofuran Synthesis. The synthesis of the required

benzofuran 1 was accomplished in five steps from 2,6-
difluorobenzoic acid (14) (Scheme 3). Sodium hydroxide-
mediated fluoride displacement proceeded in excellent yield in
water at 145 °C,9 and the crude 6-fluorosalicylic acid (15) was
converted to its ethyl ester 16 with methanesulfonic acid in
ethanol at reflux.10 The phenol moiety was then alkylated in a
two-step, one-pot procedure by reacting the tBuOK-generated

potassium phenoxide with methyl chloroacetate followed by in
situ selective saponification of the methyl ester to give
phenoxyacetic acid 17 in 75% overall yield for four steps
after crystallization from water. The carboxylic acid was
derivatized as the acyl chloride with oxalyl chloride and
catalytic DMF, and treatment with 2 equiv of aluminum
chloride achieved the ring closure to afford benzofuranone 18.
Compound 18 was then converted to benzofuran 1 in a two-
step, one pot procedure consisting of reduction of the ketone
with sodium borohydride and acetic acid in THF followed by
in situ dehydration of the intermediate hydroxydihydrobenzo-
furan with HCl to give the crude product in 94−98% purity
and 81% yield from 18.11 A final distillation raised the purity to
>99%, giving an overall yield of 61%.
With the desired benzofuran 1 in hand, we set about testing

the boron insertion reaction using Yorimitsu’s protocol.
Unfortunately, the first trials using the exact conditions
described in their report gave very little of the desired 2H-
benzoxaborinine 2. After experimenting with the other catalyst
systems listed in the report, we obtained a 40% yield with 20
mol % Ni(cod)2 and IPrHCl (IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene) at 80 °C for 5 h. This
yield increased to 83% yield when we switched to Ni(acac)2
and 1,2-bis(dicyclohexylphosphino)ethane (dcype) under the
same reaction conditions (see Table S1). However, because of
the high catalyst loading and the extremely high cost of dcype,
a cheaper alternative was needed to make this route
economically viable.

2. Boron Insertion: Lead Identification by High-
Throughput Experimentation. High-throughput experi-
mentation (HTE) is a well-accepted and successful strategy
to improve the efficiency of homogeneous metal-catalyzed
transformations.12,13 An extensive screening was initiated to
improve the catalyst turnover with readily available and cost-
effective ligands in order to end up with a scalable boron
insertion of benzofuran 1 to give 2.
First, a screen was performed, focusing on Ni precursors and

solvents with a limited set of ligands (Figure S2), including
dcype (L5) (Figure 1) as well as DPPF (L13) and structurally
related L17. This focused screening showed that both the Ni
salt and the ligand are key parameters for achieving high yields
of 2. Toluene was identified as the solvent of choice (see the
Supporting Information (SI)), with THF as second best.

Scheme 2. Original Synthesis of QPX7728 Scheme 3. Synthesis of Benzofuran 1
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Following up on these first results, we performed a broader
screening with a larger set of phosphine ligands. Using a
parallel reactor where up to 96 reactions can be performed
simultaneously,14 we evaluated an array of catalysts derived
from the combination of four commercially available Ni
precursors (NiCl2, Ni(acac)2, Ni(COD)2, and NiCl2(PPh3)2)
with a set of 18 phosphine ligands of diverse types (electron-
rich monodentate phosphines, dcype-derived bisphosphines,
ferrocene-based bisphosphines, and bidentate and tridentate
phosphines). The reactions were run in toluene with a lower
catalyst loading of 5 mol % to clearly distinguish the differences
in catalytic activity. The graph in Figure 1 shows that a high
liquid chromatography area percentage (LCAP) of 2 was
obtained by combining NiCl2 with ferrocene-based ligands,
with the catalyst formed from NiCl2 and DCyPF (L14) being
the most active one of all. However, more cost-effective
combinations such as NiCl2 with P(C8H18)3 (L3) or L13 also
gave moderate activity (i.e., 41% LCAP). The LCAP obtained
in this screening was used to get a first estimate of the relative

catalyst cost contribution per kilogram of 2.15 The table in
Figure 1 shows that NiCl2/DPPF would be the most cost-
effective alternative, followed by NiCl2/P(C8H18)3. Increasing
the catalyst loading to 20 mol % with P(C8H18)3 and DPPF
resulted in 96% and 80% LCAP, respectively (see Table S4).
Therefore, NiCl2/P(C8H18)3 was chosen as the preferred lead
for further optimization studies.

3. Boron Insertion: Lead Optimization. Recent
mechanistic investigations in Ni-catalyzed C−O cleavage and
functionalization reactions have suggested that oxidative
addition of a Ni0 species to a C−O bond is not rate-limiting.16

In contrast, the activation of the diboron species is nontrivial,
and a careful selection of the reaction conditions (i.e., base
and/or base combinations; solvent) is often paramount to
achieve good yields.17 Although the use of fluoride-based bases
was found to boost some related Ni-catalyzed C−O bond
cleavages and functionalizations18 as well as in other Suzuki−
Miyaura couplings,19 no real improvement in the boron
insertion into 1 was observed when Cs2CO3 was replaced with

Figure 1. Results of the catalyst screening for the borylation of benzofuran 1. Conditions: Ni (0.015 mmol; 5 mol %), ligand (0.017 mmol; 1.17
equiv/Ni), substrate 1 (0.3 mmol), Cs2CO3 (0.9 mmol), B2(Pin)2 (0.45 mmol), toluene (1.5 mL), 90 °C, 20 h.
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inorganic fluoride bases (CsF, KF, AgF, or CuF2) or with more
soluble alternatives (Me4NF or Bu4NF) (see Table S5).
Premixing B2(Pin)2 with such bases resulted in no real
improvement of the boron insertion into 1 either (see Table
S6). The addition of a larger excess of B2(Pin)2 and base
showed somewhat improved LCAP, but not to an extent that
would compensate for the increase in the production costs (see
Table S7).
The optimization of the NiCl2/2P(C8H18)3-catalyzed boron

insertion of 1 was also investigated via HTE, focusing on
different solvent/base combinations in the presence or absence
of water (vide infra; see Table S8). A comparable LCAP of 2
was obtained when Cs2CO3/toluene was replaced with
MeOK/THF, a combination that was previously reported for
generating activated sp2−sp3 diboron compounds.17b Gratify-
ingly, the addition of water (5% v/v) to Cs2CO3/THF allowed
the achievement of an impressive 95% LCAP with a catalyst
loading of only 5 mol % (Scheme 4a). Careful optimization of

the amount of water was essential for the boron insertion, as
incomplete reactions were observed when lower amounts of
water were added (see the SI). Water contents larger than 5%
resulted in lower LCAP due to potential catalyst deactivation20

in combination with hydrolysis of the ester moiety in 1 and 2
with an increased amount of water in basic media (vide infra).
The hygroscopic nature of B2(Pin)2 and the limited stability

of Ni0/bisphosphine intermediates during the catalytic
cycle8,16,20 are possible reasons why large amounts of water
play a detrimental role in the boron insertion into 1.
Nevertheless, a few reports have also shown the remarkable
effect that limited amounts of water exert on Ni(0)-catalyzed
Suzuki−Miyaura couplings.20b,21 From a mechanistic perspec-
tive, the presence of water has been hypothesized to assist the
transmetalation step in the Ni-catalyzed activation of phenolic
carboxylates.21b Apart from stabilizing key organometallic
intermediates, the presence of a small amount of water may
also allow for the dissolution of Cs2CO3 in THF, probably by
release of CsOH and CO2. In agreement with this observation,
a comparable 91% LCAP was obtained when the boron
insertion into 1 was performed with CsOH·H2O/THF
(Scheme 4b and Table S8). Water may also enhance the
solubility of the postulated B2(Pin)2−CsOH adducts.22 In a
similar fashion, the use of THF/H2O in Suzuki cross-coupling
reactions has led to yield improvements due to better solubility
of boronic acid−TlOEt adducts.23 It is worth mentioning that
the boron insertion into 1 is much faster with Cs2CO3/THF/

H2O (95/5% v/v) or CsOH·H2O/THF (which give 91%
LCAP after only 1 h at 80 °C; Scheme 4 and Table S9). These
findings are in line with those for related Suzuki reactions,
where the hydroxyl anion seemed to have a special effect,24 and
similarly, TlOH was found to be a remarkable rate-enhancing
additive. The latter is possibly due to acceleration of the
hydroxyl−halogen exchange at the Pd center.25

Interestingly, other aliphatic phosphines such as P(n-Bu)3
and P(n-Pr)3 showed catalytic activities comparable to that
observed with P(C8H18)3, and commercially available NiCl2[P-
(n-Bu)3]2 exhibited the same performance as the complex
prepared in situ (see Tables S10 and S11). Further
optimization of the conditions for NiCl2[P(n-Bu)3]2 resulted
in 95% LCAP with Cs2CO3 (3 equiv/1) and B2(Pin)2 (1.5
equiv/1) in THF/H2O (95/5% v/v) at 65 °C, while 91%
LCAP was obtained with CsOH·H2O (1.5 equiv/1) and
B2(Pin)2 (1.25 equiv/1) in THF at 65 °C (Scheme 5a and

Table S11). Even though these reactions were very clean, two
minor impurities, 19 and 20, were generated during the boron
insertion step (Scheme 5a and Table S12), which probably
stem from undesired protodeboronation of 2 in the presence of
H2O. It was also noted that 1 and 2 were quantitatively
hydrolyzed in the presence of CsOH·H2O in THF at 65 °C in
the absence of catalyst (Table S13). Even though QPX7728 is
finally prepared as a disodium salt, the hydrolysis of the ester
moiety at this stage would be undesirable because it would
negatively impact the subsequent cyclopropanation step. Thus,
to minimize the potential formation of byproducts derived
from the presence of H2O in the reaction, we next attempted
the boron insertion into 1 using EtOH as the cosolvent instead
of H2O. Interestingly, 95% LCAP was obtained with Cs2CO3
(3 equiv/1) and B2(Pin)2 (1.5 equiv/1) in THF/EtOH (95/
5% v/v) at 65 °C and 81% LCAP was obtained with CsOH·
H2O (1.5 equiv/1) and B2(Pin)2 (1.25 equiv/1) in EtOH at
65 °C using the NiCl2[P(n-Bu)3]2 catalyst (Scheme 5b). Since

Scheme 4. Improved Boron Insertion in 1 with (a) Cs2CO3
in THF/H2O (95/5% v/v) and (b) CsOH·H2O in THF

Scheme 5. Impurity Profiles and Results Using (a) H2O and
(b) EtOH as Cosolvents for the Borylation of 1 under the
Optimized Conditions
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equally excellent conversions were obtained with EtOH, we
opted to replace H2O with EtOH for future scale-ups, where
larger volumes of water and longer reaction times could
significantly modify the impurity profile.
Before running a pilot-plant campaign, we investigated the

order of addition in the boron insertion into 1 on a laboratory
gram scale. To our delight, the reaction using Cs2CO3 in
THF/EtOH (95/5% v/v) also showed full conversion after
only 1 h at this scale, and a 94% isolated yield of 2 was
obtained after the workup (see SI section 6). Insightfully,
premixing Cs2CO3 and B2(Pin)2 for 2.5 h in THF at 30 °C
furnished the same excellent result whereas premixing these
two components in THF/EtOH (95/5% v/v) for 1 h at 30 °C
was found to be very detrimental to the reaction, resulting in
only 30% LCAP. Most certainly, Cs2CO3 is mainly insoluble in
THF, and thus, it does not degrade B2(Pin)2 when the reagents
are mixed at 30 °C for a few hours. The addition of EtOH
enhances the solubility of the base and thus allows
decomposition to begin in the absence of substrate. In a
similar fashion, 89% LCAP was obtained with CsOH·H2O in
THF, whereas only 55% LCAP was measured when B2(Pin)2
and CsOH·H2O were premixed for 1 h in THF at 30 °C.
On the basis of the successful results from the screening

efforts, we selected the Cs2CO3 method for scale-up because it
did not have the ester hydrolysis issues associated with CsOH,
with the following modifications. The initial amount of 3 molar
equiv of Cs2CO3 could be reduced to 1.2−1.8 molar equiv,
depending on the particle size, with the residual amount
substituted with more cost-efficient K2CO3. The reaction
solvent was switched to MeTHF for easier workup. The
reaction temperature was lowered to 60 °C for easier control of
the exothermic reaction, and full conversion was still achieved
within minutes in the lab to up to 1 h on scale. The catalyst
Ni(PBu3)2 was synthesized in EtOH prior to dosing and could
be stored at room temperature for several weeks. The catalyst
loading was increased to 7−10 mol % for robustness of the
process. After the acidic aqueous workup, most of the pinacol
byproduct was crystallized and removed by filtration. Most
importantly, it was discovered that the benzoxaborinine could
be crystallized as a complex with pseudoephedrine in a
toluene/heptanes mixture (vide infra for the selection of
pseudoephedrine). With these modifications, compound 2 (as
pseudoephedrine complex 21, shown in Scheme 10) was
reliably synthesized in 75−83% yield on a 50 kg scale.
4. Cyclopropanation. For the introduction of the chiral

cyclopropane ring, we had planned to use a chiral auxiliary
complexed with the boronate to induce enantioselectivity.
(Note: application of a chiral auxiliary would suggest that the
term should be “diastereoselectivity”; however, the term
“enantioselective” is used throughout this article because the
formal chemical transformation is from 2 to 3.) Literature
precedents have shown that the derivatization of vinyl-
boronates with TMTA followed by their cyclopropanation
using CH2I2 and Et2Zn gave excellent enantioselectivity.7

These reaction conditions had successfully been used during
the medicinal chemistry scale-up, resulting in 95% ee for
enantiomer 12. Application of this procedure to compound 2
and optimization was therefore envisioned as the fastest route
to reach our scale-up goals. However, after making the
tartaramide boronate intermediate 2a and submitting it to the
Furukawa cyclopropanation protocol, only a modest 30% ee
with 60−80% LCAP could be achieved. Investigating the cause
of the low enantioselectivity revealed that contrary to our

initial assumption, benzoxaborinine 2 strongly prefers the ring-
closed form, as all attempts to protect the phenol moiety and
open the ring were unsuccessful. We speculate that compound
2a is not formed when TMTA reacts with benzoxaborinine 2.
Instead, the reaction forms compound 2b in which only one of
the hydroxyl groups makes a boronate ester, leading to poor
enantioselectivity during the cyclopropanation (Scheme 6).

Most importantly, on numerous occasions, upon addition of a
solution of TMTA−2 complex to a solution of Furukawa’s
reagent, sudden uncontrolled and violent exotherms were
observed. Envisioning that a significant amount of work would
be required to safely develop this process any further, we
turned toward metal-catalyzed cyclopropanation using diazo-
methane as an alternative.
Some successful enantioselective cyclopropanations of

olefins using diazomethane have been reported.26 Pd catalysts
have indeed been found to be active but poorly enantiose-
lective for asymmetric cyclopropanation, probably because of
decomplexation of the ligand during the reaction.27 Moderate
levels of enantioinduction have been achieved with chiral Cu−
diamino complexes, although the substrate scope is very
limited.28 However, many other examples showing higher
enantioselectivities were disclosed with diazoalkanes bearing
electron-withdrawing groups, such as α-diazo esters.26,28,29

To start our investigations, the stability of benzoxaborinine 2
in the presence of CH2N2 was first evaluated.30 No
degradation of 2 was observed in the presence of a large
excess of CH2N2 (9 equiv) at −40 °C, and no cyclo-
propanation took place in the absence of the metal catalyst
(see the SI). As shown in Scheme 7, substrate 2 was fully

converted to a racemic mixture of 3 after only 5 min when it
was reacted with an excess of CH2N2 (7.6 equiv) and 5 mol %
Pd(OAc)2. Reducing the excess of CH2N2 to 4 equiv resulted
in an incomplete reaction with 85% LCAP.
The direct enantioselective cyclopropanation of 2 was next

attempted by testing 13 chiral Pd and Cu catalysts prepared by
in situ complexation of the metal precursors with N-chelating

Scheme 6. Cyclopropanation Approach

Scheme 7. Pd(OAc)2-Catalyzed Cyclopropanation of 2
Using an Excess of CH2N2
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ligands such as bis(oxazolidine) (Box) and pyridinebis-
(oxazoline) (PyBox) ligands. All of the Pd complexes were
found to be very efficient catalysts but showed no
enantiodiscrimination ability. A similar lack of enantioselectiv-
ity was observed by Denmark et al. during the cyclo-
propanation of α,β-unsaturated carbonyls with diazomethane
catalyzed by analogous Pd/bis(oxazoline) complexes.27 This
was attributed to partial or complete decomplexation of the
ligands. Although chiral Cu complexes have been shown to be
able to introduce moderate stereoselectivity in related
reactions,28a almost no conversion of 2 was found with our
set of Cu catalysts (Table S14).
The use of chiral auxiliaries has been widely exploited in

asymmetric reactions, including cyclopropanations.26 For
instance, many carbohydrates,31 tartaric acid derivatives,7,32

and acetal-derived auxiliaries33 have been explored in cyclo-
propanations using CH2I2 and Et2Zn. We decided to turn
toward this approach in a last attempt to produce
enantioenriched 3. Initially, we screened a selection of 18
diverse chiral auxiliaries, including diols, diamines, amino
alcohols, and hydroxy acids (Table S15) with Pd(OAc)2 and
CH2N2. Gratifyingly, pretreatment of substrate 2 with (R)-
(+)-α,α-diphenyl-2-pyrrolidinemethanol (A10) and (1R,2S)-
(−)-ephedrine (A11) furnished 3 with moderate enantiose-
lectivities of 55 and 38% ee, respectively (Scheme 8). (Note:

the product complex dissociates on the HPLC column;
retention times are those of the uncomplexed enantiomers of
3.) In addition, fast formation of the adducts A10-2 and A11-2
was evidenced by 1H NMR spectroscopy, and facile cleavage of
the auxiliary was achieved after aqueous or aqueous HCl
treatment (see the SI).
To improve the enantiomeric excess, we performed a further

screen focusing on ephedrine derivatives and related cost-
effective amino alcohols. Interestingly, all of the ephedrine
derivatives enabled enantioselective cyclopropanation of 2,
with (1S,2S)-(+)-pseudoephedrine (A19, PSE) furnishing the
desired (S,R)-3 with 78% ee (Scheme 9a and Table S16). In
contrast, (1R,2S)-(−)-norephedrine (A20) showed lower
conversion and much lower enantioselectivity (15% ee),
suggesting that the presence of the methyl substituent on the
amino group is essential to induce enantiocontrol during the
cyclopropanation. A lower 55% ee was obtained with (1R,2S)-
(−)-N-methylephedrine (A21) bearing an N,N-dimethylamino
functionality. This could be the case because A21−2 is a less
stable adduct than A19−2.34 However, it is likely that the
higher ee values found with A19 probably arise because A19 is
the only ephedrine derivative in which the methyl and phenyl
substituents are in a trans configuration (Scheme 9b). Overall,
because the auxiliary is used in a stoichiometric amount, it was

extremely fortuitous that the one that performed the best
(A19) is available in bulk at a reasonable price.
The enantioselective cyclopropanation of (+)-pseudoephe-

drine complex A19−2 (hereafter denoted as 21) was
transferred to Ampac Fine Chemicals (AFC) and was
developed into a process that could be run safely on a 20 kg
scale. The only significant modification to the early develop-
ment route, besides the specific AFC process for generation of
diazomethane,35 was the metered addition of a THF solution
of Pd(OAc)2 as diazomethane was continuously distilled into a
solution of compound 21 in THF at −15 °C.36 In this way,
complete conversion of compound 21 to (S,R)-3 could be
achieved with 8 equiv of diazomethane in an 8:1 ratio of
diastereomers. Even further, a significant breakthrough was the
discovery that the complex of (S,R)-3 with pseudoephedrine
(22) could be isolated from the crude mixture with >99% ee in
50−60% yield by selective crystallization in isopropanol.
The origin of the stereoselectivity in the cyclopropanation of

21 was revealed by single-crystal X-ray diffraction (Figure 2).

In the formation of the complex, there is a strong preference
for the newly formed boron stereocenter to have the nitrogen
atom “up” and the oxygen atom “down” as drawn in Scheme 9.
The N-methyl group is locked into a conformation in which it
is placed over the reactive CC bond, thereby allowing access
only from the underside.

Scheme 8. Enantioselective Cyclopropanation of 2 Using
Amino Alcohols A10 and A11 as Chiral Auxiliaries

Scheme 9. (a) Enantioselective Cyclopropanation of 2 with
Ephedrine Derivatives as Chiral Auxiliaries; (b) Cis and
Trans Configurations of the Me and Ph Groups in (1R,2S)-
(+)-Ephedrine and (1S,2S)-(+)-Pseudoephedrine

Figure 2. Two views of cyclopropanation substrate 21.
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Because of the need for a specialized plant to operate this
diazomethane process safely, we always had envisioned that
this reaction would be converted to a continuous flow process.
Early experiments using a continuous diazomethane generator
were encouraging but were plagued with significant clogging
issues arising from the formation of polymethylene polymer
side products.37 These observations were consistent with the
requirement for ∼8 equiv of diazomethane in the batch
process, i.e., much of the active carbene reagent was being
consumed by reaction with itself. While the process that had
been developed was perfectly adequate at the 20 kg scale, we
recognized that for further scale-up the preparation of a large
excess of diazomethane would become a bottleneck.
Attempts to improve the efficiency of the diazomethane-

mediated process were unsuccessful, and we therefore decided
to investigate the classic Simmons−Smith cyclopropanation.
For the Simmons−Smith reagent, chiral ligands in stoichio-
metric26,38 and catalytic26,39 amounts have been successfully
applied to asymmetric cyclopropanations, albeit mostly for
allylic alcohols. To our delight, heating a mixture of iodine-
activated commercial Zn/Cu couple (1 equiv), diiodomethane
(2 equiv), and complex 21 in THF at 60 °C furnished
compound 22 in 70% LCAP (Scheme 10). Increasing the

stoichiometry to 2 equiv of Zn/Cu couple resulted in a boost
to 99% LCAP in only 30 min. Particularly impressive, however,
was the >98% ee accomplished with the Simmons−Smith
cyclopropanation reaction. This remarkable enantioselectivity
is likely a result of the blocking of the “β” face by the N-methyl
group, additionally enhanced by the complexation of the
oxyphilic iodomethylzinc reagent to the oxygen of the PSE
moiety (Figure 3).
Because of our concerns about the variable reactivity of the

commercial Zn/Cu couple, three lots of Zn/Cu couple from
three different suppliers were evaluated and furnished equally
excellent conversions with no activation issues. We also sought
to generate the Zn/Cu couple reagent in situ in order to
prevent a possible sluggish activation followed by a sudden

start of the reaction. In addition, it was highly desirable to
replace diiodomethane by the much cheaper dibromomethane.
Fortunately, this was successfully addressed with Friedrich’s
procedure (Scheme 10):40 the addition of a small amount of
acetyl chloride to a mixture of zinc powder, cuprous chloride,
and a small amount of dibromomethane in MeTHF at 50 °C
reliably formed the Zn/Cu couple reagent. Addition of 21
followed by dose addition of dibromomethane at 60 °C to
control the exotherm cleanly afforded 22 in 99% LCAP with
>98% ee. Unfortunately, the isolation of 22 was complicated
because of some losses of PSE during the aqueous workup to
remove the zinc salts. Even with an extra addition of some PSE
to the crude product to compensate for the losses, at best a
60% yield of crystalline 22 could be obtained. Realizing that
PSE had served its purpose of providing the enantiocontrol of
the cyclopropanation reaction and was no longer necessary for
the isolation of compound 3 with high ee, we chose to
completely remove it during the aqueous workup and
precipitate compound 3 as another boronate complex.
Complete removal of PSE was achieved with two washes
with 1 M HCl, which had the added benefit of efficiently
removing most of the zinc and copper salts as well as residual
nickel from the previous step. Compound 3 was then
precipitated as complex 23 in 75−85% yield with excellent
purity upon addition of ethanolamine to a solution of
compound 3 in methyl tert-butyl ether (MTBE)/acetonitrile
(ACN) (Scheme 10).
QPX7728 disodium salt was obtained by saponification of

ester 22 with 2.5 equiv of aqueous NaOH in MeTHF at 60 °C
(Scheme 11). The last traces of PSE were completely removed

during the basic aqueous workup by extracting the product-
rich aqueous phase with MTBE. Because the final product is
crystallized from methyl ethyl ketone (MEK) containing only
2.6−3.6 wt % water, neutralization of the excess base with any
organic or mineral acid led to significant trapping of the
neutralization salts with the product. Instead, a neutralization
using a pH-controlled amount of a strong acidic ion-exchange
resin furnished the final QPX7728 disodium salt product free
of extraneous salts upon crystallization. Upon switching to
intermediate 23, the saponification had to be modified, as
treating compound 23 directly with NaOH led to the
formation of ethanolamide side product 24 in 7% yield. This
last handicap was resolved by initial removal of the
ethanolamine during an aqueous workup with HCl in
MeTHF followed by treatment of the organic layer with
NaOH as done for compound 22.

5. Scaled-Up Syntheses. The laboratory procedures for
the sequence of compounds 21, 23, and QPX7728 disodium

Scheme 10. Alternative Cyclopropanation Approaches

Figure 3. Stereoselective delivery of the methylene carbene.

Scheme 11. Saponification to Afford QPX7728 Disodium
Salt
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salt were finally scaled up to a kilogram pilot-plant scale, with
three batches produced, each on a 25 kg scale.
The Cs2CO3 method for the Ni-catalyzed boron insertion

(using the catalyst prepared in situ from inexpensive NiCl2 and
n-Bu3P) was reproduced in equally good yields (up to 83%) as
those accomplished on the lab scale, with a somewhat higher
excess of Cs2CO3 being needed to achieve full conversion on
the kilogram scale and the Ni content having been depleted to
<10 ppm after isolation of intermediate 21.
Subsequently, the Simmons−Smith protocol employing

MeTHF, zinc powder, cuprous chloride, and dibromomethane
followed by zinc activation with acetyl chloride was selected for
kilogram-scale production. No issues with activation were
encountered, and the exotherm was easily controlled by dose
addition of the dibromomethane. The acidic washes were
employed to remove PSE effectively and allowed for further
depletion of Ni to a level of <0.5 ppm. Zinc and copper solids
were removed via filtration over Celite, but Zn levels of up to
0.6−1% were still found in dry intermediate 23 via ICP-MS
(these were removed in the HCl washes just prior to treatment
with NaOH in the final step). Prior to crystallization, the
solvents were switched to ACN and MTBE, effecting depletion
of unreacted starting compound 2 in the mother liquor upon
crystallization of the product. Isolation of compound 3 as its
ethanolamine complex 23 gave high and reliable yields (75−
83%) with high optical purity (99.2−99.5% ee) on a 30 kg
scale.
With the modified saponification protocol, QPX7728

disodium salt (hydrate form) was reliably synthesized in 75−
85% yield from intermediate 23 on a 25 kg scale, with residual
Zn being well-depleted to <25 ppm in the end.
A summary of the isolated yields, key experimental

conditions, and synthetic scales is shown in Table 1, further
highlighting the outstanding reproducibility of the laboratory
protocols on the kilogram scale.

■ CONCLUSION
We have developed an efficient protocol for the large-scale
synthesis of QPX7728 disodium salt (hydrate form) based on a
sequential NiCl2[P(n-Bu)3]2-catalyzed boron insertion into 1
and an enantioselective cyclopropanation of 2 in the presence
of (1S,2S)-(+)-pseudoephedrine as a stoichiometric chiral

auxiliary. Remarkably, the identification of a very efficient and
cost-effective Ni catalyst and the counterintuitive addition of a
small amount of a protic additive provided the breakthrough
toward the borylation step. The identification of (1S,2S)-
(+)-pseudoephedrine as a stoichiometric but recyclable chiral
auxiliary allowed for a scalable, highly enantioselective
cyclopropanation of 2 using a modified Simmons−Smith
procedure. High-throughput experimentation was an essential
tool to identify and optimize the performance of a very
accessible and cost-effective Ni catalyst compatible with the
cost constraints imposed on industrial manufacture. A robust
five-step process was developed for starting material 1 (61%
overall yield), from which the three GMP steps proceed in
about 50% overall yield. We anticipate that these method-
ologies could be applied to other substrates, allowing boron
insertion and enantioselective cyclopropanation reactions to be
more efficient at scale.

■ EXPERIMENTAL SECTION
This section provides a representative process description for
the kilogram pilot-scale synthesis.

Step 1 (Boron Insertion). To a mixture of Cs2CO3 (90.1
kg; 277 mol; 1.8 equiv), K2CO3 (25.5 kg; 184 mol; 1.2 equiv),
B2(Pin)2 (54.6 kg; 215 mol; 1.4 equiv), and 6-fluorobenzofur-
an-7-carboxylic acid (1) (32.0 kg; 154 mol; 1.0 equiv) in
MeTHF (272 kg) was slowly added the Ni catalyst in EtOH
(36.5 kg; 13 mol; 0.09 equiv), so that the temperature was
maintained below 60 °C. The reaction mixture was further
stirred at 60 °C for 0.5 h, cooled to 25 °C, and then poured
into precooled water (214 kg), followed by the addition of
concentrated HCl (113 kg), adjusting the pH to ≤1. Finally,
heptanes (162 kg) were added, and the pinacol precipitate was
filtered off and washed with additional heptanes (118 kg). The
layers were separated at RT, and the organics were washed
consecutively with a 1 M phosphate buffer (109 kg) to adjust
the pH to 4.0−7.0, followed by water (109 kg). A solution of
pseudoephedrine in MeTHF (213 kg; 165 mol; 1.1 equiv) was
added, and the solution was stirred at RT. MeTHF was
replaced with toluene by distillation, and then heptanes (38
kg) were added. The crystallization mixture was cooled to 0
°C, and compound 21 was filtered off and washed with
precooled heptanes (145 kg). The wet product was dried in

Table 1. Comparison between the Laboratory-Scale and Pilot-Plant-Scale Syntheses of Compounds 21, 23, and QPX7728
Disodium Salt (Hydrate Form)

step/compound comments isolated yield

step 1/21 lab scale (0.25−2 L): 1.2−1.7 equiv of Cs2CO3 76−82%
pilot-plant scale:

batch 1: 1.4 equiv pf Cs2CO3; 63% LCAP; 99.5% HPLC purity; 7 ppm Ni by ICP-MS; contains ∼8 wt %
noncomplexed PSE

36 kg/61%

batch 2: 1.5 equiv of Cs2CO3; 83% LCAP; 99.1% HPLC purity; 2 ppm Ni by ICP-MS 44 kg/75%
batch 3: 1.8 equiv of Cs2CO3; >99% LCAP; 99.7% HPLC purity; 2 ppm Ni by ICP-MS 49 kg/83%

step 2/23 lab scale (0.25−2 L) 75−82%
pilot-plant scale:

batch 1: 0.25% undesired enantiomer; 99.2% HPLC purity; <1 ppm Ni, 2 ppm Cu, 0.6% Zn by ICP-MS 30 kg/79%
batch 2: 0.27% undesired enantiomer; 99.1% HPLC purity; <1 ppm Ni, 1 ppm Cu, 0.8% Zn by ICP-MS 27 kg/83%
batch 3: 0.40% undesired enantiomer; 98.9% HPLC purity; <1 ppm Ni, 4 ppm Cu, 1.0% Zn by ICP-MS 32 kg/75%

step 3/QPX7728 disodium salt
(hydrate form)

lab scale (0.25−2 L) 85−94%
pilot-plant scale:

batch 1: 0.20% undesired enantiomer; 99.4% HPLC purity; 4.6% H2O; <25 ppm Zn by ICP-MS 26 kg/85%
batch 2: 0.24% undesired enantiomer; 99.5% HPLC purity; 5.9% H2O; <25 ppm Zn by ICP-MS 23 kg/81%
batch 3: 0.33% undesired enantiomer; 99.4% HPLC purity; 6.3% H2O; <25 ppm Zn by ICP-MS; lower
yield due to losses during phase cut

24 kg/75%
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vacuum at a maximum temperature of 50 °C to give 49 kg
(83% yield) of 21 with 99.7% purity (HPLC).
Step 2 (Simmons−Smith Cyclopropanation). A

mixture of zinc powder (29.4 kg; 449 mol; 4.0 equiv), CuCl
(4.5 kg; 45 mol; 0.4 equiv), CH2Br2 (5.5 kg; 31 mol; 0.3
equiv), and acetyl chloride (0.44 kg; 5.6 mol; 0.05 equiv) in
MeTHF (183 kg) was heated to 50 °C and treated with
compound 21 (43.1 kg; 112 mol; 1.0 equiv). Afterward, the
reaction mixture was heated to 60 °C, and CH2Br2 (53.7 kg;
309 mol; 2.7 equiv) was slowly dosed while the temperature
was kept at 60 °C. Poststirring was continued to achieve full
conversion. The hot reaction mixture was cooled below RT
and subsequently added to a precooled aqueous NH4Cl
solution (14%; 269 kg), while the temperature was kept below
10 °C. After the quench, the heterogeneous mixture was
filtered over Celite at RT, and the cake was rinsed with
MeTHF (60 kg). The layers were separated, and the organics
were washed consecutively with aqueous 1 M HCl (3 × 132
kg) and water (2 × 129 kg), followed by a solvent switch from
MeTHF to an ACN/MTBE mixture (∼3:1 w/w). Ethanol-
amine (6.9 kg; 112 mol; 1.0 equiv) was slowly added, and the
mixture was further stirred for crystallization at <10 °C.
Compound 23 was filtered off and washed with a precooled
ACN/MTBE mixture (∼9:1 w/w). The wet product was dried
in vacuum at a maximum temperature of 50 °C to give 30 kg
(83% yield) of 23 with 99.7% chiral purity and 99.2% purity
(HPLC).
Step 3 (Hydrolysis). To compound 23 (27.0 kg; 92 mol;

1.0 equiv) MeTHF (216 kg) were added water (87 kg) and
concentrated HCl (22.0 kg). The biphasic mixture was stirred
vigorously for 30 min. The layers were separated, and the
organics were washed consecutively with aqueous HCl (97 kg
of water and 10.6 kg of conc. HCl) and water (105 kg). The
organic phase was then treated with aqueous NaOH (180 kg of
water and 18.4 kg of 50% NaOH) and stirred at 60 °C for 6 h.
After cooling to RT, the organic phase was separated, and the
lower aqueous phase was treated with Amberlite IRC120 H
(14.0 kg) to adjust the pH to 9.3−10.0. After filtration of the
resin, the solution was passed over a carbon cartridge filter and
rinsed with water (81 kg). The aqueous product solution was
slightly concentrated via distillation and dosed into preheated
MEK (951 kg) at 50 °C, followed by rinsing with water (5.4
kg), to crystallize QPX7728 disodium salt. The product was
filtered off after further stirring for 10 h, and the wet product
was washed with an MEK/water mixture (25:1 w/w) and dried
in vacuum at a maximum temperature of 50 °C to give 23 kg
(81% yield) of QPX7728 disodium salt (hydrate form) with
99.5% purity (HPLC) and 5.9% water.
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