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ABSTRACT: With the first generation medicinal chemistry synthesis as a starting point, we describe herein process development of
AZD4573, an oncology drug candidate. In addition to improved yields and removal of chromatographic steps, we have addressed
other factors such as availability of starting materials as well as safety of the chemistry involved. With several steps involving volatile,
reactive, and non-UV active materials, reaction optimization was facilitated by implementing off-line 1H NMR analysis of crude
mixtures. Key transformations targeted for process development included a Wolff−Kishner reduction, an iridium-catalyzed
borylation, and enzymatic resolution of a racemic amino-ester.
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■ INTRODUCTION

Cyclin-dependent-kinases (CDKs) are members of the Ser/Thr
family and are classified into two groups: those involved in cell
cycle control and those involved in transcription regulation/
RNA processing. Loss of cell cycle control through deregulation
of CDK activity is a key aspect of tumorigenesis. Cyclin-
dependent-kinase 9 (CDK9) is one of the most studied
transcriptional CDKs, the inhibition of which induces apoptosis
in a variety of cell lines and antitumor efficacy in vivo through
transcriptional downregulation of short-lived proteins such as
MCL-1.1,2 We recently reported the discovery of CDK9
inhibitor AZD4573, which is currently in Phase 1 for
hematological malignancies.3

Retrosynthetically, AZD4573 can be obtained from the three
key building blocks A−C via a Suzuki reaction and an amide
coupling, respectively (Figure 1). For large scale applications,
while the convergent strategy used by the medicinal chemists to
achieve the synthesis of AZD4573 was appealing, the routes to
produce the various building blocks were not straightforward for
scale-up. Therefore, despite the need for rapid delivery of API
for both preclinical and clinical studies, we devoted time to
identify alternative routes and optimal conditions for assembly
of building blocks A−C.
The detailed synthesis of AZD4573 used by medicinal

chemistry (referred to as the first-generation synthesis) is
depicted in Scheme 1. Boronate building block 6was prepared in
six steps starting with alkylation of pyrazole with commercially
available ethyl ester 1 in DMA using cesium carbonate as base.
After purification by chromatography, hydrolysis with sodium
hydroxide and filtration/trituration with aqueous acid (pH 3)
afforded acid 2. Following thorough drying, 2 was treated with 2
equiv of n-butyllithium (not titrated) in 2-methyltetra-
hydrofuran to afford diaza-bicycle 3 in moderate yield. A

Wolff−Kishner reduction provided the known compound 4,4

and after treatment with either NBS or NIS, building block 5was
obtained. This was followed by palladium-catalyzed borylation
to give 6, which was purified by chromatography.
Building block 8 was either purchased or could be prepared

from 2-fluoropyridine 7 through ammonolysis in the presence of
concentrated aqueous ammonium hydroxide under microwave
conditions to afford the corresponding 2-aminopyridine 8 in
excellent yield after ion-exchange chromatography. Building
block 10was obtained in a three-step process from commercially
available racemic amino acid 9.5 Acid 10 was coupled with 7
using Ghosez’s reagent to afford 11 in moderate yield. Suzuki
coupling of 6 with 11 using second Generation XPhos
precatalyst was followed by chromatography to provide 12.
Deprotection under acidic conditions, purification of the
resulting amine by ion-exchange chromatography, and acetyla-
tion with acetic anhydride using either pyridine or triethylamine
as base then gave AZD4573 (after chromatography) in
moderate yield.
Although the route in Scheme 1 was efficient in terms of rapid

synthesis of compound libraries for evaluation of candidate
drugs, for application toward kilogram scale supply ofAZD4573
we needed to address concerns regarding safety, solubility, and
purification. We therefore investigated route modifications and
alternatives based on the following assessments:
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(i) A Suzuki coupling very late in the synthetic route resulted
in unacceptable levels of residual palladium in final API. A
change in order of the steps might also have a favorable
outcome on the solubility of intermediates.

(ii) The ammonolysis of the fluoropyridine 7 constituted a
hazardous operation.

(iii) Although theWolff−Kishner reduction of 3 could be used
for large scale manufacture, a more efficient catalytic
method was desirable.

Figure 1. Retrosynthetic disconnection of AZD4573.

Scheme 1. First Generation Synthesis of AZD4573 (Purification Methods Are Italicized)
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(iv) Racemic amino acid 9 was only available in limited
quantities.

(v) The Pd-catalyzed borylation of compound 5 was
inefficient and low yielding, mainly due to proto-
dehalogenation as a side reaction.

(vi) Several steps included chromatography for purification of
intermediates. We aimed for a process where crystal-
lizations could be employed instead.

(vii) The highly reactive Ghosez reagent used for the amide
coupling is not accessible in large quantities, and handling
is nontrivial.

(viii) We believed that the removal of the BOC group of 12
followed by acetylation added two unnecessary steps to
the sequence, and we wanted to evaluate an alternative
convergent strategy where the acetyl group could function
also as a protecting group.

Scheme 2. Comparison of the First Generation Synthesis of BPin Ester 6 (MethodA andB)with the SecondGeneration Synthesis
(Method C)

Figure 2. 1H NMR recording in CDCl3 of the crude mixture of (i) lithium−halogen exchange of 5a/triisopropylborate formation 13 (purple) and (ii)
pinacole trans-esterification to 6 (green).
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In the following sections, we describe our efforts to address
the aforementioned issues identified in the first generation
synthesis and the development of a route (referred to as the
second generation synthesis) to prepare multigram quantities of
AZD4573 to support preclinical studies. We also describe the
development of a third generation synthesis used tomanufacture
kilogram quantities of AZD4573 for clinical studies.

■ RESULTS AND DISCUSSION
Development of a Large Scale Route to Pyrazole

Fragment (A). Second Generation Synthesis of 6. For the
initial scale-up development of AZD4573 we decided to
continue with use of the Wolff−Kishner conditions for
reduction of 3 and focused our efforts on finding better
conditions for the borylation of 5, which, in the first generation
synthesis, had a moderate yield mainly due to the formation of
up to 50% of byproduct 4 as a result of hydrodehalogenation
(Method A, Scheme 2). Metalation of 5b (Method B, X = I,
Scheme 2) had been investigated by the medicinal chemistry
team, and while this had been demonstrated to be feasible
(yields up to 90% achieved), the results were inconsistent and
varied according to scale.
As a first step we sought to identify optimized conditions for

both the formation and subsequent borylation of bromide 5a,
aiming to improve atom efficiency, yield, and waste profile for
the overall conversion of pyrazole 4 to BPin ester 6. On a small
scale, we found that bromination of 4 using bromine in slight
excess furnished compound 5a in good isolated yield (85%).
However, using NBS as reagent gave a much cleaner profile and
a faster rate of reaction. Next, inspired by recent publications
which described the use of triisopropylborate in lithium
exchange−borylation reactions, we planned to apply a similar
strategy for our substrate 5a.6 The reaction is based on an in situ
formation of an isopropylborate intermediate which is trans-
esterified to the desired pinacol boronate using pinacole. Before
we were ready to attempt such a strategy we needed a good
analytical tool to be able to monitor all possible intermediates
and byproducts formed during the reaction course. The lowUV-
absorbance, volatility, and reactivity of the intermediates made it
difficult to use traditional methods like HPLC and GC. Instead,
we chose to use off-line 1HNMR analysis for this study and were
pleased to see that well separated peaks were obtained for the
compounds/intermediates of interest (Figure 2).
Optimal results were obtained using cryogenic conditions

(−70 °C) where triisopropylborate was present from the start of
reaction prior to addition of butyllithium. Using such conditions
resulted in significantly less proto-debromination which
generates 4. Also, an excess of ∼1.8 equiv of the
triisopropylborate was required to efficiently inhibit this side-
reaction. To reach full conversion to intermediate 13 it was also
necessary to use an excess of butyllithium7 (∼1.5 equiv). These
results were in line with those reported by Stewart et al. using an
analogous compound.6 Using these optimal conditions we
performed the reaction on a > 100g scale with consistent results
and only trace amounts of byproduct 4 were detected. Next, an
in situ trans-esterification of the isopropylborate ester inter-
mediate 13 with pinacol was performed resulting in the desired
pinacole ester 6. This reaction was also easily monitored by 1H
NMR of the crude mixture (Figure 2), and we found that several
hours at 20 °C were required to reach full conversion. A simple
workup consisting of aqueous washes followed by concentration
gave pinacole ester 6 in 64% purity (w/w) by 1H NMR (92%
yield). Major impurities were pinacol and some residual toluene.

These contaminants did not interfere in the subsequent Suzuki
coupling, and therefore we chose not to spend time optimizing
this reaction further.

Third Generation Synthesis of 6, Addressing the
Hazardous Wolff−Kishner Reduction. For future larger
scale manufacture to support clinical studies, we believed that
employing a low yielding batchwise Wolff−Kishner reduction of
3, as used in the first and second generation synthesis, would not
be a first choice method for this transformation. Therefore, in
parallel to the ongoing work to manufacture 4 using the existing
Wolff−Kishner batch-wise process, a continuous flow approach
was investigated.8 Also a catalytic hydrogenation approach was
attempted as an alternative reduction method (Scheme 3).

The chief concerns in the catalytic hydrogenation approach
were (a) incomplete reduction leading to formation of
secondary alcohol 4-OH and (b) reduction of the pyrazole ring.
We found that the quality of the starting material 3was crucial

in order to have a positive hydrogenation outcome. Less pure
starting material frequently gave lower yields or no conversion,
and it was assumed that this was due to poisoning of the catalyst
by contaminants. Starting from high quality 3 (95 wt %/wt), use
of the highly active commercially available Johnson-Matthey 5%
Pd/C paste catalysts 5R39 and 5R87L provided immediate hits
for complete conversion of 3 to the partially reduced alcohol 4-
OH (Table 1, entries 1−8). Based on these promising results a
reactivity screen was initiated, using the JM 5% Pd/C 5R39
catalyst in the presence of strong acid additives (MsOH, TFA,
and H2SO4) at elevated temperatures. It was then found that, at
temperatures of 80 °C and above, the desired conversion to 4
started to occur, with the best conversions obtained with high
catalyst loading (entry 11). Above 120 °C, a breakdown in the
reaction progression (potentially due to sintering of the catalyst)
and additional byproducts (including pyrazole reduction)
started to manifest (entry 12). Finally, concentration screening
at the optimal temperature of 120 °C revealed that increasing
the concentration of the reaction, from 33.3 rel vol H2O to 10 rel
vol H2O, achieved the target profile of >90% conversion to
desired compound 4 with <5% byproducts (entries 14 and 15).
Overall, the screening demonstrated that catalytic hydro-

genation (3 barg H2) of 3 in water (10 rel vol) using 150 wt % of
the 5% Pd/C catalyst 5R39 under strongly acidic conditions
(1.25−1.50 equiv of H2SO4) at 120 °C furnished the desired
compound 4 with an acceptable crude purity profile.
We believe that, with further appropriate development and

optimization, this alternative approach of reduction would have
great potential as a viable large-scale route. However, the
strongly acidic conditions used, in combination with the high
temperature, would require pressurized reactors with a strong
tolerance to these harsh conditions. Reluctantly, due to the
specialized nature of such equipment and the ongoing time

Scheme 3. Alternative Strategies To Reduce 3 to Compound
4
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constraints to manufacture API for the initial clinical studies, we
did not pursue further this new hydrogenation strategy, nor the
continuous Wolff−Kishner approach mentioned above. Instead
it was decided to revert to the previously employed Wolff−
Kishner batch conditions to support the project with the
building block 4.
Investigating an Iridium Catalyzed Borylation Ap-

proach To Obtain 6. Although the lithium−halogen

exchange/borylation sequence in the second generation syn-
thesis was efficient in terms of yield and ease of workup, for
further scale-up we were concerned about the cryogenic
conditions required. Furthermore, a direct access to pinacole
ester 6 where the bromination step could be excluded was
appealing. Inspired by successful iridium catalyzed borylations
of various arenes in the literature, which are applicable also on a
large scale, this led us to attempt a similar strategy (Table 2).9

Table 1. Screening of Conditions for Hydrogenation of 3 to 4a

% HPLC Area

Entry Cat. loading (%wt/wt) Additive (equiv) Concn (rel vol H2O) Temp (°C) 3 4 4-OH Otherb

1 50 MsOH (2.50) 33.3 60 0.0 0.0 99.2 0.8
2 50 MsOH (1.25) 33.3 60 0.0 0.0 97.7 2.3
3 50 TFA (2.50) 33.3 60 7.8 0.0 91.4 0.8
4 50 TFA (1.25) 33.3 60 1.1 0.0 98.3 0.6
5 50 H2SO4 (2.50) 33.3 60 0.0 0.0 99.2 0.8
6 50 H2SO4 (1.25) 33.3 60 0.0 0.0 99.4 0.6
7 50 H2SO4 (1.25) 33.3 80 0.6 0.8 97.9 0.7
8 50 H2SO4 (1.25) 33.3 100 0.0 6.9 88.6 4.5
9 50 H2SO4 (1.25) 33.3 120 0.9 29.8 64.8 4.4
10 100 H2SO4 (1.25) 33.3 120 0.4 80.3 18.1 1.3
11 150 H2SO4 (1.25) 33.3 120 0.3 92.0 6.6 1.1
12 50 H2SO4 (1.25) 33.3 140 65.0 17.1 0.0 17.9
13 150 H2SO4 (1.50) 33.3 120 0.0 92.4 6.9 0.7
14 150 H2SO4 (1.25) 10 120 0.0 91.9 4.4 3.7
15 150 H2SO4 (1.50) 10 120 0.2 92.4 4.9 2.5

aThe high throughput screening was performed in a Biotage Endeavor (8 reactor array). Catalyst and substrate 3 (90 mg) were charged, followed
by water and acid additive. The reactors were purged with nitrogen 3 times and H2 3 times followed by hydrogenation under 3 barg of hydrogen at
the temperature stated in Table 1 for 16 h. The mixtures were centrifuged and aliquoted and analyzed by GC/MS, HPLC and 1H NMR.
bCombined impurity fractions, including reduction of pyrazole ring.

Table 2. High-Throughput Screening for Direct Ir-Catalyzed Borylation of 4a

Conversion of 4 to 6 (% UPLC)

Entry [Ir]-cat. (mol %) ligandb mol % solvent temp (°C) 1 h 3 h 23 h

1 2.5 tmphen 5 hexane 60 28 68 100
2 2.5 tmphen 5 THF 60 34 81 100
3 2.5 tmphen 5 iPrOAc 60 40 98 99
4 2.5 tmphen 5 CPME 60 36 91 100
5 2.5 tmphen 5 EtOAc 60 15 72 72
6 2.5 tmphen 5 MeTHF 60 32 74 100
7 2.5 tmphen 10 hexane 60 34 72 100
8 2.5 tmphen 10 THF 60 29 88 100
9 2.5 tmphen 10 MTBE 60 40 76 100
10 2.5 tmphen 10 MeTHF 60 30 72 100
11 2.5 tmphen 10 CPME 60 41 98 100
12 2.5 tmphen 10 iPrOAc 60 40 97 98
13 1 tmphen 4 hexane 80 49 88 100
14 1 tmphen 4 THF 80 77 100 100
15 1 tmphen 4 CPME 80 82 100 100
16 1 tmphen 4 MeTHF 80 58 99 100

a[Ir(cod)OMe]2 (1−5 mol %), ligands (4−10 mol %), B2pin2 (1.5 equiv), and internal standard were charged to reaction vials in an inerted
glovebox (<5 ppm of O2 and <1 ppm of H2O). Solvent (0.85 mL) and 4 (0.2 mmol as a 1.86 M solution in hexane) were then added, and the vials
were sealed, stirred, and heated for 23 h. btmphen = 3,4,7,8-tetramethylphenanthroline.
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From our initial condition screening (see Supporting
Information, Table 1), we could clearly see that direct borylation
of 4 using 5 mol % of [Ir(cod)OMe]2 as the catalyst looked
promising. Other than with highly polar solvents such as DMF
and DMSO, the desired borylated product 6 was produced with
conversions ranging from moderate to excellent at the 1 h
sample point. Selecting tmphen as the preferred ligand a more
extensive screen was performed to identify optimal solvent and
conditions (Table 2). It was found that ethers and other
nonprotic solvents gave full conversion to 6within 23 h, and that
by increasing the reaction temperature from 60 to 80 °C, a low
catalyst loading of 1 mol % was sufficient to reach full conversion
within this reasonable time frame. Using the conditions of entry
14 with no additional optimization, we found that the reaction
gave consistent and good results and these conditions were
successfully applied on multikilogram scale.
Development of a Large Scale Route to Amino-

pyridine Fragment (B). Upon planning for future large scale
campaigns we sought suppliers of both the fluoro compound 7
and the aminopyridine 8 (Scheme 4).

It was found that aminopyridine 8was not readily accessible in
large quantities from commercial sources. The fluoropyridine on
the other hand was easy to access from various suppliers.
Therefore, we purchased fluoropyridine 7 and devoted our time
in optimizing the ammonolysis of this compound. Intrinsic to
ammonolysis of fluoropyridines are several potential hazards
such as (i) exposure to toxic and volatile ammonia (ii)
pressurized vessels at a high temperature, (iii) incompatibility
of ammonia with organic solvents and (iv) formation of etching
hydrogen fluoride that might damage reactor equipment. In the
first generation synthesis, the ammonolysis was performed at
100 °C in a MW vial using a large excess of ammonia in an
organic cosolvent such as NMP. This was followed by
purification of the product 8 by ion-exchange chromatography.
We believed that a similar strategy could be used also for large
scale applications but where most of the aforementioned issues
were addressed. We also aimed for a chromatography-free

process, and we wanted to avoid the dependence upon
microwave conditions.

Second Generation Synthesis of 8. To start with, we
screened various thermal conditions for the ammonolysis in
sealed microwave vials by varying the organic cosolvent and also
the loading of ammonia (Table 3).
A cleaner profile and a better conversion was obtained when

performing the reactions using aqueous ammonia and a
cosolvent such as DMSO or NMP (entries 4−8). Ammonia in
alcoholic solvents such as ethanol gave rise to byproducts, and
these reactions were also slow (entries 1 and 2). One major
drawback when using a combination of organic solvent and
aqueous ammonia was that, upon mixing, an exothermic
reaction occurred and severe foaming was also observed which
was expected to be troublesome to control on a large scale. Also,
the heat generated during mixing resulted in loss of ammonia.
To circumvent these problems, attempts were made to perform
the reaction under continuous processing (Figure 3).
Thus, starting material 7was dissolved in NMP andmixed in a

simple T-piece with aqueous ammonia followed by reaction at
100−140 °C in a coiled PFA tubing reactor. Unfortunately, very
low conversions were obtained and, given the time required to
reach full conversion, this process was deemed inefficient. Under
the strict time constraints given to deliver API for initial
preclinical studies, we chose to use a batch approach to
manufacture 8 which we considered safe at this scale despite the
aforementioned issues.
On 100 g scale in a steel vessel at 100 °C and using aqueous

ammonia (13 equiv) in NMP as solvent, fluoropyridine 7
underwent ammonolysis to give, after extraction and concen-
tration, aminopyridine 8 in 93% assayed yield by 1H NMR as a
highly discolored solid. Although we initially were concerned
about the generation of HF and its corrosive/etching properties,
we did not visually observe any damage to the reaction vessel,
probably due to the large excess of ammonia used.10 To avoid
the need for chromatography for purification of 8, a quick screen
of suitable solvents for crystallization was performed. Here we
found that the use of toluene gave the pure colorless crystalline
compound 8 in 65% assayed yield. For further scale-up, we
planned to do a more rigorous safety evaluation and find better
conditions for the ammonolysis reaction.

Third Generation Synthesis of 8. Accommodation of the
ammonolysis reaction (Scheme 5) at the kilogram scale required
careful consideration of chemical process hazard data with the
equipment capability in mind. In this case, a jacketed pressure
vessel constructed of C22 hastelloy having a working pressure of
up to 10 barg was used. A controlled addition of the 5-chloro-2-
fluoro-4-iodopyridine in NMP solution to the 28 wt % ammonia

Scheme 4. Ammonolysis of Compound 7

Table 3. Ammonolysis of Fluoropyridine 7a

entry solvent cosolvent NH3 (equiv) temp (°C) time convb comment

1 EtOH − 5 100 20 h 46% byproducts
2 EtOH − 12 80 72 h 60% −
3 water − 30 80 20 h 70% byproducts
4 water NMP (55%) 15 80 20 h 100% clean
5 water DMSO (55%) 15 80 20 h 97% clean
6 water THF (55%) 15 80 20 h 50% clean
7 water NMP (55%) 10 70 20 h 100% clean
8 water NMP (40%) 13 100 20 h 100% clean

aThe reactions were performed in sealed microvials (0.1 g substrate/1 mL solvent) and heated in an oil bath. bConversion of 7 determined by
HPLC.
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solution at ambient temperature with efficient agitation ensured
good control of the mixing exotherm. However, prior assess-
ment of the “all in” reaction exotherm had indicated that, for the
heat of reaction of 156 kJ/mol 5-chloro-2-fluoro-4-iodopyridine
and operating at a reaction temperature of 90 °C with the vessel
vent closed, an adiabatic temperature rise to ca. 130 °C could
occur, resulting in an associated pressure of 13.8 barg and hence
a vessel overpressure scenario. The reaction conversion, process
temperature, and pressure relationship was explored further,
based on taking a two-stage temperature approach to the
reaction. The mixture of 7 in 28% NH4OH (aq.) and NMP
would be held at ∼50 °C until a conversion of at least 60% was
reached prior to increasing the temperature to ∼85 °C to
complete the reaction (Scheme 5). Modeling of this two-stage
approach indicated that the temperature rise caused by the
reaction exotherm in a loss of vessel cooling event would be
insufficient to cause vessel overpressure. Thus, an inherent safety
approach for the accommodation was achieved. Figure 4a shows
the predicted pressure drop for the reaction hold at 55 °C and
then the actual trend from the plant data historian for the hold.
The former is with respect to reaction conversion, and the actual
data are recorded with time, as it was not possible to monitor
reaction conversion during the hold. Figure 4b shows pressure
data with time from the plant data historian for the second
reaction temperature step to 85 °C and hold.
Development of a Large Scale Route to Amino Acid

Fragment (C). Second/Third Generation Synthesis of 15.
While the homochiral building block C (R = BOC) was
commercially available, we decided that the limited accessibility
made commercial sourcing an undesirable strategy to cover the
supply needs for both preclinical and initial clinical trials.
Although the compound can easily be prepared in enantiopure
form by following published procedures, these are based on
repeated crystallization with homochiral amines in low overall

yield.5 Therefore, we wanted to investigate other routes to this
compound, and as such, two strategies were evaluated (Scheme
6):

(1) Enzyme catalyzed enantioselective hydrolysis of racemic
esters (Strategy 1)

(2) Enzyme catalyzed enantioselective acetylation of racemic
amino-ester rac-14 (Strategy 2)

Literature reports describe the efficient resolution of BOC
protected amino-esters by employing various lipases to give
enantiopure protected amino acids such as C.11 We began to
investigate such an approach and in parallel to that work we also
spent time on the acetylation/resolution of rac-14 (strategy 2)
which, if successful, would provide the additional advantage of
removing the need for the additional Boc-deprotection/
acetylation sequence used in the first generation synthesis of
AZD4573. There are several examples of enantioselective
acylations of racemic primary amines in the literature, and in
particular the immobilized Candida Antarctica lipases such as
Novozym435 have been successfully employed.12 We were
pleased to find that in our case, using Novozym435 as the lipase
and either EtOAc or iPrOAc as the solvent/acetyl donor, an
efficient resolution of a racemic mixture of 14 was obtained
furnishing, after subsequent crystallization and hydrolysis,
amidoacid 15 in >99% ee.13 With some further optimization
and development of this approach we have established a viable
route suitable for multikilogram manufacture of 15 in 32%
overall yield from rac-14. With this new building block in hand, a
subsequent deprotection/acetylation strategy after amide
coupling, as used in the first generation synthesis of
AZD4573, was not needed.

AZD4573Route Strategy: Assembly of Building Blocks
A−C. To assemble the three building blocks A−C, two options
are available. EitherB can be coupled withC to giveBC followed
by coupling withA to giveAZD4573 or a coupling ofAwithB to
give AB followed by coupling with C would give the same
compound (Figure 5). Both of these strategies were evaluated
and the factors that were taken into consideration were (i)
physical properties and ease of handling of BC vs AB, (ii)
palladium content in final API AZD4573, and (iii) cost and
accessibility of A vs C.
We found that intermediate BC had very unfavorable

properties compared with AB and resulted in a troublesome
extractive workup due to low solubility. This also led to a low
yield in the subsequent Suzuki coupling. A Suzuki coupling as
the final step also was unfavorable in terms of risk of
contamination of final API with unacceptable levels of

Figure 3. Attempted continuous ammonolysis of 7.

Scheme 5. Ammonolysis of 7 Using a Two-Stage
Temperature Ramping
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palladium. This would require substantial amounts of scavenger
to reduce levels of Pd to an acceptable level. These disadvantages
should of course be balanced against the relative cost of building
block A vs C. We considered A to be of higher value than C
because of the recent development of the cost-effective enzyme
catalyzed acetylation/resolution strategy which could be used
for multikilogram manufacture of C. However, because of the
aforementioned issues with the BC intermediate and the
nonfavorable strategy to implement a palladium catalyzed
reaction as the last step in the synthesis of AZD4573, we

chose to use an approach where we first coupled A with B via a
Suzuki reaction followed by an amide coupling with C to give
AZD4573. In the next sections we describe our efforts in
developing good large scale methods for these two trans-
formations.

Optimization of Suzuki Reaction. Although a good yield
in the Suzuki coupling was obtained in the first-generation
synthesis, for cost reasons, the excess of A required (110−150
mol %) to reach full conversion of B was of major concern. Also,
we wanted to replace the chromatography employed in the first

Figure 4. (a) Predicted pressure drop vs conversion for the ammonolysis reaction hold at 55 °C and actual pressure drop vs time for the reaction hold at
55 °C. (b) Actual pressure vs time for the second reaction hold at 85 °C.
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generation synthesis with crystallization. Furthermore, we
wanted to avoid the use of the solvent 1,4-dioxane, which easily
forms peroxides, and also identify a less expensive base relative
to K2HPO4 used in the first generation synthesis. To find
optimal conditions, a good understanding of the reaction and

the kinetics as well as potential side reactions is of great value.
Therefore, we searched for an analytical technique where this
could be achieved. Due to the volatile nature and low UV-
absorbance of some of the intermediates, we chose to use off-line
1H NMR monitoring as an analytical tool for this reaction

Scheme 6. Two Potential Strategies To Obtain Homochiral Building Block C

Figure 5. Strategies to assemble the three building blocks A, B, and C.

Figure 6. 1H NMR recorded of the crude Suzuki mixture in CDCl3.
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optimization. Fortunately, a 1H NMR spectrum recorded in
CDCl3 of the crude mixture showed well resolved peaks for the
two reactants 6 and 8 as well as for the expected byproduct 4
resulting from a protodeborylation of the pinacole ester 6
(Figure 6).
Surprisingly, we did not observe any byproduct resulting from

reductive dehalogenation of the iodo-starting material 8.14 On
the other hand, we noted that, after prolonged heating, the
starting boronate 6 underwent proto-deborylation resulting in
byproduct 4. Fortunately, this side-reaction seemed to be

significantly slower than the rate of the desired reaction.
Therefore, we suspected that a large excess of the boronate 6
probably was not required. We performed a few control
experiments to verify this hypothesis and found that as
anticipated, only a slight excess of boronate 6 was required to
reach full conversion of iodide 8. Using optimal conditions, we
chose to use 1.1 equiv of the boronate 6which resulted in a good
assayed yield of product 16 (Scheme 7). After a quick screen of
solvents and bases for the reaction, we found that aqueous
CH3CN in combination with K2CO3 gave equal or better results

Scheme 7. Optimized Conditions for Suzuki Coupling

Scheme 8. Optimized Conditions for the Amide Coupling

Scheme 9. Conditions for Multikilogram Manufacture of AZD4573
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compared with dioxane/K2HPO4 used in the first generation
synthesis and was chosen as the preferred method for large scale
manufacture of 16. The catalyst Pd(Cl)2dppf was selected due to
accessibility and low cost.
Next, a straightforward and robust workup procedure was

established.We chose to perform a direct extractive workup with
EtOAc and aqueous washes. In the manufacture of the
preclinical material, to minimize risk of contamination of API
with palladium to an unacceptable level, we chose to add a Si-
thiol scavenger at this stage to remove the major part of the
palladium content. We believed that two subsequent crystal-
lizations further downstream in the sequence would be enough
to reach acceptable levels of palladium. Crude product 16 after
treatment with scavenger followed by concentration was
obtained as a highly discolored solid in quantitative assayed
yield. After a screen of solvents for crystallization/slurrying of
the crude product, we eventually found that the discoloration
was efficiently removed after slurrying in methylisobutylketone
(MIBK). On a 50−100 g scale, the desired product 16 was
obtained as a colorless solid in 83% isolated yield with 100%
assay (w/w) by 1HNMR. By further optimization of the workup
procedure above, we found that a direct crystallization of 16 was
possible after basification of an acidic aqueous solution of 16 and
no MIBK slurrying operation was necessary. Also, for the
following large scale campaign, we decided to exclude the use of
the Si-thiol scavenger from this reaction step and implement that
operation after the final reaction step instead.
Optimization of Amide Coupling. For reasons of limited

availability and nontrivial handling on a large scale, we searched
for alternatives to Ghosez coupling reagent used in the first
generation synthesis. We quickly found that propylphosphonic
anhydride (T3P) efficiently mediated the coupling of carboxylic
acid 15 with amine 16 and this reagent was also easy to handle,
being sourced as a 50% solution in EtOAc (Scheme 8).
On a 50 g scale using an almost equimolar ratio of carboxylic

acid 15 and amine 16 and using pyridine as the base, a 99% crude
assayed yield of AZD4573 was obtained after an extractive
workup. We found that slurrying the crude product in CH3CN
finally gave the desired polymorph of AZD4573 in 90% yield
and with better than 98% assay (w/w) by 1H NMR. Chiral
HPLC analysis showed better than 99% ee and the
concentration of palladium was at an acceptable level of <10
ppm. For the following multikilogram campaign, we found that a
solvent swap from EtOAc to MIBK resulted in crystallization of
the desired polymorph of AZD4573 and a separate crystal-
lization step in CH3CN was not necessary.
Multikilogram Manufacture of AZD4573. For the

multikilogram manufacture of AZD4573 to support the clinical
studies, the optimized conditions described in Scheme 9 were
used.
The iridium-catalyzed borylation of 415 proceeded non-

eventfully using 1 mol % of the catalyst, 4 mol % of the
phenanthroline ligand, and 1.5 equiv of the B2(pin)2 boron
source. These were the same conditions as identified from the
original high-throughput screening work, which had been found
to work well with no need for further optimization. In order to
achieve some level of consistency with the original glovebox
screening conditions (<5 ppm of O2), the oxygen level in the
headspace was maintained below 5000 ppm by implementing
several nitrogen-vacuum cycles. To remove most discoloration
and insoluble impurities that were found to inhibit the
crystallization of 6, the workup consisted of treatment with
activated carbon followed by filtration through a short bed of

silica gel. Subsequently, after a solvent switch from the THF
solution of 6 into MeOH and water, the desired product 6
crystallized and was isolated by filtration. In order to obtain an
acceptable purity, we found it necessary to redissolve the
product in warm heptane followed by filtration which removed
additional insoluble impurities. After cooling the filtrate, the
suspension formed was then filtered to afford 5.6 kg of boronate
6 (70% yield) as an off-white solid of high purity (99% purity by
HPLC; 99 wt %/wt assay by NMR). The workup and isolation
procedures employed here to obtain 6 were quite time-
consuming and required a large amount of organic solvent (in
total about 30 relative volumes of MeOH/heptane were used),
so improving this workup will be a focus for process design
ahead of future manufacturing campaigns. However, in
comparison with the previously employed multistep bromina-
tion/lithium−halogen exchange/boronate quench sequence
described above, requiring both nonenvironmentally benign
solvents such as CH2Cl2 and cryogenic conditions, an overall
improvement in process mass intensity (PMI), environmental
sustainability, and ease of operations has been accomplished by
developing the Ir-catalyzed borylation conditions for this
transformation.
As described further above in more detail, ammonolysis of the

2-fluoropyridine 7 to provide 8 could be performed safely and
with good yield on multikilogram scale. After an extractive
workup using MTBE as the organic solvent, a solvent swap to
toluene enabled crystallization and the desired compound 8 was
isolated by filtration as a colorless solid (4.13 kg; 85% yield; 100
wt %/wt assay by NMR).
The Suzuki coupling of 6 and 8 using a 2 mol % loading of the

Pd(Cl)2dppf catalyst proceeded cleanly, and an extractive
workup using EtOAc as the organic solvent left the desired
compound in the organic layer. To facilitate the subsequent
crystallization and to remove most of the impurities originating
from the catalyst, the product was extracted into an acidic
aqueous layer followed by basification, before addition of
MeOH to affect crystallization. As stated above, the previously
employed Si-thiol scavenger was removed from this step, to be
introduced subsequently at the API stage. The desired product
16 was isolated as a colorless solid on a multikilogram scale by
filtration (89% yield; 100 wt %/wt assay by NMR). ICP-OES
analysis was performed and showed residual B, Ir, and Pd of
5.40, 67.4, and 638 ppm, respectively.
The enantiomerically pure amido-ester 17 was obtained on

multikilogram scale after a resolution of the racemic cis-
configured 14 using a 5 weight% loading of Novozym 435 as
catalyst followed by crystallization (38% yield; >99% purity,
HPLC; >99% ee, HPLC). Compound 15 was then obtained by
hydrolysis of 17 using sodium hydroxide and subsequent
isolation by crystallization in 84% overall yield with excellent
purity (100% purity, HPLC; 100% ee, HPLC; 99 wt %/wt assay
by NMR).
Finally, the coupling of building blocks 15 and 16 using the

optimized conditions described in Scheme 9 gave crude
AZD4573 after a simple extractive workup. To remove residual
palladium and iridium from the previous step, we chose to apply
an immobilized metal scavenger (3-mercaptopropyl ethylsulfide
silica). This was followed by final crystallization from MIBK to
give 3.96 kg of AZD4573 (86% yield; 98 wt %/wt assay by
NMR; 99.9% chemical purity by HPLC; >99.5% ee by HPLC).
Residual B, Ir, and Pd were at acceptable levels below 5 ppm
(ICP-OES).
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■ CONCLUSION

Using the first generation mg-scale synthesis of AZD4573 as a
starting point, we have applied a focused combination of route
design and process development to rapidly generate a much
more scalable and efficient route, enabling multigram
manufacture of API for use in preclinical studies. This second
generation synthetic route was further modified, and the steps
were optimized to give a third generation synthesis which was
successfully used in the multikilogram scale manufacture of API
to support initial clinical studies.With the primary focus being to
develop a manufacturing route which is safe and easy to operate,
with better environmental sustainability, we have made
significant improvements along the way such as (i) reduced
overall step count (6 steps vs 9 steps for third generation vs first
generation); (ii) replacement of all chromatographic purifica-
tions with crystallizations; (iii) elimination of all chlorinated
solvents; (iv) clear demonstration that the hazardous Wolff−
Kishner reduction could potentially be replaced with a
palladium-catalyzed hydrogenation; and (v) extensive use of
catalytic transformations, including development of an
enzymatic resolution/acetylation of a racemic amino-ester to
afford access to a homochiral amido acid and replacement of a
cryogenic two-step borylation sequence with a direct iridium-
catalyzed borylation.

■ EXPERIMENTAL SECTION

All reactions were performed under an atmosphere of nitrogen.
Reagents were commercially available and used without further
purification. 1H and 13C NMR were recorded on a Bruker
Avance III spectrometer at 25 °C at the frequency stated in each
experiment. The chemical shifts (δ) are reported in parts per
million (ppm), with the residual solvent signal used as a
reference. Coupling constants (J) are reported as Hz. NMR
abbreviations are used as follows: br = broad, s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet. The strength/
assay of intermediates and final products are given as weight/
weight (w/w) and were determined by 1H NMR measurements
using benzyl benzoate, maleic acid, 1,3,5-trimethoxybenzene, or
1,2,4,5-tetrachloro-3-nitrobenzene (TCNB) as internal stand-
ards. In the iridium catalyzed borylation screen, the following
instrument and conditions were used for determination of
conversion of 4 to 6: UPLC/MS using a Phenomenex Kinetex
2.6 μmC18 100A 75 mm × 3 mm column + guard column, 220
nm, 40 °C. A = 0.1% (w/v) NH4Ac/H2O, B = 0.1% (w/v)
NH4Ac/MeCN, gradient 5−95% B over 4 min, 95% B 0.5 min,
1.2 mL/min, 3 μL injection volume. The UHPLC/MS analyses
were performed using a Waters Acquity UPLC system
combined with a Waters SQD Mass Spectrometer. The
UHPLC was equipped with both a BEH 1.7 μm C18 column
2.1 mm × 50 mm using a 46 mM ammonium carbonate/NH3
buffer at pH 10 as eluent or an HSS 1.8 μmC18 column 2.1 mm
× 50 mm using an 11 mM ammonium formate buffer at pH 3 as
eluent. The mass spectrometer was operated with electrospray
ionization (ESI) in both positive and negative mode. The
enantiomeric excess of the corresponding isopropylester of 15
was determined by analytical SFC [Lux C2 column (4.6 mm ×
150 mm), 15% 2-propanol in CO2, 120 bar, as eluent]. HRMS
measurements were performed on a QTOF 6530 instrument
(Agilent), mass precision ±5 ppm.
3-Bromo-5,5-dimethyl-5,6-dihydro-4H-pyrrolo[1,2-b]-

pyrazole (5a). In a 1 L reactor under an atmosphere of nitrogen
were charged 5,5-dimethyl-5,6-dihydro-4H-pyrrolo[1,2-b]-

pyrazole 4 (79.5 g, 90 wt %/wt, 525 mmol) and CH2Cl2 (800
mL). With a jacket temperature of +10 °C, to the homogeneous
yellow solution was added portionwise 1-bromopyrrolidine-2,5-
dione (95.4 g, 533 mmol) during 15 min. The reaction
temperature was kept in the interval +20 to +23 °C during this
addition. A solution of 8%Na2SO3 (aq., 250mL)was added, and
the biphasic mixture was stirred for 45 min. The organic layer
was washed with Na2CO3 solution (aq. sat., 2 × 250 mL) and
last water (100 mL) followed by careful concentration at 30 °C
and 400 mbar. Residual water was azeotropically removed using
THF (3 × 100 mL). This afforded the title compound 5a as a
pale brown oil (138 g, 81 wt %/wt, 520 mmol, 99% yield) with
THF as the major impurity. Analytical data were in accordance
with those given in literature.3

5,5-Dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)-5,6-dihydro-4H-pyrrolo[1,2-b]pyrazole (6) via
Lithiation/Triisopropylborate Quench. Under an atmos-
phere of nitrogen and in a 3 L three-necked flask equipped with a
thermometer, to a −70 °C solution of 3-bromo-5,5-dimethyl-
5,6-dihydro-4H-pyrrolo[1,2-b]pyrazole 5a (137 g, 81 wt %/wt,
516 mmol) and triisopropyl borate (175 g, 929 mmol) in THF
(0.7 L) and toluene (0.7 L) was slowly (80 min) added a
solution of butyllithium (2.5 M in hexanes, 0.309 L, 772 mmol)
while maintaining the reaction temperature in the interval −65
°C to −70 °C. 1H NMR analysis of the crude mixture showed
full conversion to the intermediate i-Pr-borate 13. At −70 °C, a
solution of 2,3-dimethylbutane-2,3-diol (91 g, 774 mmol)
dissolved in toluene (0.5 L) was added during 10 min. The
mixture was slowly allowed to attain 20 °C in the ice bath and
was then stirred for an additional 16 h. A pale brown
homogeneous solution was obtained. 1H NMR analysis of the
crude mixture showed full conversion of 13 to 6. The reaction
mixture was transferred to a 5 L reactor containing a 10 °C
solution of NH4Cl (aq., sat, 2.5 L). The biphasic mixture was
stirred for 15 min at 20 °C. The organic layer was washed with
water (2 × 500 mL) followed by concentration under reduced
pressure at 35 °C to a pale yellow wax-solid 6 (193.6 g, 64 wt
%/wt, 473 mmol, 92% yield) with toluene and pinacole as major
impurities. Analytical data were in accordance with those given
in the literature.3

5,5-Dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)-5,6-dihydro-4H-pyrrolo[1,2-b]pyrazole (6) via
Iridium Catalyzed Borylation. 5,5-Dimethyl-4,6-dihydro-
pyrrolo[1,2-b]pyrazole (4, 4.1 kg, 30.1 mol) and dry THF
(36.5 kg, ≤ 0.05% H2O wt/wt) were charged into a 80 L glass
reactor. Bis (pinacolato) diboron (11.5 kg, 45.3 mol) and
3,4,7,8-tetramethyl-1,10-phenanthroline (0.29 kg, 1.2 mol) were
added, and the solution was then stirred for 1 h at 15−25 °C.
The mixture was evacuated to P ≤ −0.08 MPa and then filled
with nitrogen to normal pressure. This operation was repeated 5
times until the oxygen content was ≤5000 ppm. Bis [cycloocta-
diene(methoxy)iridium] (0.20 kg, 0.30 mol) was added, and the
mixture was evacuated to P ≤ −0.08 MPa and then filled with
nitrogen to normal pressure. This operation was repeated 5
times until the oxygen content was ≤5000 ppm. The mixture
was heated to 70−80 °C and then stirred for 12 h. The reaction
mixture was cooled to 20 °C. Active charcoal (0.41 kg) was
added in two portions, and the mixture was then heated to 45 °C
and stirred for 3 h. The mixture was filtered using a 10 L vacuum
filter flask which was preloaded with Silica gel (2 cm bed, 0.5 kg,
200−300 mesh). The filter cake was rinsed twice with THF (7.3
kg +7.3 kg). The filtrates were combined and concentrated at
≤45 °C under reduced pressure (P ≤ −0.08 MPa). While the
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temperature was maintained at ≤45 °C, methanol (6.3 kg) was
added, and the mixture was stirred for 3 h followed by
concentration at ≤45 °C under reduced pressure (P ≤ −0.08
MPa). Methanol (6.5 kg) was again added, and the procedure
above was repeated twice. Then the mixture was cooled to 20
°C. Water (40.9 kg) was added, and the suspension formed was
stirred for 3 h followed by filtration. Methanol (3.7 kg) and the
filter cake were added into the reactor at 20 °C and then stirred
for 1 h. Water (41.1 kg) was added, and the mixture was stirred
for 3 h followed by filtration. The filter cake was charged to the
reactor, and n-heptane (70 kg) was added followed by heating to
50 °C and stirring for 3 h. The mixture was filtered, and the
filtrate was concentrated at 55 °C under reduced pressure P ≤
−0.08 MPa until 14 L of the content remained. The mixture was
cooled to 0 °C and was stirred for 4 h followed by filtration and
washing of the filter cake with ice-cold n-heptane (1.4 kg × 2)
and last water (4.1 kg + 4.0 kg). The cake was dried at 30 °C
under vacuum to give the title compound 6 as an off-white solid
(5.6 kg, 99 wt %/wt, 21.1 mol, 70% yield). 1H NMR (500 MHz,
CDCl3) δ 1.28 (s, 6H); 1.29 (s, 12H); 2.79 (s, 2H); 3.86 (s,
2H); 7.76 (s, 1H). 13C NMR (126 MHz, CDCl3) δ 25.0 (4 Cs),
28.5 (2 Cs), 39.3, 43.3, 61.0, 83.0 (2 Cs), 100.3 (br), 149.5,
153.0. HRMS [M + H]+ m/z calcd for C14H24BN2O2 263.1925,
found 263.1935.
5-Chloro-4-iodo-pyridin-2-amine (8). An aqueous sol-

ution of ammonium hydroxide (28 wt %/wt, 12.6 kg, 101 mol)
was added to a well agitated nitrogen purged C22 hastelloy
pressure reactor followed by line rinsing with water (2 kg). At a
temperature of 13 °C, 5-chloro-2-fluoro-4-iodopyridine (4.915
kg, 19.1 mol) dissolved in NMP (8 kg) was slowly added during
10 min (slightly exothermic) followed by line rinsing with NMP
(3.2 kg). The reaction temperature was maintained below 20 °C
during this addition. The reactor was sealed, and the internal
temperature was increased to 55 °Cwhich resulted in an internal
pressure of 1.78 barg. The mixture was stirred for 18 h which
resulted in an 83% conversion of the starting fluoropyridine
(internal pressure 1.41 barg). The reaction mixture was heated
to 85 °C (internal pressure 3.9 barg) and was stirred for an
additional 18 h followed by cooling to ambient temperature.
MTBE (20.3 kg) was added followed by the addition of water
(10.8 kg). The aqueous layer was extracted with MTBE (13.7 L
× 2), and the combined organic layer was washed with water
(9.5 L × 3). Toluene (10 L) was added, and the jacket
temperature was increased to 110−130 °C to distill off most of
the MTBE. Toluene (10 L) was again added, and distillation
continued until a total of 70 L of the volatiles had been distilled
off. The reaction mixture was then slowly cooled to 2 °C during
4 h and was stirred at that temperature for an additional 18 h
followed by filtration of the suspension and washing of the filter
cake with toluene (2 L × 2). The cake was then dried under
vacuum at 40 °C to give the title compound 8 as a colorless solid
(4.13 kg, 100 wt %/wt, 16.2 mol, 85% yield). Analytical data
were in accordance with those of commercial authentic material.
5-Chloro-4-(5,5-dimethyl-4,6-dihydropyrrolo[1,2-b]-

pyrazol-3-yl)pyridin-2-amine (16). Compound 8 (3.03 kg,
11.9 mol) was charged to a reactor followed by water (25.3 L),
compound 6 (3.58 kg, 13.4 mol), and last CH3CN (25.3 L). The
vessel was degassed by using vacuum/nitrogen purge. Potassium
carbonate (4.11 kg, 29.7 mol) was added followed by [1,1′-
bis(diphenylphosphino)ferrocene]dichloropalladium(II) (174
g, 0.24 mol). The two-phase mixture was stirred vigorously at
54 °C for 18 h followed by cooling to 20 °C. EtOAc (22.8 L) was
added followed by separation of the phases. The organic phase

was washed twice with a solution of NaCl (1.02 kg) in water (9.1
kg) and then sequentially extracted with an aqueous solution of
HCl (2M, 15 L, 10.5 L, 10.5 L). The combined three aqueous
layers were transferred back to the reactor via an in-line filter (5
μm), and MeOH (10 L) was added followed by careful pH
adjustment to 11 using a 45% aqueous solution of KOH (16.36
kg, 131.3 mol) while maintaining the temperature below 30 °C.
The mixture was then stirred at 20 °C for 1 h followed by
filtration and washing of the filter cake with water (6 L). The
cake was then dried at 50 °C under vacuum to give the title
compound 16 as a colorless solid (2.76 kg, 100 wt %/wt, 10.5
mol, 88% yield). ICP-OES analysis showed residual B, Ir, and Pd
of 5.40, 67.4, and 638 ppm, respectively. 1H NMR (500 MHz,
CDCl3) δ 1.32 (6H, s); 2.85 (2H, s); 3.94 (2H, s); 4.41 (2H, s,
br); 6.44 (s, 1H); 7.85 (s, 1H), 8.06 (s, 1H). 13C NMR (126
MHz, CDCl3) δ 28.1, 40.5, 43.5, 61.1, 107.8, 112.0, 119.3, 141.3,
142.8, 144.1, 148.1, 157.0. HRMS [M + H]+ m/z calcd for
C13H16ClN4 263.1058, found 263.1066.

(1S,3R)-3-Acetamidocyclohexanecarboxylic Acid (15).
Resolution of Enantiomers rac-14. A reactor was charged with
compound rac-14 (16.8 kg, 90.7mol) and i-PrOAc (132 L). The
reaction temperature was kept at 18 °C, and Candida Antarctica
lipase B (839 g, 5 wt %) was added. The mixture was stirred for
at least 13 h until a conversion of 48% of rac-14 had been
obtained. Themixture was centrifuged, and the cake was washed
with i-PrOAc (16.8 L × 2). The filtrate was collected and
transferred back to the reactor. A solution of oxalic acid
dihydrate (2.85 kg, 22.6 mol) in water (50.3 L) was added to the
reactor at 20 °C. The mixture was kept at that temperature and
stirred for 1 h followed by separation of phases. The aqueous
phase was extracted with i-PrOAc (50.3 L), and the combined
organic layers were washed with water (16.8 L) and brine (83.9
L, 35 wt %) followed by concentration under vacuum P≤−0.08
MPa at 40 °C until the concentration of product is 3.0 relative
volumes. Cyclopentylmethyl ether (CPME, 42.0 L) was added,
and the mixture was concentrated under vacuum P ≤ −0.08
MPa at 40 °C until 3 relative volumes of solvent remained. The
procedure was repeated three times until the content of i-PrOAc
was 3%. Cyclohexane (154.4 L) was added (CPME content =
25%). The mixture was heated to 60 °C and kept at that
temperature for 0.5 h. The clear homogeneous solution was
cooled to 50 °C in 2 h and kept at that temperature for 1 h. The
mixture was cooled to 40 °C in 2 h and kept at that temperature
for 1 h. The mixture was cooled to 30 °C in 2 h and kept at that
temperature for 1 h. The mixture was then finally cooled to 20
°C in 2 h and stirred for an additional 12 h. The suspension was
centrifuged, and the cake was washed with cyclohexane/CPME
= 5/1 (16.8 L × 2). The cake was dried in an oven under P ≤
−0.08 MPa at 40 °C for 6 h to give the desired amido-ester 17
(7.88 kg, 38.3% yield) with 99.7% chemical purity and ee 99.9%.
Analytical data were in accordance with those reported
previously.13

Hydrolysis To Give 15.At 20 °C, to a reactor containing water
(39.7 L), NaOH (2.05 kg, 51.3 mol), and MeOH (28.0 L) was
added in portions the above amidoester (7.78 kg, 34.2 mol). The
mixture was stirred at 25 °C for 3 h followed by the addition of
water (54.5 L). The mixture was concentrated under vacuum P
≤−0.08MPa at≤40 °Cuntil the solution was not more than 9.0
relative volumes and the MeOH content = 7%. Sodium chloride
(14.8 kg, 253.3 mol) was added and the mixture was stirred for 1
h. The reactor content was filtered through a fluid filter
membrane followed by washing with water (0.5 relative
volumes). The mixture was cooled to 15 °C and a concentrated
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aqueous solution of HCl was added dropwise until pH ≤ 1. The
suspension formed was stirred for an additional 0.5 h followed
by centrifugation and washing of the cake with water (7.8 L× 2).
After drying of the solid under vacuum P≤−0.08 MPa at 40 °C
for 6 h, the desired compound 15 (5.39 kg, 29.1 mol) was
obtained in 100% chemical purity by HPLC (assay 99 wt %/wt
by 1H NMR), ee > 99.5%. Other analytical data were in
accordance with those reported previously.13

(1S,3R)-3-Acetamido-N-[5-chloro-4-(5,5-dimethyl-4,6-
dihydropyrrolo[1,2-b]pyrazol-3-yl)-2-pyridyl]cyclo-
hexanecarboxamide (AZD4573). Compound 16 (2.758 kg,
10.50 mol) and EtOAc (27 L) were charged to the reactor
followed by the addition of 15 (2.041 kg, 10.80 mol) and
pyridine (3.39 L, 41.9 mol). 1-Propanephosphonic anhydride
(T3P, 50% in EtOAc, 10.01 kg, 17.0 mol) was added during 20
min maintaining the reaction temperature below +23 °C. The
mixture was stirred at 20 °C for 18 h followed by the addition of
water (19.5 L) during 10 min. The mixture was stirred for 25
min at 20 °C followed by separation of the phases. The aqueous
phase was extracted with EtOAc (13.7 L), and the combined
organic layers were washed with a solution of K2CO3 (1.407 kg,
10.18 mol) in water (11.17 kg). The organic layer was washed
with water (13 L × 2) followed by the addition of 3-
mercaptopropyl ethyl sulfide silica (1.32 kg, 60−200 mesh).
Themixture was stirred at 20 °C for 18 h followed by filtration of
the suspension and rinsing with EtOAc (7 L × 2). The organic
layer was charged to the reactor via an in-line filter (1 μm), and
the volatiles were distilled off at 70 °C until a total volume of
27.6 L was obtained. Methylisobytyl ketone (MIBK, 27.5 L) was
added followed by removal of 20 L of the volatiles through
distillation. More MIBK (27.5 L) was added followed by
distilling off 16 L of the volatiles. More MIBK (13.75 L) was
added followed by removal of 13.5 L of the volatiles through
distillation. This procedure was repeated one more time. The
temperature of the mixture was cooled to 105 °C, and seeds of
correct polymorph (3.6 g) of AZD4573 were added followed by
stirring for 1 h. The suspension was then cooled to 20 °C at 0.2
°C/min and stirred for 1 h. A temperature cycling program was
applied: heating to 40 °C followed by stirring for 1 h and then
cool mixture to 20 °C again and stir for 1 h. This procedure was
repeated 3 times. The suspension was then stirred at 20 °C for
18 h followed by cooling to 10 °C and stirring for an additional 1
h. Themixture was filtered, and the cake washed withMIBK (4.5
L× 3) followed by drying under vacuum at 70 °C to give the title
compound AZD4573 as colorless crystals (3.96 kg, 98 wt %/wt
by NMR, 99.9% purity by HPLC, 9.0 mol, 86% yield). ICP-OES
analysis showed levels of B, Ir, and Pd below 5 ppm. HRMS [M
+ H]+ m/z calcd for C22H29ClN5O2 430.2004, found 430.2009,
ee > 99.5% by HPLC. NMR data were in agreement with those
recently reported.3
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