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Introduction

Breast cancer is the fifth leading cause of cancer mortality
worldwide, recognized by the World Health Organization
(WHO) to be an urgent health priority. In 2020, there were an
estimated 2.3 million new cases of breast cancer diagnosed
globally with 685000 deaths." Risk factors for breast cancer
include genetic mutations (BRCA1 and BRCA2 genes),
reproductive and hormonal risk factors (central role of
oestrogen), and lifestyle factors including alcohol intake,
excess body weight and lack of physical activity.> Whilst the
incidence of breast cancer is higher in developed countries
(in part due to better screening), it is also rising in developing
nations.®> This partly reflects changes to women's lifestyles;
including a shift into working environments that have
resulted in increased risk factors (e.g. giving birth to children
later in life, having fewer children, increased body weight and
less physical activity). In the past two decades, sub-Saharan
Africa has seen an increased incidence of breast cancer and
some of the world's highest mortality rates.* Contributing
factors to these poor outcomes include under-resourced
healthcare provision, lack of screening, poor infrastructure,
and limited access to treatments.’
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sustainability of the key steps of the reaction.

Increased cancer prevalence presents a significant burden
for low and middle-income countries (LMICs), who cannot
afford expensive therapies.® Driven by this emerging global
healthcare challenge, we initiated an ambitious project to
enable the development of local pharmaceutical
manufacturing capabilities in South Africa. Herein, we
describe our efforts to deliver a cost-effective and sustainable
synthesis route for the chemotherapy agent lapatinib (Fig. 1).

Lapatinib (1) is a small molecule active pharmaceutical
ingredient (API) patented in 1999,” as a chemotherapeutic
drug for the treatment of breast cancer, acting as a tyrosine
kinase inhibitor (TKI) of oncogenes ErbB1 and HER2.® The
observed bioactivity is attributed to the in vivo binding of the
4-arylaminoquinazoline core - also found in other TKI's® - in
conjunction with the hydrophilic amino-sulfone chain
providing  hydrogen-bonding sites. Additionally, the
4-(3-fluorobenzyloxy) motif interacts strongly within
enzymatic  binding  pockets, providing hydrophobic
contacts.'®** The combination of lapatinib and capecitabine
has been found to be one of the most cost-effective
treatments for HER2+ metastatic breast cancer."

The original synthesis route for lapatinib was disclosed in
a patent published in 2002 (Scheme 1);7 comprising of the
following steps: (i) construction of the quinazoline
heterocyclic ring by a Niementowski-type reaction, followed
by chlorination (2 — 4); (ii) Nucleophilic substitution to form
a 4-aminoquinazoline ring (9a); (iii) biaryl cross-coupling to
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Fig. 1 Structure of lapatinib, 1.
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Scheme 1 Original reported synthesis of lapatinib.**
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attach a 5-formyl furan moiety; and finally (iv) the attachment
of the amino sulfone side chain by reductive amination (11
— 1). During the last two decades or so, modifications to
each stage of the synthetic route had been reported in patent
and medicinal chemistry literature for lapatinib, as well as
closely related derivatives. However, critical details, such as
the amount of catalyst and reaction times, are often omitted
from these publications, which hampered the techno-
economical evaluation of a potential localised production
process in South Africa. With this in mind, we set out to re-
evaluate and modify the reported synthetic procedures into a
sustainable manufacturing route. Combining qualitative (12
Principles of Green Chemistry)'® and quantitative metrics,
the work aims to optimize each step of the synthesis, while
also minimising both material and energy requirements of
the process. The key approaches are:

(i) Minimising waste: by choosing atom-efficient reactions;

(ii) Working closely to solubility limits and precise
reaction stoichiometry;

(iii) Telescope reactions where possible;

(iv) Select less toxic and ‘greener’ reagents and solvents
wherever possible;

(v) No column chromatography: using only filtration and
(re)crystallization as means of purification.

Green metrics will be used throughout the work to assess
the environmental impact of the procedures.

Results and discussion
Construction of the 4-aminoquinazoline, 9 (Scheme 2)

The 2-step preparation of 4-chloro-6-halo-quinazolines (4,
where X = Br or I) is widely reported in the patent literature.
The condensation of the corresponding 4-halo-anthranilic

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Optimised conditions for the preparation of

4-aminoquinazoline 9.

acid (2) with formamide requires heating at high
temperature, typically 130-170 ©°C.'® Alternatively, the
reaction can be achieved wusing formamidine acetate

generated in situ'” from a mixture of orthoformate and
ammonium acetate,'® or by using the isolated salt."® The
latter procedure was chosen in this work for the milder
reaction conditions, and the use of ethanol as a ‘greener’
and more sustainable solvent.””*' Using only a slight excess
of formamidine (1.3 equivalents), the reaction proceeded
smoothly in refluxing ethanol to afford 6-iodoquinazolinone
3 as a beige precipitate. We were able to replicate the reaction
several times during this project at different scales, to afford
reliable yields of between 84-88% (Table S2, ESI).

Chlorination of 3 can be achieved using phosphorus
oxychloride (POCI;),">"” thionyl chloride (SOCI,)** or oxalyl
chloride [(COCI),]."° In this case, the phosphorus reagent was
preferred as it does not emit toxic gaseous by-products (such
as SO, and CO). The chlorination of similar quinazolones by
POCI; had been extensively studied by a process chemistry
team,> who reported the importance of controlling the
reaction conditions, particularly pH and the reaction
temperature, to suppress side product formation. Guided by
this, we were able to optimize the reaction relatively quickly
(Table S2, ESIt). Deploying only slight excesses of POCl; and
triethylamine (1.2 equivalents) in toluene, 4 was attained as a
light brown solid in 87% yield, following a basic workup.

The introduction of the 4-(3-fluorobenzyloxy) motif via a
nucleophilic substitution (SyAr) reaction was found to
proceed in different solvents (Table S3, ESIf), such as in
refluxing propan-2-ol, to afford 9a in 95% yield. Using
toluene as a common solvent, it is possible to telescope the
chlorination and substitution steps, to convert compound 3
to 9a via a one-pot process, albeit in a lower yield of 76%
(compared to 82% over two steps). The limited solubility of
compound 9a enables convenient isolation and purification
by filtration and washing without the need for further
purification.

Using the CHEM21 toolkit,>* the sustainability metrices of
the two procedures were calculated (Table 1). The
comparison revealed that while the one-pot procedure may

React. Chem. Eng., 2022, 7, 2420-2426 | 2421
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Table 2 Suzuki-Miyaura coupling between 4 (X = 1) and 12¢

Procedure Yield’/%  AE/%  RMEY%  OE‘% PMF  Entry  [Pd] (mol%) [9/M  xlequiv.  T/h  Yield”/%
2 steps, via4  81.9 96.6 82.4 85.3 64.6 1 Pd(OAc), (5) 0.05 1.5 1 68
‘One-pot’ 75.5 96.6 73.0 75.6 74.4 2 Pd(OAc), (5) 0.05 1.5 2 82
, 3 Pd(OAc), (5) 0.05 1.3 2 71
“ Calculated using CHEM21 Metrics Toolkit. ” Isolated yield. © Atom 4 Pd(OAc), (5) 0.05 11 2 77
economy, = (M,, of product/total M,, of reactants) x 100. ¢ Reaction 5¢ Pd(OAc), (1) 0.05 11 2 84
mass efficiency = (mass of isolated product/total mass of reactants) x 6° Pd(OAc), (1) 0.1 11 ) 84
100. ¢ Optimum efficiency = (RME/AE) x 100.” Process mass intensity 7€ Pd(OAc), (1) 0.2 11 2 32
= total mass in a process/mass of product. 8¢ Pd(OAc), (1) 0.05 11 4 90
974 Pd(OAc), (0.1) 0.05 1.1 24 90
10° Pd(OAc), (0.01) 0.05 1.1 24 84
. . o L 11° 5% Pd/C (1) 0.05 1.1 4 90
be practically more convenient, it is, in fact, less efficient in [ c. Pd(0AC), (1) 0.05 11 4 2

terms of mass and overall efficiencies (RME, OE) than the
two-step process. This is partly due to the lower yield of the
one-pot process, but also largely because the two-step
procedure is already highly efficient, as we were able to
reduce excess amounts of the reagents (POCl; and NEt;), as
well as working closely to the solubility limits of the reactants
(thereby reducing the amount of solvent).

Biaryl coupling between quinazoline and furan rings

The Stille cross coupling reaction employed in the original
synthetic route (Scheme 1, 9a + 10 — 11) has since been
superseded by the Suzuki-Miyaura (SM) reaction (Scheme 3),
where the toxic organostannane (10) is replaced by
5-formylfurylboronic acid (12). Many SM protocols are
reported in the patent literature, where different palladium
catalyst precursors were employed under a variety of reaction
conditions: from Pd(OAc),** or Pd/C*® under ‘ligandless’
conditions, as well as discreet palladium complexes such as
Pd(PPh;),Cl, " and (dppf)PdCl,.””

Given that the aryl iodides are considered as highly
activated substrates in cross-coupling reactions, we predicted
that the use of air-sensitive or expensive ligands should not
be necessary. With this in mind, the SM reaction was
optimised using Pd(OAc), as the catalyst precursor without
extraneous ligands (Table 2). As expected, the reaction
proceeded well, even with a very low catalyst loading of 0.01
mol% (entry 10 and Fig. S1, ESIf), even without rigorous
drying of the solvent or the need to purge the mixture with
inert gas (entries 5-11). The ability to reduce the amount of
the precious metal catalyst not only has economic benefits,
but also reduces the amount of metal residue in the product
mixture and greatly simplifying the workup process.

The reaction was subsequently replicated successfully on a
larger scale (40 mmol) using 0.1 mol% of catalyst (entry 9).

9a +0HC—</1 Tavle 1 _ o~ |
07 B(OH), Y
12
(x equiv.)

Scheme 3 Suzuki-Miyaura cross coupling between 4 and 12.

2422 | React. Chem. Eng., 2022, 7, 2420-2426

“ General reaction conditions: 4a (1 mmol), NEt; (4 equiv.), degassed
DME-MeOH (2:1 v/v), 50 °C (see ESIt). ” Isolated yield. © Solvents
were not degassed prior to use. ¢ Performed at 40 mmol scale.
¢ Reaction run in MeOH-propan-2-ol (2:1 v/v).

Finally, we showed that Pd(OAc), can be replaced by the
heterogeneous Pd/C catalyst without any deleterious effect
(entry 11).

An alternate synthesis of compound 11 is to couple the
aryl halide with furfural directly, without pre-activation of the
furan ring by a boronic acid. This reaction was investigated
by a GSK team in 2014,'® where the bromide derivative 9b
was coupled with furfural without the need for solvents
(Scheme 4). Given that furfural can be derived from
renewable biomass sources, this is an attractive approach.
However, the reaction required the presence of potassium
acetate (2 equiv.), pivalic acid (0.5 equiv.), an air-sensitive
phosphine ligand, elevated reaction temperature (>110 °C)
and a large excess of the furfural to proceed. More critically,
the reaction was found to be highly dependent on careful
monitoring of the reaction conditions to avoid the
competitive reaction occurring at the aryl chloride.

Again, using the CHEM21 toolkit,> the sustainability
metrics for the two different catalytic methodologies were
evaluated (Table 3). The comparison revealed that while the
direct coupling methodology has better atom economy and
lower PMI, it was, in fact, not as efficient (RME, OE) as the
SM reaction due to its lower reaction yield. Furthermore, the
toxicity and potential carcinogenicity of furfural (used in
excess), and the need to deploy a higher catalyst loading and
an air-sensitive phosphine ligand (compared to 0.1 mol%
utilized in the ligandless SM reaction), counteracted the
potential atom economy. Thus, while the direct coupling
reaction does not require pre-activation of the furan ring and

Cl
o) Pd(OAc), (2 mol%)
Cy3P.HBF 4 (4 mol%)
HN . OHC—@ KOAC (2 equivl.) 1
Br- [¢] PivOH (0.5 equiv.)
N F ¢5volumes) 110-115 °C,4-7h
N/) 9b

Scheme 4 Reported synthesis of compound 11 via a direct arylation
of furfural (optimized conditions).

This journal is © The Royal Society of Chemistry 2022
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Table 3 Comparison of sustainability metrics for the biaryl coupling
reactions

Reaction Yield’/%  AEY% RMEY% OE‘% PMV
Suzuki-Miyaura® 90 73.4 64.5 87.8 107.5
H&S:¥ MeOH (amber: H301, 311, 331), DME (red: H360FD)

Direct arylation’® 63 85.4 12.2 14.3 35.3

H&S:# furfural (amber: H301, 331, 351)

% See Table 1. ” See Table 1. ° See Table 1. ¢ See Table 1. ¢ See
Table 1. /See Table 1. £ Health and safety of substances which
triggers amber or red flags (H phrases).

might be considered as more ‘elegant’ than the SM reaction,
it is unlikely that it will be implemented on a larger scale
without substantial improvement in its selectivity and
robustness.

However, while the SM reaction may be more process
efficient, an important issue to be addressed is the solvents
required: both methanol and dimethoxyethane (DME) are
toxic;®® the latter is listed as a ‘substance of very high
concern’ (SVHC) by the European Chemicals Agency as it
may damage fertility and the unborn child.”® Nevertheless,
the use of DME was found to be essential to ensure solubility
of 9a in the reaction mixture: an attempt to substitute the
solvent mixture with propan-2-ol led to the dramatic erosion
in yield of 11 from 90 to 42% (Table 2, entries 8 and 12). The
formation of Pd black was particularly noticeable in the
alcoholic solvent. Presumably, the presence of the glycol
ether (DME) is necessary to stabilize the active Pd catalyst.

Given that the use of DME-MeOH is unavoidable for the
C-C coupling reaction, it was decided that the remaining
steps of the synthetic sequence should also be investigated
using the same solvent mixture, with the intention that
sequential steps can potentially be telescoped, effectively
reducing the amounts of these solvents in the overall
process.*’

Reductive amination

The last chemical step of the lapatinib synthesis involves the
installation of the sulfone side chain by a reductive
amination (Scheme 5). This was typically achieved with the
reaction of 11 with 2-aminoethylmethylsulfone and a hydride
reducing agent such as NaBH, or NaBH(OAc);. Clearly, it will
be desirable to replace these hazardous stoichiometric
reductants with a catalytic method that utilises H, as the

L

|
N

SO;Me

O
jJ \ HN Cl
[e) NN

P
13

Scheme 5 Introduction of the sulfone sidechain vs. reductive

amination.

This journal is © The Royal Society of Chemistry 2022
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more atom-efficient reductant. Although the catalytic
hydrogenation of the imine intermediate 13 over Pt/C and
Pd/C had been previously disclosed in the patent literature,*
the described procedure employed dichloromethane as a
solvent - a restricted substance under current REACH
regulations®® due to its potential carcinogenicity and
volatility.

In the presence of triethylamine, the reaction of
2-aminoethylmethyl sulfone hydrochloride and
carboxaldehyde 11 in refluxing methanol afforded the imine
13 as a stable off-white solid, which can be isolated in 87%
yield (ESIT), and may be kept at room temperature for several
months, without any noticeable decomposition. The
reduction of the C=N bond was initially studied using the
isolated imine as a precursor, before we attempted to
integrate the condensation and the reduction steps. In this
work, two catalytic hydrogenation strategies were evaluated
in the same solvent mixture and reaction temperature
deployed for the SM reaction.

The first reduction method involves the use of ammonium
formate or amine-formic acid adducts as H-surrogates
(transfer hydrogenation protocol). While this may not be as
atom-economical as using H,, it bypasses the need for high-
pressure equipment, or when H, is not available at the
production facility. The results of a small initial screening of
a selection of homogeneous and heterogeneous Pd catalysts,
as well as hydrogen surrogates (ammonium formate, and a
combination of amines with formic acid), revealed Pd/C and
ammonium formate as the most effective (Table 4, entry 1).
Notably, the yield decreased with extended reaction time
(entries 1 and 2), suggesting that the product is unstable
under these conditions.

In contrast, no product was detected when Pd(OAc), was
employed under homogeneous conditions (entries 5-7),
implying that the reduction requires supported Pd(0) species.
Consequently, the catalytic reaction was subjected to further
optimization using Pd/C as the catalyst (Table 5). At 50 °C
and 5 mol% catalyst loading, the reaction is practically
complete within 30 min (entry 1); further increases in the
amount of Pd led only to deleterious product decomposition
(entries 2 and 3). As may be expected, the reaction rate is

Table 4 Attempts to develop a catalytic transfer hydrogenation
protocol®

Entry Catalyst H-Surrogate Time/h Yield®/%
1 Pd/C HCO,NH, 1 70.2

2 Pd/C HCO,NH, 2 60.8

3 Pd/C NEt; + HCO,H 1 16.2

4 Pd/C DIPEA + HCO,H 1 14.4

5 Pd(OAc), HCO,NH, — n.d.

6 Pd(OAc), NEt; + HCO,H — n.d.

7 Pd(OAc), DIPEA + HCO,H — n.d.

“ Reactions conditions: imine 13 (0.2 mmol), DME/MeOH (2:1, 0.05
M), 5 mol% catalyst and hydrogen surrogate (5 equiv.), 50 °C. ? Yield
of lapatinib determined by HPLC using 1,3,5-trimethoxybenzene as
internal standard.

React. Chem. Eng., 2022, 7, 2420-2426 | 2423
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Table 5 Catalytic reduction of imine 13 to 1 using ammonium formate
as H-surrogate”

Entry x/mol% ylequiv. Time/min Yield”/%
1 5 5 30 91
2 10 5 15 85
3 25 5 15 60
4 5 3 120 39
5 5 7 60 >95
6 5 10 15 85

“13 (0.2 mmol), 5% Pd/C (x mol%), NH,CO,H (y equiv.), DME-
MeOH (2:1 v/v, 4 mL), 50 °C (see ESIt). ” HPLC yield using 1,3,5-
trimethoxybenzene as internal standard.

dependent upon the amount of ammonium formate, with
seven equivalents being optimal (entry 5).

Given that both the SM reaction and the reductive
amination utilise Pd catalysts and proceeded well in the
DME-MeOH mixture, we attempted to telescope the two
reactions into a ‘one-pot procedure’ to improve the mass
intensity. Our first attempt utilised Pd/C for the SM reaction,
followed by the addition of the amino-sulfone reactant and
ammonium formate as the H-surrogate. Unfortunately, the
reaction sequence terminated with the formation of the
imine intermediate 13 (Scheme 6, eqn (1)). A likely
explanation is that the presence of excess triethylamine
(leftover from the SM cross coupling) may be inhibiting the
transfer hydrogenation (supported by earlier observations:
Table 4, entries 3-4, 6-7); for example, by scavenging Pd-H
species.

Subsequently, the second step was replaced by a catalytic
hydrogenation protocol. In this attempt, the reaction vessel
was charged initially with all the reactants, reagent, and
Pd(OAc), under a N, atmosphere. Once the C-C coupling was
complete, the exposed to H,
whereupon catalytic reduction of the imine 13 was effected
by the residual Pd(0) in situ (Scheme 6, eqn (2)), affording
lapatinib 1 with 95% conversion (ESIT). Critically, in contrast
to the transfer hydrogenation protocol, the presence of
triethylamine did not inhibit the catalytic hydrogenation of
the imine, thus allowing the C-C coupling and C=N

reaction mixture was

All at 50 °C:

(i) 5% Pd/C (1 mol%), NEts (4 equiv.)
DME-MeOH (2:1), 5 h

9a + 12 » 13 only [1]
(1.1 equiv.) (i) H;NCH,CH,SO,Me.HCI (1.1 equiv.), 30 min
(i) HCO,NH, (5 equiv.)
(iv) quench: aq. NH4CI, aq. NaHCO;
All at ambient T:
9a + 12 (i) Pd(OAC), (5.4 mol%),

(1.4 equiv.) NEt; (15 equiv.), DME-MeOH (2:1), 18 h P
N -

~-S0:2Me N
CleN(1 5 oauiv) (i) Hp (1 atm.), 72.h 95% (NMR yield)

Scheme 6 Attempts to achieve sequential Suzuki Miyaura-reductive
amination in ‘one-pot’, with transfer hydrogenation (eqn (1)) and
catalytic hydrogenation (egn (2)) as terminating steps.

2424 | React. Chem. Eng., 2022, 7, 2420-2426
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reduction to be telescoped, using a single charge of Pd
catalyst. In principle, the overall process is extremely atom-
efficient, whilst also reducing the amounts of solvent and
catalyst.

However, it should be noted that the protocol will be
difficult to duplicate at scale, due to safety concerns in
deploying flammable H, for a prolonged period in a batch
reactor. These problems can be mitigated by performing the
catalytic hydrogenation in flow. In this part of the work, the
imine 13 was pre-formed in situ by mixing 11 and the
2-aminoethylmethylsulfone hydrochloride in the presence of
triethylamine (to release the free base), and the reaction
mixture was directly subjected to catalytic hydrogenation by
passing it through a catalytic packed bed reactor (H-Cube
Pro). The preliminary study, performed on a laboratory scale
(Table 6), showed that good single-pass conversion of 13 to 1
can be attained at a reaction temperature of 50 °C@0.5 mL
min™' (entry 3) or, for a higher productivity, 60 °C@1 mL
min~" (entry 6). The single-pass conversion may be further
improved by elevating the H, pressure (entries 3-5). By
precise control of residence time, the competitive product
decomposition at higher temperature can be suppressed.

Subsequently, the catalytic reductive amination reaction
was employed on a Gram-scale to produce lapatinib in 71%
isolated yield (ESIf). The lower yield (compared to Table 6,
entry 3) is attributed to possible Pd deactivation/leaching.
This will be investigated in our further work, involving time-
on-line studies and modification of the reactor, which will be
best performed on a pilot scale. The information gathered up
to this point is, nevertheless, sufficient to support the
techno-economic assessment of a proposed API production
process in South Africa.

Conclusions

The commercial route for the synthesis of lapatinib has been
revisited and substantial improvements to the sustainability
of the process have been achieved (Scheme 7). The synthetic
route was used to produce 10 g of the final product lapatinib
and the key intermediates. In summary, the overall synthesis
route comprises of 6 reactions, performed in 5 steps, with an

Table 6 Reduction amination of 11 to 1 by catalytic hydrogenation in
continuous flow*

Entry Flow rate/mL min™" P(H,)/bar T/°C Yield®/%
1 1 1 50 70
2 2 1 50 61
3 0.5 1 50 87
4 1 2 50 81
5 1 5 50 84
6 1 1 60 85
7 1 1 40 23

“ The imine was generated in situ (ESIT), 5% Pd/C, DME-MeOH (2:1
v/v, 4 mL). ” HPLC yield using 1,3,5-trimethoxybenzene as internal
standard, recorded at steady state conversion (aliquots collected after
3 reactor volumes).

This journal is © The Royal Society of Chemistry 2022
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Scheme 7 Overall synthetic scheme.

overall yield of 53.3%, compared to 8 steps (including a
deprotection) in the original report (Scheme 1).*> While the
use of toxic DME is undesirable from a health and safety
perspective and cannot be eliminated from the SM reaction,
the environmental impact can be alleviated by telescoping
reaction steps and reducing solvent switches, which also
enables a much lower amount of the Pd catalyst (a critical
material) to be used. Similarly, we have shown that the SM
cross-coupling could potentially be telescoped with the
catalytic reductive amination performed in continuous flow,
eliminating the use of a stoichiometric hydride reagent.
Finally, all the intermediates and final product can be
obtained in high purity after a simple filtration or
crystallization, and no column chromatography was required.

Perhaps one of the most surprising results from this work
is the comparisons of the sustainability metrics between the
two-step and one-pot procedures (Scheme 2), as well as the
Suzuki-Miyaura cross coupling and the direct C-H arylation
reactions (Scheme 3 vs. Scheme 4), which revealed that the
latter processes are not necessarily ‘greener’, as may be
expected intuitively. This highlights the importance and value
of these quantification tools to accompany the 12 Principles
of Green Chemistry, in the evaluation and demonstration of
the sustainability of chemical processes.
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