26 May 2024

ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

A translation of the twelve principles of green chemistry to guide the development of cross-coupling reactions

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:
Published Version:

A translation of the twelve principles of green chemistry to guide the development of cross-coupling
reactions / T. Fantoni, A. Tolomelli, W. Cabri. - In: CATALYSIS TODAY. - ISSN 0920-5861. - STAMPA. -
397:S1(2022), pp. 265-271. [10.1016/j.cattod.2021.09.022]

This version is available at: https://hdl.handle.net/11585/853030 since: 2024-02-12
Published:

DOI: http://doi.org/10.1016/j.cattod.2021.09.022

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

(Article begins on next page)

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.


https://hdl.handle.net/11585/853030
http://doi.org/10.1016/j.cattod.2021.09.022

This is the final peer-reviewed accepted manuscript of:

A Translation of the Twelve Principles of Green Chemistry to Guide the
Development of Cross-Coupling Reactions, Catalysis Today, 2022, 397-399, 265-271

The final published version is available online at:
https://doi.org/10.1016/j.cattod.2021.09.022

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's
website.

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
https://doi.org/10.1016/j.cattod.2021.09.022

A Translation of the Twelve Principles of Green Chemistry to Guide the Development
of Cross-Coupling Reactions

Tommaso Fantoni, Alessandra Tolomelli, Walter Cabri*

Department of Chemistry “Giacomo Ciamician”, Alma Mater Studiorum University of Bologna, via Selmi 2
40136-BO Italy

Abstract. In this paper, the applications, impact, and development of green cross-coupling reactions in
academia and industry are discussed. Specifically, we discuss the translation of the Twelve Principles of Green
Chemistry and their applications in pharmaceutical organometallic chemistry to stimulate the development
of cost-effective and sustainable catalytic processes for the synthesis of active pharmaceutical ingredients
(API). The evolution of the process for the synthesis of 3-ethylnyl aniline, a key intermediate for the synthesis
of the tyrosine kinase inhibitor erlotinib, was described as an example of the application of this translation
guide.
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1. Introduction

Catalysis, mainly enzymatic and organometallic, is the main alternative to classical stoichiometric chemistry
for industrial carbon-carbon bond formation.[1] However, presently, green chemistry approaches must be
applied at the beginning of process design. In 1998, Anastas and Wagner [2] translated what could be called
“chemical common sense” into The Twelve Principles of Green Chemistry. Their main goal was to inspire the
development of industrial chemical synthetic methods. In particular, the 12 principles highlighted the main
requirements for the development of safe, cheap, and environmentally friendly methodologies, including the
reaction conditions, reagents, and solvents, as well as the use of renewable natural materials and energy,
thus defining a "green chemical space." These principles have acted as a development guide/inspiration in
the pharmaceutical industry, from drug discovery to industrial production,[3] in which the scientific
challenges arising from the increased number of synthetic steps and structural complexity can be tackled
using modern techniques. In this context, the ninth principle of green chemistry states as follow: “Catalysis.
Catalytic reagents (as selective as possible) are superior to stoichiometric reagents”. Many important cross-
coupling reactions are utilized in the pharmaceutical sector. Among them, palladium-catalysed reactions,
which were first discovered in the 1970s, are currently the most versatile. The main reasons behind the
success of these reactions are the very high chemoselectivity and flexibility in terms of substrates, solvents,
catalysts, and reaction conditions.[4] However, despite the positive characteristics of organometallic
catalysis, a literature review of the main cross-coupling reactions reveals that decades passed before these
methodologies became popular in the scientific community (Figure 1).[5] The data in Figure 1, obtained from
the SciFinder© database, constitutes a comprehensive list of all possible cross-coupling-related studies,
including the development of ligands, catalysts, and reaction conditions. This list includes articles, reviews,
patents, and synthetic applications. On the other hand, by restricting our search to industrial interest (i.e.
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limiting the statistics to patents), a similar evolution but on a different scale can be seen (Figure 2). For
example, comparison of the two selections shows that patents account for 20% of the approximately 15000
citations concerning the Suzuki cross-coupling reaction received between 2010 and 2020 (see Figures 1 and
2). The different reactions are listed starting from the most popular one: the Suzuki cross coupling. In our
opinion, the elegant use of the Suzuki reaction for the industrial synthesis of the first-in-class
antihypertensive angiotensin Il antagonist losartan [6] by scientists at Merck in the 1990s boosted the
development of this reaction methodology, providing new and better catalysts, ligands, and reaction
conditions, and ultimately increased efficiency (turnover frequency/turnover number) and reduced
environmental impact and costs.

16000
14000
B Suzuki-Miyaura (1979)
12000 B Heck-Cassar-Sonogashira (1975)
B Mizoroki-Heck (1972)
10000
Stille (1978)
8000 E Buchwald-Hartwig (1994)
B Negishi (1977)
6000 B Kumada (1972)
B Hiyama (1988)
4000
2000
0 _ g2

Pre 1980 1981-1990 1991-2000 2001-2010 2011-2020

Figure 1. Growth in publications and patents related to cross-coupling reactions.
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Figure 2. Growth in patents related to cross-coupling reactions



The reasons for the slow development of these industrially important catalytic reactions are manifold,
particularly in the pharmaceutical sector. Clearly, a methodology, once discovered, must reach maturity;
however, in the pharmaceutical industry, there are two distinct users with entirely different aims: the
medicinal chemist and the process development chemist. The medicinal chemist is focused on identifying the
molecular space that must be managed to optimise the interactions with the biological target.[7] Therefore,
the synthetic methods should be simple to use, flexible, and potentially applicable to parallel synthesis to
enable a rapid increase in molecular diversity. In contrast, in the early stages of clinical development, the
process chemist is focused on the chemical space, and the main aim is to deliver a high-quality product at
the correct time and lowest possible cost. Only later, for example, when approaching phase Il and market
approval or during generic competition, aspects related to the environmental impact are fully established.
As a result, in 2017, the father of green metrics, Roger Sheldon, complained about the poor attention of the
pharmaceutical industry to greening chemical processes,[8] citing several reasons for this apparent
antipathy; however, in our opinion, communication gaps and the lack of a common language between
different departments inside industrial organizations are the main culprits.

In this article, a translation of the twelve green chemistry principles into practical suggestions for the
implementation of catalytic methods is proposed to facilitate the development of pharmaceutical-industry-
appropriate synthetic methodologies. The evolution in the synthesis of a key tyrosine kinase inhibitor
(erlotinib) intermediate is described as an example of the greening of an industrial synthetic process.

1.1 Catalysis and Green Chemistry
1.1.1 Green Metrics

Since the seminal work on the environmental factor (E-factor) by Sheldon,[9] many green metrics have been
introduced. The most useful metric for method optimisation is the process mass intensity (PMI), which is the
sum of all the chemicals used to produce 1 kg of final product and includes water and solvents. However, the
evaluation of the recovery of all the possible chemicals is critical because it defines the bottom line of raw
material cost (RMC) at the industrial level. Therefore, the PMI recalculated after the recovery of all the
chemicals (PMlr), which has a direct impact on the production costs, is the best metric for methodology
evaluation.

PMI= X m (all input materials) PMIr= X m (all input materials)- ¥ (all recovered chemicals)
m Product m Product

Extra synthetic steps such as protection and deprotection have a strong impact on the PMI. Interestingly,
palladium-catalysed cross-coupling is highly chemoselective, and a variety of different functional groups are
compatible with the reaction conditions. Therefore, a clear factor supporting the choice of organometallic
cross coupling reactions when designing a synthetic process is that deviations from the ideality score defined
by Baran are not generally determined by the cross-coupling conditions.

%ideality = [(no. of construction rxns)+ (no.of strategic redox rxns) x 100
(Total no of steps)

Another key cost element for process evaluation is plant occupancy, which is directly related to the process
time. The full production cost of an active pharmaceutical ingredient (APl) is, thus, determined by adding the



costs of plant occupancy (e.g. depreciation, manpower, quality control (QC), and maintenance), energy, and
waste management to the RMC. However, the cost of an APl is generally not a fundamental element until
the new chemical entity (NCE) is under patent, but becomes critical when generic competition starts.

Lipshutz highlighted when using precious-metal-based organometallic catalysts, such as palladium, especially
considering their relatively low abundance. [10] Therefore, for the development of new methods based on
the twelve principles of green chemistry, the key parameters to be considered are i) PMIr, which accounts
for the recovery of chemicals including the metal catalyst; i) reaction time and temperature; and iii) catalyst
performance using the turnover number (TON) and turnover frequency (TOF).

1.1.2 The Twelve green principles: A translation guide for cross-coupling reactions

In pharmaceutical chemistry, the molecular structure of a drug defines the limits of process development
because the target structure cannot be changed.

The twelve principles of green chemistry (Figure 3, right and left) were developed to inspire the creation of
new processes or methodologies for APl synthesis. In fact, all the critical aspects of sustainability were
considered by Anastas and Wagner, namely environment (Nos. 1, 2, 3, 5, 7, 8, and 10), health (Nos. 3,4,5),
safety (Nos. 5, 11, and 12), and energy optimisation (No. 6). In addition, the overall synthetic strategy (No. 3)
and product design (No. 4) were considered, but the only methodology taken into consideration was catalysis
(No. 9). Regarding this principle (No. 9, catalysis), in our opinion, the reaction efficiency and recycling
potential or catalyst recovery are crucial parameters for greening industrial processes. In this context, TON
and TOF are standard parameters that should be enhanced during process development. Therefore, we
propose a translation of the twelve principles to inspire the development of efficient and sustainable catalytic
protocols at the industrial level. A schematic of the guide is shown in Figure 3, and a full description is given
in Table 1.

SAFER CHEMICALS TO PREVENT POLLUTION 10
PREVENT ACCIDENTS
DESIGN FOR
High yields, chemo-regio and DEGRADATION

stereoselectivity

Highly chemoselective reactions

11 Use of renewable and biogenic
Low PMI/PMIr 12 al &
REAL TIME ANALYSIS TO materials
REDUCTION OF
DERIVATIZATION (1]
REACTIONS 05

Use of less reactive substrates DESIGN FOR 09 High TON and TOF

ENERGY EFFICIENCY

SAFER SOLVENTS AND
AUXILIARY
SUBSTANCES 09

Design for safer combinations of T T

Use of chemicals that do not

: & & &

catalv;ts, SOIVEMS} starting STOICHIOMETRIC 04 10 persist in the environment
materials and auxiliaries REAGENTS SN
02 SAFER
CHEMICALS
) A ATOM ECONOMY :
Catalytic reaction in green and/or T TR Full control of the reaction
biogenic sustainable solvents mechanism, intermediates & side

product formation

Starting material & auxiliary
selection to avoid the use of toxic
chemicals

05
Fast reaction under mild conditions
T must be always < 100°C 12

Preferred T <60 °C
Ideal T 20/35 °C

Figure 3. The Twelve Principles of Green Chemistry. A guide for organometallic chemists.



Table 1. The Twelve Principles of Green Chemistry: a translation guide for catalysis.

THE TWELVE PRINCIPLES OF GREEN CHEMISTRY

TRANSLATION FOR CATALYTIC REACTIONS

1. Prevention. It is better to prevent waste than to treat
or clean up waste after it has been created.

Low PMI and PMIr are preferable. The catalytic reaction
should be performed at very high concentrations and the
recovery of solvents, chemicals and catalysts should be a
target in process design.

2. Atom Economy. Synthetic methods should be
designed to maximise incorporation of all materials used
in the process into the final product.

The catalytic reaction should be optimised by the fine
tuning of the reaction conditions to minimise reagent
excess and achieve high chemo/regio and
stereoselectivity.

3. Less Hazardous Chemical Synthesis. Wherever
practicable, synthetic methods should be designed to use
and generate substances that possess little or no toxicity
to human health and to the environment.

Catalytic reactions should be chosen that enable
synthesis based on non-toxic and unreactive substrates.
High reactivity is generally associated with high toxicity.

4. Designing Safer Chemicals. Chemical products
should be designed to preserve efficacy of function while
reducing toxicity.

Catalysts, solvents, starting materials and auxiliaries
should be designed and combined to achieve high
reaction performances while minimising toxicity.

5. Safer Solvents & Auxiliary. The use of auxiliary
substances (e.g., solvents, separation agents, etc.) should
be made unnecessary wherever possible and, innocuous
when used.

Catalytic reactions should be performed limiting solvents
and auxiliaries and, whenever possible, biogenic
sustainable materials should be used.

6. Design for Energy Efficiency. Energy requirements
should be recognised for their environmental and
economic impacts and should be minimised. Synthetic
methods should be conducted at ambient temperature
and pressure.

The best energy efficiency should be achieved by the use
of highly reactive catalysts to enable fast reactions under
mild conditions. The reaction temperature should be
always < 100 °C, preferably < 60 °C and ideally between
20-35 °C

7. Use of Renewable Feedstocks. A raw material or
feedstock should be renewable rather than depleting
whenever technically and economically practicable.

Use of renewable or biogenic materials should be the
preferred choice. Concerning precious metal catalyst,
recovery is crucial to guarantee sustainability.

8. Reduce Derivatives. Unnecessary derivatisation (use
of blocking groups, protection/deprotection, temporary
modification of physical/chemical processes) should be
minimised or avoided if possible, because such steps
require additional reagents and can generate waste.

The reaction should be highly chemoselective to avoid
the introduction of stable or temporary protective
groups or functional group manipulation.

9. Catalysis. Catalytic reagents (as selective as possible)
are superior to stoichiometric reagents.

The catalytic reaction must be efficient and have a high
score high TON and TOF using only a relatively small
amount (ppm) of catalyst.

10.Design for Degradation. Chemical products should be
designed so that at the end of their function they break
down into innocuous degradation products and do not
persist in the environment.

Chemicals used in the catalytic reaction should not
accumulate in the environment and should break down
into nontoxic metabolites.

11. Real Time Analysis for Pollution Prevention.
Analytical methodologies need to be further developed
to allow for real-time, in-process monitoring and control
prior to the formation of hazardous substances.

Real time monitoring to control the formation of
hazardous substances is based on the complete
understanding of the mechanism and side product
formation of the catalytic reaction.

12.Inherently Safer Chemistry for Accident Prevention.
Substances and the form of a substance used in a
chemical process should be chosen to minimise the
potential for chemical accidents, including releases,
explosions, and fires.

The catalytic reaction should focus on the use of mild
conditions, avoiding the use of solvents with high flash
point and sensitive to oxygen.

Palladium-catalysed cross-coupling reactions can easily satisfy some of these principles: high selectivity and
stoichiometry allow control of atom economy (No. 2), catalytic transformations are generally based on the
use of less hazardous technologies (No. 3), and high chemoselectivity allows the reduction of functional group



manipulation and protective groups (No. 8). By applying the other principles, further methodology design
and development can be achieved. In particular, the selection of solvent and auxiliaries while maintaining
the catalyst efficiency is a key target.

2. Experimental
2.1 Materials

Commercial reagents (reagent grade, >99%) were used as received without additional purification. N-
Hydroxyethylpyrrolidone (HEP) is commercially available and was used after degasification.

High-performance liquid chromatography—ultraviolet (HPLC-UV) analysis was performed using an Agilent
1260 InfinityLab instrument. Column: Zorbax® SB-C18; particle size, 5 um; pore size, 100 A; length, 250 mm;
internal diameter, 4.6 mm. Mobile phase: H20/CH3CN, 0.5 mL min-1, gradient from 30 to 80% of CH3CN in
8 min, 80% of CH3CN from 8 to 22 min, from 80 to 10% from 22 to 24 min, and 10% from 24 to 30 min; 30
°C; injection volume: 20 pL.

2.2 Optimized synthesis of 3-ethynyl-aniline 2

In a 50 mL Schlenk purged with N2, the palladium pre-catalyst Pd(ACN)2CI2 (13.0 mg, 0.05 mmol, 0.2 mol %)
and phosphine ligand SPhos (62.0 mg, 0.15 mmol, 0.6%) were dissolved in 10 mL of HEP and water as a co-
solvent. The other reagents were then added in the following order: N,N,N’,N’-tetramethyl guanidine (3.2 g,
3.45 mL, 27.5 mmol, 1.1 eq), 3-bromo-aniline 4 (4.3 g, 2.7 mL, 25 mmol, 1 eq), and 2-methyl-3-butyn-1-ol 5
(3.1g,3.6 mL, 37.5 mmol, 1.5 eq). The reaction mixture was heated to 80 °C in an oil bath and maintained at
this temperature with stirring for 12 h. After complete conversion into intermediate 6 (monitored by HPLC-
UV at 210 nm), a further 2 mL of water was added and the mixture was extracted with 25 mL of toluene
(three times), transferred into a 100-mL round-bottom flask, and directly treated with (NaOH 1.0 g) for the
deprotection of the masked acetylene. The mixture was refluxed for 1 h, and the acetone by-product was
removed periodically using a Dean-Stark trap. Upon completion, the reaction was cooled to 25°Cand 0.3 g
of monmortillonite was added. The reaction mixture was then stirred for 15 min at room temperature and
subsequently filtered to remove the particles of NaOH and montmorillonite. HEP (from Scheme 3, step (a))
and toluene (from Scheme 3, step (b)) were recovered in 95% yield after distillation under reduced pressure,
and product 2 was obtained in 92% yield without purification.

3. Results and Discussion
3.1. Erlotinib and the Heck-Cassar-Sonogashira cross coupling

Erlotinib (1, Scheme 1), a quinazoline derivative that selectively and reversibly inhibits the tyrosine kinase
activity of epidermal growth factor (EGFR), was discovered by Pfizer in 1996.[11] After a few years, in the
context of Pfizer's acquisition of Warner—-Lambert, the company was forced to divest erlotinib to OSI
pharmaceuticals, which completed the development process in partnership with Genentech. In 2004,
Tarceva® (erlotinib) was launched in the USA for the treatment of advanced non-small-cell lung cancer.
Through retrosynthetic analysis (Scheme 1), 3-ethynyl-aniline 2 was identified as the key intermediate,
whose backbone includes a C sp2—C sp connection, which is typically the result of the Heck—Cassar—
Sonogashira (HCS) cross-coupling (Scheme 2).



Scheme 1. Erlotinib retrosynthesis.
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Scheme 2. Heck—Cassar—Sonogashira reaction.
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The use of a protective group on one of the acetylene terminals is necessary for coupling with commercially
available 3-bromo-aniline 4. The preferred acetylene synthon is 2-methyl-2-butyn-1-ol 5 because it is
consistently more stable than the alternative trimethylsilyl acetylene.

An important issue in this reaction is the choice of base, which is necessary in stoichiometric quantities for
the HCS cross-coupling reaction (Scheme 2), and is sometimes used as a reaction medium. [12] Unfortunately,
many bases are toxic, and their use in stoichiometric amounts in the presence of less problematic solvents is
preferred.

Scheme 3. 3-Amino phenyl acetylene 2 synthesis.

OH
a) b)
+ B ——— B ———
H,N B e \\ HoN X
2 f If : N
4 5

OH
6 2

a) Palladium-catalysed cross-coupling (see Table 2). b) Deprotection step carried out in toluene (133 g/L, 0.65 M) in the presence of NaOH at
reflux for 1 h, quantitative yield.

In 1996, Cabri and Oldani filed a patent for the synthesis of 2 based on the use of the Sonogashira protocol
with a Pd(0)/Cu(l) catalyst for HCS coupling (Scheme 3 and Table 3, entry 1). [13] The reaction was performed
using 0.6 mol% of palladium catalyst, 2.4 mol% of triphenyl phosphine or 1,1'-bis(diphenylphosphino)



ferrocene (DPPF), 0.17 mol% of copper co-catalyst in N,N-dimethyl formamide (DMF) at 70-75 °C in the
presence of tetramethyl guanidine (TMG) as a base. The selected base, TMG, has a very high pKa (15.2 in
water and 23.3 in acetonitrile) [14] and a greenness score according to GlaxoSmithKline (GSK) scientists[15]
higher than those of several popular bases used in HCS coupling (see Table 2).[12] The PMI of this protocol
(Scheme 3, step (a)), including the solvent work-up, is 24, and the reaction has some positive aspects, such
as stoichiometry, limited excess of base and alkyne, and low amount of palladium catalyst. In addition, TMG
is a very efficient base and was chosen at that time (the Sneddon greenness score was published almost 26
years later) mainly because of the reaction efficiency. In this reaction, the solvents and water account for
87% of the PMI, which is typical of pharmaceutical industrial processes.[16] However, the estimated recovery
of dichloromethane (DCM), around 70%, did not have a significant impact because the PMIr was still very
high. From the point of view of sustainability and green chemistry, the main issue facing this protocol is the
use of DMF and DCM. DMF, which is still one of the solvents of choice for palladium-catalysed cross-coupling
reactions,[17] is highly toxic, [18] and, in industry, the search for alternatives is active. [19] DCM, in addition
to its health concerns, has a relatively low boiling point, and the recycling process, as well as its manipulation,
generally results in losses due to the constant release of the solvent to the atmosphere.[19,20] Moreover,
the TON of this reaction was 118, but the TOF cannot be determined because the reaction time was not
reported. Furthermore, the step for the deprotection of the masked acetylene for all processes in Table 3
requires the use of NaOH in refluxing toluene for 1 h (PMI = 13; PMIr = 2).[21] Clearly, the choice to separate
the two coupling and deprotection steps increased the PMI and decreased the greenness of the two
reactions. The overall process had a PMI of 53 and a PMIr of 35.

Table 2. Median Lethal Dose (LDsg) in rats and GSK greenness score of the most popular bases in the HCS.

Base LD50 mg/kg? GSK'’s greenness score®
TMG 830 7.5
TEA 730 6.9
DABCO 700 6.5
DBU 120-681 7.3
Diisopropylamine 420 6.9
nButylamine 372 6.9
DIPEA 317 6.3
K3PO4 n.a. 7.3
Cs,CO3 n.a. 7.3

aData from the ECHA web site, - See reference XIV.

Table 3. Comparison of the syntheses of Erlotinib intermediate 2.

Entry Pre-catalyst Ligand Cul TMG 5 . Solvent T t | Yield | TON [TOF| PMI | PMIr
(mol%) (mol%) | mol% (mol%) equiv °C| h % h?
1 PdCl, (0.6) PPhs(2.4) | 0.17 | TMG (1.15) | 1.6 DMF 75 71 118 |n.a.| 53 35
2 Pd(OAc); (3) | P(0-tol)s(6)| - DBU (3) 1.24 THF 80 | 6 86 28 5 | 1250 | 669
3 Pd(DPPF)Cl,(2) - - TMG (1.1) 3 HEP 60 | 3 85 43 | 14 | 122 18
4 Pd(ACN),Cl,(0.2) | SPhos - TMG (1.1) | 1.5 HEP; ;Vlater 80 | 12| 92 460 | 38 | 17 6




Subsequently, Caporale at al. changed the solvent, base, and ligand and eliminated the co-catalyst, thus
improving the reaction protocol (Table 3, entry 2).[22] However, the changes did not substantially increase
the greenness of the reaction. In particular, tetrahydrofuran (THF) is a source of concern at the industrial
level in relation to the environment, health, and safety (EH&S, see principles 12 and 5).[15] In addition, the
workup in step (a) was not designed for industrial production and had a negative impact on the PMI (1250)
and PMIr (669).The application of our guide based on the twelve principles should lead to the development
of a method with lower PMI and PMIr values and allow for increased TON and TOF while using solvents with
a higher greenness scores.

In 2020, HEP (which, at the time, was considered a biogenic intermediate for the synthesis of vinyl
pyrrolidone), [23] was selected for the development of HCS coupling reactions in green solvents [24] because
of its excellent solubilisation performance, a flash point close to 212 °C, and a low acute oral toxicity in rats
(median lethal dose (LD50) > 14400 mg/kg). [25] The use of HEP as a solvent and DPPF as a palladium ligand
allowed the co-catalyst to be eliminated and increased the yield to 85% (Table 3, entry 3). Unfortunately, the
TON/TOF were poor (43/14, respectively). However, the use of toluene as an extraction solvent allowed the
deprotection step to be carried out directly, and the PMI was high (122), although the PMIr was comparable
to that of the 1996 protocol (Table 3, entries 1 and 3). The main issue of this process was the high dilution of
the cross-coupling reaction and the catalyst performance (TON/TOF = 122/18).

The use of Buchwald’s ligand SPhos [26] at a higher concentration (from 0.5 to 2.5 M) allowed a reduction in
the amount of excess reagent to control the PMI/PMIr (17/6) and achieve better catalyst performance
(TON/TOF = 460/28, entries 1-4). This is the most efficient and green process for the production of erlotinib
intermediate 2 and is described in the Experimental section.

4. Conclusions and perspectives

A translation of The Twelve Green Chemistry Principles into practical suggestions for catalysis combined with
the PMI as a green metric and the TON/TOF values for catalyst efficiency has been reported. These are
powerful tools for the greening and optimisation of cross-coupling reactions. We believe that this guide will
accelerate the introduction of green catalytic methodologies in the pharmaceutical sector.

The synthesis of an erlotinib intermediate via HCS cross-coupling and its optimisation to develop an efficient,
cost-effective, and greener procedure has been described. The fine tuning of the reagent stoichiometry,
palladium ligand reaction conditions, and overall solvent recovery process allowed the process mass intensity
after recovery (PMIr) to be optimised to 6, thus increasing catalyst performance and achieving a final
TON/TOF of 460/38. This example is similar to those of many other reactions applied in pharmaceutical
chemistry. In fact, the positive outcome is a result of the use of alternative sustainable and biogenic solvents
[27] and more efficient catalysts.
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