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Abstract: The global E factor (EG factor) has recently been introduced, in the context of asymmetric
organocatalysis, as a new green chemistry metric to take into consideration the synthesis of the
catalyst in the overall economy of the synthetic process of a given chiral molecule in optically pure
form. Herein, its further usefulness in comparing diverse catalytic systems, even different from
organocatalysts, is shown by the analysis of four case studies.
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1. Introduction

Cutting-edge strategies to build up molecules in a selective fashion, namely to obtain a
single isomer of a given target compound, mostly rely on the use of catalysts. Leaving aside
biocatalysis, artificial catalytic systems can be divided into metal-based and fully organic.
The first group includes metal inorganic salts, metal nanoparticles, and organometallic
catalysts, the latest being mainly transition metal complexes with organic molecules acting
as ligands. The second group concerns organocatalysts, which can be divided on the basis
of their mechanism of action, according to the general classification proposed by List and
Maruoka [1]. Apart from some types of reactivity, for which the use of certain species
is mandatory (e.g., palladium, thus transition metal-based catalysts, for Suzuki cross-
coupling), one could be in the situation of choosing among completely different strategies
to carry out a chemoselective, regioselective or stereoselective transformation. For example,
the use of catalytic amounts of an organic Brønsted acid or a Lewis acidic transition metal
is a suitable alternative to activate a carbonyl compound before it undergoes reactivity with
a nucleophile. However, especially in the case of large-scale processes, some key features
play a non-negligible role in determining the privileged strategy to employ, namely: waste
amount, safety, operational simplicity, and availability of necessary equipment. All of these
points directly affect the cost and the practical feasibility of the process itself and, directly
or indirectly, most of them are considered in the twelve principles of green chemistry [2,3].
Very recently, we have proposed the global E factor (EG factor) as a new green chemistry
metric in the context of asymmetric organocatalysis, to take into account the synthesis of the
catalyst in the overall economy of the process, and demonstrated that this can importantly
affect the total waste amount of the process [4] and, thus, its E factor [5] and its cost. Herein,
taking advantage of the suitableness of catalytic systems possessing different natures in
promoting the same transformations, we mean to give a further example of the usefulness
of this parameter, by the analysis of four selected examples, which constitute our case
studies [6].
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2. Discussion
2.1. Case Study 1: Diastereo- and Enantioselective Diels-Alder Reaction

The Diels-Alder reaction is a classic example of a perfectly atom economic reaction,
with a general preference towards the endo adduct (Alder’s rule) [7,8]. Therefore, the use of
suitable catalytic systems, and the pursuit of high diastereo- and enantio-selectivity capable
of working in sustainable conditions, make this transformation a perfect candidate to de-
velop truly green protocols. To compare two different catalytic systems and their impact on
the overall waste amount of the process, methyl (1R,2S,3S,4S)-3-phenylbicyclo [2.2.1]hept-
5-ene-2-carboxylate, namely compound (S,S)-3, was selected as the model compound,
resulting from the Diels-Alder cycloaddition of chalcone derivative 1 to cyclopentadiene
2. The first strategy requires the use of a paltry amount (0.1 mol%) of highly potent imi-
dodiphosphorimidate (IDPi) (R,R)-4, which acts as a pre-catalyst, since it generates the
active catalytic species in situ, in the presence 20 mol% of silylating agent 5 [9]. The reaction
between 2 and methyl cinnamate 1a does not require an inert atmosphere, nor any solvent,
despite the thermal conditions are not ideal in terms of energy efficiency: indeed, the reac-
tion proceeds at−40 ◦C for 48 h. However, (S,S)-3 was obtained in almost quantitative yield,
22/1 dr and 92% ee, with a non-trivial simultaneous control of two stereocentres (excluding
the other two, constrained by the bicyclic structure of the product). The resulting E factor
of 380 is importantly affected by the purification by column chromatography, which, due
to the high yield, presumably serves to separate the product from the catalyst (R,R)-4 and
unreacted excess of 2. Remarkably, the use of only 0.1 mol% of the IDPi catalyst (having an
E factor of 4841 [4]) contributes to an increase of 10% of the total waste amount, so that the
EG factor rises to 418. Nevertheless, it must be stressed that in the same procedure, upon
recovery and acidification, an IDPi analogous to (R,R)-4 has proven to be recyclable without
erosion of the stereoselectivity for 5 cycles. The recyclability of the catalyst has an important
role in the reduction of the mass waste, so the EG factor has to be considered only for the
first catalytic cycle, while the simple E factor can be taken into account for any further
transformation which employs the recycled catalytic species (as a first approximation, if
minimal yield erosions and the additional material for the regeneration of the catalyst
are neglected). Last but not least, the reaction has been performed on a 1.3 g scale of 1a,
proving suitable for further scalability.

On the other side, a catalytic asymmetric protocol in water was developed by Roelfes
and Feringa [10], in which the active catalytic species is generated in situ from an achiral
bipyridine complex with cupric nitrate (compound 6) and a fragment of salmon testes DNA
(st-DNA), whose buffered aqueous solution is commercially available. In this case, the im-
portant degree of association (whose constant had been previously measured by the same
authors) of the achiral copper complex with the inherently chiral st-DNA fragment provides
the basis for an efficient chirality transfer, in a deoxyribozyme mimic approach [11]. As in
the case of biocatalysis, the use of biological material (enzymes, entire cells, or even RNA
or DNA fragments, like in this case) can be defined as advantageous under the profile of
waste production, since no synthetic steps are required; on the contrary, it may raise ethical
dilemmas in some situations (e.g., the use of animal enzymes or cells). Therefore, from
the perspective of the waste mass, the extraction of DNA has not been considered and
the E factor of the catalytic system is essentially those of complex 6, which has a value of
354. In this calculation, a high-yielding industrial procedure for 4-methylpyridine homo-
coupling has been considered [12], including N-oxidation of 4-methylpyridine, coupling,
and reduction of the resulting bipyridine N-oxide. It must be stressed that, in any case,
greener approaches for the N-oxidation of 4-methylpyridine than those described in the
above-mentioned procedure have been presented [13], despite not being considered in
this E factor calculation. Finally, the complexation of 4,4′-dimethyl-2,2′-bipyridine with
trihydrate cupric nitrate was considered to complete the overall sum of waste produced in
the synthesis of complex 6 [11]. Due to the intrinsically low reactivity of α,β-unsaturated
esters (like methyl cinnamate 1a) in the Diels-Alder cycloaddition [14], Roelfes and Feringa
had to start from substrate 1b, arguing that a heterocyclic nitrogen atom is essential for
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coordination to the copper catalytic center in an aqueous environment, presumably due
to competitive coordination by the oxygen atom of water itself. Only after the reaction
between 1b and 2, the Diels-Alder product (1-methyl-1H-imidazol-2-yl)((1R,2S,3S,4S)-
3-phenylbicyclo[2.2.1]hept-5-en-2-yl)methanone (70% yield) is treated first with methyl
triflate and then with methanol, to afford the target compound (S,S)-3 (41% yield, 29%
overall yield) in virtual diastereopurity and 96% ee. Unfortunately, an extremely high
dilution rate and the necessity of three separate steps with two chromatographic purifica-
tions severely affect the overall waste amount, so an E factor value of 28,700 results. The
synthesis of the necessary amount of catalyst (5 mol%) accounts for 0.38% additional waste
and the EG factor rises to 28,808.5. It must be stressed that, in this case, the transformation
has been performed on a 1 mmol scale of 1b.

This comparison shows that, even if a higher waste increase is produced by the use
of a catalyst with a high E factor, like (R,R)-4, this effect is compensated by the optimal
reaction conditions allowed by the use of such catalyst and by its recyclability (that has
not been accounted in the calculations). On the other side, a less waste-impacting catalytic
system (lower E factor of the catalyst) which, albeit working in green conditions as well,
imposes to operate at high dilution rates, may not result in the optimal choice. In any case,
the E factor of the selected catalytic system affects the additional waste amount produced
(+10% against +0.38%). A resume of the reaction conditions and the calculated metrics is
proposed in Scheme 1.
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2.2. Case Study 2: Regioselective Hydration of Internal Arylalkynes

The versatility of alkynes as substrates has earned them the title of “white canvas” for
organic synthesis. Indeed, their hydration is an excellent atom-economic transformation
to provide carbonyl compounds, useful building blocks in C-C bond-forming reactions.
Catalytic methodologies have been developed across the decades [15], either for non-
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regioselective or regioselective protocols (both Markovnikov and anti-Markovnikov). Most
catalytic systems developed for such protocols rely on transition metals [16], especially
gold [17], and, more recently, on first-row transition metals in general [18]. As our second
case study, we selected the challenging Markovnikov hydration of 1-phenylpropyne 7 to
propiophenone 8 (comparison in Scheme 2). In the first example, hydrate iron(III) sulfate is
catalytically employed in acetic acid (0.5 M with respect to substrate 7) [19]. Mechanistic
investigations unveiled a Lewis acid-assisted Brönsted acidic catalysis, the acidity of acetic
acid (catalyst, solvent, and hydration agent) being enhanced by the metal salt (co-catalyst)
and allowing for protonation of the triple bond, the addition of acetate, hydrolysis of the
resulting acetyl enol ether and final keto-enol tautomerization. Albeit the simultaneous
presence of hydrate ferric sulfate and acetic acid is mandatory, both of them are commer-
cially available and inexpensive, so the EG factor results equal to the E factor, whose value
of 770 is due to a 78% yield (78%) which demands a chromatographic purification.
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Conversely, an engineered catalyst has been developed and used to realize the same
transformation in higher yield (95%), shorter time (1.5 h), and lower temperature (80 ◦C) in
water (solvent and hydration agent) by the group of Wang and Li [20]. The catalyst is con-
stituted by gold nanoparticles covalently bounded to mesoporous silica gel functionalized
with propylthio and propylsulfonic groups, for which an E factor of 625 can be calculated.
Despite an important dilution rate of 7 (i.e., the concentration is only 0.06 M), the absence
of chromatography accounts for a much lower E factor than the one of the iron-catalyzed
protocol. However, an EG factor of magnitude over 7.5 higher than the corresponding
E factor is obtained if one takes into account the waste generated in the synthesis of the
necessary amount of catalyst. It must be stressed that gold nanoparticles were recoverable
and recyclable for at least ten subsequent catalytic cycles. The recyclability of a catalyst is
an important feature, which must be carefully evaluated to amortize the cost to synthesize
it. However, this aspect is not numerically taken into account in the EG factor, since catalyst
recyclability shall be verified case by case.

2.3. Case Study 3: Enantioselective Mannich Reaction

Among the atom-economic C-C bond-forming reactions, the Mannich reaction was
chosen as the third case study, as a plethora of direct catalytic asymmetric methods to
perform this transformation has been developed over the decades [21,22]. These include,
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in particular, several organocatalyzed strategies [23] and, within this context, it shall not be
forgotten that asymmetric organocatalytic Mannich reactions themselves paved the way to
a large employment of chiral phosphoric acids, perhaps one of the most important classes of
Brønsted acid organocatalysts [24–26]. For this case study, we chose to analyze the addition
of malononitrile 11 to the N-Boc-protected aldimine of benzaldehyde, namely compound 12,
to afford in high enantiopurity the corresponding N-Boc-α-dicyanobenzylamine 13. None
of the two compared catalytic strategies is performed in properly green conditions; indeed,
an aromatic (toluene) or a chlorinated (chloroform) low polar solvent is employed with
high dilution rates with respect to substrate 12 and under an inert atmosphere. However,
the two protocols (both from Arai and co-workers) have a very similar E factor (389 vs.
404) and are performed on the same reaction scale (0.2 mmol of N-Boc imine 12); thus, the
impact of the synthesis of the catalyst can be evaluated with particular accuracy. In the first
case, the employment of 3 mol% of chiral rhodium pincer complex 14 as the organometallic
active catalyst allows us to afford product 13 in 99% yield and 92% ee [27]. An E factor of
389 can be calculated for this process, which, in consideration of an E factor of 1734 for
catalyst a, returns an EG factor value of 592. The latest value accounts for 52.3% additional
waste, only due to the synthesis of the necessary 6.3 mg of 14. On the other side, halogen
bonding organocatalyst 15 has an E factor of 626 but, more interestingly, only 0.5 mol%
of 15 is sufficient to afford 13 in 93% yield and 98% ee [28]. It must be stressed that, in
the latter case, a slightly larger excess of 11 (2.0 equivalents vs. 1.5 equivalents), a longer
reaction time (32 h vs. 18 h), and a considerably lower temperature (−50 ◦C vs. r.t.) with
respect to the Rh-catalyzed procedure are crucial to bringing the reaction to completion
in a stereoselective fashion. Nevertheless, the EG factor (412) looks not so different from
the E factor (404), accounting for a low impact of the synthesis of the necessary amount of
catalyst on the overall process (1.8% additional waste). These results are summarized in
Scheme 3.
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2.4. Case Study 4: Convergent Enantioselective Hydrogenation of Enamides

As the last case study, a completely different atom-economic transformation, namely
the hydrogenation of enamides, was selected. Albeit hydrogenations are generally charac-
terized by the complete incorporation of all of the atoms of the reactants into the products
(AE = 100%), additional concerns may rise from stereochemical issues, since a limited
number of chiral catalysts can convert both the E and Z isomers to the same enantiomer
of the product, which means to perform a convergent enantioselective transformation.
This means that such selective catalysts can convert E/Z mixtures of the enamide; vice
versa, a pure geometrical isomer of the starting material is needed. Restricting the focus
to catalysts able to perform highly stereoselective convergent hydrogenations, these rely
on chiral complexes of Rh(I) [29,30], Ni(II) [31], and Ru(II) [32]. The convergent enantiose-
lective hydrogenation of E/Z mixtures of N-(1-phenylprop-1-en-1-yl)acetamide 16 to pure
N-acetylamine (S)-17 promoted by two chiral catalysts based on Rh(I) and Ir(I), respectively,
will be therefore taken into account. In the first example, by the Zhang group, bis biaryl
diphosphine ligand (R,R)-binaphane is employed to generate in situ the active catalytic
species 18, in the presence of [Rh(COD)2]PF6 [33]. A high E factor of 4603.5 can be estimated
for catalyst 18, so that, even if only 1 mol% of the Rh-based catalyst is sufficient to afford
the desired optically pure product in quantitative yield and 99.1% ee, an additional 78.1%
waste can be taken into account from the synthesis of 18, giving an EG factor value of 563.5.
This value, as well as the classical E factor, which is 316 for the protocol by Zhang [33],
is particularly high, and is due to the filtration of the catalyst on silica gel and the high
dilution rate (final concentration of 0.04 M); after all, except for the temperature, the reaction
conditions cannot be defined green. However, the most astonishing observation regards
the additional waste percentage due to the synthesis of only 1 mol% of the catalyst, which
is generated in the reaction environment and then filtered off without being recyclable. It
must be stressed that the reaction is run on a 0.1 mmol scale, therefore a reduction of the
overall waste amount may result from optimization of the solvent amount on a larger scale
(not presented in the original paper, in any case).

In the second example [34], the hydrogenation reaction of the two geometrical isomers
of compound 16 is prone to happen in the presence of Ir-based complex 19 (1 mol%)
proposed by the Andersson group [35] and having an E factor of 1676.5, a value almost
3 times lower than that of Rh-based catalyst 18, the catalyst loading being the same. No
particular advantages characterize the latter procedure in terms of reaction environment
benignity (i.e., DCE is a chlorinated class 1 solvent like DCM), but a pleasant reduction of
the solvent amount can be noticed, due to a more than 10 times higher concentration of
substrate 16 (0.5 M against 0.04 M). Furthermore, the higher price paid in terms of energy
efficiency (60 ◦C for 16 h against r.t. for 24 h) is compensated by a much lower waste
amount. Indeed, the E factor of the process is 149, and is less affected by the synthesis
of catalyst b, with a +10% waste produced, affording an EG factor of 164. In summary,
the employment of more expensive Ir starting material for the preparation of the catalyst
is balanced by a lower E factor of the final species 19 and this means an overall more
sustainable process, considering also the similar employed hydrogen pressure, purification
procedure (i.e., filtration on silica gel) final yield and ee (Scheme 4).
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3. Materials and Methods

The calculation of the E factor and the EG factor is performed on the same algorithm
as Ref. [4], following the general formulas reported in Equation (1) and Equation (2),
respectively:

E factor =
Mass o f waste (kg, g or mg)

Mass o f use f ul product (kg, g or mg)
(1)

EG factor =
Mass o f waste (kg, g or mg) + Mass o f catalyst waste (kg, g or mg)

Mass o f use f ul product (kg, g or mg)
(2)

where the mass of catalyst waste is the waste produced to synthesize the necessary amount
of catalyst for the process, and it can be calculated according to Equation (3):

Mass of catalyst waste = Catalyst E factor x mass of catalyst employed (3)

Experimental details for the calculation of the E factor have been taken from the
supporting information of the original literature papers and the calculation has been
normalized to the amount of the final target product. The necessary amount of silica gel
and eluent for chromatographic columns has been calculated from the algorithm described
in [6]. All columns have been considered to be manually packed with a moderately difficult
level of separation for the title compound, unless for specified chromatographic conditions
in the experimental procedure. In the case of filtrations, one-third of the material (stationary
phase, eluent) for standard chromatography has been taken into account. The amounts of
MgSO4 and Na2SO4 (density = 2.66 g/cm3, 1 flat-rate spoon = 1 cm3) were calculated as
follows: 1 flat-rate spoon for each 25 mL of the solution to be desiccated). Pressure gas and
recycling of species have not been taken into account in the E factor calculation. Further
details for the calculations are available in the Supplementary Materials.
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4. Conclusions

Several elements have to be considered when choosing how to perform a given
transformation on a multigram scale, even more so when highly selective catalytic systems
are needed, possibly performing in optimal conditions with large substrate scopes. All
of these key factors include the availability of the necessary equipment to work in some
conditions (e.g., inert atmosphere, cryostat, paddle stirrer, etc.), but also a high standard of
purity and lack of traces of certain metal impurities (this is the case of pharmaceuticals).
On the other side, the growing attention towards process sustainability demands a careful
look at waste reduction, energy efficiency, safety, operational simplicity, and, in general, all
of the aspects covered by the twelve principles of green chemistry. Some selective catalytic
technologies have nowadays been less implemented on an industrial scale with respect to
others. For instance, the hybrid catalytic system by Roelfes and Feringa described in our
first case study has not been scaled up; but, even more generally, the field of asymmetric
organocatalysis, for whose development the Nobel Prize for chemistry has recently been
awarded to List and MacMillan, is still waiting for more industrial applications [36,37]. The
four case studies presented in this perspective, selected on the basis of the feasibility of a
given selective transformation in the presence of catalytic systems having different natures,
represent a practical example of the usefulness of a numerical parameter like the EG factor
in supporting all the above-mentioned considerations. Furthermore, a few applicative
examples in which the EG factor has been taken into account in the development of new
catalysts [38] or in the choice of the catalyst for a particular reaction within the framework
of a multi-step transformation [39] are already present in the literature, and green chemistry
metrics, in general, are gaining increasing attention even for what concerns synthetic routes
to active pharmaceutical ingredients [40].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010102/s1.
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