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Abstract: The efforts to integrate environmental aspects, health aspects as well as safety aspects into chemical
production has led to the development of measurable and thus objectifying metrics. The application of these
metrics is considered to be most promising, especially during the earliest phases of synthesis design. However,
the operability in daily work suffers from the lack of available data, or a large variety of data, and the
complexity of data processing. If a life cycle assessment is not practical in the early development phase,
environmental factor and process mass intensity can give a quick and reliable overview. I will show that this
often says the same in advance as a subsequently prepared life cycle assessment. Readers will realise that,
based on preparative descriptions, they can quickly determine these metrics for individual syntheses or
extensive synthesis sequences applying the available software support. Environmental relevance in terms of
persistence, bioaccumulation and toxicity (PBT) can be presented using a modification of the European
ranking method ‘DART’ (Decision Analysis by Ranking Techniques). Based on corresponding PBT data,
readers can determine a hazard score between 0 and 1 for any substance using the spreadsheet file provided,
with which the mass of (potentially emitted) substances can be weighted. Occupational health can be rep-
resented using a modification of the recognized ‘Stoffenmanager’. Both concepts are presented and spread-
sheet files are offered. This article is based on a presentation which was given at the Green Chemistry
Postgraduate Summer School in Venice, 6"-10" July 2020.
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bioaccumulating toxic chemicals; PMI; process mass intensity; Stoffenmanager; sustainable chemistry; syn-
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Introduction

The research community is united by the goal of sustainability. The journals are full of articles on better
catalysts, shorter reaction paths, greener [1] solvents, less problematic substances, and more. But is one’s own
research result really better or greener than what already exists? The claim is quickly made. The question [2] as
to how one can be sure is justified, and the demand [3] for measurable proof is obvious. Of course, a balance
provides a measurable mass indication of the manufactured product, which is yet again identified with
measurable substance-specific boiling and melting temperatures, chromatography, infrared, NMR spectros-
copy, mass spectrometry, and so on. However, measuring sustainability is not that simple. This is due to the
fact that the three dimensions of ecology, economy and social [4] issues can be broken down into a wide variety
of sub-areas. The social aspect can mean, for example, protection against hazardous chemicals for employees
and residents in the vicinity of a production plant either of one’s own company or, on the other hand, a supplier
in a low-wage country with possibly lower safety and environmental standards [5], and potential child labor.
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Further aspects could be listed. The same applies to ecological consequences. Global warming potential,
acidification potential, ozone depletion potential etc. can be taken into account as well. With regard to
renewable resources, land use and availability of resources are two important categories. While the first is a
sensitive issue regarding concurrence with food production, the other stresses the long-term prominence
towards fossil resources. These impact categories are needed for a life cycle assessment [6] according to the ISO
14044. Most impact categories have to be considered separately and could then, if desired, be aggregated
according to an appropriate conversion key. The ecoinvent database [7] delivers relevant information about the
‘rucksacks’ of substances such as lime or toluene. However, the database is limited, which is why the time
demand for a full life cycle assessment is normally high. The need for simplification has led to industrial tools
such as the eco-efficiency method (BASF [8]) or the fast life cycle assessment (LCA) of synthetic chemistry
(FLASC [9] at GSK). Also, in academic research simplified LCAs [10-14] are conducted. Another approach is the
consideration of only the cumulative energy demand (CED), because correlations to other impact categories
indicate that it could be a predictor [15] for the environmental burden. Energy-related impacts [16] often
represent more than half and sometimes up to 80 % of the total impacts. However, in early synthesis design
little energy data exist and high uncertainties are associated with the estimation of data concerning potential
technological solutions. Interestingly, a tool is available for general use which is able to predict the CED for
(petro)chemicals [17], see Fig. 1. An example molecule would be 2-chloropropane (Fig. 2).

The calculations are valid if they are in the range of 0.5-9 kg CO,-eq/kg (GWP) and from 30 to
1400 MJ-eq/kg (CED) (Fig. 2). In this case, the approximation is about 2.6 for the GWP and 69 for the CED,
and the Ecoindicator 99 shows about 0.25 points (Fig. 3). Of course, these are not absolute values, but
they are within a statistical range for which a standard deviation is also given.

The methods of the different standardized procedures of a cradle-to-grave life cycle assessment differ in
their approach and focus — examples are: CML — method, UBA — assessment method, Eco — Indicator 99,
Sustainable Process Index (SPI), etc. A complete LCA creates degrees of freedom [18] and might open up the
view for renewable raw materials [19], where refinement could produce products that are readily biodegrad-
able. For example, pharmaceutical drugs. After they have taken effect in the body, they are released into the
environment via wastewater and may have a greater environmental impact than chemical substances released
during production. In this respect, a molecular design [20] with regard to rapid degradability could be pur-
poseful and should also be taken into account in didactic [21] concepts. The overall view in a LCA allows the
design of the product and the production chain to be better adapted [18] to the purpose. However, the holistic
approach of a life cycle assessment alone requires an immense amount of data. Corresponding software tools
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Fig. 1: Software EstiMol for use on the internet page of ifu hamburg, https://www.ifu.com/en/umberto/estimol/.
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Fig. 2: Selection of a substance for a data search.
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Go back to search results .
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Fig. 3: Results from the estimation for GWP, CED and Ecoindicator 99.

are Umberto, GaBi, Ecodesignkit, Simapro, OpenLCA and others. The complexity requires a lot of time and
effort. “LCA method is not specially designed for the evaluation of chemical processes or its application for
decision-making purposes during process design” [22]. Therefore, sometimes only the greenhouse gas balance
and the cumulated energy demand are considered. Especially during the development phase, when the
product is still in the chemical laboratory, the effort required for an LCA cannot be justified at all, especially
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since there are still many possibilities for changes, meaning that parameters change again and again. In this
respect, a simplified LCA [22] is recommended, where simulation tools can be used. But even that might take
some effort and know-how, if the goal is to find different synthesis possibilities in the first place. Of course,
there are many authors who at least make an evaluation with simple metrics. They are useful, for example, for
optimizing reaction conditions, e.g. substance 5a in Scheme 1. The best reaction conditions are achieved in
method V (Fig. 4). This is so because the E-factor (waste materials), the respective left (orange) column becomes
smaller and smaller, meaning, the amount of waste decreases. In this case, which of course does not apply in
principle, the yield would have sufficed as a metric, because it obviously shows the same positive trend.

Such considerations can also lead to intuitively unexpected results, as shown by the cross-metathesis of
oleyl alcohol with methyl acrylate (Scheme 2, Fig. 5). New disubstituted alkenes with new terminal functional
groups are formed. This can be done either with the free alcohol or with a protecting group. Now which is
better? When balancing the generated waste, it becomes clear that it makes sense to use a protecting group,
although this requires a further reaction step.

o
Awe S
HN\(\‘ H+ RJ\H NaOH(s) Scheme 1: Synthesis of
% (CH3),C(O) eI YT

NaHCOa(sat) imidazoline derivatives [23] —
1a: X=0 2 5 Reproduced by permission of
1b: X=S John Wiley and Sons.

(%) 100
i = E-factor (%) = Yield (%)
80
60 51
42
40 389
264 27
18
49
. Hm HE ml -
Methodology: i i iii iv v
Water (mL) 2.0 2.0 - - -
Diethanolamine (mL) 0.15 0.15 0.15 - -
Ethanol (mL) 1.0 2.0 2.0 2.0 -
NaHCO; (sat) (mL) 1.0 1.0 1.0 1.0 1.0
Hydantoin 1a (mmol) 23 4.2 40 43 4.1
Benzaldehyde 2a (mmol) . g 4.2 4.2 45 4.5
MW time (min) 5 10 20 10 10
MW temperature (°C) 120 120 120 140 140

Fig. 4: Optimization of synthetic reaction media for 5a (Scheme 1). The E-factor is the waste of a chemical synthesis [23] -
Reproduced by permission of John Wiley and Sons.
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+ RO, /==  OR +\ — Y Scheme 2: Cross-metathesis
R=H or R=Ac (CH)s (CHps  (CH2lz  (CH2)lz  [24] of oleyl alcohol with

self-metathesis products methyl acrylate.
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The authors state: “Quantitative comparison of the different synthetic approaches [...] revealed that the
introduction of a protecting group is a necessary second reaction step in order to minimize the overall
production of waste und use the raw materials more efficiently.”

As an example of a comparison of different synthesis methods, reference is made to oxidation [25-27]
reactions. According to the presented study, there is an advantage for the authors’ oxidation method with
oxygen (Fig. 6).

Many other examples can be found in the literature. A small collection of more than 60 literature references
can be found in the last section of an article [28] on alkene syntheses. Certainly, raw material-related data can
also be used to determine raw material costs, as the example of the comparison of five synthesis methods
shows (Fig. 7).

Mass related metrics vs. life cycle assessment

In a general synthesis of a reactant A and B to a product, by-products will normally be produced. Solvents,
water, and auxiliary materials have to be considered as well, which do not only appear on the input but also on
the output side. It is therefore a question of input materials and waste. If these are placed in relation to the
product, these metrics are called process mass intensity (PMI) and environmental factor (E) (Fig. 8).
Certainly, these metrics are very simple and are far from having the informative value of a life cycle
assessment. On one hand, a lot of data and information is missing at the synthesis planning stage, and on the
other hand, the E-factor and PMI can be used to draw reasonably reliable [30] and quick conclusions about the
life cycle assessment. Therefore, process mass intensity is used in the pharmaceutical industry to make
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T T T Fig. 6: E-factor of different oxidation reactions substance
Laccase/TEMPO manganese(lV Jones oxidation Dess-Martin .. .
%X,de ; cxidation 1a [27] - Reproduced by permission of John Wiley and
procedure Sons.
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PMI = 1 & E thesis.

processes more sustainable. Consequently, data on PMI and global warming potential correlate with one
another (Fig. 9).

This certainly does not mean that E-factor and PMI make LCA superfluous. After all, small changes in the
mass balance can have a significant impact on the global warming potential. For example, doubling the base
which is used to recycle an auxiliary material during development from the laboratory to the later process
resulted in a 10-fold reduction in the contribution of that auxiliary material to the global warming potential
(Fig. 10). In this example the mass balance, due to a minimal change, gives no indication of a significant
change that would show up in a life cycle assessment.

However, other studies show that mass balances using E-factor and PMI agree quite well with the result of
an LCA which was carried out using the Ecoindicator 95 method. Using the example of two asymmetric
reduction reactions (Scheme 3), an advantage for variant B is shown both for the E-factor (Fig. 11) and for the
LCA (Fig. 12), variant B resulting in fewer Eco-Points than variant A.

Another parallel between a life cycle assessment and simple metrics is shown by a comparison of several
photocatalytic reactions (Fig. 13). Here, we encounter the term EATOS. EATOS [31, 34, 35] is an Environmental
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Fig.9: Correlation between PMI and Global Warming Potential/carbon footprint. Reprinted with permission from [30]. Copyright
(2011) American Chemical Society.
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Q +—— === M Isomer reactions from Scheme 3 [25] — Reproduced (adapted) by
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A B
points (Eco 95) points (Eco 95)
0.1 0.1
enzyme  variant Ptmod* heterogeneous  variant B
0.08 + 0.08 +
0.06 + 0.06 +
0.04 1 0.04 1
0.02 4 0.02 4
0 4
M1 M2 M4 M5&6 M8 M1 M2 M3 M5&6 M7 M8
M1 = catalyst M3 = catalyst removal M5 = solvent drain off M7 = purification
M2 = reduction M4 = extraction M6 = rectification M8 = solvent recycling

Fig. 12: Eco-points of the two variants A and B of the reduction reactions [33] from Scheme 3. Modified reprinted from J. Clean.
Prod., 7, G. Jodicke, O. Zenklusen, A. Weidenhaupt, K. Hungerbiihler, Developing environmentally-sound processes in the
chemical industry: a case study on pharmaceutical intermediates, 159-166, Copyright (1999), with permission from Elsevier.

Assessment Tool for Organic Syntheses; a free software which can be employed to calculate E-factor and PMI,
even for multi-step synthesis sequences. In addition, qualitative aspects such as toxicology can be semi-
quantitatively introduced into the metrics.

Mass related metrics

Obviously, it makes sense to demonstrate how these metrics can be determined. In Table 1 the environmental
factor is first shown along with the yield and atom economy for a simple bromination reaction. Bromine is

Fig. 13: Comparison of different photocatalytic reactions, but their reaction equations are not presented here. For more
information, see the literature [36]. Reprinted from Appl. Catal., B, 99, D. Ravelli, D. Dondi, M. Fagnoni, A. Albini, Titanium dioxide
photocatalysis: An assessment of the environmental compatibility for the case of the functionalization of heterocyclics, 442-447,
Copyright (2010), with permission from Elsevier.
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associated with hazards, which is why there are repeated efforts to carry out bromination reactions without
molecular bromine and to produce it in small quantities in situ (see Synthesis 2 and 3) during the reaction. For
more details about the environmental factor see Fig. 14.

The numbers for the first reaction are noted under the reaction equation (Fig. 14), where the masses of the
unknown by-products and the reactant excess are indicated as well. Of course, the calculation of the latter is a bit
complicated. The ratio of waste to product is the environmental factor, which results in the value 2.5. But who

. Br (un- substrate
Closer look at the reaction: @ +[g—g —<Cla_ethanol_ C[ » o), excess calculation
Br Products hexene) iS tediOUS

Details in the reference: 123 g 210g 445mL 15mL 303g
(Org.Syn 1943, 2, 171)

Amended in [g]: 123g 210g 709g 12g 303g

Waste [kg] _ 445mL-1.594 .5 CCl, +15mL-0.785 % ethanol +14.9g by — products +15.1g substrate excess _

coduct [kg] 303g dibromocyclohexane

I
Who wants to calculate this and other metrics
for a range of alternative procedures?

Fig. 14: Experimental details considered in the E-factor.

¥ substrates | g Product | £ Coupled products | £ substrates | g3 Product | £ Coupled products |
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@[ import_| [oycioneene 1 Jeerno |=82145 import_| [oibromocyciohexane [ [csHioer2 |= 241053
HOW Can the E-faCtor be @ import | [eromine [ Jer2 |= 150808
determined?

. . Enter stoichiometry Bromination;project. - EAIO =
A tool 1S requ'red' File Language settings
/ Please choose syntheses you want to work with!
— |21 New
I More I Fewer | / Ok Cancel ’T B 2

3
/ Open

Br Compare

=y CCly, ethanol Bﬁme

Closer look at the reaction: @ +ier—g O:Br //ge.e.e
/ Close

Details in the reference: 123g  210g 445mL 15mL 303g

Literature/Laboratory diary:
Literature

Storage

File Edit Synthesis sequence ? Laboratory diary

| CommentExperimental desgfiption:

‘ Weighting | Literature | Substance list ‘

Auxiliary i ' Product ' Coupled products I W-produms ‘ PreSS ,com pa rel 7
( Substrates I cataysts /| Solvents |

Information:

Enter amounts

Name: Cyclohexene

Molecular formula: CBH10= 82.145
Coefficient: 1

Abbreviation CAS-number

Cyclohexene

Density
o |
= 5 Purity
Recyclable quantity l.
Emissions Additional ingredients

Comment:

Fig. 15: Entering information from the protocol of a synthesis using the EATOS software [31] - Reproduced (adapted) by
permission of The Royal Society of Chemistry.
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wants to calculate these and other metrics for a whole range of alternative procedures? A tool is required. This
could be the EATOS software. First, the stoichiometry is entered (Fig. 15). There are no by-products in this reaction.
They are referred to as coupled products in the software. The masses or volumes noted in the literature are then
entered in another window. If this is done for several syntheses, they can be compared in another window.

Figure 15is a very important figure in this article. The appeal is: use mass-related metrics! Prove the efficiency
of what is done or show where there is a need for further optimization. Always show a comparison to alternatives,
if they exist. How can this be done in a simple and fast manner? This figure shows how simple it is: stoichiometry,
quantity and comparison — E-factor and PMI. Syntheses can also be linked together in a synthesis sequence.

When comparing these syntheses, environmental factors emerge, as Fig. 16 demonstrates. For example, a
large amount of solid waste becomes apparent, and the use of bromine may still be the best option. Costs of raw
materials can also be entered in order to receive an overview of the raw material costs, and to see if optimizations
are necessary (Fig. 17). EATOS can be used for this purpose, as already shown in Fig. 7; even for complex synthesis
sequences. Once again: what about the hazards of bromine? How can these be considered? More about this later.
There are currently many variants to avoid molecular bromine (Fig. 18). On the left side, there are alkenes and the
bromination products. There are basically three methods. The use of molecular bromine, employing carrying
substances or producing it in situ, as already demonstrated (entry 2 and 3 in Table 1, Figs. 15 and 16). The methods
shown here will not be discussed in detail (see reference [37]) — there are quite a few. Sometimes it seems odd that a
carrying system is used in order to prevent bromine, where bromine is used for recycling (entry 9b and 11, Fig. 18).
On a note, a potential possibility is the conversion with hydrogen bromide (entry 20, Fig. 18).

Solid waste

]
'’
|

Application of bromine is poten-
tially still the best variant

m Sewage/Water

O Solvents

@ Substrate excess
O By-products

B Coupled products

Fig. 16: Environmental factor E. The right hand side shows a zoomed presentation in order to make coupled and by-products
better visible (Coupled products are also called by product, and by-products are also called sideproducts.) [31] — Reproduced by
permission of The Royal Society of Chemistry.

Costs Substance amounts per kg product and costs L. . .
[€ kg1 @ 1 2 3 Optimization is necessary,
. e.g. solvent recycling
Cyclohexene 35.75[0.4059  14.5[0.3902  14.0( 03948 141 o Yy
Bromine 32.86]0.6931 228 1 500.0 /
Carbon Euro kg /
tetrachloride 90.59| 2341 2121 3.83 347.0 /
Ethanol 6.44]0.0389 0.3 400.0 /
Sodium perborate 6220 0.8051  50.1 W Water
Sodium bromide 25.70 1.0758 27.6 300.0 @ Solvents
Acetic acid 780 922 719
Hydrogen bromide 6
(48%) 26.78 07777 20. 200.6 @ Substrates
Incorporated water 26.78 0.8425 226
Hydrogen 100.0
peroxide (35%) 19.82 03269 6.5
Incorporated water 19.82 0.6072  12.0 | 00 + T
Sum | 2406 | 1636 250 1. .4 3

Fig. 17: Substance amounts and costs for the production of dibromocyclohexane [31] — Reproduced by permission of The Royal
Society of Chemistry.
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Fig. 18: Further methods for electrophilic bromination of alkenes. The references shown here are those from the literature [37] -
Reproduced by permission of John Wiley and Sons.

Figure 19 shows the environmental factor, including a zoomed figure. There is a substantial use of solvents
and the formation of large quantities of by-products. The lesson is clear: scientific ambition should not focus on
single issues (e.g. ‘toxic bromine’) and neglect the big picture. Metrics should be used.
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The lesson is clear:

- Metrics should be used.

Fig. 19: E-factor of electrophilic bromination of alkenes (Fig. 18). The large diagram is a zoomed version of the small one [37] -
Reproduced by permission of John Wiley and Sons.
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Another example is the synthesis of alkenes from simple basic chemicals, e.g. alkenes, alkynes, ketones
and so on. Figure 20 shows the environmental factor of more than 20 methods for the production of tri- and
tetrasubstituted double bonds consisting of up to six reaction steps. The synthesis with the most waste is the
Julia Lythgoe method, while the best method is the metathesis. Then there is a three component reaction, which
is also very good. Otherwise, there are typical alkene synthesis methods, e.g. the Heck — synthesis, the McMurry
variant, Barton—Kellogg, Wittig, for which a catalytic variant is also shown here. Four examples of geminal
dihalides are listed here, which coincidentally are the starting material for synthesis 11. The coupling of vinyl
bromide is represented here several times, e.g. starting from a disubstituted alkene. However, what if previous
reaction steps are integrated? The next two variants of entry 19 start with an aldehyde and a haloalkane, i.e. a
Wittig synthesis. The amount of waste produced increases accordingly. Here, of course, the problem of a mass
balance becomes apparent. Which stage in the synthesis sequence do you go back to if a fair comparison is to
be made? At the same time, alternatives of preceding syntheses can always be considered. Here, in example 19b
and 19c two different bromination reactions are considered. This consideration can be extended to other
substances in the synthesis. Example 27b integrates the synthesis of the catalyst from entry 27a. Therefore,
well-founded decisions must be made as to how far the scope of the investigation is to be set. When considering
alternative variants, it may also be possible to identify efficient methods or synthesis concepts. Is the use of
magnesium organyles sensible? Or of zinc organyles? Or is the use of alkynes particularly efficient? The solvent
amounts are listed separately using numbers because the values are exorbitantly high in some cases. When
integrated into the bar chart, they would have covered the other synthesis details. In this respect, Fig. 20 shows
a PMIpcca (for reagents, reactants, catalyst and auxiliary materials) graphically, while the number for the
PMlIg,,, (for solvent) is noted above, visually distinguishing between values from 0 to 100, from 100 to 1000,
and above 1000. Since the syntheses are not optimized, the quantities involved are sometimes enormous. This
means, that sometimes reasonable estimates should be made. We did this, for example, for a comparison [38] of
a biocatalytic vs. a chemical synthesis of an enantiomerically pure f3-amino acid.

Incidentally, when comparing synthesis methods when arbitrary reactants and products are considered in
the literature, the difference in molar masses can have an impact on the PMI comparison. The product molecule,
with its mass produced, is the crucial reference for the PMI. This was also pointed out in a recent [39] publication.
I would suggest that in such cases a representation in kg mol™ and not only in kg kg™ is considered, as we have
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Fig. 20: Mass efficiency of alkene syntheses with tri- and tetrasubstituted double bonds. For reaction equations (up to seven
steps per method) and details see the literature. Reprinted (adapted) with permission from [28]. Copyright (2017) American
Chemical Society.
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done for the alkene syntheses, see Fig. 21. The conversion is simple: PMI in kg mol™ = PMI in kg kg™ - MW
(product) in g mol™. It is exemplarily illustrated in Fig. 22.

Meanwhile several tools exist (Fig. 23), for some comparisons see references [40—42]. In industry, for
example, ’Oréal uses Eco-footprint [43], which was inspired by EATOS [31, 34, 35], and Hoffmann La Roche [44]
uses ChemPager, and Bristol-Myers Squipp [45] uses a Process Greenness Scorecard. A consortium of aca-
demics, pharmaceutical companies and SMEs developed the CHEM21 toolkit [46] and a scoring method was
developed for the 12 green chemistry principles [47], a so-called [48] greeness grid. These tools take into
account not only mass balances, but also qualitative criteria [41] on environmental, health and safety con-
cerns. For example, CHEM21 [46] refers to a safety concept [49] used in a number of pharmaceutical companies
and parts of which can also be easily integrated [50] into university education.

Another interesting tool is the PMI calculator by ACS (Fig. 24). It contains typical PMIs of real production
processes for many reactions. It is thus possible to obtain an overview of the total PMI that can realistically be
expected for a synthesis sequence.

However, no detailed weak-point analysis can be carried out, e.g. what exactly provides a high PMI
contribution in a synthesis. In this respect, this tool by itself is not sufficient.

Metrics for environmental issues

Among the qualitative aspects considered in a life cycle assessment (see above) are the PBT-criteria (persis-
tence, bioaccumulation, toxicity), which will be considered separately here. (Commercial [52]) persistent,

E [kg mol'] 10 @ Auxiliaries (isolation)
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8 @Impurities
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Fig. 21: Demonstration of Fig. 20 in the unit kg mol™. Reprinted (adapted) with permission from [28]. Copyright (2017) American
Chemical Society.

27315 ke ke -138. 148 means 2.7315 kg coupled product 138.14-8_ = 2.7315 kg coupled product 138.14 g:
mol 1 kg product mol 1000 g product mol
_ 2.7315 kg coupled product 138.14 /g/ _0.377 kg coupled product _ 0.377 ke mol™
1000 ¢ product mol mol product ' °©

Fig. 22: Determination of PMIin the unit kg mol™: the mass of coupled products (2.7315 kg kg™ of the reaction in entry 1 (Fig. 20)
is exemplarily multiplied by the molar mass of the product (138.14 g mol™) of entry 1 to obtain, with all other values, a plot as in
Fig. 21. Reprinted with permission from [28]. Copyright (2017) American Chemical Society.
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ACS PMI Calculator EcoScale Metrics Fig. 23: Critical evaluation of
BI/ SHI GreenStar  published algorithms.

Reprinted with permission
from [40, 41]. Copyright (2016)
GreenStar—Global PMI Multivariaté Method American Chemical Society.



DE GRUYTER M. Eissen: Synthesis design =—— 229
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Fig. 24: Example for the second application step of the PMI calculator [51] for a synthesis sequence of eight syntheses Ato H. The
PMI calculator is assisted by predictive analytics and historical data; https://acsgcipr-predictpmi.shinyapps.io/pmi_calculator/.

bioaccumulative and/or toxic chemicals are the focus of the EU Risk rAnking Method (EURAM [53]), which
even takes into account their distribution in the environment. The BASF-method [8, 54] applies this concept,
but keeps evolving and modifying it. However, as many of the data inputs needed were typically missing in
EINECS list of existing chemicals, ranking methods have been examined and a tool called Decision Analysis by
Ranking Techniques (DART [55]) was developed, which is one of the publicly accessible QSAR [56]-tools
developed by the European [57] Commission’s Joint Research Centre. First, using QSAR-tools, e.g. of the
US-EPA, concern scores for chemicals are determined for each of the PBT-criteria (Table 2).

In the following, a method will be presented which is based on the idea of DART and the concern scores
and enables the determination of weighting factors for substances with regard to their PBT-property. Two of the
seven ranking methods will be introduced briefly: the desirability and the utility function. Figure 25a shows the
function (1) referring to a concern score (Table 2).


https://acsgcipr-predictpmi.shinyapps.io/pmi_calculator/
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Table 2: Conversion of P, B and T predictions in different [55] levels of concern.

Persistence BCF? Toxicity” Concern Score
Non-linear model < 0.5 or (MITI non-linear 2000 < BCF LC50<1 4
model < 0.5 and Ultimate biodegradation < 2.2)

2.2 < Ultimate biodegradation < 3 1500 < BCF < 2000 1<LC50<10 3
3 < Ultimate biodegradation < 3.5 1000 < BCF < 1500 10<LC50 <100

3.5 < Ultimate biodegradation BCF < 1000 100 < LC50 1

BCF, bioconcentration factor; °LC50 = lethal concentration for 50 % of tested population.

s - 1 4
desirability p o, 5 or 1) (OF UtHlity (p o p or 7)) = = 3 SCOp ooty M

where P = persistence, B = bioconcentration factor, T = toxicity, i.e. desirabilities exist for P, B, and for T.

Another type, for example an exponential function instead of a linear function could have been considered
just as well (Fig. 25b).

According to the scores, corresponding desirability (or utility) values have to be determined for each
PBT-criteria. These three results have to be combined to the overall desirability (or utility). Therefore,
weighting factors are necessary, e.g. 1/3 for each criteria in order to consider them to the same extent, and are
combined in a geometric (2) or arithmetic (3) means.

1 1 1
— 3 3 3
D = score} - score}, - score3 )]

1 1 1
U = - -scorep + = - scorep + = - Score 3
3 P 3 B 3 T ()

where D is the overall desirability, U is the overall utility and scorep etc. are the scores for persistence,
bioaccumulation and toxicity.

Once D has been calculated for each element, these can be ranked according to their D value. The element
with the highest D can be selected as the best one [55], if its D value is acceptable. A Desirability scale is shown
in Table 3.

Therefore, a value close to 1 indicates a good rating and close to 0 indicates a poor rating. These values
can be used for an evaluation of problematic substances by multiplicative weighting, if scaled exactly the
other way round. The overall PBT-hazard ranking can simply be 1 — D (or 1 - U), i.e. a PBT-hazard ranking of
0 is perfect, whereas 1 is the worst value. Thus, problematic substance quantities are maintained in quantity
by a factor of 1, while quantities of less problematic substances are decreased by values closer to 0. This brings
the problematic substances into focus. As can be seen in Table 4 the PBT-hazard score according to the
desirability is more sensitive than according to utility: if only one criteria shows the concern score 4 the
hazard score will be 1.

a b
desirability 4 desirability 4
(or utility) (or utility)
0.8 A 0.8
0.6 A 0.6
0.4 - 0.4
0.2 A1 0.2
0 T T 0 T T o]
1 2 3 score 4 1 2 3 score 4

Fig. 25: Inverse relationship between the ranking score and its desirability (or utility). a) Linear function (equation (1)) and b)
exponential functions (eq. (4)) assign ranking values from 0 to 1 to the concern scores. The Supplementary material includes a
corresponding Excel file (j_pac-2021-0326_suppl_003_DART_example.xls).
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Table 3: Harringtons [58] qualitative definition of the Desirability scale (cited according to ref. [55]).

Scale of D Quality evaluation

1.00 Improvement beyond this point has no preference
1.00-0.80 Acceptable and excellent

0.80-0.63 Acceptable and good

0.63-0.40 Acceptable but poor

0.40-0.30 Borderline

0.30-0.00 Unacceptable

0.00 Completely unacceptable

Table 4: Determination of PBT-hazard scores’ — some examples, considering a) a linear function or b) an exponential function.

a) a linear function or b) an exponential function

Scores® Desirability (or utility)® PBT-hazard score Desirability (or utility)® PBT-hazard score

P B T P B T  Utility™  Desirability® P B T  Utility™  Desirability®
1 1 1 1 1 1 0 0 1 1 1 0 0
1 2 3 1 0.667 0.333 0.333 0.394 1 0.910 0.665 0.142 0.154
2 2 3 0.667 0.667 0.333 0.444 0.471 0.910 0.910 0.665 0.172 0.180
1 1 4 1 1 0 0.333 1 1 1 0 0.333 1
1 2 4 1 0.667 0 0.444 1 1 0.910 0 0.363 1
1 4 4 1 0 0 0.667 1 1 0 0 0.667 1
4 4 4 0 0 0 1 1 0 0 0 1 1

dConcern scores of seven fictitious substances were assigned according to information on their biodegradability, bioconcentration
and LC50 data using Table 2; "according to eq. (1); “accordingto 1 - U=1 - eq. (3); “accordingto 1 - D = 1 — eq. (2); *according to eq.
(4) with k = 1; The higher, the worse. The numbers in bold are the PBT-hazard scores, with which substance masses can be
weighted according to their hazard potential. They result from the values of the three previous columns for P, B and T respectively.
The Supplementary material provides a corresponding Excel file (j_pac-2021-0326_suppl_003_DART_example.xls).

A similar ranking and (flexible) weighting system already exist with EATOS. However, DART is supposed to
find a broad consensus because it is offered on the official internet pages of the European Commission. Alter-
native synthetic variants could be compared by allocating all substances used to the PBT-hazard scores. Aside
from this hazard identification concept, emissions from the chemical production could be weighted by the
PBT-hazard score by multiplication. For example, substance A, which is emitted with 0.005 kg per kg of product
and with a PBT-hazard score of 0.180, will be weighted to 0.005 - 0.18 = 0.009. Substance B obtains a weighted
value of, let’s say, 0.003. The sum of the results for A and B, here 0.009 + 0.003 = 0.012 may provide a clue about
persistence, bioaccumulation and toxicity potential of alternative syntheses or synthetic sequences. If high
concern scores should be taken into account to a higher degree, an exponential function (Fig. 25b) could be
preferable. Thus, a chemical with P = 2, B =2, and T = 3, its PBT-hazard score (utility) according to the linear
function (eq. (1)) being the same as that of a chemical with P =1, B=2, and T = 4 (see two times 0.444 in Table 4a),
receives a lower PBT-hazard score (utility), when an exponential function (Fig. 25b) is used (see 0.172 vs. 0.363 in
Table 4b). By varying the parameter ‘K’ in eq. (4) the importance of concern scores 2 and 3 can be modified (see
Fig. 25b) with regard to a sensitivity analysis. The higher the parameter ‘Kk’, the less the effect of substances with
concern scores of 2 or 3. Their hazard scores then decrease compared to substances with a concern score of 4.
Equation (4) was formed so that it passes through the corner points (0|1) and (4/0) (see Fig. 25b).

4k

: e
. ek score _

desirability (or utility) = T ok (4)

where score is the concern score (Table 2) and k is a parameter with which the relative contribution of concern
scores 1 to 4 to a PBT-assessment can be modified (Fig. 25b).
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Emissions which are to be assessed with the PBT-hazard score, are not known in early synthesis design.
However, if measurement data or meaningful values [59] cannot be determined by taking a closer look at
individual technical components of a process, such as a distillation process, the Technical Guidance Document
[60] of the European Commission could be an interesting source for standard emission values depending on
production volume, vapour pressure and water contact (see ESI Table 18 for an example).

Metrics for health hazards
Approaches in the literature

Health hazards concern qualitative issues such as a substance’s toxicity and how likely exposure to it would
be. Despite the difficulty of a quantification, it is the goal of a range of approaches in literature, see e.g.
reference [61]. Besides the methodology [34] being implemented in EATOS (see Fig. 26, or, e.g. ref. [62, 63]),
there are many others, some of which will be briefly introduced (Figs. 27, 28, 29, and Table 5).

All methods have in common that toxicological effects are somehow ranked or grouped. In this case,
H-statements (the former R-phrases) are used optionally (EHS-method [64]) or exclusively. It is interesting that
the EHS-method (Fig. 29b) does not consider acute toxicity amongst health but rather as a part of safety
hazards. Instead, it refers to corrosiveness and chronic toxicity. Only the EATOS-procedure and the
BASF-method (Fig. 29a) use the scores to weigh absolute substance quantities. In contrast to the other ap-
proaches the consideration of exposure potential, i.e. of the probability of ‘contact’ with a substance, is
missing. Exposure depends on a) how often hazardous substances are applied (see frequency class (Fig. 27), b)
how concentrated substances are in mixtures (see quantity level (Fig. 27)), c) how much of a substance is used
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Fig. 26: Example of the use of EATOS to semiquantitatively incorporate qualitative criteria such as toxicology, for the input (El_in)
and output (EI_out) of syntheses to be compared in an evaluation with a potential environmental impact (PEl). The diagrams refer
to the synthesis methods shown in Fig. 7. Reproduced from Ref. [29] with permission from The Royal Society of Chemistry.

E Frequency Class E EQuantity Level E E Hazard Class i
! Occasional 1 E !0/ O E i None 1 i
| Intermittent 2 V1% 1 Vo1 rritant 2 '
E Frequent 3 E E <5% 2 E E Noxious 3 i
i Permanent 4 L S12% 3 i 1 Toxic 4 '
: i1 <33% 4 1 Verytoxic 5 i
i L1 >33% 5 i | (R-phrases or TLV)!
v v v

[Frequency Class] [ Quantity class ] --{ Hazard class ] Fig. 27: Determination of the potential chemical risk [65]
' : according to the literature [66] Reprinted (adapted) with

v -
[ Potential exposure class ],____ POt?nt'al_ permission from [65]. Copyright (2007) American
chemical risk Chemical Society.
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' :: Engi”‘?e”ng control 2 i Fig. 28: Relevant categories in ‘Control of Substances Hazardous
' gs;t:?;?ment i . to Health’ (COSHH [67]) regulations in Great Britain. For further
SRR s 10 U ' reading see e.g. [68-70].
A '
' Hazard Score |
I Weak effects 100 !
! Local effects 300
i Acutely toxic 400 |
! Severe irrev. effects 550 |
i Carcinogenic 1000 !
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B o |
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! corrosive 1 i
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i Solid /i Abp=200°C 0 l i Fig. 29: a) Scoring of acute toxicity [71] in the BASF-method [8, 72] and b) determination
i Gas //] Abp<0°C 1 i of index values for irritation, chronic toxicity and mobility hazard [64] in the
o T T _____________ EHS-method.

Table 5: Priority bands in the Stoffenmanager. Hazard: A = lowest hazard and E = highest
hazard. Exposure: 1 = lowest exposure and 4 = highest exposure. Overall result: 1 = highest
priority and 3 = lowest priority [73]. The hazard band is determined via COSHH (see Fig. 28).

Hazard band A B C D E

Exposure band
1 3 3 3 2 1
2 3 3 2 2 1
3 3 2 2 1 1
4 2 1 1 1 1

(Fig. 28), d) how volatile or dusty a substance is (Figs. 28 and 29b and e) which physical substance properties
and technological prerequisites are given (see Fig. 29 and control approach in Fig. 28). The exposure band
(Table 5) in the Stoffenmanager takes a range of parameters into account, e.g. room size, ventilation, local
control measures, protection measures, handling conditions, duration of application, and exposure fre-
quency. Due to this spectrum of influencing factors, which have scientifically been examined, the Stoffen-
manager can be considered to be an appropriate concept also for chemical production processes. Necessary
adjustment measures are described in the following chapter.
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Application of the Stoffenmanager to chemical processes

The idea behind Table 5 is to identify which substances require measures to transform their application from a
high priority (values 1 and 2) to low priority (value 3). Also, highlighting specific substances in combination
with e.g. technological constraints is desirable and appropriate for hazard minimization during chemical
processes. However, to receive an overall picture of the health situation of a (multistep) production process for
a comparison to alternative procedures, the simple addition of something such as ‘health scores’ could be
helpful. Thus, in early synthesis design, where a range of alternatives have to be taken into account, a final
‘health index’ allows for a pragmatic comparison. The classification of 3 to 1 is somewhat rough, which is why a
transformation into more differentiated scores can be considered reasonable. Therefore, the Stoffenmanager
could be adapted in this regard. An example is given within Table 6, showing a trend similar to that given in
Table 5: from ‘good’ (top left) to ‘bad’ (downright).

The factor from one hazard band to the next is flexible and follows the procedure shown in Table 14 (see
ESI). An example for utilization of the hazard band in order to determine the hazard potential can be found in
the literature [38]. A comparison [38] with other assessment methodologies builds confidence in the concept
considering the hazard band [67] of COSHH. For more details concerning health score, see the ESI.

In the Stoffenmanager, the exposure pathway via skin is considered separately. Health risk scores are
determined for local and systemic health effects (see Tables 9 and 14 in the literature [74]). Similar to Fig. 29
scores from 1 to 10 highlight the problematic area: 1 is best and 10 is worst case. As described for inhalation
hazard, an overall health index can be considered to be more straightforward. Ideally, the assessment of
inhalation exposure should be combined with skin exposure. Therefore, an allocation of the numbers 1to 10 to
the same value range of the health score for inhalation hazard is proposed, e.g. 0.0078125 to 1 (Table 6), to
allow for a simple addition. The procedure is described specifically in Table 15 (see ESI). However, a scientific
procedure which shows how to combine inhalation with skin hazard does not exist. This adaptation of the
Stoffenmanager can be considered to be a pragmatic approach.

The Stoffenmanager aims to make clear where measures should be taken, e.g. local control measures or
ventilation. Ideally, health scores will decline correspondingly to an acceptable value. However, in early syn-
thesis design, when a range of synthetic variants are taken into account, a detailed (and time demanding) look at
all these parameters (see chapter ‘Approaches in the literature’) is not mandatory. Possibly, the default values
could be applied to all processes to be compared. Thus, only parameters such as how diluted or how volatile a
substance is will contribute to the assessment. In a computer tool this information is automatically accessed via
the mass balance and a substance data bank. A detailed view is worthwhile for synthetic variants which are
interesting and maybe for those where appropriate measures are known and can be considered immediately. The
ESI offers a case study in an Excel tool to illustrate the processing of data. In this preliminary tool vapour pressure
still has to be entered manually. The result will be presented in the context of a case study (next chapter).

Two parameters which are implemented within the Stoffenmanager consider whether substances are
handled in closed containers or with high speed and whether there is mechanical treatment or hand tool

Table 6: Health scores (for inhalation hazard) according to hazard and exposure band.

Hazard band A B C D E
Exposure band|
1 0.0078125 0.015625 0.03125 0.0625 0.125
2 0.015625 0.03125 0.0625 0.125 0.25
3 0.03125 0.0625 0.125 0.25 0.5
4 0.0625 0.125 0.25 0.5 1

The higher the value the more problematic the substance. The difference within the hazard and exposure band cannot be
substantiated scientifically and is more or less arbitrary. In this example a substance in a hazard band is considered twice as
problematic as a substance in a lower hazard band. The same is valid for the exposure bands. The application of these health scores
is flexible and should be part of a sensitivity analysis, see ESI Table 12 and ESl file j_pac-2021-0326_suppl_004_STOFFENMANAGER_
MODIFICATION_construction_of_health_scores.xls.



DE GRUYTER M. Eissen: Synthesis design —— 235

dispersion. They are called ‘Handling’ and ‘Task group’. A chemist would rather turn to REACH Process
Categories (PROC, see Table 1in the document [75]) of the European Centre for Ecotoxicology and Toxicology of
Chemicals (ECETOC). For example, PROC 2 is “Use in closed, continuous process with occasional controlled
exposure” and PROC 8 is “Transfer of chemicals from/to vessels/large containers at non dedicated facilities”.
Thus, a fixed allocation of PROCs to ‘Handling’ would be desirable, but it does not exist. However, the
developer of the Stoffenmanager made a suggestion for Handling categories for PROCs. An assignment has
been developed to provide default values. I have therefore developed an allocation to deliver default values.

Case study

Oils and fats [76, 77] are considered to be a sustainable [78, 79] source of feedstocks [19] for the chemical
industry, among other things. The utilization of waste materials that are generated in the course of their
exploitation is highly desirable. For example, waste olive leaves accumulated during olive harvest can be
extracted to obtain oleuropein aglycon. This physiologically active [80-83] substance can be used as a cross-
linking material for gelatine. An alternative (Table 7) substrate for this purpose is glutaraldehyde (Scheme 4).

Besides mass flows, energy demand was calculated considering the stoichiometric equation reaction
temperature, reaction pressure, compression of liquids, enthalpy of evaporation, drying, etc. However, there
are, of course, uncertainties because only literature and not actual process data were considered. The synthesis
of glutaraldehyde [85] (Scheme 4) was modelled (ESI Fig. 36) using the software Umberto®. As a result, a
Sankey diagram (ESI Fig. 37) was obtained. The total CED is 91.8 MJ kg™* (ESI Table 20b). The environmental
impacts concerning oleuropein aglycon were also determined on the basis of mass flow. The results, however,

Table 7: Two alternative feed stocks for the production of a cross-linking material for gelatine: glutaraldehyde and
oleuropein aglycon.

Alternative A Alternative B
Raw material Glutaraldehyde OP-Agly
Source Crude oil Olive leaves
Production via Chemical synthesis Extraction

Structure ﬂ Oo. O
e} ~
O/ \O /O
=
|
O
HO  OH

—= =
( + 02 R—— ( + Hzo
NS
O Z
Propene Acrolein ( + l — |l
o ~o~ o

[ mo— 0 vuor
S o o~ (o5 S0

(0]

||| + —>||\ Acrolein Methylvi- Methoxy- Methoxy- Glutaraldehyde

HO™ o~ nylether  dihydropyran  dihydropyran
Acetylene Methylvi-
Methanol nylether
( J \ J
| Y
Ecoinvent Umberto

Scheme 4: Synthesis sequence to glutaraldehyde and data collection using Ecoinvent and Umberto [84]. Ref. [85] — Reproduced
by permission of John Wiley and Sons.
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are confidential and cannot be demonstrated. At least some principle findings can be reported resulting from
the process model (lab scale!): the yield of OP-Agly has to be increased. The water demand has to be reduced,
because heating is energy intensive. The solvent ethanol should be applied more efficiently. Currently, 120 L
are used to extract 2.7 kg of product. Steam demand during evaporation of the solvent should be reduced, and
the solvent should be worked-up and reused. Olive leaves should be manufactured regionally. This case study
illustrates the expenses linked to the requirements of a life cycle assessment. Especially when data are missing
in the data bases such as the Ecoinvent data base, and processes have to be modelled e.g. in Umberto® (see
Scheme 4, ESI Fig. 36 and ESI Fig. 37). Researching missing data in the literature to that extent, as has been
done for glutaraldehyde (Scheme 4), promotes the assumption that life cycle assessments will not receive the
status of a standard procedure in early synthesis design. A pragmatic procedure could be done by estimations.
An example is the EstiMol tool (Table 8), which models the cumulative energy demand (CED), the global
warming potential (GWP) and the Ecoindicator 99 for a range of chemicals. The CED for glutaraldehyde, which
was determined [85] as part of the life cycle assessment (ESI Table 20b, using CML 2001 [86]), amounts to
91.8 MJ kg'l. Interestingly, this result lies well within the calculation of the EstiMol [17] tool (116.8 + 42.57,
Table 8).

The system boundary is also a topic for health as well as safety aspects. The industrial equipment has to
ensure a safe final process without any compromises to health standards. Respective persons in charge strive
for an appropriate organizatorial and technical solution. Although the upstream chain is in fact suggested in
the Ecoefficiency analysis of the BASF [71], the focus of occupational health and safety practitioners and
corresponding chemical engineers of a company normally lies with their own industrial site and not with their
suppliers. Nevertheless, the health hazard profiles for the production of glutaraldehyde and of oleuropein
aglycon should be presented (Fig. 30) beginning with crude oil. Default values (ESI Table 21) concerning, for
example, room size and local controls were considered to determine the health scores. The comparison of
glutaraldehyde and oleuropein aglycon production (Fig. 30a, b vs. c) reveals that the multistep procedure
(Scheme 4) shows a much higher health hazard potential. This results from several subprocesses considering
many more substances than the extraction of the olive leaves. One detail that should be mentioned here is the
eye-catching subprocess 1 of Fig. 30c. Naphta, an obvious carcinogenic substance, is used for the production of
the extraction solvent ethanol. Details of the glutaraldehyde profile can be identified from the corresponding
Excel file (Supplementary material).

Besides the application of the Stoffenmanager, a toxicity assessment according to the BASF method was
performed (Fig. 31). However, the assessment was performed only regarding the process and without
consideration of the product application, for which the BASF method concedes a contribution of a certain ratio
of the overall assessment result. Interestingly, the results are inconsistent when compared to one another
(Fig. 31a). If naphta is neglected, because, for example, ethanol is produced from renewable feedstocks, at least
the trend is similar (Fig. 31b). However, the qualitative difference of the results is still striking. Obviously, the
evaluation methodologies show their differences: In the BASF method, substance quantities are considered,
whereas in the modified substance manager concept, exposure information is used as well. The hazard
banding according to the H-statements (formerly R-phrases) is at least not likely to be the reason for the clearly
different result in Fig. 31b — at least the example in literature [38] shows broad consistency (compare columns
‘COSHH (b = 2)’ and ‘BASF’ in Fig. 4 of the literature [38]).

Table 8: Modelling of the cumulative energy demand, global warming potential and of the Ecoindicator 99 points using the
EstiMol [17] tool (Fig. 1).

CED GWP EI99

Mean o° Mean o Mean [y

Glutaraldehyde 116.8 42.57 3.701 2.196 0.3581 0.1718

%0 = standard deviation.
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0326_suppl_005_STOFFENMANAGER_MODIFICATION_example_glutaraldehyde.x|sx; tab RESULT) and c) oleuropein aglycon (11
process steps) according to the application of the Stoffenmanager (see chapter showing Table 6) (see j_pac-2021-
0326_suppl_006_STOFFENMANAGER_MODIFICATION_example_oleuropein_aglycon.xlsx; tab RESULT). Whereas a) is sorted
according to whether substances appear during input, process or output, b) presents skin (local, systemic) and inhalation
hazards. No special conditions were considered. Default values (ESI Table 21) were assumed for all processes.
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Fig. 31: Normalised health profile for the production of glutaraldehyde and oleuropein aglycon (see ESI Table 19). a) with and b)
without consideration of naphta for oleuropein aglycon production.

Sustainability in the organic chemistry lab course NOP offers experimental
protocols for laboratory work.

https://www.oc-
praktikum.de/nop/en-entry

in 11 languages

Bro

_

o
HOO(‘;/Y\gCOOH ; Side reactions

Substances produced

Batch scale: @ 0.01 mol O 0.1 mol Fumaric acid
Products Amount Risk Safety

meso-2,3-Dibromosuccinic acid <> Danger 1.77g H314 P280 P305 + 351 + 338
Byproducts Amount Risk Safety
Bromofumaric acid @ Warning H302 H315 H317 H319 H335 P261 P280 P305 + 351 + 338

Bromomaleic acid Warning

Waste Disposal
mother liquor from recrystallisation solvent water mixtures, containing halogens
evaporated water aqueous waste, neutral fo alkaline, not containing Hg, Ti, As, Be, Se
bromine residues aqueous waste, neutral to alkaline, not containing Hg, Ti, As, Be, Se
by-products solvent water mixtures, containing halogens

Fig. 32: Website of the “Sustainability in the organic chemistry lab course” [88, 89] (NOP, Nachhaltiges Organisch-chemisches
Praktikum).

Education: example for the joint presentation of mass related metrics and hazard
statements

Another integration of health hazards is presented on the website of a lab course called “Sustainability in the
organic chemistry lab course” (Figs. 32 and 33). Here, synthesis protocols for the chemical laboratory in
education are offered. As an example, another bromination reaction is shown. The reaction equation is
presented alongside hazard notes. The data availability is highlighted in color (Fig. 33), indicating whether
toxicity or ecotoxicity data are available. Effect factors of an official method are also highlighted in color and
displayed in the process mass intensity (PMI). Didactic guidance on how to address metrics [31] in teaching and
more experiments [87] can be found in the literature.
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Fig. 33: Quantitative and qualitative aspects, which are presented for a synthesis protocol of a bromination reaction on the
website of the NOP (Fig. 32).

Concluding remarks

The presentation of metrics for environmental aspects as well as for the consideration of health and safety [90]
aspects can only remain incomplete. There are numerous approaches [8, 42, 54, 61, 65, 91-108], which cannot
be sufficiently recognized here. Correspondingly, I have set a focus on those methodologies which I would like
to see implemented in an automatic software tool that is helpful for the chemist in early synthesis design. This
tool would also include an aggregation method for the rubric environment, which contains the other categories
of LCA, e.g. greenhouse potential, acidification potential, land use, etc. This could not be discussed in the
lecture due to time constraints and is therefore missing here. The presentation of alternative methodologies is
meant to impart an impression of related aspects. Of course, this remains a subjective view. Table 9 shows
some pros and cons of considered methods, concepts and metrics.

Such a software tool would be able to highlight resource efficiency and raw material costs (see e.g. Fig. 17)
as well as all problematic substances. In this regard it is similar to EATOS, which currently can be used for that
purpose. Time demand for a user should be kept very low, because many alternative procedures have to be
taken into account. Therefore, few data entries should be left for the user (see e.g. Fig. 15 and ESI Table 21),
while the tool should automatically afford most data processing. Additionally, an aggregation of single health
scores to a health index could deliver an expression of the overall health situation for alternative scenarios.
Prevention measures in single process steps find expression in the health scores (Fig. 30), when related
adaptations are made in the list of settings for the corresponding process. The preliminary Excel-tool
(Supplementary material) allows for such alterations. However, handling has not yet been linked to PROCS,
which is why column ‘S’ in register sheet ‘Production-Scores’ still refers to Appendix A [109] of the literature.
Toxicological substances can harm not only human beings but also the environment, especially when they are
bioaccumulating and persistent, possibly creating a delayed effect. The European Centre for Ecotoxicology and
Toxicology of Chemicals (ECETOC [110]) is concerned with a very detailed procedure for risk assessment.
Although desirable, I consider this tool to be too complicated for a synthetic chemist in early synthesis design.
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Table 9: Pros and cons of methods, concepts and metrics considered.

DE GRUYTER

Method/concept/ Contra

metrics

PMI and E Easy and quick determination: Quality of data basis:
For individual syntheses, a pocket calculator or a If experimental protocols from the litera-
spreadsheet programme is sufficient. For the compar- ture are considered, their data on sub-
ison of several syntheses or synthesis sequences, one stance quantity could be unrealistic if
can usethe EATOS software or the tool by John Andraos. authors were not concerned with optimi-
When substance prices are entered, the product price sations. If necessary, reasonable as-
per kilo results directly. sumptions must be made.

Expressiveness/reliability:

Although only little information is needed, namely the ... but cannot replace one (cf. Fig. 10).
reaction equation and quantities of substances used,
these metrics provide a good assessment that can
correspond to a life cycle assessment result (see
Figs. 9, 11/12,13) ...

Life cycle Includes environmental impacts: Time/Data:

assessment Consideration of many categories, such as global Life cycle assessments are extremely time
warming potential, acidification potential, eutrophica- consuming. There are so-called simplified
tion potential, resource use, land use, etc., provides a LCAs; sometimes only the greenhouse po-
holistic view. tentialis considered. Often data is missing.

Yield and AE Determination even faster than that of PMI and E. Data basis is included in that of the PMI and E,

and is therefore smaller and less informative.

PMI Predictor

Data basis from real industrial processes: a realistic value

No details available for the analysis of weak

(Fig. 24) range for the PMI is determined. points.
EATOS See PMI and E in this table. The integrated assessment method for sub-
(Figs. 15-21) Semiquantitative assessment of LCA-categories and their  stance quantities calculated for the PMI and E

aggregation.

does not refer to an internationally recognized
official assessment concept. Substance
masses are weighted without taking techno-
logical aspects into account.

EATOS, Eco Scale,
Green Star, etc.

See literature given with Fig. 23.

Sustainability
framework,
COSHH,
EHS-method (Figs.
27, 28, 29b)

Classification of several aspects, e.g. hazards and exposure,
and their joint evaluation. There are similarities to the scien-
tifically recognised Stoffenmanager, COSHH being one of its
foundations. It is an official assessment method of the Health
and Safety Executive (HSE) (Great Britain’s national regulator).

The other two methods are not officially
recognized.

Health section of
the BASF method
(Fig. 29a)

In the BASF method, the health section represents one part
of several in an automated concept that aims at a holistic
consideration and has already been applied many times also

with customers.

Not publicly available.
Exposure information is missing in the
assessment.

PBT-hazard score
according to DART
(this paper)

DART is well recognized.

Determination very fast if PBT data are available using the

spreadsheet file j_pac-2021-
0326_suppl_003_DART_example.xls

None

Health index ac-
cording to the
Stoffenmanager
(this paper)

Stoffenmanager is well recognized. In contrast to other

methods, the exposure potential is taken into account in a
scientifically valid way. Determination is possible using the
spreadsheet file j_pac-2021-0326_suppl_005_STOFFEN-

MANAGER_MODIFICATION_example_glutaraldehyde.xlsx or

j_pac-2021-0326_suppl_006_STOFFENMANAGER_
MODIFICATION_example_oleuropein_aglycon.xlsx

The file is not automatically linked to a mass
balance software such as EATOS. Large amount
of data needs to be entered, including sub-
stance amounts, molecular weights, boiling
points and R-phrases. Meanwhile, H-phrases
apply. An update is missing.

The table only addresses a few aspects. An in-depth discussion, as for example in the articles mentioned in Fig. 23, is not possible
within the framework of this work.
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Therefore, I propose to apply the idea of the DART-tool as one of several ranking methodologies, which is ready
to use (see Supplementary material). See Table 4 for determination of weighting factors for emissions. The
exemplary description should show how (ranking) scores can be used for PBT-assessment. However, it is still
time consuming to determine the PBT-predictions (Table 2) by means of corresponding EPA-tools. Automatic
provisioning of these data in a data bank is conceivable, and in an ideal case should be part of a tool designed
for chemists. Analytical methods facilitate the determination of corresponding emissions in a production
process. This information is unknown in early synthesis design, which is why the application of emission
factors is considered to be pragmatic (see ESI Table 18 as an example). However, emissions related to the
provision of energy are supposed to contribute significantly [16] to the overall performance of a synthesis
design. Thus, any assessment will be influenced by corresponding assumptions concerning energy con-
sumption. Ideally, short cut methods would be available to estimate energy consumption for standard pro-
cedures such as distillation etc., see ref. [59] for an application. Thus, a sensible approach would be to
implement at least some short cut methods into a software tool. In any case, once emissions are located, their
impact should be considered separately and, if desired, be aggregated. The case study concerning the
renewable oleuropein aglycon and especially its fossil pendant glutaraldehyde illustrates the efforts which are
normally connected with the determination of data necessary for a life cycle assessment. It also raises the
question about the system boundaries for environmental and health aspects: how far back do substances and
their production need to be considered? This will depend on the relevance of considered synthesis in the actual
context, i.e., for example on the price expectation, the academic interest, the preliminary assessment results,
the expectation for realisation, and so on. In any case, the generation of a mass balance is a very good starting
point (see chapter ‘Mass related metrics vs. life cycle assessment’) and, especially considering educational [31]
support, is easily done (see chapter ‘Mass related metrics’). The examples from literature in the
beginning reveal some application areas for the implementation of the environmental factor E, and thus of the
PMI, as a mass related metric in an early stage of development, where the choice of alternative routes is broad
(ESI Fig. 34b, [111]) and changes in a plan are easier [112] to make. Finally, they follow the Agenda 21 that calls
for “criteria and methodologies for the assessment of environmental impacts and resource requirements
throughout the full life cycle of products and processes” (Chapter 4.20 [113]).

Note

The Excel files regarding the Stoffenmanager concept [73, 74, 109, 114-117] can demonstrate its application.
However, they were created before the introduction of the H-statements, so they still refer to the R-phrases.
New developments in the Stoffenmanager are not included in the Excel files.

Abbreviations

ACS American Chemical Society

AE Atom economy

API Active pharmaceutical ingredient

B Bioaccumulation (topic environment) or exposure score (topic Stoffenmanger)
BCF Bioconcentration factor

bp Boiling point

CED Cumulated energy demand

CML Institute of Environmental Sciences (Centrum voor Milieukunde Leiden)
COSHH Control of Substances Hazardous to Health Regulations (law in Great Britain)
D Desirability

DART Decision Analysis by Ranking Techniques

E E-factor (environmental factor) (topic mass balances) or intrinsic emission score (topic health effects)
EATOS Environmental Assessment Tool for Organic Syntheses

ECETOC European Centre for Ecotoxicology and Toxicology of Chemicals
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EINECS European Inventory of Existing Commercial Chemical Substances
EI99 Eco-Indicator 99

EHS Environment, Health and Safety

EPA United States Environmental Protection Agency

ESI Electronic supporting information

EURAM EU Risk rAnking Method

FLASC Fast Life cycle Assessment of Synthetic Chemistry

GSK GlaxoSmithKline

GWP Global warming potential

LC50 lethal concentration for 50 % of tested population

LCA Life cycle assessment

NOP Nachhaltiges Organisch-chemisches Praktikum, i.e. Sustainability in the organic chemistry lab course
oP Oleuropein

P Persistence

PEI Potential environmental impact

PBT persistence, bioaccumulation (eco)toxicity

PMI Process mass intensity

PROC Process categories

QSAR Quantitative Structure—Activity Relationship

REACH Registration, Evaluation, Authorisation and Restriction of Chemicals
SPI Sustainable Process Index

T Toxicity

TLvV Threshold Limit Values

TRGS Technische Regeln fiir Gefahrstoffe, i.e. technical rules for hazardous substances
u Utility

UBA German Environment Agency (Umweltbundesamt)

US-EPA United States Environmental Protection Agency
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