Electronic Supplementary Material (ESI) for Green Chemistry.
This journal is © The Royal Society of Chemistry 2023

ELECTRONIC SUPPLEMENTARY INFORMATION (ESI-2)

The Sustainability Impact of Nobel Prize Chemistry: Life Cycle Assessment of C-C Cross-
Coupling reactions

Jose Osorio-Tejada’3, Francesco Ferlin?, Luigi Vaccaro?*, Volker Hessel**

1Department of Chemical Engineering, School of Engineering, University of Warwick, Coventry, UK
2Laboratory of Green S.0.C., Dipartimento di Chimica, biologia e Biotecnologie, Universita degli Studi di Perugia, Perugia, Italy.
3Faculty of Environmental Sciences, Universidad Tecnoldgica de Pereira, Pereira, Colombia
4School of Chemical Engineering, University of Adelaide, Adelaide, Australia

*Corresponding authors

LCA impacts assessment midpoint results

Table contents

Table S1 Chlorobenzene production — midpoints characterization results, ReCiPe 2016

Table S2 4-chloroanisole production — midpoints characterization results, ReCiPe 2016

Table S3 4-chlorotoluene production — midpoints characterization results, ReCiPe 2016

Table S4 4-chloronitrobenzene production — midpoints characterization results, ReCiPe 2016

Table S5 Bromobenzene production — midpoints characterization results, ReCiPe 2016

Table S6 4-Bromoanisole production — midpoints characterization results, ReCiPe 2016

Table S7 4-bromotoluene production — midpoints characterization results, ReCiPe 2016

Table S8 4-bromonitrobenzene production — midpoints characterization results, ReCiPe 2016

Table S9 /odobenzene production — midpoints characterization results, ReCiPe 2016

Table S10 4-iodoanisole production — midpoints characterization results, ReCiPe 2016

Table S11 4-jodotoluene production — midpoints characterization results, ReCiPe 2016

Table S12 4-iodonitrobenzene production — midpoints characterization results, ReCiPe 2016

Table S13 Palladium acetate production — midpoints characterization results, ReCiPe 2016

Table S14 Palladium tetrakis production — midpoints characterization results, ReCiPe 2016

Table S15 Triphenylphosphine production — midpoints characterization results, ReCiPe 2016

Table S16 Biphenyl production via the standard Suzuki protocol using bromobenzene — midpoints
characterization results, ReCiPe 2016

Table S17 Biphenyl production via the standard Suzuki protocol using iodobenzene — midpoints
characterization results, ReCiPe 2016

Table S18 Diphenylacetylene production via the standard Heck protocol using bromobenzene (variant Dieck
and Heck, 1975) — midpoints characterization results, ReCiPe 2016

Table S19 Diphenylacetylene production via the standard Heck protocol using iodobenzene (variant Dieck and
Heck, 1975) — midpoints characterization results, ReCiPe 2016

Table S20 Diphenylacetylene production via the standard Heck protocol using bromobenzene (variant Cassar,
1975) — midpoints characterization results, ReCiPe 2016

Table S21 Diphenylacetylene production via the standard Heck protocol using iodobenzene (variant Cassar,
1975) — midpoints characterization results, ReCiPe 2016



Table S22 Trans-methyl cinnamate production via the standard Heck protocol using bromobenzene (variant

Dieck and Heck, 1974) — midpoints characterization results, ReCiPe 2016

Table S23 Trans-methyl cinnamate production via the standard Heck protocol using iodobenzene (variant Heck

and Nolley, 1972) — midpoints characterization results, ReCiPe 2016

Figure contents

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

S1 Chlorobenzene production — characterization shares - ReCiPe 2016 midpoints

S2 4-chloroanisole production — characterization shares - ReCiPe 2016 midpoints

S3 4-chlorotoluene production — characterization shares - ReCiPe 2016 midpoints

S4 4-chloronitrobenzene production — characterization shares - ReCiPe 2016 midpoints

S5 Bromobenzene production — characterization shares - ReCiPe 2016 midpoint

S6 4-Bromoanisole production — characterization shares - ReCiPe 2016 midpoints

S7 4-bromotoluene production — characterization shares - ReCiPe 2016 midpoints

S8 4-bromonitrobenzene production — characterization shares - ReCiPe 2016 midpoints

S9 lodobenzene production — characterization shares - ReCiPe 2016 midpoints

S$10 4-iodoanisole production — characterization shares - ReCiPe 2016 midpoints

S11 4-iodotoluene production — characterization shares - ReCiPe 2016 midpoints

S12 4-iodonitrobenzene production — characterization shares - ReCiPe 2016 midpoints

S13 Palladium acetate production — characterization shares - ReCiPe 2016 midpoints

S14 Palladium tetrakis production — characterization shares - ReCiPe 2016 midpoints

S15 Triphenylphosphine production — characterization shares - ReCiPe 2016 midpoints

S16 Biphenyl production via the standard Suzuki protocol using bromobenzene — characterization shares -
ReCiPe 2016 midpoints

S17 Biphenyl production via the standard Suzuki protocol using iodobenzene — characterization shares -
ReCiPe 2016 midpoints

S18 Diphenylacetylene production via the standard Heck protocol using bromobenzene (variant Dieck and
Heck, 1975) — characterization shares - ReCiPe 2016 midpoints

$19 Diphenylacetylene production via the standard Heck protocol using iodobenzene (variant Dieck and
Heck, 1975) — characterization shares - ReCiPe 2016 midpoints

S20 Diphenylacetylene production via the standard Heck protocol using bromobenzene (variant Cassar,
1975) — characterization shares - ReCiPe 2016 midpoints

S21 Diphenylacetylene production via the standard Heck protocol using iodobenzene (variant Cassar, 1975)
— characterization shares - ReCiPe 2016 midpoints

S22 Trans-methyl cinnamate production via the standard Heck protocol using bromobenzene (variant
Dieck and Heck, 1974) — characterization shares - ReCiPe 2016 midpoints

$23 Trans-methyl cinnamate production via the standard Heck protocol using iodobenzene (variant Heck
and Nolley, 1972) — characterization shares - ReCiPe 2016 midpoints

S24 Global warming impacts for 1 g of Trans methyl cinnamate from iodobenzene via Heck protocol —
Midpoint Impacts contribution tree, Cut-off: 0.01%. Source: SimaPro 9.1.1.7



Impact assessment and interpretation

The impact assessment was performed using SimaPro 9.1.1.7 software! (PRé Consultants 2022). The impact
categories were defined considering the most relevant life-cycle environmental aspects in chemicals
production:%3 global warming potential, ozone formation affecting human health, ozone formation affecting
terrestrial ecosystems, terrestrial acidification, freshwater eutrophication, terrestrial ecotoxicity, freshwater
ecotoxicity, human carcinogenic toxicity, human non-carcinogenic toxicity, and fossil resource scarcity. Given
the usage of iodine and metallic chemicals extracted from ores, the impact category of mineral resource scarcity
was also included. For the scope of the present study, the impact assessment method Recipe 2016 was used
given that it includes the 11 selected impact categories for this study. Midpoint impact categories and endpoint
damage areas (human health, ecosystems, and resources) under the hierarchical perspective were analysed.
Long-term emissions, which affect scenarios beyond 100 years, were included due to the usage of
organometallic compounds in the evaluated reactions, such as the palladium-based homogeneous catalysts,
relevant to the long-term toxicity effects on human health and ecosystems. For example, the impacts on
freshwater ecotoxicity of palladium extraction can increase about 20,000% when long-term emissions are

included.

Given the important contribution of solvents and catalysts to the total environmental impacts of the
halobenzenes and the CCR, respectively, sensitivity analyses were performed by considering higher and

completely recovery rates of these compounds.

1 PRé Consultants. 2022. SimaPro v9. About SimaPro. Amersfoort. www.pre.nl/content/simapro-lca-software. Accessed
January 16, 2022

2 Maranghi, S. and C. Brondi. 2020. Life Cycle Assessment in the Chemical Product Chain. Life Cycle Assessment in the
Chemical Product Chain. Siena: Springer

3 Osorio-Tejada, J., F. Ferlin, L. Vaccaro, and V. Hessel. 2022a. Life cycle assessment of multistep benzoxazole synthesis:
from batch to waste-minimised continuous flow systems. Green Chemistry 24(1): 325-337



Chlorine-based halobenzenes

Table S1 Chlorobenzene production — midpoints characterization results, ReCiPe 2016

Process

Sodium

Chemicals

Impact category Unit Total s Benzene Chlorine hydroxide Water factory Electricity
gt’rl’r:i'ng kgCO,eq  3.96E+00 8.31E-01 1.67E+00  3.53E-01 6.81E-01 4.39E-05 5.35E-02 3.66E-01
Ozone formation, kgNO,eq  7.75E-03 5.81E-05 429603  7.91E-04 1.77E-03 1.02E-07 1.78E-04 6.66E-04
human health
Ozone formation, kgNO,eq  8.54E-03 9.36E-05 5.00E-03  8.00E-04 1.79E-03 1.04€-07 1.82E-04 6.72E-04
ecosystems
Terrestrial kgSO,eq  1.15E-02 0.00E+00  5.48E-03 1.52E-03 2.656-03 3.026-07 4.936-04 1.40E-03
acidification
Freshwater kgPeq  174E-03  0.00E+00  6.47E-04 3.09E-04 3.51E-04 1.74E-08 7.936-05 3.58E-04
eutrophication
Terrestrial
re kg 1,4-DCB  8.93E+00 2.486-03 1.21E+00 1.95E+00 2.79E+00 2.29E-04 2.56E+00 4.08E-01

ecotoxicity
Freshwater kg14-DCB  1.74E-01 2.37E-03 233602 3.65E-02 4.78E-02 3.52E-06 4.776-02 1.60E-02
ecotoxicity
Human o 4DCB 1.59E-01 1.20E-02 5.88E-02  2.32E-02 3.24E-02 3.39E-06 1.15E-02 2.13E-02
carcinogenic tOXlClty
Humannon- =\ 0y 4 hes 3.62E400 1.02E-02 8.91E-01 6.99E-01 9.21E-01 6.43E-05 6.27E-01 4.73E-01
carcinogenic tOXICIty
S“ﬂ;’:‘zlrs resource kgCueq  8.95E-03 0.00E+00 5.58E-04  2.04E-03 2.82E-03 3.48E-07 3.06E-03 4.66E-04
:::rs:itr;””rce kgoileq  1.64E+00 0.00E+00 1.27E+00  9.12E-02 1.69E-01 1.21E-05 1.29E-02 9.67E-02
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Fig. S1 Chlorobenzene production — characterization shares - ReCiPe 2016 midpoints



Table S2 4-chloroanisole production — midpoints characterization results, ReCiPe 2016

Impact . Process . Dichloro- Chemicals . Dimethyl  Sodium Sodium -
Unit Total . Anisole  Water Chlorine . . . Electricity

category methane factory sulphide bicarbonate chloride
ale'\arbr:ilng kg CO,eq 9.63E+01 7.45E+00 6.10E+00 1.38E-03 4.00E+01 5.35E-02 4.97E-01 1.47E+00 5.82E+00 1.37E+00 3.35E+01
Ozone
formation, kg NO,eq 2.55E-01 8.27E-04 1.16E-02 3.22E-06 1.58E-01 1.78E-04 1.11E-03 3.30E-03 1.61E-02 3.58E-03  6.09E-02
human health
Ozone
formation, kg NO,eq 2.59E-01 1.33E-03 1.22E-02 3.27E-06 1.60E-01 1.82E-04 1.13E-03  3.49E-03 1.63E-02 3.64E-03  6.15E-02
ecosystems
Terrestrial
acidification kg SO, eq 4.23E-01 0.00E+00 2.37E-02 9.52E-06 1.99E-01 4.92E-04 2.14E-03 9.32E-03  5.19E-02 8.26E-03  1.28E-01
Freshwater

- kgPeq 4.54E-03 0.00E+00 2.51E-04 5.86E-08 2.83E-05 6.96E-06 4.72E-05 4.74E-05  5.26E-04 1.11E-04 3.52E-03
eutrophication
Terrestrial K€ LA4~ ) capr02  2956-01 2.08E+01 7.176-03 9.46E+00 2.55E+00 2716400 5.89E+00 5.08E+01 2.82E+01 3.31E+01
ecotoxicity DCB
Freshwater kL4 ) o5g.01 112E-01 3.37E-02 4.51E-06 259E-02 2.30E-04 3.75E-04 2.20E-03 8.3E-03  271E-03  102E-02
ecotoxicity DCB
Human ke 1.4-
carcinogenic gDC,B 9.97E-01 1.98E-01 5.78E-02 2.93E-05 3.88E-01 3.59E-03 5.71E-03 1.01E-02  8.48E-02 4.20E-02 2.07E-01
toxicity
Human non- ke 14-
carcinogenic gDC,B 2.45E+01 7.42E+00 1.41E+00 6.88E-04 3.17E+00 1.42E-01 2.07E-01 3.70E-01 3.08E+00 1.65E+00 7.03E+00
toxicity
Mineral
resource kgCueq 2.36E-01 0.00E+00 2.09E-02 1.10E-05 5.45E-03 3.06E-03 2.88E-03 6.84E-03 1.20E-01 3.35E-02  4.26E-02
scarcity
z::::i;w“rce kgoileq 2.20E+01 0.00E+00 2.95E+00 3.81E-04 7.41E+00 129E-02 1.29E-01 1.09E+00 1.22E+00 3.33E-01 8.85E+00
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Fig. S2 4-chloroanisole production — characterization shares - ReCiPe 2016 midpoints



Table S3 4-chlorotoluene production — midpoints characterization results, ReCiPe 2016

Impact Unit Total Pr.oc.ess Toluene Dichloro- Diethyl t-butyll Methanol Chemicals Electricity
category emissions methane ether hypochlorite factory
alaorbr:ilng kg CO,eq 6.65E+01 1.20E+01 1.21E+00 2.22E+01 1.21E+01 1.91E+00 6.28E-01 5.35E-02 1.65E+01
Ozone
formation, kg NO,eq 1.56E-01 4.43E-03 1.86E-03 8.73E-02 2.60E-02 5.30E-03 1.29E-03 1.78E-04 3.00E-02
human health
Ozone
formation, kg NO,eq 1.65E-01 7.14E-03  2.02E-03 8.84E-02 3.03E-02 5.54E-03 1.37E-03 1.82E-04 3.02E-02
ecosystems
Terrestrial
[T kg SO, eq  2.17E-01 0.00E+00  2.27E-03 1.10E-01 3.03E-02 9.27E-03 1.69E-03 4.92E-04 6.29E-02
acidification
Freshwater kgPeq 555603 000E+00 527607  157E-05  3.65E-03 132604 165E05  6.96E-06  1.73E-03
eutrophication
Terrestrial
ecotoxicity kg 1,4-DCB  6.16E+01 1.27E-02  7.28E-01 5.24E+00 2.74E+01 8.55E+00 7.60E-01 2.55E+00 1.63E+01
Freshwater ) 1DCB 3.79E-02  4.166-03 28604  143E-02 5.04E-03 7.72€-03 115603  2.30E-04  5.00E-03
ecotoxicity
Human
carcinogenic kg 1,4-DCB  4.30E-01 1.86E-02  3.62E-03 2.15E-01 6.77E-02 1.77E-02 2.29E-03 3.59E-03 1.02E-01
toxicity
Human non-
carcinogenic kg 1,4-DCB  8.65E+00 7.17E-01  1.37E-02 1.75E+00 1.68E+00 8.07E-01 8.00E-02 1.42E-01 3.46E+00
toxicity
Mineral
resource kg Cu eq 7.11E-02 0.00E+00  1.40E-04 3.02E-03 3.29E-02 9.55E-03 1.49E-03 3.06E-03 2.10E-02
scarcity
zs:::it';”“rce kgoileg  2.06E+401 0.00E+00 9.92E-01  4.10E+00  9.53E+00 9.436-01 6.856-01 129602  4.35E+00
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Table S4 4-chloronitrobenzene production — midpoints characterization results, ReCiPe 2016

Impact category Unit Total Prf)c?'ss Chlorobenzene Nitric acid Water SOdlufn Chemicals Electricity
emissions hydroxide factory
Global kgCO,eq  2.33E+01  2.77E-02 2.88E+00 141E+01  5.27E-04 3.38E+00 535602 2.84E+00
warming
Ozone formation, kgNO,eq  4.91E-02  0.00E+00 5.65E-03 293602  1.23E-06 8.81E-03 178E-04  5.17E-03
human health
Ozone formation, kgNOeq  5.00E-02  0.00E+00 6.23E-03 295602  1.25E-06 8.89E-03 1.82E-04  5.21E-03
ecosystems
Terrestrial
frestna kgSO,eq  8.63E-02  0.00E+00 8.41E-03 5.35E-02  3.63E-06 1.31E-02 493E04  1.08E-02
acidification
Freshwater kg Peq 6.83E-03  0.00E+00 1.27E-03 9.59E-04  2.09E-07 1.74E-03 7.93E-05  2.78E-03
eutrophication
Terrestrial
re kg14-DCB  5.31E+01  2.71E-03 6.51E+00 270E+01  2.75E-03 1.38E+01 2.56E+00  3.17E+00
ecotoxicity
Freshwater kg14-DCB  9.856-01  9.81E-04 1.27€-01 4.48E-01  4.23E-05 237601 477602 1.24E-01
eCOtOXlClty
Human =~ | 14DCB  5.80E-01  9.21E-04 1.16E-01 126E-01  4.08E-05 1.60E-01 115602 1.65E-01
carcinogenic tOXICIty
Human non-
! " kg14DCB  2.22E+01  3.20E-03 2.64E+00 107E+01  7.73E-04 4.57E+00 6.27E-01  3.67E+00
carcinogenic toxicity
S'\ﬂ;r::;' resource kg Cu eq 8.58E-02  0.00E+00 6.52E-03 5.86E-02  4.18E-06 1.40E-02 3.06E03  3.62E-03
z::::it';”“me kg oil eq 4.03E+00  0.00E+00 1.19E+00 123E+00  1.45E-04 8.37E-01 129602  7.51E-01
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Table S5 Bromobenzene production — midpoints characterization results, ReCiPe 2016

Impact Unit Total Pr.oc?ss Benzene Pyridine Bromine  Sodium hydroxide Water Chemicals Electricity
category emissions factory
SI:rbn?ilng kg CO,eq 1.25E+01 6.71E-01  1.15E+00 8.77E-05 7.25E+00 1.53E-01 4.46E-04 5.35E-02 3.22E+00
Ozone
formation, kg NO,eq 1.99E-02 3.99E-05 2.95E-03 1.80E-07 1.05E-02 3.99E-04 1.04E-06 1.78E-04 5.86E-03
human health
Ozone
formation, kg NO,eq  2.07E-02 6.44E-05  3.44E-03 1.94E-07 1.07E-02 4.03E-04 1.05E-06 1.82E-04 5.92E-03
ecosystems
Terrestrial
[T kg SO, eq  3.75E-02 0.00E+00  3.77E-03 2.59E-07 2.03E-02 5.94E-04 3.07E-06 4.93E-04 1.23E-02
acidification
Freshwater kgPeq  5.03E-03 0.00E+00 4.45E-04  1.85E-08 1.27E-03 7.88E-05 17707  7.936-05  3.15E-03
eutrophication
Terrestrial
L. kg 1,4-DCB  3.29E+01 2.04E-03  8.36E-01 2.44E-04 2.53E+01 6.27E-01 2.33E-03 2.56E+00 3.59E+00
eCOtOXICIty
Z;ZS:;:’IZ‘;“ kg1,4-DCB 3.85E-01 1.92E-03 1.61E-02  3.76E-06 1.68E-01 1.07E-02 3.58E05  4.77E-02  1.40E-01
Human
carcinogenic kg 1,4-DCB  3.78E-01 9.49E-03  4.04E-02 3.04E-06 1.21E-01 7.27E-03 3.45E-05 1.15E-02 1.88E-01
toxicity
Human non-
carcinogenic kg 1,4-DCB  9.42E+00 8.82E-03  6.13E-01 6.56E-05 3.80E+00 2.07E-01 6.54E-04 6.27E-01 4.16E+00
toxicity
Mineral
resource kg Cu eq 1.92E-02 0.00E+00  3.84E-04 2.21E-07 1.10E-02 6.34E-04 3.54E-06 3.06E-03 4.10E-03
scarcity
z:::;'it':“’”“e kgoileq 3.91E+00 0.00E+00 8.74E-01  4.23E-05 2.14E+00 3.79E-02 123E-04 129602  8.52E-01
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Table S6 4-Bromoanisole production — midpoints characterization results, ReCiPe 2016

Impact category Unit Total Prt_)c?ss Anisole Acetic acid Bromine Water Chemicals Electricity
emissions factory
at’rt::i'ng kgCO,eq 1.38E+401  2.09E-01 3.13E+00 8.93E-01  3.99E+00  4.38E-04 5.356-02 5.55E+00
Sj;";fg;';:f:m' kgNO,eq 2.44E-02  1.19E-04 5.96E-03 223603 578603  1.02E-06 1.78E-04 1.01E-02
Sczz:yestf;::at"’"’ kgNO,eq 2.51E-02  1.92E-04 6.27E-03 2.38E-03  5.90E-03  1.04E-06 1.82E-04 1.02E-02
ZZZ;IS:;EL“ kgSO,eq 4.83E-02  0.00E+00 1.21E-02 331E-03 112602  3.01E-06 4.93E-04 2.12E-02
:iig‘;’;fgmn kgPeq 7.66E-03  0.00E+00 1.16E-03 3.06E-04  7.01E-04  1.74E-07 7.93E-05 5.42E-03
Terrestrial
ccotoncity kg 1,4-DCB 3.71E+01  4.43E-01 1.07E+01  3.27E+00  1.39E+01  2.28E-03 2.56E+00 6.18E+00
Z;Zstxi.ts kg1,4-DCB  7.39E-01  1.01E-01 2.01E-01 558602  9.23E02  3.52E-05 4.77E-02 2.42E-01
C”:f’;:ggenictoxidty kg1,4-DCB 5.52E-01  0.00E+00 1.20E-01 3.056-02  6.68E-02  3.39E-05 1.15E-02 3.23E-01
Human non-
carcinogente toxicity 8 14DCB 141EH01  0.00E+00 3.28E+00 950E-01  2.09E+00  6.42E-04 6.27E-01 7.16E+00
s'\ﬂ;r::tayl resource kgCueq 3.02602  0.00E+00 1.07E-02 3.26E-03  6.07E-03  3.47E-06 3.06E-03 7.06E-03
z::rs:itr:w”rce kgoileq 4.69E+00  0.00E+00 1.51E+00 530E-01  1.18E+00  1.21E-04 1.29E-02 1.47E+00
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Table S7 4-bromotoluene production — midpoints characterization results, ReCiPe 2016

Impact

Unit

Total

Process

4-

Water Sulfuric

Hydrochlo

Sodium

Copper(l)

Sodium

Chemicals Electricity




category emissions toluidine acid -ric acid nitrite bromide hydroxide factory
alaorbn?ilng kg CO, eq 2.19E+01 6.80E-01 6.21E+00 1.99E-03 2.53E-01 1.64E+00 1.69E+00 2.99E+00 1.33E+00 5.35E-02 7.02E+00
Ozone
formation, kg NO,eq 6.67E-02 0.00E+00 1.19E-02 4.62E-06 1.92E-03 3.95E-03 4.46E-03 2.80E-02 3.47E-03 1.78E-04 1.28E-02
human health
Ozone
formation, kg NO,eq 6.80E-02 0.00E+00 1.24E-02 4.70E-06 1.96E-03 4.02E-03 4.51E-03  2.85E-02  3.50E-03  1.82E-04 1.29E-02
ecosystems
Terrestrial
acidification  €S02€d 2.55E-01 0.00E+00 182E-02 137E-05 188F-02 107E-02 6.83E-03 168E-01 5.17E-03 4.93E-04 2.68E-02
Freshwater
L kgPeq 3.69E-02 0.00E+00 1.02E-03 7.89E-07 1.45E-04 1.28E-03 6.85E-04 2.61E-02 6.85E-04  7.93E-05 6.86E-03
eutrophication
Terrestrial Ke14- 1 576403 4.86E-02 171E+01 1.04E-02 7.99E+00 135E+01 8.16E+00 1.20E+03 5.456400 2.56E+00 7.82E+00
ecotoxicity DCB
Freshwater KBLA 5 35E:01 175601 247601 150E-04 7.44E02 235601 111601 2226401 9.34E-02 477602 3.06E-01
ecotoxicity DCB
Human ke 1.4-
carcinogenic %)ClB 2.12E+00 0.00E+00 1.29E-01 1.54E-04 2.06E-02 1.11E-01 6.41E-02 1.31E+00 6.32E-02  1.15E-02  4.09E-01
toxicity
Human non- ke 1.4-
carcinogenic %)C’B 2.93E+02 0.00E+00 4.45E+00 2.91E-03 1.27E+00 3.95E+00 1.99E+00 2.70E+02 1.80E+00 6.27E-01 9.06E+00
toxicity
Mineral
resource kg Cueq 5.31E-01 0.00E+00 1.85E-02 1.58E-05 5.41E-03 1.42E-02 6.68E-03 4.68E-01 5.51E-03  3.06E-03 8.93E-03
scarcity
z:::é'i;“’“"e kgoileq 6.74E+00 0.00E+00 2.54E+00 5.47E-04 227E-01 5.14E-01 4.99E-01 7.65E-01 330E-01 129E-02 185E+00
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Table S8 4-bromonitrobenzene production — midpoints characterization results, ReCiPe 2016



Impact Unit Total Prf:nc.ess Bromo- Nlt.rIC Sulffmc Water Ethanol Sodlu[’n Chemicals Electricity
category emissions benzene acid acid hydroxide factory
3';’:::% kgCO,eq  4.32E+01  3.356+00 1.43E+01 6.53E+00 2.97E-01 3.02E-03 2.03E+00  4.32E+00  5.35E-02 1.24E+01
Ozone
formation,  kgNO,eq  7.70E-02  0.00E+00 2.27E-02 1.356-02 2.25E-03 7.02E06 4.51E-03 1.13E-02 1.78E-04  2.25E-02
human health
Ozone
formation,  kgNO,eq  7.91E-02  0.00E+00 2.36E-02 1.36E-02 2.29E-03 7.14E-06 5.22E-03 1.14E-02 1.826-04  2.28E-02
ecosystems
Terrestrial o c0,eq  1.59E-01  0.00E400 4.28F-02 247E-02 2.21E-02 2.08E-05 5.12E-03  168E-02  4.93E-04 473E-02
acidification
Freshwater o000 26602  0.00E+00 5.73E-03 444E-04 170E-04 120E-06 807E-04  2.236-03  7.93E-05 1.21E-02
eutrophication
Terrestrial ke L4 g goEs01 150E-01 3.75E+01 1.25E+01 9.37E+00 1.57E-02 5.20E+00  1.77E+01  2.56E+00 1.38E+01
ecotoxicity DCB
Freshwater KeLA- 1 81E+00 965602 4.39E-01 207E-01 8.73E-02 242E-04 8.49E-02  3.04E-01  A77E-02  5.40E-01
ecotoxicity DCB
Human ke 14-
carcinogenic gDC'B 1.50E+00 1.94E-04 4.31E-01 5.82E-02 242E-02 2.33E-04 4.45E-02 2.05E-01 115602 7.22E-01
toxicity
Human non- ke 14-
carcinogenic gocé 4.09E+01  0.00E+00 1.07E+01 4.94E+00 1.50E+00 4.43E-03 124E+00  5.85E+00  6.27E-01 1.60E+01
toxicity
Mineral
resource kgCueq  9.77E02  0.00E+00 2.19E-02 2.71E-02 6.34E-03 2.39E-05 5.57E-03 1.79E-02 3.06E-03  1.58E-02
scarcity
:::rs:ixs"“rce kgoileq  1.12E+01  0.00E+00 4.46E+00 5.70E-01 2.66E-01 8.31E-04 159E+00  1.07E+00  1.29E-02 3.28E+00
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lodine-based halobenzenes

Table S9 lodobenzene production — midpoints characterization results, ReCiPe 2016

Impact Unit Total Prf)c.ess Benzene lodine Nitric acid SOdluf“ Water Hydrotfhlorlc Chemicals Electricity
category emissions hydroxide acid factory
at’rb:i'ng kgCO,eq  9.74E+00 7.33E-01 1.04E+00 2.52E+00 1.64E+00 4.73E-01 1.68E-05 1.57E-02 5.356-02  3.26E+00
Ozone
formation,  kgNO,eq  1.72E-02 3.62E-05 2.67E-03 3.75E-03 3.40E-03 1.23E-03 3.90E-08  3.78E-05 1.78E-04  5.93E-03
human health
Ozone
formation,  kgNO,eq  1.79E-02 5.83E-05 3.12E-03 3.83E-03 3.43E-03 125603 3.96E-08  3.84E-05 1.826-04  5.98E-03
ecosystems
Terrestrial
oo keSO;eq  345E-02  0.00E+00 341E-03 6.94E-03 6.226-03 184E03  LISE-07 1.02E-04  4.93E-04 1.25E-02
Freshwater
"er kgPeq  4.48E-03 0.00E+00 4.03E-04 4.39E-04 1.12E-04 2.44E-04 6.66E-09 1.22E-05 7.93E-05  3.19E-03
eutrophication
Terrestrial k814~ 0401 216603 7.57E-01 8.86E+00 3.14E+00 1.94E+00 8.74E-05  129E-01  2.56E+00 3.64E+00
ecotoxicity DCB
Freshwater kel4- 351p01 2.09E-03 1456-02 5.67E-02 521E-02 333602 135606  2256-03  4.77E-02 1.42E-01
ecotoxicity DCB
Human ke 1.4-
carcinogenic icé 3.28E-01 9.97E-03 3.66E-02 4.22E02 1.46E-02 225E-02 1.30E-06 1.06E-03 1.156-02  1.90E-01
toxicity
Human non- ke 14-
carcinogenic gDcia 8.62E+00  8.47E-03 5.55E-01 1.29E+00 1.24E+00 6.41E-01 2.46E-05  3.78E-02 6.27E-01  4.21E+00
toxicity
Mineral
resource kgCueq  3.37E+00  0.00E+00 3.48E-04 3.35E+00 6.81E-03 1.96E-03 1.33E-07 1.36E-04  3.06E-03 4.15E-03
scarcity
:::rs:itr;””rce kgoileq  2.67E+00  0.00E+00 7.91E-01 7.39E-01 1.43E-01 117E-01 4.61E-06 4.91E-03 129E-02 8.62E-01
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Table S10 4-iodoanisole production — midpoints characterization results, ReCiPe 2016

. . Sodium .
Impact Unit Total Prf)c.ess Anisole Hydro.gen Water lodine Ethanol SUIfF"C Diethyl hydro- Chemicals Electricity
category emissions peroxide acid ether xide factory
Svt)rtr)\?lilng kge(;Oz 3.35E+01 9.17E+00 3.75E+00 5.01E-01 3.19E-04 3.65E+00 3.32E+00 2.02E-02 7.54E+00 5.65E-02  5.35E-02 5.46E+00
Ozone kg NO
formation, * 5.20E-02 4.58E-03 7.15E-03 8.25E-04 7.41E-07 5.45E-03 7.37E-03 1.54E-04 1.62E-02 1.47E-04 1.78E-04 9.93E-03
h. health ed
Ozone kg NO
formation, eq * 5.93E-02 7.40E-03 7.52E-03 8.77E-04 7.53E-07 5.56E-03 8.53E-03 1.56E-04 1.89E-02 1.49E-04 1.82E-04 1.00E-02
ecosystems
Te,rr,e?trla_l kg SO, 7.64E-02 0.00E+00 1.46E-02 1.39E-03 2.19E-06 1.01E-02 8.37E-03 1.51E-03 1.89E-02 2.20E-04 4.93E-04 2.09E-02
acidification eq
Freshwater
eutrophic- kg Peq 1.20E-02 0.00E+00 1.39E-03 1.86E-04 1.27E-07 6.37E-04 1.32E-03 1.16E-05 3.04E-03 2.91E-05 7.93E-05 5.34E-03
cation
Terrestrial kg 1,4-

- 6.28E+01  8.55E-02 1.28E+01 1.84E+00 1.66E-03 1.29E+01 8.50E+00 6.39E-01 1.71E+01 2.32E-01  2.56E+00 6.09E+00
ecotoxicity DCB

Freshwater k8 L4~ | 1cpin0 285602 2.41E-01 4.29E-02 2.56E-05 8.23E:02 1.39E-01 S.96E-03 3.17E-01 397603 A477E-02  2.38E-01

ecotoxicity DCB

Human kg 1,4-

carf:ir\ogenic DC,B 8.50E-01 5.05E-04 1.44E-01 7.31E-02 2.46E-05 6.12E-02 7.28E-02 1.65E-03 1.64E-01 2.69E-03  1.15E-02 3.18E-01
toxicity

Human non- kg 1,4-

carcinogenic DC'B 2.11E+01 3.28E-03 3.93E+00 7.82E-01 4.67E-04 1.88E+00 2.03E+00 1.02E-01 4.59E+00 7.65E-02 6.27E-01 7.06E+00
toxicity

Mineral

resource kg Cueq 4.92E+00 0.00E+00 1.29E-02  2.17E-03  2.53E-06 4.86E+00 9.10E-03 4.32E-04 2.05E-02 2.34E-04  3.06E-03 6.95E-03
scarcity

Fossil

resource kg oil eq 1.31E+01 0.00E+00 1.81E+00 1.76E-01 8.77E-05 1.07E+00 2.59E+00 1.81E-02 5.94E+00 1.40E-02  1.29E-02 1.44E+00
scarcity
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Table S11 4-iodotoluene production — midpoints characterization results, ReCiPe 2016

Impact Total Process 4-toluidine Water Hydro- Sodium Pota- Sodium Sodium Ethanol Chemicals Electricity
P Unit emissions chloric nitrite  ssium  sulfite hydroxide factory
category . -
acid iodide
Global kg CO, 1.82E+01 8.29E-01 3.76E+00 5.72E-04 9.93E-01 1.07E+00 6.08E+00 5.95E-02 7.96E-01 5.13E-01  5.35E-02 4.04E+00
warming eq
Ozone ke NO 3.70E-02  3.49E-03 7.20E-03  1.33E-06 2.39E-03 2.83E-03 1.02E-02 1.43E-04 2.08E-03 1.14E-03 1.78E-04 7.34E-03
formation, ge x
h. health 4
Ozone ke NO. 4.00E-02  5.65E-03 7.52E-03 1.35E-06 2.43E-03 2.86E-03 1.04E-02 1.45E-04 2.10E-03 1.32E-03 1.82E-04 7.41E-03
formation, ge X
ecosystems q
Terrestrial kg SO, 6.16E-02  0.00E+00 1.10E-02  3.94E-06 6.48E-03 4.33E-03 1.81E-02 1.39E-03 3.09E-03 1.29E-03  4.93E-04 1.54E-02
acidification eq
Freshwater 7.99E-03  0.00E+00 6.20E-04  2.27E-07 7.75E-04 4.34E-04 1.48E-03 3.49E-05 4.10E-04 2.04E-04 7.93E-05 3.95E-03
eutrophic- kg P eq
cation
Terrestrial kg 1,4- 5.97E+01  8.78E-02 1.03E+01 2.98E-03 8.18E+00 5.18E+00 2.40E+01 3.49E-01 3.27E+00 1.31E+00 2.56E+00 4.50E+00
ecotoxicity DCB
Freshwater kg 1,4- 1.23E+00 3.15E-01 1.50E-01 4.59E-05 1.42E-01 7.04E-02 2.41E-01 6.09E-03 5.60E-02 2.14E-02 4.77E-02 1.76E-01
ecotoxicity DCB
Human ke 1.4 6.29E-01  3.36E-04 7.79E-02  4.42E-05 6.71E-02 4.07E-02 1.43E-01 3.18E-03 3.78E-02 1.12E-02 1.15E-02 2.35E-01
carcinogenic gDC,B
toxicity
Human non- ke 1.4 1.83E+01  0.00E+00 2.69E+00 8.39E-04 2.39E+00 1.26E+00 4.59E+00 1.05E-01 1.08E+00 3.13E-01 6.27E-01 5.22E+00
carcinogenic gDC'B
toxicity
Mineral 6.42E+00 0.00E+00 1.12E-02 4.54E-06 8.60E-03 4.24E-03 6.38E+00 3.81E-04 3.30E-03 1.41E-03 3.06E-03 5.14E-03
resource kg Cu eq
scarcity
Fossil 5.62E+00 0.00E+00 1.53E+00 1.57E-04 3.11E-01 3.16E-01 1.76E+00 1.97E-02 1.97E-01 4.00E-01  1.29E-02 1.07E+00
resource kg oil eq
scarcity
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Table S12 4-iodonitrobenzene production — midpoints characterization results, ReCiPe 2016

Impact Unit Total Pr.oc.ess nitroani- Water Su”tmc So.dl.um Po.tas.s|um Ethanol SOdluE“ Chemicals Electricity
category emissions line acid nitrite iodide hydroxide  factory
s,':rt:i'ng kgCO,eq 3.77E+01 7.06E-01 1.89E+01 1.51E-03 1.16E-01 9.93E-01 9.46E+00 3.52E-01 6.87E-01 5.35E-02  6.49E+00
Ozone
formation, kgNO,eq 8.31E-02 2.40E-04 4.86E-02 3.50E-06 8.79E-04 2.62E-03 159E-02 7.81E-04 179E-03 1.78E-04 1.21E-02
human health
Ozone
formation, kgNO,eq 8.54E-02 3.88E-04 5.01E-02 3.56E-06 8.95E-04 2.65E-03 162E-02 9.04E-04 181E-03 1.82E-04 1.22E-02
eCOSyStemS
Terrestrial
adifintor kgSO;eq 2.28E-01 O0.00E+00 1S7E-01 104E-05 862E-03 40103 282602 887E-04 267603 493E04 261E-02
Freshwater
€T \gPeq 1.63E-02 0.00E+00 6.54E-03 5.98E-07 6.62E-05 4.02E-04 2.31E-03 1.40E-04 3.54E-04 7.93E-05 6.46E-03

eutrophication
Terrestrial KBLA 1 72£402 1976400 101E+02 7.85E-03 3.66E400 479E+00 373E+01 O.01E-01 2.82E+00 256400 1.70E+01
ecotoxicity DCB
Freshwater ke 14- ) 83E400 8.07E-02 1.44E+00 121E-04 341E-02 6.51E-02 375601 147602 4.83E02 477602 7.29E-01
ecotoxicity DCB
Human ke 1.4-
carcinogenic EDC'B 1.44E+00 5.35E-05 6.90E-01 1.16E-04 9.43E-03 3.76E-02 2.23E-01 7.71E-03 3.27E-02 1.I5E-02 4.27E-01
toxicity
Human non- ke 1.4-
carcinogenic %C'B 4.69E+01 0.00E+00 2.59E+01 2.21E-03 5.84E-01 1.17E+00 7.15E+00 2.15€-01 9.30E-01 6.27E-01 1.03E+01
toxicity
Mineral
resource kgCueq 1.01E+01 0.00E+00 1.14E-01 1.19E-05 2.47E-03 3.92E-03 9.93E+00 9.65E-04 2.85E-03 3.06E-03  1.35E-02
scarcity
:::rs:itr;””rce kgoileq 1.11E+01 0.00E+00 5.83E+00 4.14E-04 1.04E-01 2.92E-01 2.74E+00 2.75E-01 170E-01 1.29E-02 1.71E+00
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Palladium-based catalysts

Table S13 Palladium acetate production — midpoints characterization results, ReCiPe 2016

Impact category Unit Total Process emissions Palladium Acetic acid Nitric acid Chemicals factory Sodium hydroxide Electricity
s::::i'ng kgCO,eq  5.96E+00 1.38E-03 594E+00 1.77E-02  1.22E-04 5.35E-05 2.94E-05 1.21E-03
Sj?n";fﬁggf:m’ kgNO,eq  7.69E-02 6.85E-07 7.69E-02 4.42E-05  2.30E-07 1.78E-07 7.75E-08 2.20E-06
Sczg:yitf;’r::at'm' kgNO,eq  7.86E-02 1.10E-06 7.86E-02 4.71E-05  2.31E-07 1.82E-07 7.83E-08 2.22E-06
Terrestrial
adifiontion kgSO,eq  8.55E-01 0.00E+00 8.55E-01  6.55E-05  4.21E-07 4.93E-07 1.27E-07 4.62E-06
:f;g‘;’sit;'ﬁon kgPeq  7.00E-03 0.00E+00 6.99E-03 6.04E-06  9.49E-09 7.93E-08 1.51E-08 1.18E-06
Terrestrial
ccotoxicity kg 1,4-DCB  2.61E+01 1.83E-03 260E+01 6.46E-02  2.10E-04 2.56E-03 1.336-04 1.35E-03
Z;istmi.t;r kg 1,4-DCB  2.90E+00 1.85E-05 2.90E+00 1.10E-03  1.46E-06 4.77E-05 2.27E-06 5.28E-05
Human
carcinogenic kg 1,4-DCB  7.83E-01 0.00E+00 7.82E-01  6.03E-04  1.04E-06 1.15E-05 1.42E-06 7.05E-05
toxicity
Human non-
carcinogenic kg 1,4-DCB  1.19E+02 0.00E+00  1.19E+02 1.90E-02  6.83E-05 6.27E-04 4.28E-05 1.56E-03
toxicity
S'\ﬂ;r::s resource  yecueq  9.99E-01 0.00E+00 9.99E-01  6.44E-05  4.74E-07 3.06E-06 1.63E-07 1.54E-06
:::::it';”“rce kgoileq  1.92E+00 0.00E+00 1.91E+00 1.056-02  1.09E-05 1.29E-05 7.20E-06 3.20E-04
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Table S14

Palladium tetrakis production — midpoints characterization results, ReCiPe 2016

Impact Unit Total Process Palladium Triphenylp-  Dimethyl Hydrazine Ethanol Chemicals Diethyl Electricity
category emissions dichloride hosphine sulfoxide factory ether
GIOba.l kg CO, 1.21E+00 5.31E-03 1.18E+00 1.24E-02 5.15E-03 2.19E-03 2.89E-04 5.35E-05 1.06E-03 4.24E-03
warming eq
Ozone
L‘er':::c’“' kge':o‘ 153602  4.05E-07 1.52E-02 261E-05 117605  4.75E-06 6.62E-07 1.78E-07  2.61E-06  7.72E-06
health
Ozone ke NO
formation, ge ¥ 1.56E-02 6.54E-07 1.55E-02 2.77E-05 1.23E-05 4.82E-06 7.57E-07 1.82E-07 2.84E-06 7.79E-06
ecosystems q
Terrestrial — kgSO» ) cor 01 0.00E400 1.69E-01 3.93E-05  3.33E-05  9.37E-06 7.90E-07 4.93E-07  5.66E-06  1.62E-05
acidification eq
Freshwater
eutrophicatio kgPeq 1.40E-03  0.00E+00 1.38E-03 1.46E-05 1.47E-06 1.11E-06 1.15E-07 7.93E-08 5.19E-07 4.15E-06
n
Terrestrial kg 1,4-
. 5.39E+00 3.21E-02 5.14E+00 3.49E-02 2.17E-02 1.51E-01 5.79E-04 2.56E-03 4.82E-03 4.73E-03
ecotoxicity DCB
Freshwater kg 14 ¢ 7ge.01  7.08¢-04 S574E01  6.65E-04  398E-04  144E-03 454E-06 477E-05  3.456-05  1.85E-04
ecotoxicity DCB
Human ke 1.4-
carcinogenic gDC’B 1.57E-01 9.15E-04 1.55E-01 5.22E-04 1.66E-04 1.01E-04 6.76E-06 1.15E-05 3.85E-05 2.47E-04
toxicity
Human non- ke 1.4-
carcinogenic gDC,B 2.36E+01  3.13E-07 2.36E+01 1.31E-02 6.05E-03 3.29E-03 2.03E-04 6.27E-04 1.56E-03 5.48E-03
toxicity
Mineral
resource kg Cueq 1.98E-01  0.00E+00 1.98E-01 1.72E-04 2.69E-05 1.156-05 5.83E-07 3.06E-06 3.70E-06 5.40E-06
scarcity
Fossil
resource kg oileq 3.89E-01  0.00E+00 3.78E-01 4.32E-03 3.92E-03 6.47E-04 2.12E-04 1.29E-05 5.78E-04 1.12E-03
scarcity
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Ligand

Table S15 Triphenylphosphine production — midpoints characterization results, ReCiPe 2016

. Total Process Phosphorus Chlorobenzene Sodium Chemicals Electricity  Heat
Impact category Unit .. . .
emissions trichloride factory
al::rbr:ilng kg CO, eq 9.94E+00 2.96E-01 2.54E+00 5.66E+00 1.15E+00 5.35E-02 1.42E-01 1.04E-01
Ozone
formation, kg NO, eq 2.08E-02 0.00E+00 6.40E-03 1.11E-02 2.77E-03 1.78E-04 2.65E-04 7.47E-05
human health
Ozone
formation, kg NO, eq 2.20E-02 0.00E+00 6.46E-03 1.22E-02 2.81E-03 1.82E-04 2.67E-04 7.74E-05
ecosystems
Terrestrial kgSO,eq  3.15E-02  0.00E+00 9.61E-03 1.65E-02 431E-03 493604  571E-04 5.81E-05
acidification
Freshwater kg P eq 1.18E02  0.00E+00 8.53E-03 2.49E-03 502604  7.93E-05 1.42E-04 1.34E-06
eutrophication
Terrestrial
L. kg 1,4-DCB 2.78E+01 1.29E-02 5.87E+00 1.28E+01 6.20E+00 2.56E+00 3.73E-01 1.17E-02
eCOtOXICIty
Freshwater kg1,4-DCB  5.35E-01  1.05E-02 1.24E-01 2.48E-01 8.856-02  4.77E-02 1.60E-02 2.42E-04
ecotoxicity
Human
carcinogenic kg 1,4-DCB 4.19E-01 2.03E-03 1.18E-01 2.28E-01 4.95E-02 1.15E-02 9.36E-03 3.54E-04
toxicity
Human non-
carcinogenic kg 1,4-DCB 1.05E+01 7.07E-03 2.86E+00 5.18E+00 1.59E+00 6.27E-01 2.26E-01 3.88E-03
toxicity
Mineral
resource kg Cu eq 1.38E-01 0.00E+00 1.17E-01 1.28E-02 5.49E-03 3.06E-03 2.95E-04 2.98E-05
scarcity
zf:rs;'i;”””e kg oil eq 3.47E400  0.00E+00 7.31E-01 2.34E+00 3.03E01  1.29E-02 3.756-02 4.05E-02
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Cross-coupling reactions protocols

Table S16 Biphenyl production via the standard Suzuki protocol using bromobenzene — midpoints
characterization results, ReCiPe 2016

Total Process Bromobenz Benze Sodium Water Palladium  Phenylboronic Hydrog Chemic Electric
Impact Unit emissions ene ne hydroxide tetrakis acid en als ity
category peroxid factory
e
Global KCO: 4 o2Es02 1516401 1688401 COBE  gosror  O7%F  3s7mi02 azigs01  M7E 535B 0 S.008+
warming eq 00 04 01 02 01
Ozone
formation, kg NO, 2.33E- 1.56E- 1.20E- 1.78E- 9.09E-
human eq 4.74E+00 3.15E-04 2.71E-02 02 2.37E-03 06 4.52E+00 7.87E-02 03 04 02
health
Ozone
formation, KeNO. 4 gcer00 5.08£-04 282602 2725 230e03 MO0 4626400 8.31E-02 1.278- 1.82¢- 9-18E-
eq 02 06 03 04 02
ecosystems
Terrestrial kg SO, 2.98E- 4.62E- 2.02E- 4.93E- 1.91E-
acidification eq 5.05E+01 0.00E+00 5.05E-02 02 3.53E-03 06 5.01E+01 1.28E-01 03 04 01
Freshwater
- 3.51E- 2.67E- 2.70E- 7.93E- 4.89E-
s:trophlcatl kg Peq 4.92E-01 0.00E+00 6.75E-03 03 4.68E-04 07 4.16E-01 1.59E-02 04 05 02
Terrestrial kg 1,4- 6.59E+ 3.50E- 2.67E+ 2.56E+0 5.57E+
ecotoxicity DCB 1.82E+03 3.80E-02 4.46E+01 00 3.72E+00 03 1.60E+03 1.05E+02 00 0 01
Freshwater kg 1,4- 1.27E- 5.39E- 6.22E- 4.77E- 2.18E+
ecotoxicity DCB 1.76E+02 3.76E-02 5.18E-01 o1 6.38E-02 05 1.71E+02 1.65E+00 02 02 00
Human

. . kg 1,4- 3.19E- 5.19E- 1.06E- 1.15E- 2.91E+
car‘cmogenlc DCB 5.18E+01 1.66E-01 5.10E-01 01 4.32E-02 05 4.64E+01 1.30E+00 o1 02 00
toxicity
Human non-

. . kg 1,4- 4.84E+ 9.85E- 1.13E+ 6.27E- 6.46E+
cargr\ogemc DCB 7.11E+03 1.41E-01 1.27E+01 00 1.23E+00 04 6.99E+03 3.61E+01 00 o1 o1
toxicity
Mineral

3.03E- 5.32E- 3.15E- 3.06E- 6.37E-
resou-rce kg Cueq 5.88E+01 0.00E+00 2.61E-02 03 3.76E-03 06 5.86E+01 1.06E-01 03 03 02
scarcity
Fossil 6.90E+ 1.85E- 255E-  129E-  1.32E+
resou.rce kg oil eq 1.54E+02 0.00E+00 5.26E+00 00 2.25E-01 04 1.15E+02 1.32E+01 o1 02 o1
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Table S17 Biphenyl production via the standard Suzuki protocol using iodobenzene — midpoints
characterization results, ReCiPe 2016

Impact Total Process lodobenzen Benze Sodium Water Phenylboroni Hydrogen Chemic Palladi Electric
catr:-! o Unit emissions e ne hydroxide c acid peroxide als um ity
sory factory  tetrakis

Global k€CO: g osEs02 1926401 2086401 TREF 111m00  43F sa7ei01 8.90E-01 5356 438840 6188+
warming eq 01 04 02 2 01
Ozone
formation, kg NO, 2.85E- 1.01E- 1.78E-  5.54E+0  1.12E-
humman e 5.82E+00 3.856-04 373E-02 0 2.90E-03 06 9.66E-02 1.46E-03 04 o o1
health
Ozone
formation, kgeNOX 5.95E400 6.20E-04 3.87E-02 3‘325 2.93E-03 1‘8(3;' 1.02E-01 1.56E-03 1‘giE' S‘GZE+O 1‘(135'
ecosystems q
Terrestrial kg SO, 3.65E- 3.00E- 493E-  6.14E+0  2.36E-
acidification  eq 6.19E+01 0.00E+00 6.74E-02 - 4.32E-03 06 1.57E-01 2.47E-03 04 1 o1
Freshwater

S 4.31E- 1.73E- 7.93E- 5.10E- 6.04E-
erjltrophlcatl kgPeq 6.05E-01 0.00E+00 9.56E-03 o 5.73E-04 07 1.95E-02 3.31E-04 o5 o1 02
Terrestrial kg 1,4- 8.08E+ 2.27E- 2.56E+  1.96E+0  6.89E+
ecotoxicity  DCB 2.22E+03  4.65602 4.55E+01 4.56E+00 03 1.29E+02 3.27E+00 00 3 o1
Freshwater kg 1,4- 1.55E- 3.50E- 4.77E- 2.10E+0 2.69E+
ccotoxicity  DCB 2.16E+02 4.61E02 751E-01 7.82E-02 05 2.03E+00 7.62E-02 02 ) 0
Human

. kg l,4- 3.91E- 3.37E- 1.15E-  5.69E+0  3.60E+
Ez;?:;;?/gemc DCB 6.36E+01 2.03E-01  7.05E-01 01 5.29E-02 05 1.59E+00 1.30E-01 02 1 00
Human non-

. kg 1,4- 5.93E+ 6.39E- 6.27E-  8.57E+0  7.98E+
;:z;iccuintc;gemc Do 726403 173E-01 1.84E+01 T 1.51E+00 04 4.43E+01 1.39E+00 o1 3 o1
Mineral
resource kg Cueq 7.92E+01 0.00E+00 7.17E+00 3728 e1e03 3% g 30e01 3.86E-03 3.06E-  7.18E+0  7.86E
scarcity 03 06 03 1 02
Fossil 8.45E+ 1.20E- 129E-  141E+0  1.63E+
resource kg oileq 1.88E+02 0.00E+00 5.71E+00 2.76E-01 ’ 1.62E+01 3.12E-01 ’ ’ ’
scarcity 00 04 02 2 01
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Table S18 Diphenylacetylene production via the standard Heck protocol using bromobenzene (variant Dieck
and Heck, 1975) — midpoints characterization results, ReCiPe 2016

Impact Unit Total Process Bromobenzene Phenylacetylene Triethylamine  Palladium(ll  Chemicals Electricity
category issions ) acetate factory
o -+
Global kgCOreq ZO1E*0 9756000 2.17E+01 9.06E+00 8.37E+00 147E+02  535E-02  4.50E+00
warming 2
Ozone 1.97E+0
formation, kg NO,eq = 0 0.00E+00 3.50E-02 7.50E-03 1.98E-02 1.90E+00 1.78E-04 8.18E-03
human health
Ozone 2.02E+0
formation, kgNOceq “ 0.00E+00 3.64E-02 8.07E-03 2.18E-02 1.94E+00 1.82E-04 8.25E-03
ecosystems
i 12E+
Terrestrial kg sO,eq 212E*0 6 00E400 6.52E-02 1.04E-02 2.83E-02 2.11E+01  4.93E-04  1.72E-02
acidification 1
Freshwater kgPeq 1.91E-01  0.00E+00 8.72E-03 1.18E-03 3.51E-03 173601  7.93E-05  4.40E-03
eutrophication
Terrestrial ke Ld- 74940 30600 5.76E+01 1.356+01 2.56E+01 6.43E+02  2.56E+00  5.01E+00
ecotoxicity DCB 2
Freshwater keld- 7.36E40 ) crpor 6.68E-01 4.03E-01 3.76E-01 7176401 477602  1.96E-01
ecotoxicity DCB 1
Human
carcinogenic kié’: 2.0iE+0 0.00E+00 6.58E-01 2.28E-01 2.90E-01 1.93E+01 1.15E-02 2.62E-01
toxicity
Human non-
carcinogenic ngtl:’; 2'983E+0 3.22E-01 1.64E+01 4.20E+00 7.24E+00 2.95E+03 6.27E-01 5.81E+00
toxicity
Mineral 2.48E40
resource kgCueq 1 0.00E+00 3.36E-02 1.59E-02 2.86E-02 2.47E+01 3.06E-03 5.72E-03
scarcity
zs::;'it';”“'ce kg oil eq 5.1715+o 0.00E+00 6.79E+00 1.92E+00 4.29E+00 4756401 129602  1.19E+00
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Table S19 Diphenylacetylene production via the standard Heck protocol using iodobenzene (variant Dieck and
Heck, 1975) — midpoints characterization results, ReCiPe 2016

Impact Unit Total Process emissions lodobenzene Phenylacetylene Triethylamine  Palladium(ll Chemicals Electricity
category ) acetate factory
al:rl::ilng kg CO, eq 1.35E+02 4.61E+00 1.54E+01 3.95E+00 5.85E+00 1.03E+02 5.35E-02 1.83E+00
Ozone
formation, kg NO,eq 1.38E+00 0.00E+00 2.75E-02 3.27E-03 1.39E-02 1.33E+00 1.78E-04 3.32E-03
human health
Ozone
formation, kg NO,eq 1.41E+00 0.00E+00 2.85E-02 3.52E-03 1.53E-02 1.36E+00 1.82E-04 3.35E-03
ecosystems
Terrestrial
I kg SO, eq 1.49E+01 0.00E+00 4.97E-02 4.54E-03 1.98E-02 1.48E+01 4.93E-04 6.98E-03
acidification
Freshwater kgPeq 1.33E-01 0.00E+00 7.05E-03 5.12E-04 2.46E-03 121E-01  7.93E-05  1.79E-03
eutrophication
Terrestrial ke L4 5 13p402 3.45E-01 3.35E401 5.89E+00 1.79E+01 4516402 2.56E+00  2.04E+00
ecotoxicity DCB
Freshwater kg 1,4-
. 5.14E+01 7.06E-02 5.53E-01 1.76E-01 2.63E-01 5.02E+01 4.77E-02 7.97E-02
ecotoxicity DCB
Human ke 14-
carcinogenic gDC’B 1.45E+01 0.00E+00 5.20E-01 9.95E-02 2.03E-01 1.35E+01 1.15E-02 1.06E-01
toxicity
Human non- ke 14-
carcinogenic %C’B 2.09E+03 1.92E-01 1.36E+01 1.83E+00 5.07E+00 2.06E+03 6.27E-01 2.36E+00
toxicity
Mineral
resource kg Cueq 2.26E+01 0.00E+00 5.29E+00 6.95E-03 2.00E-02 1.73E+01 3.06E-03 2.33E-03
scarcity
:::rs:it';e”“rce kgoileq 4.18E+01 0.00E+00 4.21E+00 8.38E-01 3.00E+00 3.32E+01  129E-02  4.83E-01
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Table S20 Diphenylacetylene production via the standard Heck protocol using bromobenzene (variant Cassar,

1975) — midpoints characterization results, ReCiPe 2016

Impact Unit Total Process Bromobenz Phenylacetyl Sodium N,N- Palladium- Chemicals Electrici
category emissions ene ene methoxide  dimethylformamide tetrakis factory ty
Global kg CO, 6.09E+ 1.55E+01 1.25E+01 2.62E+00 6.93E-01 1.91E+01 5.33E+02 5.35E-02 2.53E+0
warming eq 02 1
Ozone 6.86E+ 0.00E+00 2.02E-02 2.17E-03 1.75E-03 4.09E-02 6.75E+00 1.78E-04 4.61E-
formation, kg NO, 00 02
human eq
health
Ozone 7.01E+ 0.00E+00 2.10E-02 2.34E-03 1.80E-03 4.26E-02 6.89E+00 1.82E-04 4.65E-
. kg NO,
formation, o 00 02
ecosystems q
Terrestrial kg SO, 7.50E+ 0.00E+00 3.77E-02 3.01E-03 2.48E-03 7.16E-02 7.48E+01 4.93E-04 9.67E-
acidification eq 01 02
Freshwater 6.57E- 0.00E+00 5.04E-03 3.40E-04 2.86E-04 5.70E-03 6.21E-01 7.93E-05 2.48E-
eutrophicatio kgPeq 01 02
n
Terrestrial kg 1,4- 2.54E+ 8.62E-02 3.33E+01 3.91E+00 2.87E+00 8.69E+01 2.38E+03 2.56E+00 2.82E+0
ecotoxicity DCB 03 1
Freshwater kg 1,4- 2.58E+ 7.13E-03 3.86E-01 1.16E-01 5.09E-02 1.22E+00 2.55E+02 4.77E-02 1.10E+0
ecotoxicity DCB 02 0
Human ke 1.4- 7.18E+ 0.00E+00 3.81E-01 6.60E-02 2.82E-02 5.86E-01 6.93E+01 1.15E-02 1.48E+0
carcinogenic gDCIB 01 0
toxicity
Human non- ke 1.4- 1.05E+ 2.88E+00 9.45E+00 1.22E+00 8.80E-01 1.96E+01 1.04E+04 6.27E-01 3.27E+0
carcinogenic gDC‘B 04 1
toxicity
Mineral 8.76E+ 0.00E+00 1.94E-02 4.61E-03 3.12E-03 7.28E-02 8.75E+01 3.06E-03 3.23E-
resource kgCueq 01 02
scarcity
Fossil 1.94E+ 0.00E+00 3.92E+00 5.56E-01 2.97E-01 1.10E+01 1.72E+02 1.29E-02 6.70E+0
resource kg oileq 02 0
scarcity
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Fig. S20 Diphenylacetylene production via the standard Heck protocol using bromobenzene (variant Cassar,
1975) — characterization shares - ReCiPe 2016 midpoints



Table S21 Diphenylacetylene production via the standard Heck protocol using iodobenzene (variant Cassar,
1975) — midpoints characterization results, ReCiPe 2016

Impact Unit Total Process lodobenze Phenylacetyl Sodium N,N- Palladium- Chemicals Electrici
category emissions ne ene methoxide  dimethylformamide tetrakis factory ty
Global kg CO, 2.02E+ 6.04E+00 1.17E+01  2.43E+00 5.89E-01 8.87E+00 1.64E+02 5.35E-02 8.40E+0
warming eq 02 0
Ozone 2.13E+ 0.00E+00 2.10E-02 2.01E-03 1.49E-03 1.90E-02 2.08E+00 1.78E-04 1.53E-
formation, kg NO, 00 02
human eq
health
Ozone ke NO 2.18E+ 0.00E+00 2.18E-02 2.16E-03 1.53E-03 1.97E-02 2.12E+00 1.82E-04 1.54E-
formation, ge * 00 02
ecosystems q
Terrestrial kg SO, 2.31E+ 0.00E+00 3.80E-02 2.79E-03 2.11E-03 3.32E-02 2.30E+01 4.93E-04 3.21E-
acidification eq 01 02
Freshwater 2.08E- 0.00E+00 5.39E-03 3.15E-04 2.43E-04 2.64E-03 1.91E-01 7.93E-05 8.22E-
eutrophicatio kgPeq 01 03
n
Terrestrial kg 1,4- 8.18E+ 4.21E-02 2.56E+01 3.62E+00 2.44E+00 4.03E+01 7.34E+02 2.56E+00 9.37E+0
ecotoxicity DCB 02 0
Freshwater kg 1,4- 8.01E+ 3.02E-03 4.23E-01 1.08E-01 4.33E-02 5.64E-01 7.86E+01 4.77E-02 3.66E-
ecotoxicity DCB 01 01
Human ke 1.4- 2.26E+ 0.00E+00 3.97E-01 6.12E-02 2.39E-02 2.72E-01 2.13E+01 1.15E-02 4.89E-
carcinogenic %C,B 01 01
toxicity
Human non- ke 1.4- 3.25E+ 1.34E+00 1.04E+01 1.13E+00 7.48E-01 9.09E+00 3.21E+03 6.27E-01 1.09E+0
carcinogenic gDcé 03 1
toxicity
Mineral 3.10E+ 0.00E+00 4.04E+00 4.27E-03 2.65E-03 3.37E-02 2.69E+01 3.06E-03 1.07E-
resource kgCueq 01 02
scarcity
Fossil 6.42E+ 0.00E+00 3.22E+00 5.15E-01 2.52E-01 5.08E+00 5.29E+01 1.29E-02 2.22E+0
resource kg oileq 01 0
scarcity
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Fig. S21 Diphenylacetylene production via the standard Heck protocol using iodobenzene (variant Cassar, 1975)
— characterization shares - ReCiPe 2016 midpoints



Table S22 Trans-methyl cinnamate production via the standard Heck protocol using bromobenzene (variant

Dieck and Heck, 1974) — midpoints characterization results, ReCiPe 2016

Impact Unit Total Process Bromobenz Methyl Tetramethylethylenedi Palladium(ll) Triphenylphosp Chemicals Electric
category emissions ene acrylate amine acetate hine factory ity
Global kg CO, 1.42E+  3.41E+00 1.43E+01  3.56E+00 3.87E+00 9.72E+01 3.80E-01 5.35E-02 1.94E+
warming eq 02 01
Ozone 1.33E+  0.00E+00 2.30E-02 5.59E-03 6.88E-03 1.25E+00 8.02E-04 1.78E-04 3.52E-
formation, kg NO, 00 02
human eq
health
Ozone 1.35E+ 0.00E+00 2.40E-02 5.88E-03 7.18E-03 1.28E+00 8.50E-04 1.82E-04 3.56E-
. kg NO,
formation, eq 00 02
ecosystems
Terrestrial kg SO, 1.41E+  0.00E+00 4.30E-02 7.36E-03 1.33E-02 1.39E+01 1.21E-03 4.93E-04 7.40E-
acidification eq 01 02
Freshwater 1.41E- 0.00E+00 5.75E-03 5.61E-04 1.26E-03 1.14E-01 4.48E-04 7.93E-05 1.89E-
eutrophicati kgPeq 01 02
on
Terrestrial kg 1,4- 5.13E+ 4.11E-01 3.79E+01 8.59E+00 1.67E+01 4.25E+02 1.07E+00 2.56E+00 2.16E+
ecotoxicity DCB 02 01
Freshwater kg 1,4- 4.93E+ 1.84E-01 4.40E-01 1.49E-01 2.29E-01 4.73E+01 2.04E-02 4.77E-02 8.44E-
ecotoxicity DCB 01 01
Human ke 1,4- 1.46E+  0.00E+00 4.34E-01 7.70E-02 1.44E-01 1.28E+01 1.61E-02 1.15E-02 1.13E+
carcinogenic DC’B 01 00
toxicity
Human non- kg 1,4- 1.99E+  0.00E+00 1.08E+01  3.88E+00 3.87E+00 1.94E+03 4.01E-01 6.27E-01 2.50E+
carcinogenic DC,B 03 01
toxicity
Mineral 1.64E+  0.00E+00 2.22E-02 9.78E-03 1.41E-02 1.63E+01 5.28E-03 3.06E-03 2.47E-
resource kgCueq 01 02
scarcity
Fossil 4.46E+  0.00E+00 4.47E+00  1.76E+00 1.82E+00 3.13E+01 1.33E-01 1.29E-02 5.12E+
resource kgoileq 01 00
scarcity
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Fig. S22 Trans-methyl cinnamate production via the standard Heck protocol using bromobenzene (variant
Dieck and Heck, 1974) — characterization shares - ReCiPe 2016 midpoints



Table S23 Trans-methyl cinnamate production via the standard Heck protocol using iodobenzene (variant Heck
and Nolley, 1972) — midpoints characterization results, ReCiPe 2016

Impact Unit Total Process lodobenze  Methyl  Tripropylami  Palladium(ll) N-methyl-2- Chemicals Electrici
category emissions ne acrylate ne acetate pyrrolidone factory ty
Global kg CO, 1.71E+ 1.21E+01 1.52E+01  3.74E+00 2.10E+01 1.02E+02 1.31E+01 5.35E-02 3.74E+0
warming eq 02 0
Ozone 1.45E+ 0.00E+00 2.72E-02 5.85E-03 6.89E-02 1.32E+00 2.84E-02 1.78E-04 6.81E-
formation, kg NO, 00 03
human eq
health
Ozone ke NO 1.50E+ 0.00E+00 2.82E-02 6.16E-03 8.03E-02 1.34E+00 2.94E-02 1.82E-04 6.87E-
formation, ge * 00 03
ecosystems q
Terrestrial kg SO, 1.48E+ 0.00E+00 4.90E-02 7.71E-03 8.97E-02 1.46E+01 4.81E-02 4.93E-04 1.43E-
acidification eq 01 02
Freshwater 1.46E- 0.00E+00 6.96E-03 5.88E-04 1.02E-02 1.20E-01 4.48E-03 7.93E-05 3.66E-
eutrophicatio kg P eq 01 03
n
Terrestrial kg 1,4- 5.87E+ 4.00E-01 3.31E+01  9.00E+00 4.49E+01 4.45E+02 4.75E+01 2.56E+00 4.17E+0
ecotoxicity DCB 02 0
Freshwater kg 1,4- 5.26E+ 4.77E-01 5.46E-01 1.56E-01 8.95E-01 4.97E+01 6.95E-01 4.77E-02 1.63E-
ecotoxicity DCB 01 01
Human ke 1.4- 1.56E+ 2.90E-03 5.13E-01 8.07E-02 1.01E+00 1.34E+01 4.21E-01 1.15E-02 2.18E-
carcinogenic gDC;B 01 01
toxicity
Human non- 2.10E+ 0.00E+00 1.34E+01  4.06E+00 2.25E+01 2.04E+03 1.30E+01 6.27E-01 4.84E+0
kg 1,4-
carcinogenic gDC;?, 03 0
toxicity
Mineral 2.24E+ 0.00E+00 5.22E+00 1.02E-02 6.98E-02 1.71E+01 3.95E-02 3.06E-03 4.77E-
resource kgCueq 01 03
scarcity
Fossil 5.26E+ 0.00E+00 4.16E+00  1.84E+00 8.06E+00 3.29E+01 4.71E+00 1.29E-02 9.90E-
resource kg oileq 01 01
scarcity
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Fig. S23 Trans-methyl cinnamate production via the standard Heck protocol using iodobenzene (variant Heck
and Nolley, 1972) — characterization shares - ReCiPe 2016 midpoints
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Fig. S24 Global warming impacts for 1 g of Trans methyl cinnamate from iodobenzene via Heck protocol — Midpoint Impacts contribution tree, Cut-off: 0.01%.

Source: SimaPro 9.1.1.7

Note: This tree only shows the materials and energy that have contributions higher than 0.01% of the total impact of 0.171 kg CO, eq per gram of Trans methyl cinnamate



