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The European 1,2-Dichloroethane Ban Should Liberate not Limit
C-H Activation Research and Development

James Sherwood™

The popular solvent 1,2-dichloroethane (DCE, also known as
ethylene dichloride) was recently subject to regulatory controls in
the European Union that will severely limit its commercial use.
The ‘Registration, Evaluation, Authorisation and restriction of
CHemicals’ (REACH) legislation was created to protect people
and the environment from hazardous chemicals.'" Enforced as
European law in 2007, the influence of REACH had gradually
widened over time. As a known carcinogen, DCE first fell under
scrutiny as a ‘substance of very high concern’ (SVHC) in 2011.
From 22th November 2017, REACH now requires companies to
gain authorisation before they can use DCE, in any quantity.” At
the present time 8 authorisations have been granted from 20
applications.m The remaining applications are still being
evaluated, while the deadline for submitting new applications
has now passed. The total cost of authorisation varies, but an
average of €230,000 is often quoted (amassing consultancy,
legal and technical costs on top of the application fee)."!
Consequently, countless uses of DCE must have been modified
to operate with a different solvent, or just discontinued. Those
authorisations that have been granted permit the continued use
of DCE for between 4 and 12 years. Once that time has elapsed
an extension must be applied for, but the hope is that these
processes would have been improved by then to eliminate any
need for DCE.

New chemical methods being developed within the
European Union (EU) that utilise DCE as a solvent or reagent
are now constrained to the labs of universities and small non-
commercial R&D facilities. The regulatory controls applied to
DCE under REACH do not apply to its use in scientific research
if carried out in volumes of less than one tonne a year (as stated
in REACH article 3-23 and article 56-3).I"" One tonne of DCE is
slightly less than 800 litres given its high density. Although
REACH makes an adequate allowance for R&D activities, there
is no permissible quantity allowed in EU manufacturing or
formulating processes unless the company has the necessary
authorisation. This should be a clear message to researchers
that if DCE is integral to their work, opportunities for
commercialisation and impact outside of academic publications
will be severely limited.

It is not only EU scientists who should be proactive in
looking for a replacement for DCE and other SVHC designated
chemicals. Regions outside Europe are updating their own
legislation controlling the use of toxic chemicals. In the near
future these regulatory controls will follow the lead of REACH
and prevent the routine use of highly hazardous substances.
Several Asian countries are implementing their own REACH-
style regulations,’® and the USA has recently revamped its Toxic
Substances Control Act (TSCA). The 2016 amendment of TSCA
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requires that priority chemicals are subject to risk evaluations to
decide appropriate control measures.® Of the first ten chemicals
to be evaluated, seven have solvent applications (including
dichloromethane and trichloroethylene). With time, equivalent
processes to those begun under REACH will be in force under
TSCA, prohibiting the manufacture, import, and use of
chlorinated solvents (for example) in specified applications. The
widening scope of international chemical regulations means
DCE is likely to be subject to more restrictions across the world
in the coming decade.

One of the chemistries that will be most hurt by the
REACH authorisation requirement for DCE is the activation of
carbon-hydrogen bonds. This synthetic discipline has flourished
in recent years, with high-profile research revealing many new
and valuable methods.”! The prospect of being able to
selectively modify unfunctionalised hydrocarbons, in a controlled
manner, has understandably caused much excitement. However,
a common theme connecting different examples of C-H bond
activation is the frequent use of DCE as a solvent. This is
certainly a barrier that will limit future developments. Prominent
examples of C-H bond activation where DCE is needed are
provided in Scheme 1 and Scheme 2.9

Cl
cl OR Pd(OPiv); OR
PN AgOPiv
a) + 77 “CO,Et
b DCE, 90 °C ™
CO,Et
75%
MeO H MeO Me
PdL,
norbornene
Vel AgOAc o)
b) + Mel —————> HN F
HN, F DCE, 95 °C
F CF3 F CF;

90%

Scheme 1. Examples of chemistry performed in DCE. a) Alkyne arylation (R =
4,6-di-tert-butyl-2-(4'-isobutyl-2’-methylpentanenitrile-4’-yl)phenyl, ~ OPiv =
pivalate).’! b) Selective para-directed methylation (L = 2,3,4,6,7,8-hexahydro-
5-methoxycyclopenta[b]pyrano[3,2-e]pyridine).!
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Scheme 2. Applications of bis(phenyl)iodonium triflate in C-H activation
chemistry.'”

With the notable exception of methane functionalisation in
the gas phase, C-H bond activation methods are overwhelmingly
solution-based and require a solvent. Frank Glorius and co-
workers have reviewed the progress made towards establishing
mild conditions for C-H bond activation in 2011,!" and again in
2016.I"# This permits an insight into evolving solvent use in what
could one day be scalable and commercially relevant chemistry.
Tallying the solvents indicated in the schemes within those
review articles, DCE accounted for 6% of solvents in 2011 (the
5th most common) but became the most popular choice by 2016
at 14% (Figure 1). Overall chlorinated solvent use rose to 25%
of examples in 2016, more than any other category of solvent.
This is counter to the general trend in industry to reduce
chlorinated solvent use. This is not a comprehensive study by
any means, but it does provide an indication that the minds of
academic and industrial chemists are not aligned when it comes
to choosing appropriate solvents, thereby hampering the
transition of chemistry from bench to (pilot) plant.
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Figure 1. Solvent use survey for C-H activation chemistries."""? Key: (1)
chlorinated solvents; (2) polar aprotics; (3) hydrocarbons; (4) acetic acid and
trifluoroacetic acid; (5) alcohols, including fluoroalcohols; (6) ethers; (7)
ketones and esters; (8) water. The contribution of DCE to the frequency of
chlorinated solvent use is annotated on the chart.

There are many more types of chemistry requiring DCE as
a reaction solvent besides C-H bond activation. For instance, a
useful technique for converting carbohydrates into a versatile
intermediate, 5-(chloromethyl)furfural, has been optimised in a
biphasic DCE-hydrochloric acid system.I'®! Additionally, an iron
catalysed intramolecular ring closing metathesis reaction occurs
at room temperature to produce cyclopentenes with high yield
(Scheme 3).I'" A solvent screening saw unrivalled productivity in
DCE (99% yield), although modest yields could be obtained in
other chlorinated solvents.

o)
CO,Et
FeCly o
T e * A
“ 25°C ‘ CO,Et

DCE=99%  PhMe =32%
DCM=63%  CgHg =29%
PhCI=52%  CgHys=24%

(no yield in DME, DMF, diethyl
ether, methanol, or THF)

Scheme 3. A carbonyl-olefin metathesis optimised with a solvent screen.™

The examples of chemistry provided here are
characteristic of how reactions are normally optimised. Often the
choice of solvent is made early in the development of the
procedure, and once other aspects of the reaction are optimised
in that solvent, a late stage substitution rarely provides an
improvement to yields. If techniques for the tandem optimisation
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of reaction variables were used more widely (e.g. the systematic
design of experiments or statistical approaches such as principle
component analysis) chemists would understand the role of the
solvent with more certainty, and then be in a position to develop
synthetic methods that excel in non-toxic, safer solvents.

Nevertheless, DCE possesses properties inherently suited
to C-H bond activation and other examples of contemporary
chemistry.'>""! It is a chlorinated solvent with a boiling point of
83 °C, making it more suitable than dichloromethane (DCM) or
chloroform for the high temperatures that are sometimes
required for C-H bond activation (Table 1). 1,2-Dichloroethane is
not a Lewis base and is usually considered to be poorly
coordinating, although exceptional circumstances to the contrary
have been reported.['® The high polarisability of DCE lends itself
to the stabilisation of partially formed covalent bonds created as
reactions proceed through a transition state. The solvent itself
cannot weaken an ordinary C-H covalent bond, but it can
enhance the reactivity of catalytic species and stabilise activated
complexes. The lack of specific interactions (e.g. hydrogen
bonding) yet a strong solvating ability appears to make DCE well
suited to C-H bond activation chemistry.

Table 1. Properties of DCE, DCM, chloroform and trichloroethylene (TCE).

Property DCE DCM CHCls TCE
Melting point® [°C] -36 -95 -64 -86
Boiling point®® [°C] 83 40 61 87
Vapour pressure at 71 376 169 56.5
21 °C* [mmHg]

Specific gravity™ 1.253 1.326 1.480 1.464
Viscosity at 25 °C! [cP] 0.9 0.44 0.57 0.57
Relative permittivity at 10.36 8.93 4.89 3.42
25 °ct (16 °C)
Dipole moment!® 6.1 3.8 3.8 27
(10%.cm]

Solubility of water at 0.15 0.20 0.07 0.033
25 °C* [w/w]

ol 0.00 0.13 0.20 0.00
B 0.10 0.10 0.10 0.05
il 0.81 0.82 0.58 0.53
5o [MPa’?] 18.0 17.0 17.8 18.0
56 [MPa"%] 7.4 7.3 3.1 3.1
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549 MPa®?] 4.1 7.1 57 5.3
Flash point® [°C] 13 None None 32
Electric conductivity™ 4x10™ 43x10" <10™ 8x10™
[siemen/cm]
Carcinogenicity!® H350 H351 H351 H350

May Suspect-  Suspect- May

cause ed of ed of cause

cancer causing causing cancer

cancer cancer

[a] Ref. [15]. [b] Ref. [16]. [c] Ref. [17]. [d] HSPiP, 5" edition, 2008. [e]
Obtained from safety datasheets (Sigma-Aldrich).

Despite its advantages DCE is flawed in a number of ways.
Firstly, DCE may cause cancer and is toxic if inhaled, this being
the reason unauthorised uses have been banned in the EU.
Furthermore, DCE will react with radicals and can decompose
under certain conditions to liberate HCI. This is evidenced by
reports of chlorinated by-products found in reactions conducted
in DCE."*' There is a danger that legislation will push solvent
users to replace regulated solvents with obvious, structurally
related alternatives. However in the case of DCE, similar
solvents such as 1,2-dichloropropane and trichloroethylene are
already under legislative scrutiny for the same reasons. Unless a
serious attempt to replace chlorinated solvents is made, many
emerging chemistries will be prevented from being scaled-up
and commercialised. It would be extremely disappointing if the
fantastic progress in selective C-H bond activation (and other
new reactions reliant on DCE) could never be used to make
medicines, specialty surfactants, functionalised polymers, and
other types of fine chemical products.®

The replacement of chlorinated solvents with oxygenated
solvents or hydrocarbons is not trivial. Firstly, although the bulk
fluid properties of chlorinated solvents (Table 1) are not
remarkable individually, the combination is unique: they are
volatile yet interact strongly with solutes; immiscible yet more
dense than water. The closest approximations to the polarity of
chlorinated solvents are provided by aromatic esters and
ketones (according to the Hansen solubility parameters &p, &p,
and 6y). The Kamlet-Taft solvatochromic parameters (a, B, 1)
point to toluene or nitrobenzene. These replacement organic
solvents can eliminate some hazards (chronic toxicity, electrical
resistivity) but introduce different health hazards and new safety
issues, notably increased flammability. Some undesirable
physical properties will also need to be dealt with (e.g. higher
boiling points, greater water solubility). Ultimately it is the
molecular properties of DCE and other chlorinated solvents
rather than their macroscopic (bulk) properties that differentiates
them,®2"1and so there are no quick fixes.

To successfully implement non-halogenated solvents
some consideration of the reaction conditions is needed.
Recently it has been found that tetrahydrofuran,?? acetonitrile,
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and y-valerolactone (GVL),*" are effective solvents for C-H
bond activation chemistry in the right circumstances. In the latter
example, an electrochemical C-H activation rather than a
conventional thermal reaction with a chemical oxidant may have
contributed to better yields of 2-(2-
morpholinobenzamido)pyridine-1-oxide in GVL (65%) compared
to DCE (11%).

The development of enzymatic transformations is another
welcome advance that promises to improve the efficiency and
safety of C-H bond activation chemistry.?®! Biocatalytic reactions
are compatible with water as a solvent, allowing high
regioselectivity under mild conditions but without toxic solvents
or other hazardous auxiliaries. Enzymatic C-H activation can be
used for the halogenation of arenes.”® Although equivalent
chemocatalytic procedures can be higher yielding,?” the
reaction selectivity is tuneable and achieved under milder
conditions (Scheme 4).

[RhCp*Cl;],
(0} Br AgSbFg O
. ! PivOH )
a) N(Pr), + 0 N O ——— N(Pr),
v DCE, 60 °C
H Br
99%
Tryptophan
halogenase
CO,H
PyrH Br 2
Y \
H,0, 20 °C N
H
H CO,H
87%
b) N+ NaBr y
H H Tryptophan
halogenase
SttH cgg
A\
H,0, 20 °C Br H
72%

Scheme 4. A comparison between methods of introducing bromine into
arenes using C-H activation chemistry. a) Chemocatalytic bromination.”” b)
Enzymatic bromination with two related biocatalysts for different
regio[szgllectivity: tryptophan 5-halogenase PyrH and tryptophan 6-halogenase
SttH.

The regulatory controls affecting DCE are not a one-off.
Inevitably more and more traditionally useful chemicals will be
banned, and it is down to chemists to put a positive spin on the
current cycle of chemical safety governance and use it to
motivate innovation. The chemist that does not look beyond the
contents of their round bottom flask will become increasingly
irrelevant. Today a holistic perspective of science policy and
regulatory trends is needed to design chemistry that is valuable
as well as safe and scalable. If the reactions and products we
create are to be commercially relevant they must be
environmentally benign and have limited toxicity. Contemporary
chemistry must be accompanied by a contemporary world view,
sharing the positive outlook of the United Nations Sustainable

10.1002/anie.201800549
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Development Goals.”® Advocating the use of carcinogenic
substances, including DCE, is clearly at odds with sustainable
chemistry objectives. Circular economy ambitions led at a
political level by Europe,” and China,*® also need new
chemistry to achieve broad interdisciplinary goals. With the
unauthorised use of DCE now banned in Europe, and its use in
other territories likely to be subject to restrictions in the near
future, hopefully the development of C-H bond activation
reactions will begin to steer away from chlorinated solvents,"
embracing benign solvents to realise the full potential of this
research.?225:26]
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