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Direct excitation of the commercially available super-electron donor tetrakis(dimethylamino)ethylene
(TDAE) with light-emitting diodes at 440 or 390 nm provides a stoichiometric reductant that is able to
reduce aryl chlorides and fluorides. The method is very simple and requires only TDAE, substrate, and
solvent at room temperature. The photoactive excited state of TDAE has a lifetime of 17.3 ns in cyclo-
hexane at room temperature and an oxidation potential of ca. —=3.4 V vs. SCE. This makes TDAE one of the
strongest photoreductants able to operate on the basis of single excitation with visible photons. Direct
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substrate activation occurs in benzene, but acetone is reduced by photoexcited TDAE and substrate
reduction takes place by a previously unexplored solvent radical anion mechanism. Our work shows that
solvent can have a leveling effect on the photochemically available redox power, reminiscent of the pH-
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Introduction

Photochemistry has become remarkably popular, and numer-
ous classes of chemical reactions can now be driven by visible
light."* Recently, there has been significant interest in devel-
oping photosensitizers that are able to provide very high redu-
cing power,>® in order to perform ever more thermo-
dynamically challenging reactions.””*° At the same time, new
multi-photon excitation concepts that rely on the pooling of
two visible photons to access highly reducing intermediates
have been developed.?*> Whilst these and related concepts
are very elegant, the need for multiple excitations can lead to
complications due to counter-productive photoinduced side
reactions, especially when several electron transfer steps are
involved.*® Direct (single) photoexcitation remains the most
straightforward way to obtain highly reducing species. To cir-
cumvent the abovementioned challenges associated with
biphotonic excitation, the concept of electro-photocatalysis®*
has been revitalized in order to achieve very high reducing
power upon monophotonic excitation of electrochemically gen-
erated radical anions.**?® Specific examples include dicyano-
anthracene radical anion providing a potential of —3.2 V vs.
SCE in its excited-state,”” and an excited naphthalene monoi-
mide radical anion with a potential of —3.3 V vs. SCE.*® These
concepts are elegant, but many radical anions have very short
excited-state lifetimes,?® and catalyst-substrate preorganization
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leveling effect that solvent has in acid—base chemistry.

may be needed because bimolecular diffusion is slow com-
pared to excited-state deactivation.”>*° Therefore, it seemed
worthwhile to explore how far the limits of molecular photo-
reductants can be pushed in terms of redox power.

Reductive dehalogenations can be used to assess the redu-
cing power of a photoactive compound. The scope of early
investigations was limited to activated bromides or chlorides
such as benzylic or a-carbonyl halides,*"** but now there is an
increasing body of literature on reductive dehalogenation of
unactivated aryl and alkyl bromides,**® as well as unactivated
aryl chlorides.®**™* Alkyl chlorides as well as aryl fluorides
have remained very challenging targets.”>*® With UVC exci-
tation aryl fluorides were dehalogenated successfully,’”*® but
longer wavelength excitation would be much preferable
because UVC radiation is usually very damaging, significantly
limiting functional group tolerance. Furthermore, visible LEDs
are safer and easier to handle than UV light sources.

We were curious whether the thermodynamically most chal-
lenging aryl chloride, alkyl chloride, and aryl fluoride
reductions would be possible using direct excitation with
visible instead of UV light, multi-photon processes, or electro-
photocatalytic settings. When taking the reduction potential of
chlorobenzene as a benchmark (—2.78 V vs. SCE in DMF)*°
and assuming the availability of an excited state with an
energy (Eqo) of 2.82 eV (corresponding to a blue photon, 4 =
440 nm), a redox potential of 0.04 V vs. SCE or more negative
is required for the photosensitizer in its ground state. Many
organic super electron donors fulfill that requirement,®® but
until very recently they could not be used catalytically.®’
Therefore the compound tetrakis(dimethylamino)ethylene
(TDAE) struck our attention, because it is commercially avail-
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able. Whilst the photochemistry of TDAE has received some
prior attention,®*®* reductive dehalogenations were not con-
sidered and its potential as an excited-state reductant has
never been assessed quantitatively. Other, non-commercially
available organic super electron donors have already been
used for a variety of UVA-initiated reductions.’®*> %’ Recently,
the in situ generation of an organic super-electron donor per-
mitted reductive dehalogenation of aryl chlorides and fluoro-
benzene with blue light, and this was exploited for borylation
reactions.>

Results and discussion

TDAE has long been known to exhibit chemi- and photo-
luminescence,’® manifesting in a broad emission band with
an onset at ca. 425 nm and a maximum at 490 nm in
n-decane.®®’® We have been able to reproduce the previously
reported emission spectrum using cyclohexane as solvent (ESI
page S57), and we measured a luminescence lifetime of 17.3
ns at room temperature (ESI page S671), in line with a prior
study.”® This excited-state lifetime is sufficiently long for bimo-
lecular diffusional encounters between photoexcited TDAE
and substrate molecules.

Dehalogenation of aryl chlorides

We started our photochemical studies with the reduction of
2-chloro-4-fluorobenzonitrile (1) to 4-fluorobenzonitrile, using
1.25 eq. of TDAE in acetone-de. After 2 hours of irradiation at
440 nm in a sealed NMR-tube at room temperature, a product
yield of 50% (Table 1, entry 1) was obtained based on '?F-NMR
spectroscopy with 1-fluoropentane as internal standard.

Full conversion and improvement to 68% yield was possible
by lowering the substrate concentration from 150 to 100 mM
and extending the irradiation period from 2 to 6 hours (entry
2). Increasing the amount of TDAE from 1.25 to 2.5 eq. com-
bined with extending the irradiation time to 16 hours did not

Table 1 Identification and optimization of reaction conditions®

3 TDAE /@/ £
NC solvent o NC

440 nm LED
Cl
1
Eq. of Yield

Entry  TDAE Solvent [1)/mM  Time/h  (conv.)/%
1 1.25 Acetone-dg 150 2 50 (66)
2 1.25 Acetone-dg 100 6 68 (99)
3 2.5 Acetone-dg 100 16 70 (100)
4 1.25 Acetone-dg 100 20 0”
5 0 Acetone-d, 100 20 0
6 1.25 Acetonitrile-d; 100 7 65 (93)
7 1.25 Benzene-dg 50 7 67 (100)

“Samples prepared in a glovebox and irradiated in sealed NMR tubes
with an LED light source at room temperature. Yields determined by
F-NMR analysis using 1-fluoropentane as internal standard.
b Experiment performed in the dark.

1036 | Photochem. Photobiol. Sci, 2020, 19, 1035-1041

View Article Online

Photochemical & Photobiological Sciences

further improve the yield of 4-fluorobenzonitrile (entry 3).
Reference experiments performed in the dark (entry 4) or
under photo-irradiation in absence of TDAE (entry 5) yielded
no product at all.

The change from acetone-ds to CD3;CN does not have a
strong influence on the product yield (entry 6), and in
benzene-ds the reaction proceeds similarly well (entry 7). In
the latter case the substrate concentration had to be limited to
50 mM, as the photochemical oxidation of TDAE results in the
formation of an insoluble salt over time (see below), which can
render photo-irradiation ineffective. This precipitate forms
more readily in benzene than in acetone or acetonitrile, hence
the need for lower substrate concentrations in benzene.

Because of the air-sensitivity of TDAE, we prepared all reac-
tion mixtures in a glovebox, but this is not strictly necessary.
When instead keeping the TDAE bottle outside the glovebox
and preparing the reaction mixtures under an inert atmo-
sphere, similar yields and conversions were obtained by using
a quantity of TDAE which formally corresponds to 2 (rather
than 1.25) equivalents, to compensate for (partial) decompo-
sition of the TDAE.

With these optimized conditions, we began to explore
the scope of the reaction, always focusing on fluorinated
substrates to permit quantitative analysis by '’F-NMR spec-
troscopy in presence of 1-fluoropentane as internal standard
(Table 2). The photodriven hydrodechlorination of aryl chlor-
ides was studied on four substrates with different types of sub-
stituents ranging from electron withdrawing (1, 2) to electron
donating (4). Nearly all of these reactions proceed well and
give product yields about 70%. The only outlier is substrate 2
in benzene, which seems to undergo radical polymerization
under these conditions. A relatively clear trend concerning the
necessary reaction time to reach full conversion emerges from
Table 2: the photoreaction is slowest in acetone and fastest in
benzene.

Dehalogenation of alkyl chlorides and bromides

Given these encouraging results with aryl chlorides, it seemed
worthwhile to investigate whether the reductive dehalogena-
tion of an alkyl bromide (5) and an alkyl chloride (6) is also
feasible with the same method (Table 3). The chosen sub-
strates contain p-fluorobenzene units to lower volatility and to
allow for "F-NMR spectroscopy, but their chloro- and bromo-
substitution is at an aliphatic position. With yields near 60%
in comparable reaction times, the reductive debromination of
5 in acetone and acetonitrile proceeds nearly equally well as
the reductive dehalogenation of the aryl chlorides 1-4.
In benzene, the dimerization product 8 forms preferentially
over the hydrodehalogenation product 7, and a change in
irradiation wavelength from 440 to 390 nm amplifies this
effect.

Furthermore, irradiation at 390 nm drastically shortens the
reaction time to full conversion in benzene, likely due to the
higher extinction coefficient of TDAE at 390 nm compared to
440 nm (ESI page S51). The alkyl chloride 6 reacts considerably
less efficiently with hydrodechlorination yields of only 30-44%

This journal is © The Royal Society of Chemistry and Owner Societies 2020
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Table 2 Aromatic substrates explored for light-driven dechlorination reactions’
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XN Cl TDAE (1.25 eq.) X H
R > R
_— solvent =
440 nm LED
14

F cl F F
NC FsC~ : : :CI MeO

cl cl
1 2 3 4
1 2 3 4
Acetone 8 (99)%, 6 h 60 (100)%, 7.5 h 83 (96)%, 8 h 79 (89)%, 6 h”
Acetonitrile 65 (93)%, 7 h 64 (100)%, 5 h 67 (92)%, 8 h 83 (87)%, 6 h*
Benzene 0 (99)%, 2.5 h 53 (100)%, 1.5 h 77 (99)%, 1.5 h 69 (92)%, 2 h
Benzene, 390 nm (100)%, 0.5 h 38 (100)%, 0.5 h 86 (99)%, 0.5 h 67 (100)%, 0.33 h

“Reaction conditions: 1.25 eq. TDAE; in acetone and acetonitrile: 100 mM substrate; in benzene: 50 mM substrate. Samples prepared in a glove-
box and 1rrad1ated in sealed NMR tubes with an LED at room temperature. Ylelds determined by '’F-NMR analysis using 1-fluoropentane as

internal standard. ? 59 (64)%, 2 h. ©49 (54)%, 2 h.

Table 3 Aliphatic substrates used for
reactions®

light-driven dehalogenation

Q/\/H
F
7

X TDAE (1 25 eq.)
/©/\/ solvent

440 nm LED
5X=Br O 3
6X=Cl
3 8
Substrate Solvent 7 8
Acetone 63 — (93)%, 6 h
/@N Acetonitrile 60 — (97)%, 6 h
Benzene 23 36 (100)%, 2 h
16 62 (100)%, 0.5 h”
5
Cl Acetone 30 — (34)%, 20 h
/©/\/ Acetonitrile 44 — (60)%, 20 h
F Benzene 31 10 (97)%, 6 h
b
23 48 (98)%, 0.5 h

“Reaction conditions: 1.25 eq. TDAE; in acetone and acetonitrile:
100 mM substrate; in benzene: 50 mM substrate. Samples prepared in
a glovebox and irradiated in sealed NMR tubes with an LED at room
temperature. Yields determlned by '’F-NMR analysis using 1-fluoro-
pentane as internal standard. ? 390 nm LED.

in acetone and acetonitrile (Table 3), and the conversion is
incomplete even after long irradiation times (20 hours). Full
is achievable in benzene, particularly under
390 nm irradiation, but the dimerization product 8 again dom-
inates in that solvent. Higher radical concentrations reached
under these conditions likely gear the reaction towards dimeri-
zation.”" Several side products were detectable by '’F-NMR
spectroscopy (ESI page S311), but their identification is beyond
our scope.

conversion

This journal is © The Royal Society of Chemistry and Owner Societies 2020

Dehalogenation of aryl fluorides

The dechlorination reaction performed with the trifluoro-
methylated substrate 2 provided some evidence for possible
C-F bond activation, resulting in the abovementioned polymer-
ization and lower hydrodechlorination yields in benzene
(Table 2). This observation motivated the investigation of
reductive defluorination of the aryl fluoride substrates 9 and
11 (Table 4). 1,2-Difluorobenzene 9 is converted to fluoroben-

Table 4 Photoreduction of aryl fluorides?

F  TDAE (1.25eq.)
©: solvent o
F

X,

440 nm LED
9 10
10
Acetone” 65 (72)%, 44 h
Benzene 74 (93)%, 25 h
83 (96)%, 2.5 h*
5 F o 1pae (2.25eq.) H £ g
- N
solvent
440 nm LED
F F H
1" 12 10
12 10
Acetone? 39 6 (60)%, 44 h
54 10 (88)%, 44 h°
Benzene 37 20 (84)%, 45 h
18 40 (95)%, 12 h*
“Reaction conditions: TDAE; in acetone: 100 mM substrate; in

benzene: 50 mM substrate. Samples prepared in a glovebox and irra-
diated in sealed NMR tubes with an LED at room temperature. Yields
determmed by "F-NMR analy31s using 1- ﬂuoropentane as internal
standard. ” 3.0 eq. TDAE used. 390 nm LED. 93.25 eq. TDAE used.
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cl TDAE (1.25 eq.) O
_
benzene O
F 440 nm LED F
13 14

79%, 0.5 h

Scheme 1 Preparative-scale photo-dimerization mediated by TDAE.

zene 10 in good yields (65-83%), and the reaction is consider-
ably faster in benzene than in acetone (44 h vs. 25 h), in line
with the observations made for the dehalogenation of sub-
strates 1-6. Optimal conditions involve the use of 390 nm
irradiation, leading to essentially complete conversion and
83% yield of 10 in 2.5 hours. Such efficient reductive defluori-
nation under photochemical conditions is exceptional.

1,3,5-Trifluorobenzene 11 converts to a mixture of 1,3-
difluorobenzene 12 and fluorobenzene 10. Expectedly, the
reaction is fastest in benzene under 390 nm irradiation, pro-
viding essentially complete conversion within 12 hours. The
combined yield of 12 and 10 amounts to 58%, and the for-
mation of significant amounts of benzene (resulting from
complete defluorination of 11) seems plausible but is unfortu-
nately not directly detectable when using benzene-ds as
solvent. Fluoride anions escape detection because they precipi-
tate from benzene.

To extend the applicability of our new method beyond
hydrodehalogenation reactions, we investigated the dimeriza-
tion of substrate 13 on a 0.5 mmol reaction scale in benzene-
de (Scheme 1). The benzylic radical formed after reductive
dechlorination was expected to be particularly stable, and
indeed 79% of the dimer 14 were successfully isolated after
irradiation at 440 nm for 0.5 hours.

Mechanistic studies

With the exception of substrate 2 which seems to undergo
polymerization (see above), our substrate scope studies indi-
cate that full conversion and higher yields are consistently
achievable more rapidly in benzene than in acetone, particu-
larly when using 390 nm instead of 440 nm irradiation. TDAE
has an absorption band tailing more strongly into the blue
spectral range in acetone than in benzene (ESI page S51), and
this is most likely the reason why excitation at shorter wave-
length is preferable in benzene. However, even when irradiat-
ing at 440 nm, the photoreactions are typically a factor of 2-3
faster in benzene even though at this wavelength TDAE
absorbs far more strongly in acetone, and the TDAE/substrate
concentrations were typically higher in acetone. Evidently,
benzene is inherently a far better solvent for these reactions
than acetone, and there is a simple explanation with important
consequences for this, as discussed in the following.

In its electronic ground state, TDAE has an oxidation poten-
tial (Eoy) of —0.78 V vs. SCE in CH;CN.”?> Based on a lumine-
scence experiment in frozen 2-methyl-THF (2-MTHF) at 77 K
we determine an energy (Eoo) of 2.6 eV for the emissive excited

1038 | Photochem. Photobiol. Sci, 2020, 19, 1035-1041
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Fig. 1 Emission decays of TDAE (10 mM) in neat de-aerated cyclo-
hexane (red trace) and in de-aerated cyclohexane with different concen-
trations of acetone (2.5, 5, 10, 15, 20 mM) detected at 470 NM (Aexc =
405 nm). The inset displays the Stern—Volmer plots obtained from the
TDAE luminescence lifetime quenching by acetone (red trace) and
benzene (black trace) in cyclohexane.

state (ESI page S6%). Consequently, a potential (*E.) of ca.
—3.4 V vs. SCE can be estimated for the singlet excited state,
which is an exceptionally high value in comparison to most
known photoreductants.’ '® However, acetone is reduced at a
potential of —2.84 V vs. SCE,”> whereas benzene reduction
necessitates a potential of —3.42 V vs. SCE,”* hence photo-
excited TDAE is readily able to reduce acetone, whereas
benzene reduction should be much more challenging. Indeed,
the fluorescence of TDAE in cyclohexane is quenched by
acetone with essentially diffusion-limited kinetics (Fig. 1),
whilst benzene induces practically no detectable quenching of
the short-lived (7, = 17.3 ns) excited state of TDAE under iden-
tical conditions (inset in Fig. 1). This observation leads us to
the mechanistic proposal in Scheme 2, in which photoexcited
TDAE undergoes electron transfer to the acetone solvent (right
half) to produce acetone radical anion, followed by onward
electron transfer to the substrate. By contrast, direct electron
transfer from photoexcited TDAE to the substrates occurs in
benzene (left half of Scheme 2), because that solvent cannot be
reduced efficiently by TDAE. Stern-Volmer experiments in
cyclohexane confirm that chloro- and fluoro-benzenes quench
the photoactive excited state of TDAE with essentially
diffusion-limited kinetics (Table 5). With 1-chlorohexane the
quenching rate constant is roughly an order of magnitude
lower, and the photoinduced electron transfer step to that sub-
strate now becomes rate-limiting. In principle, the direct
quenching pathway is also viable in acetone, but due to the
much higher concentration of the solvent (ca. 13.5 M) com-
pared to the substrate (0.1 M) direct substrate reduction is
unimportant in acetone. Consequently, acetone -effectively
levels the available reducing power at —2.84 V vs. SCE, corres-
ponding to the oxidation potential of its ketyl radical anion
form, whereas the full reducing power of photoexcited TDAE
(Eox) of ca. —3.4 V vs. SCE (see above) is available in benzene.
This can explain why the photochemical reactions discussed
above proceed considerably more efficiently in benzene than

This journal is © The Royal Society of Chemistry and Owner Societies 2020
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Scheme 2 Proposed mechanisms for the light-driven dehalogenation of aryl halides.

Table 5 Rate constants for bimolecular quenching of photoexcited
TDAE with different solvents and substrates determined from Stern—
Volmer experiments?

Quencher ko/10"° Mt s7!
Chlorobenzene 1.43
1-Chloro-2-fluorobenzene (3) 1.52
1,2-Difluorobenzene (9) 1.45
Fluorobenzene (10) 1.04
1-Chlorohexane 0.13

Acetone 1.42

Benzene <0.002
Toluene <0.002

“Details given in ESI pages $6-S9.

in acetone. After initial formation of the aryl halogenide
radical anions, C-X bond cleavage is expectable based on prior
studies of hydrodehalogenation reactions. For aryl chlorides
and aryl fluorides, this bond cleavage typically occurs in a sep-
arate step after the initial electron transfer.>”> The irradiation
times needed for comparable conversions are considerably
shorter for aryl chlorides than for aryl fluorides (Tables 2 and
4), but the initial photoinduced electron transfer step is simi-
larly fast in both types of substrates (Table 5). Thus, it seems
that C-F bond cleavage becomes the rate-determining step for
the aryl fluorides, and furthermore it is possible that unpro-
ductive recombination between the aryl halogenide radical
anion and TDAE radical cation limits the progress of the reac-
tion with these substrates.’® Once an aryl radical has been lib-
erated through C-X bond cleavage, it is expected to be highly
reactive, and the necessary H-atom equivalent to access the
final hydrodehalogenation product is likely provided by
TDAE™'. Oxidation of tertiary amines commonly leads to
radical cations, which are potent donors of H-atom equivalents
either via direct H-atom transfer or via consecutive proton and
electron transfer steps.”®”” These onward oxidations of TDAE™"
are likely responsible for the formation of an insoluble salt
over the course of the reaction.

This journal is © The Royal Society of Chemistry and Owner Societies 2020
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Fig. 2 Overview of some of the most potent excited-state photoreduc-
tants operating on the basis of single excitation with visible photons
known to date.>>7787° See ref. 80 and 5, 12 for chemical structures of
the isocyanide ligands. Chloro- and fluorobenzene reduction potentials
from ref. 59 and 81, benzene reduction potential from ref. 74. *NpMI'™ =
photoexcited naphthalene monoimide radical anion, *DCA’™ = photo-
excited dicyanoanthracene radical anion (both generated with electro-

photocatalytic settings).>”*®

1

Conclusions

In summary, photoexcitation of an organic super-electron
donor provides extraordinarily high reducing power, enabling
efficient reductive dehalogenation of aryl chlorides and aryl
fluorides under irradiation with blue (440 nm) and violet/UVA
light (390 nm). The excited-state oxidation potential of TDAE
(—3.4 V vs. SCE) compares very favorably with the strongest
known photoreductants operating on the basis of single exci-
tation with visible photons (Fig. 2).*>'®”%7° Furthermore, the
reducing power of photoexcited TDAE is close to that achiev-
able via electrochemical generation of organic radical anions
and their subsequent photo-excitation (green arrows in
Fig. 2).>”*® Most of the currently known multi-photon exci-
tation-based processes do not provide competitive reducing

powers.”® Our method is not catalytic, but it is operationally
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simple, merely requiring excitation of a commercial reagent
without additives, electrodes or high excitation densities. The
key point is the very low oxidation potential of the electronic
ground state of TDAE. In situ generation of an organic super
electron donor recently gave access to an excited-state oxi-
dation potential as low as —3.5 V vs. SCE,> but for most other
(non-commercial) organic super electron donors the relevant
excited-state energies are unknown, hence their *E,, values
cannot be estimated. It might be interesting to explore this
substance class further from a more photophysical and photo-
chemical viewpoint, with particular focus on their excited-state
properties. The above-mentioned in situ generated super elec-
tron donor is ca. 0.1 V more reducing than photoexcited TDAE,
but the latter has an excited-state lifetime roughly 3 times as
long.>® Both donors are able to activate a similar substrate
scope. Unfortunately, common sacrificial electron donors are
unable to regenerate TDAE from TDAE™, and therefore TDAE
cannot be used in catalytic fashion.

Herein we focused on hydrodehalogenation, but in prin-
ciple it should be possible to intercept the aryl radicals by pyr-
roles to form C-C bonds,?® or by other trapping reagents to
effect borylation,” phosphorylation or sulfide formation.>®
The dimerization experiment in Scheme 1 suggests that bimo-
lecular reactions are within reach.

Our mechanistic studies clearly point to different reaction
mechanisms in different solvents. Acetone is reduced by
photoexcited TDAE and mediates electron transfer to the sub-
strate via its radical anion form, whereas benzene is not
reduced and direct electron transfer to the substrate must
occur (Scheme 2). As the search for increasingly potent excited-
state reductants continues, the solvent-radical-anion-mediated
mechanism observed herein for acetone will likely become
increasingly important.
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