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Photoredox catalysis via consecutive 2LMCT- and SMLCT-
excitation of an Fe(u/i)-N-heterocyclic carbene complex

We used an iron N-heterocyclic carbene complex to drive
photoredox catalysis by exploiting the long-lived excited state
lifetimes of the 2LMCT- and *MLCT-state of its Fe(i)- and
Fe(i)-oxidation states. This was enabled through consecutive
excitation in the same catalytic turnover, accumulating
energy in a fashion similar to the Z-scheme known from
photosynthesis. Additionally, an alternative route utilising
oxidative quenching of the 2LMCT-state of the Fe()-complex
was also explored. Our study demonstrates that already
sub-ns lifetimes of charge transfer states can be sufficient to
allow for efficient application in photocatalytic reactions.
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Fe—N-heterocyclic carbene (NHC) complexes attract increasing attention as photosensitisers and
photoredox catalysts. Such applications generally rely on sufficiently long excited state lifetimes and
efficient bimolecular quenching, which leads to there being few examples of successful usage of Fe—
NHC complexes to date. Here, we have employed [Fe(in)(btz)s]*" (btz = (3,3'-dimethyl-1,1’-bis(p-tolyl)-
4,4'-bis(1,2,3-triazol-5-ylidene))) in the addition of alkyl halides to alkenes and alkynes via visible light-
mediated atom transfer radical addition (ATRA). Unlike other Fe—~NHC complexes, [Fe(i/i(btz)s]>+/2*
benefits from sizable charge transfer excited state lifetimes =0.1 ns in both oxidation states, and the
Fe(n) 2LMCT and Fe() MLCT states are strong oxidants and reductants, respectively. The combined
reactivity of both excited states enables efficient one-electron reduction of the alkyl halide substrate

under green light irradiation. The two-photon mechanism proceeds via reductive quenching of the Fe(in)
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Accepted 9th July 2022 LMCT state by a sacrificial electron donor and subsequent excitation of the Fe(i) product to its highly

reducing MLCT state. This route is shown to be more efficient than the alternative, where oxidative

DOI: 10.1039/d2sc02122f quenching of the less reducing Fe() 2LMCT state by the alkyl halide drives the reaction, in the absence
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Introduction

In recent years the field of visible light-mediated photoredox
catalysis based on single-photon excitation of light-harvesting
molecules has gained increasingly more recognition as
a highly useful tool* towards facilitating greener methods of
conducting chemical transformations.>* While a large number
of such reactions is efficiently catalysed by a range of organic
photosensitisers (PS),* particular focus has also been given to
transition metal complexes*® as catalysts. This is largely due to
their strong visible light absorption and favourable reversible
redox chemistry in both the ground and excited states (ESs),
making them highly suitable candidates for photoredox cata-
lysts (PCs). To date, the field is strongly dominated by
complexes of ruthenium(u),”** iridium(m)'***** and cop-
per(1).”*° However, especially the former two metals are
scarce,”* expensive, and their complexes have absorption
maxima within the blue or violet region of the visible spectrum,
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warranting comparatively high-energy irradiation.**>** There-
fore, there is an ongoing demand for environmentally benign
and inexpensive catalysts with absorption maxima at longer
wavelengths.”

Photosensitisers based on Earth-abundant iron - while
exhibiting many of the aforementioned beneficial characteris-
tics — notoriously suffer from short excited state lifetimes due to
low lying metal-centred states.***> Many reports of photoredox
catalysis involving iron catalysts**?* rely on intramolecular
ligand-to-metal charge-transfer (LMCT) with the substrate
coordinated as a ligand. Meanwhile, efficient intermolecular
charge-transfer (CT)***° involving the ESs of iron photo-
sensitisers had been considered inaccessible®" until recently. To
date, there are few substantiated examples of bimolecular
quenching of iron CT states being used in photoredox catalysis
as shown on the example of one dehalogenation reaction and
one cyclisation reaction, where the involvement of CT states of
iron has been firmly established.?*?*?

These photocatalytic reactions were enabled by the emer-
gence of Fe-NHC-complexes®***¢ (NHC = N-heterocyclic car-
bene) with excited state lifetimes approaching and exceeding
the nanosecond threshold, which has brought forth the first
examples of intermolecular ES quenching of CT states in an iron
PS, [Fe(phtmeimb),]|PFs (phtmeimb = tris(3-methylimidazolin-
2-ylidene)(phenyl)borate).>>***” The possibility for their appli-
cation was recently further explored by Aydogan et al.,>*** where
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sizeable cage escape yields (CEYs) and corresponding quantum
efficiencies with common trialkylamine donors were observed.
However, these comparatively high CEYs were dependant on the
use of halogenated solvents, thereby potentially restricting the
scope of possible applications.

Furthermore, inherent thermodynamic restrictions of tradi-
tional single-photon driven photocatalysis pose an issue that
requires addressing to date.*®*° As a result, multi-photon
processes have been given progressively more consideration
for photoredox reactions. The energy limitations imposed by
visible light-photons can hereby be overcome by combining the
energies of at least two photons in the same catalytic turnover,
producing stronger oxidants and reductants, making previously
unattainable transformations accessible.*®**' Such a reaction
mode is comparable to the Z-scheme in natural and artificial
photosynthesis.”” Additionally, undesired side reactions caused
by irradiation at shorter wavelengths> can be circumvented by
using light with lower photon energy, while still providing
a sufficient thermodynamic driving force. However, examples of
applications of such a two-photon mechanism in photoredox
catalysis of organic reactions using metal complexes are very
scarce.****

Here, we present the first case of an iron-based PS,
[Fe(ur)(btz);](PFe); 1 (btz = 3,3'-dimethyl-1,1"-bis(p-tolyl)-4,4'-
bis(1,2,3-triazol-5-ylidene))*® (Fig. 1), driving a photoredox
catalysis reaction via two consecutive excited state electron
transfer reactions, generally referred to as consecutive photo-
induced electron transfer (conPET).**** By virtue of the
reasonably long-lived CT states of both the Fe(m) and Fe(u)
oxidation states of 1,°*** this complex could be applied as
photoredox catalyst (PC) in a benchmark photoredox reaction,
the atom transfer radical addition (ATRA) reaction (Schemes 1
and 2). Herein, we investigated the addition of alkyl halides to
alkenes and alkynes, which led to a range of synthetically
valuable,*® difunctionalised products being obtained. Catalytic
efficiencies were comparable to results obtained by traditional

[Fe(btz)3](PFe)s 1

Fig. 1 Structure of the photoredox catalyst [Fe(btz)s](PFg)s 1 used in
this study.

0.5 mol% (1) X

TEA (0.34 equiv.)
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Scheme 1 Optimised reaction conditions for the ATRA reaction using

1 in the reductive quenching (RQ) route.
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Scheme 2 Optimised reaction conditions for the ATRA reaction using
1 in the oxidative quenching (OQ) route.

1.5 mol% (1)
R’-X (1.33 equiv.)

R

e
A =530 nm, 3.03 W, Ar(g)

ruthenium-based ATRA catalysis," while using green light for
excitation.

Results and discussion
Initial testing, optimisation & substrate scope

Reductive quenching route. Investigations of the photo-
catalytic activity of [Fe(ur)(btz);](PFe); 1 in the ATRA reaction
were conducted using a modified system based on a method
previously established by Stephenson and co-workers for per-
fluorous tagging of alkenes and alkynes with the archetypal
[Ru(bpy)s]**.* Complex 1 was chosen as PC due to the relatively
long-lived CT states of the Fe(m)-state as well as its Fe(u)-
congener 2.*** Both oxidation states exhibit absorption bands
in the green light region,*® enabling the consecutive absorption
of two photons in one catalytic turnover. If operative, such
a mechanism should give access to the more strongly reducing
*MLCT (metal-to-ligand charge-transfer) excited state of the
Fe(u)-form (approx. —1.6 to —1.8 V vs. Fc). Otherwise, the Fe(u)
ground state generated in the reductive quenching step could
be anticipated to be insufficiently reducing (—0.58 V vs. Fc)* for
the activation of the perfluoroalkyl halide.

Different sacrificial electron donors were compared (Table
S2t), but due to its matching redox properties, inexpensive and
readily available triethylamine (TEA) (1 equiv.) was primarily
used with our PC 1. Under irradiation at 530 nm using a 3.03 W
LED array the combination of PC 1 and TEA afforded product 3b
of the model reaction between 5-hexen-1-ol 3a and CgF;-I, with
full conversion being reached within 8 min. Therefore, all
further optimisations were conducted with this sacrificial
reductant, resulting in a reliable protocol using mild, atom
efficient reaction conditions with a low catalyst loading of
0.5 mol%, and only a substoichiometric amount (0.34 equiv.) of
sacrificial electron donor needed to achieve full conversion in
the model system within 10 min. A 4 : 3 mixture of acetonitrile
and methanol' was chosen as the reaction solvent affording
good solubility of the reactants (Tables S3 and S4t). The
possibility of using other alkyl halides was also investigated
(Table S57), however the addition of perfluoroalkyl halides as
well as CBrCl; were most successful. The wider applicability of
our procedure in terms of choice of alkene/alkyne was investi-
gated by expanding the scope of substrates for the addition of
perfluoroalkyl iodides and CBrCl; (Table 1) using the optimised
conditions (Scheme 1).

This protocol was applied to a wide scope of substrates
(Table 1), where excellent yields were afforded mainly for the
transformation of terminal alkenes (entries 1-5 & 9-12). When
using cyclohexene as a starting material (entry 7), comparatively
low yields were observed. In contrast, for norbornene, another

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Scope of the visible light-mediated ATRA reaction through reductive (RQ) and oxidative (OQ) quenching of 1%?

Entry Substrate Route Time/min Product Yield“/(%)
RQ 10 /\/\)‘\/c ] 91
1 0Q 10 . o o
3b
N RQ 10 ! 93

2 3a OQ 40 Ho/\/\)\/CSF«a 93

3c
RQ 60 43

3 0oQ 40 Ho/\/\)\/‘:% 35

3d

B X RQ 10 90
4 4a 0oQ 40 B,/\/\)\/CEFW 94
4b
N\\\/\/\ 2 o A | s
5 \ 0Q 40 S A o 57
5a 5b
_O RQ 40 _o 58
|
6 \©\/\ oQ 80 mCsF11 74
6a 6b
RQ 15 22 (cis : trans 17 : 5)
© 0oQ 40 Q\ 32 (cis : trans 25 : 7)
7 CoF17
7a !
cis: 7b, trans: 7c
RQ 15 carn 80
8 @ 0Q 40 91
|
8a 8b
= RQ 20 | 62 (E: Z 42 : 20)
2
9 o~ oQ 80 NG 81 (E:Z65:16)
9a E:9b, Z: 9c
o~ RQ 10 93
(o)
10 R 0Q 40 ros A e 89
10b
RQ 30 o 43
o 0Q 40 cmWOH 87
\/\)LOH !
11 11a 11b
o. 0.
RQ 30 T e 26
11c
0 RQ 15 | 98
12 A~z 0Q 40 Y\)\/%Fw 97
12a o
12b
13 Z RQ 30 O\ﬁwﬂ 63
13a I
13b

B COMe RQ 45 49

{ COMe
1449 CoMe oQ 40 COMe 31
14b

14a

Son RQ 150 o 51 (E: Z 25 : 26)
15 oo 0Q 150 | Wﬂ,m 49 (E: Z 25 : 24)
E: 15b, Z: 15¢

“ Reaction conditions: RQ: 0.5 mol% (1), TEA (0.34 equiv.), R-x (1.33 equiv.), 4 : 3 MeCN : MeOH. ” Reaction conditions: OQ: 1.5 mol% (1), R-X (1.33
equiv.), MeCN. ° Isolated yield (%) after purification via silica gel column chromatography. ¢ Intramolecular reaction. No external halide source was added.

compound harbouring an internal double bond, excellent yields Carbonyl functionalities such as ketones and carboxylic acids
were obtained (entry 8). The increased reactivity for the latter were well-tolerated (entries 11 & 12), although the latter gave
can likely be attributed to its ring strain. a mixture of the desired product 11b and the corresponding

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.,, 2022, 13, 9165-9175 | 9167
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lactone 11c as a result of the basic conditions. Slightly dimin-
ished yields were noted for 5b (entry 5), which could be explained
by quenching of the excited state of 1 by the low-lying LUMO of
the nitrile-group present in substrate 5a, although no corre-
sponding products were isolated. Furthermore, incompatibility
of our system with Michael acceptors, such as methyl-vinyl
ketone and methyl acrylate, was noted (Table S67).

In order to investigate the extent to which addition to
terminal alkenes might be favoured over internal double bonds,
the reaction of CgFy;I with 4-vinyl-1-cyclohexene was studied
(entry 13). Although addition to both available double bonds
was observed, 13b was obtained as the main product with
a yield of 63%, resulting from preferential addition to the
external double bond. The starting material 13a was not fully
converted and other products were present in trace amounts
according to "H NMR spectroscopy, further highlighting the
impact of steric hindrance. To probe the chemoselectivity of the
reaction with regard to alkene- and alkyne-functionalities, per-
fluorohexyl iodide was added to 3-(allyloxy)-1-propyne 15a,
affording 15b and 15c as the sole products (entry 15). Besides
strongly supporting the presence of radicals, this further served
to illustrate the preferential addition of the initially generated
perfluoroalkyl radical to the alkene functionality over an alkyne
moiety within the same molecule.

Control experiments were conducted using different iron
compounds such as FeBr, and [Fe(bpy);](PFs), (Fig. S1 and S2t)
as well as FeBr3, showing the necessity of 1 for the reactions to
proceed efficiently, if at all. Furthermore, the absence of PC or
light resulted in no conversion being observed.

With [Ru(bpy)s]Cl, as PC, the reductive route resulted in full
conversion within 4 min (compare 1: 8 min) under our standard
conditions using green light (Table S1t).

Oxidative quenching route. An alternative reaction mode
based on oxidative quenching of the excited PC 1 by per-
fluoroalkyl halides could omit the use of sacrificial reagents,
thereby increasing the overall atom efficiency. Such a reaction
route has previously been reported for the visible light-
mediated ATRA reaction with the archetypal [Ru(bpy)s;]** as
PC.™ Since the >LMCT state of 1* is a similarly strong reductant
(E°(IV/*III) = —1.0 V vs. Fc*®) as the *MLCT excited state of
[Ru(bpy)s]*", (E1(II/*I) = —1.2 V vs. Fc in acetonitrile®®) we
also pursued experiments with PC 1 in the absence of sacrificial
electron donors.

Preliminary probing of the catalytic activity gave promising
results and upon optimisation of the reaction conditions
(Tables S7-S9t), a reliable procedure for the ATRA reaction via
oxidative quenching (OQ) of 1 was established (Scheme 2),
which afforded the desired ATRA product with full conversion
within 40 min using 1.5 mol% of the PC. Acetonitrile was used
as reaction solvent as opposed to the binary mixture with
methanol (4 : 3) since the latter failed to give full conversion of
the model substrate 3a.

This protocol was thereafter applied to the same substrate
scope as in the RQ route, affording similar results in terms of
yield and selectivity (Table 1). A decrease in yield was noted for
the conversion of 5a compared to the RQ reaction (entry 5),
whereas the conversion of 6a (entry 6) as well as the alkyne-
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substrate 9a resulted in a higher yield being obtained (entry
9). Unsurprisingly, for the ATRA reaction of the carboxylic acid
11a with CgF4;I, no formation of the lactone 11c as a side-
product was observed, which is explained by the lack of base
under these reaction conditions. Additionally, no conversion of
Michael acceptors (Table S121) was observed in this route
either.

Similar control experiments as for the RQ route were also
performed for the OQ route, where the use of different iron
compounds resulted in no conversion of the model substrate 3a
(Table S117), indicating that 1 is required to drive the reaction.
Absence of any PC or light again resulted in none of product 3b
being formed, further showcasing that irradiation of 1 is
essential. Direct comparison with [Ru(bpy);]Cl, as PC, using the
same reaction conditions and green light irradiation, revealed
that the reaction stops at only 34% conversion in 40 min (Table
S10t), whereas >99% conversion was obtained within the same
duration using the Fe-PC 1 (Table S9t). In comparison to the
archetypal noble metal photosensitiser, the Fe-PC gives
comparable or superior results under green light irradiation for
both routes, due to the fact that lower energy photons are
required for its excitation.

While the OQ route has the general advantage of not
requiring a sacrificial reductant, it is noteworthy that a much
lower catalyst loading is needed for the reaction to go to
completion in considerably shorter time in case of the reductive
route.

Furthermore, the longevity of PC 1 is much better under RQ
reaction conditions, as shown by experiments, wherein consid-
erable catalytic activity was maintained over multiple cycles after
addition of fresh starting materials (Fig. S10 and S117).

Mechanistic investigations

Reductive quenching route and consecutive photo-induced
electron transfer. Following the successful application of 1 as
PC for the visible light-mediated ATRA reaction under condi-
tions that would allow for reductive quenching, we sought to
elucidate the reaction mechanism of this route. Based on the
mechanistic investigations described below, we propose a cata-
Iytic cycle involving excitation of both the Fe(m)- and Fe(u)-
ground states (Scheme 3).

R-X
*Fe(ll)(btz)s2*
(2%)
A R )
hv R+ X —— 1 » RAg

1
R-X
Propagation

Fe(ll)(btz)s2* Fe(lll)(btz);>* R
2) (1)
EtN” / hv X
“Fe(lll)(btz)s>* R\)\R
(1% 1
Et;N

Scheme 3 Proposed reaction mechanism for the visible light-medi-
ated ATRA reaction via reductive quenching of the excited state of
[Fe(th)3](PF6)3 1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A =530 nm, Argon, 20 min 16: 78 %

0.5mol% 1
A
CaF17l (1.33 equiv.)

b
NANG:"
MeCN

17 A =530 nm, Argon, 20 min

CSF17M\(\OH * /\/\)‘\/OH
CeF17

17a:39 % 17b:31 %

Scheme 4 Radical (a) ring-closing of diethyl 2,2-diallylmalonate and
(b) ring-opening of trans-(2-vinylcyclopropyllmethanol via the
reductive quenching route of the visible light-mediated ATRA reaction
with 1.

The visible light-induced formation of radical species cata-
lysed by 1 in the reductive quenching route was demonstrated
through trapping experiments using TEMPO (= (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl) (Fig. S51), which resulted in no
product being formed. Additionally to the results obtained by
conversion of substrate 15a (Table 1, entry 15), which also
provided evidence for radical formation in the reaction, the
radical ring-closing reaction of diethyl 2,2-diallylmalonate
(Scheme 4a) and ring-opening of trans-(2-vinylcyclopropyl)
methanol 17 (Scheme 4b) were successfully shown.

Having established that the reaction must involve the
generation of perfluoroalkyl radicals as a consequence of
a visible light-induced process, the first step of the proposed
mechanism, the excitation and subsequent reductive quench-
ing of [Fe(m)(btz);]** 1 to produce [Fe(u)(btz);]>" 2, was
investigated.

UV-vis absorption spectroscopy (Fig. S61) of 1 in the presence
of the sacrificial reductant TEA and under visible light irradia-
tion showed the expected formation of 2 (Scheme 3), presum-
ably by reductive quenching of the *LMCT state of the
photoexcited *[Fe(m)(btz);]*" 1* via single electron transfer.
Emission quenching data corroborated that the short-lived ES
of 1* (1, = 94 ps in acetonitrile : methanol (4 : 3) (Table 2 and
Fig. S137), 100 ps in acetonitrile*) is quenched with reasonable
efficiency by 0.5 M TEA (nq = 31%, Table S167) corresponding to
an essentially diffusion controlled bimolecular rate constant kq
(Table 2, see Fig. S157 for quenching studies and Stern-Volmer

plot). Transient absorption spectroscopy furthermore
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Fig. 2 Absorption changes upon laser flash excitation (490 nm) of
[Fe(n)(btz)sl(PFg)s 1 in MeCN : MeOH (4 : 3) with TEA (0.29 M) (e) and
difference spectrum between [Fe(in)(btz)s](PFg)s 1 and [Fe(i)(btz)](PFe)»
2(2-1, =).

confirmed that the quenching occurs by reductive electron
transfer producing stable 2 (Fig. 2) with a quantum yield 7g7c.
of about 9% (Table S167). Notably, the lower yield of quenching
implied by the short lifetime is balanced by a cage escape yield
Nee > 20% that largely exceeds the very moderate values previ-
ously found for the quenching of the *LMCT state of
[Fe(m)(phtmeimb),]" in acetonitrile.>**

In case of conventional single-photon excitation-based pho-
toredox catalysis, the reduction of CgF,,I by 2 would constitute
the next step in the mechanism, regenerating the GS of 1 and
initiating the ATRA reaction. In our case, the reduced PC 2 is
evidently not sufficiently reducing (—0.58 V vs. Fc)*® in its
ground state as shown by the stability of isolated 2 towards
CgFy71 under exclusion of light. The conversion of 2 to 1
observed upon exposure of a solution of 2 and CgF;,1 to ambient
light (Fig. S17t) suggested however a photo-induced oxidation
of 2*. Despite its rather low ES state energy (1-1.2 eV estimated
from the lowest energy absorption band assuming Ey = 2/3Es),
the non-emissive *MLCT excited state of 2 should still be
a strong reductant (—1.6 to —1.8 V vs. Fc), owing to the low
potential of the Fe(m/u)-couple (—0.58 V vs. Fc).*® It is thereby
not only much more reducing than the ground state of 2 but
also compared to the more energetic (2.2 eV) >LMCT excited

Table 2 Excited state reactions in the cycle shown in Scheme 3 (Ksy = Stern—Volmer quenching rate, kq = bimolecular rate constant, nq =

quenching yield, nce = cage escape yield, nqnce = quantum yield)”

PS (7,/ps)

[Fe(ur)(btz);]**, 1 (94)

[Fe(m)(btz);]**, 2 (330)

Nq NqMce
Ksy/M ™ ky/10°M ' 57! ([QIM) Nee ([QIM)
TEA 0.81° 8.4 0.31 (0.50) 0.29° 0 (=0.50)¢
CyFy,1 n.a.’ n.a. 0 (=0.45Y n.a. 0.18° (0.45)8"
5-Hexen-1-ol n.a. n.a. 0 (=0.14) n.a. 0 (=0.14)¢

“In MeCN : MeOH (4 : 3). ® Stern-Volmer constant from steady state emission quenching. ¢ +20%. ¢ No detectable products in ns-transient
absorption. ¢ Not applicable. No emission quenching up to indicated quencher concentration. ¢ From ns-transient absorption. ” 7. = 0.3 with

174(0.45 M) =< 0.6 (based on kq =2 x 10"°M s 1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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state of 1 (—1.0 V vs. Fc).*® The *MLCT state of the Fe(i)-oxida-
tion state also features an even longer excited state lifetime (z, =
330 ps, (Table 2 and Fig. S147) in acetonitrile : methanol (4 : 3))
compared to the >LMCT state of its Fe(ur)-congener that could
facilitate reasonably efficient quenching by the perfluoroalkyl
halide.

To investigate this further, 2 was formed in situ in the pres-
ence of TEA and the model substrate 3a under green light
irradiation without CgFy,1 present (Fig. S61 for absorption
spectra). However, subsequent addition of the alkyl halide to
the sample and storage in the dark (Fig. 4) resulted in no
product being formed, thus supporting that the reaction cannot
be driven by the GS of 2. Therefore, the sample was irradiated at
700 nm, where exclusively 2 but not 1 exhibits notable absorp-
tion (Fig. S121) as to exclude formation of 1*. According to UV-
vis absorption spectroscopy, complex 1 was restored in the
process and no further reaction could occur due to the lack of
absorption of 1 at this wavelength. By "H NMR spectroscopic
analysis, it was shown that 5% of the starting material had been
converted during this “single turnover” with only 0.5 mol% of
PC present, providing strong support for an underlying radical
chain propagation pathway (see Fig. S90-S95T for NMR spectra).
This result is further consistent with the fact that sub-
stoichiometric amounts of the sacrificial reductant are suffi-
cient to drive the reaction to completion as complementary
formation of ATRA products via quenching of 1* by CgF;,1 could
be ruled out in the acetonitrile : methanol (4:3) solvent
mixture (vide infra).

The proposed mechanism was further supported by emis-
sion quenching data, which gave no indication of a reaction
between 1* and the perfluoroalkyl halide occurring in acetoni-
trile : methanol (4 : 3) (Table 2). Formation of perfluoroalkyl
radicals by oxidative quenching could thus be specifically
excluded under these conditions. The proposed reactivity of 2*
towards the alkyl halide was directly evidenced by transient
absorption spectroscopy (Fig. 3). The observed absorption
changes after excitation with a ns-laser pulse unambiguously
show the irreversible transformation of Fe(u) to Fe(m) via

0 0
14 -1 _
o '
‘? ‘_0
x 2 -2 s
2" 5
< ~
< 80
<
-3
-4
4 L . . ‘
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Fig. 3 Absorption changes 50 ns after laser flash excitation (650 nm)
of [Fe(n)(btz)3](PFe)2 2 in MeCN : MeOH (4 : 3) with CgFy7l (0.45 M) (o)
and difference spectrum between [Fe(i)(btz)s](PFe), 2 and
[Fe(n(btz)s](PFg)s 1 (1-2, =).
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oxidative quenching by CgF,;I that proceeds with a quantum
yield nqnc. of about 18% (Table S16t). Under the conditions of
the ATRA experiments, the strongly reducing o-amino alkyl
radical (E° = —1.4 (ref. 49) to —2.1 V (ref. 50 and 51) vs. Fc)
formed from the alkylamine donor in the reductive quenching
step could also be expected to contribute to the reduction of the
alkyl halide. However, any contribution from the donor radical
would be a side reaction as only the oxidative quenching of 2*
ensures the necessary regeneration of the Fe(ui)-state to close
the catalytic cycle.

The radical obtained in the oxidative quenching step can
attack the alkene or alkyne resulting in the formation of an
alkyl- or alkenyl-radical respectively. Alternatively, the
secondary alkyl radical could be oxidised to form a carboca-
tion via reductive quenching of 1* followed by addition of the
halide ion. However, the latter pathway is less likely to be
operative with regard to the concentration required for
significant quenching of the short-lived 1* in competition
with the large concentration of TEA present. With the relevant
concentrations, any competing quenching by the alkene
component could also be excluded for either oxidation state
of the PC and no excited state reaction of 2* with the amine
could be observed, which further supports the suggested
mechanism (Scheme 3). Importantly, the oxidative quenching
of 2* does not only provide a pathway for the reduction of the
alkyl halide but also ensures the necessary regeneration of the
Fe(wm)-state, which is in agreement with our mechanistic
proposal.

Further evidence for the radical chain propagation mecha-
nism was provided by determination of the quantum yield ¢ of
the model reaction for the reductive cycle using a method
developed by Pitre et al.>® (for calculations see Tables S14 and
S15,t for absorption spectra see Fig. S8). Here, a value of ® = 6
was afforded after accounting for the fact that two photons are
proposed to be involved in one catalytic turnover, which coin-
cided well with the observations made in the wavelength-
switching experiment.

Overall, the benefits of this mechanism based on the
reductive route can be attributed to the formation of
*[Fe(m)(btz);]>" 2* as a sufficiently strong reductant for the
reduction of CgF;;1. While a-amino alkyl radicals might also
contribute to this reaction, it is the oxidative quenching of 2*
that enables catalytic turnover.

The ES electron transfer reactivity of both 1 and its Fe(u)
congener 2 had so far been unexplored and the kinetics of the
quenching reactions as well as the cage escape yields of the
electron transfer products needed to be investigated. Through
our findings, we were able to show that a conPET mechanism,
where the excited states of both the Fe(ui)- and the Fe(u)-species
are involved in product formation, was operative here. This is in
line with the pronounced absorption of the reduced PC at the
irradiation wavelength (530 nm, Fig. 4 and S127), which should
facilitate formation of 2* during the reaction. With 2* being
formed by consecutive absorption of two photons, the reductive
route constitutes the first example of a conPET being directly
observed and utilised in a reaction catalysed by an Earth-
abundant transition-metal complex.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Wavelength-switching experiment for the visible light-mediated ATRA reaction of CgFi;l with 5-hexen-1-ol to form 3b using 1 as PC and
TEA as sacrificial reductant (see ESIT for details regarding the set-up) as support for the involvement of conPET; absorption spectra normalised to
1. (A) A solution of 1 (0.357 mM), 5-hexen-1-ol (71.4 mM), TEA (23.6 mM) & mesitylene (15 pL, internal standard) in acetonitrile : methanol (4 : 3)
was irradiated at 525 nm for 25 min; absorption spectrum of the reaction solution containing 1 (red line). (B) Absorption spectrum of the reaction
solution containing in situ generated 2 (brown line); addition of CgFy7l (95 mM). (C) Reaction solution after addition of the perfluoroalkyl halide
and irradiation at 700 nm for 60 min; 5% NMR yield of product 3b. (D) Reaction solution after addition of perfluoroalkyl halide and storing in the

dark for 1 h; no formation of 3b.

Additionally, to our knowledge, a reaction driven by bimo-
lecular oxidative quenching of the *MLCT state of an Fe(u)-PC
has only a single, very recent precedence in the form of cross
coupling reactions via aryl radicals that employ a novel Fe(u)-PS
with doubly cyclometalated phenylphenanthroline ligands.>?

Oxidative quenching route. In addition to the RQ route, we
also investigated the underlying mechanism of the visible light-
mediated ATRA reaction in the absence of electron donors.
Based on the findings of these studies (see below), we propose

R-X

*Felll)(btz)s"
)
AR
v R+X — 1 » R\/\R1
R-X
Fe(lll)(btz);®* Fe(IV)(btz)s** R ‘
[\) ) Propagation
® X
R\/\R1 R\/\R1 R\/LR1
J )
X
R\)\R

Scheme 5 Proposed reaction mechanism for the visible light-medi-
ated ATRA reaction via oxidative quenching of the excited state of
[Fe(th)3](PF6)3 1.

© 2022 The Author(s). Published by the Royal Society of Chemistry

that the reaction proceeds via oxidative quenching of 1*, as
shown in Scheme 5.

As in case of the RQ route, addition of TEMPO to the reaction
inhibited product formation (Table S13t). Along with the
formation of cyclised product both for substrate 15a (Table 1,
entry 15) and diethyl 2,2-diallylmalonate (Scheme 6a) as well as
the radical ring-opening of trans-(2-vinylcyclopropyl)methanol
(Scheme 6b), this provided clear evidence for the generation of
perfluoroalkyl radicals, which occurred only under irradiation.

Therefore, in the absence of the amine as electron donor, the
reaction(s) leading to the reduction of the perfluoroalkyl halide
can be attributed to the oxidative quenching of 1*, as neither a-
amino alkyl radicals nor the stronger excited state reductant 2*
are available. This would then lead to formation of the oxidized
PC 1, here formally denoted as [Fe(w)(btz);]*". However, as the

a \ o
»M“
o \

A CgF17! (1.33 equiv.) MeCN CgF17

A=530 nm, Argon, 40 min |
17 17a: 36 %

CeF17 |
1.5mol% 1

_ omemr
CgF47 (1.33 equiv.) MeCN

A=530nm, Argon, 40 min  E102C COoEt

16: 96 %

17b: 38 %

Scheme 6 Radical (a) ring-closing of diethyl 2,2-diallylmalonate and
(b) ring-opening of trans-(2-vinylcyclopropyllmethanol via the
oxidative quenching route of the visible light-mediated ATRA reaction
with 1.
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one-electron oxidised state of 1 has not been unambiguously
characterised, it could also correspond to the product of ligand
oxidation, [Fe(m)(btz),(btz")]**.3* Tracing the progress of the
reaction by UV-vis absorption spectroscopy did also not reveal
any distinct intermediate species being formed (Fig. S77).

While we had observed that in acetonitrile : methanol (4 : 3),
aforementioned bimolecular quenching of 1* by CgF;,1 does
not take place (Table 2, see Fig. S167 for quenching studies and
Stern-Volmer plot), we were however able to observe weak
emission quenching of the *LMCT state by CgF;,I in neat
acetonitrile despite the lower solubility of the perfluoroalkyl
halide in the latter solvent (Table 3). This coincided well with
the fact that the ATRA reaction by OQ only proceeded efficiently
when using neat acetonitrile as reaction solvent.

No products of the quenching reaction could be detected by
transient absorption spectroscopy. This result was however
anticipated, in view of the low yield of quenching. Considering
the absence of low-lying electronically excited states in alkyl
halides and their poor electron donor ability, quenching of 1*
by CgF4,1 due to energy transfer or reductive electron transfer
appear very unlikely. Furthermore, control experiments (Table
S107) confirmed that no ATRA products were detected in the
dark or in the absence of the PC. In combination with the
radical trapping experiments described above, these results
strongly indicate that the observed quenching of the LMCT
state of 1* by CgF,,I can be attributed to oxidative electron
transfer.

For the reduction of CgFy,I a potential of —1.70 V vs. Fc
(—1.32 V vs. SCE) has been cited previously.'” Peak potentials
from irreversible electrochemistry of alkyl halides are however
no suitable proxy of their thermodynamic reduction potential.*®
This is evident from literature reports'® that describe per-
fluorous tagging via oxidative quenching of [Ru(bpy)s]Cl, (E°(I1I/
I1¥) = —1.19 V vs. Fc in acetonitrile®*) by CgF;,1 using DMSO as
reaction solvent, as well as from our previously mentioned
control experiments for the oxidative quenching using
[Ru(bpy)s]*".

We therefore suggest that the less efficient reactions in the
absence of TEA are initiated by the rather inefficient quenching
of 1* (E°(IV/*III) = —1.0 V vs. Fc) with CgF4,1 to give the oxidized
PC 1’ and a perfluoroalkyl radical, which could attack the alkene

Table 3 Excited state reactions in the cycle shown in Scheme 5 (Ksy =
Stern-Volmer quenching rate, k; = bimolecular rate constant, nq =
quenching yield, n.e = cage escape yield)*

PS (to/ps)

[Fe(m)(btz);]**, 1 (100)

Mq
KM k1M s (QM) e
CgFyr1 0.43% 4.3 0.09 (0.12)  <0.15°
5-Hexen-1-ol n.a.? n.a. 0 (=0.14)° n.a.

“ In MeCN. ? From steady state emission quenching. ¢ Estimated from
absence of detectable ns-transient absorption. ¢ Not applicable. ¢ No
emission quenching up to indicated quencher concentration.
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or alkyne. This is also in line with our observation that the PC
exhibits substantially reduced longevity in the OQ route, as 1’ is
known to not be very stable based on the irreversible oxidative
voltammetry of 1.°®¢ The proposed mechanism would thus
constitute the first case of photoredox catalysis based on
bimolecular oxidative quenching of the >LMCT state of an Fe-
NHC-complex.

Following the oxidative quenching, two mechanistic path-
ways to the desired ATRA product are possible, one of which is
based on radical chain propagation while the other includes
generation and subsequent trapping of an alkyl/alkenyl-
radical.’ Determination of the quantum yield (& = 4.5, for
calculations see Tables S14 and S15,t for absorption spectra see
Fig. S91) showed that, as in the RQ route, radical chain propa-
gation must occur in the OQ route, once the initial per-
fluoroalkyl radical has been generated. Otherwise, said radical
might reduce 1’ while restoring 1, which in the absence of an
added electron donor is the most likely process to close the
catalytic cycle. Partially, the product of the ATRA reaction would
consequently be formed through the trapping of the resulting
carbocation by the halide ion.

Conclusions

We have demonstrated that the Fe-NHC complex [Fe(m)(btz),]**
can drive photoredox reactions by consecutive excitation of both
the Fe(ur)- and Fe(u)-ground state using the same irradiation
wavelength. The two generated excited states (*LMCT and
*MLCT respectively) are shown to be sufficiently long-lived to
engage in efficient bimolecular quenching. The utility of such
an unprecedented reaction mode for iron complexes was illus-
trated in the well-explored ATRA reaction. Here, the formation
of C-C and C-halide bonds for a range of over 10 common
substrate types, exhibiting different functional groups and
structures, was catalysed, resulting in synthetically useful,
difunctionalised products.

Despite the lower photon energy required for excitation of
the Fe-PC, efficiencies for this benchmark photoredox reaction
are comparable to those obtained by commonly used noble
metal catalysts thereby showcasing the usefulness of iron pho-
tosensitisers as a viable greener alternative to more common
noble-metal PCs.

In the absence of an electron donor, the process has to be
initiated by oxidative quenching. Efficiency and durability of the
PC are somewhat limited by the relatively moderate reducing
power of the >LMCT state of the Fe(m)-PC and the limited
stability of the resulting Fe(iv) state. A more advantageous
situation arises in the presence of an electron donor that leads
to reductive quenching of the PC and its subsequent photoex-
citation. The resulting *MLCT state of the Fe(u)-PC exhibits both
the necessary lifetime and reducing power to ensure efficient
reduction of the alkyl halide, CgF;;I. Among PRC reactions
catalysed by complexes of Earth-abundant transition metals,
a mechanism involving two conPET events from charge transfer
states within the same catalytic cycle has no precedence. Our
example thus demonstrates for the first time that also with Fe-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NHC-type PCs, two-photon mechanisms can be a viable
approach to thermodynamically demanding PRC reactions.

Generally, our findings establish that even Fe-NHC
complexes with sub-ns lifetimes of their charge transfer excited
states can serve as efficient PCs in PRC applications, particularly
where the excited state reaction products escape geminate
recombination with sizeable yield in the reaction solvent.
Therefore, already the currently available Fe-NHC complexes
can be considered attractive alternatives to the established
noble metal PCs for a variety of visible light induced organic
reactions. Prospective developments should also enable even
more demanding applications in e.g., solar to chemical energy
conversion.

Experimental section

General procedure for the visible light-mediated
photocatalytic ATRA reaction

Photochemical reactions were conducted in a TAK120 AC pho-
toreactor purchased from HK Testsysteme GmbH. A 6 mL clear
glass crimp top vial equipped with a magnetic stir bar was
charged with the photocatalyst (PC) (0.5-1.5 mol%, 1.25-3.8
pumol), alkene (0.25 mmol, 1.0 equiv.), alkyl halide (0.33 mmol,
1.33 equiv.) and solvent (3.5 mL). For the reductive quenching
(RQ) route a reductant (0.085-0.25 mmol, 0.34-1 equiv.) was
furthermore added to the reaction mixture.

After sealing the vial using an aluminium cap with a septum,
the reaction solution was flushed with argon for 5 min unless
otherwise stated. The sample was then irradiated in the pho-
toreactor at 530 nm (3.03 W per slot).

Condition & scope screenings were performed in deuterated
solvents and NMR yields were determined via 'H NMR-
spectroscopy by integration against the internal standard
mesitylene (30 puL per sample).

Reactions, wherein the products were isolated, were con-
ducted in non-deuterated solvents & without addition of an
internal standard. Isolation was performed by removal of the
solvent in vacuo and subsequent purification by silica gel
column chromatography affording elemental analysis pure
products.

Visible light-mediated ATRA reaction of alkyl halides to
alkenes & alkynes via reductive quenching of [Fe(btz);](PFe); 1
- procedure A

A 6 mL clear glass crimp top vial equipped with a magnetic stir
bar was charged with [Fe(btz);](PFe); 1 (0.00125 mmol, 0.005
equiv.), alkene (0.25 mmol, 1.0 equiv.), alkyl halide (0.33 mmol,
1.3 equiv.), MeOH : MeCN (3:4, 3.5 mL) as well as TEA
(0.085 mmol, 0.34 equiv.). After sealing the vial using an
aluminium cap with a septum, the reaction solution was
flushed with Argon (g) for 5 min. The sample was then irradi-
ated at 530 nm (3.03 W per slot) in the photoreactor under
vigorous stirring until completion or until the reaction ceased to
progress further. The solvent was then removed under reduced
pressure and the product was isolated by silica gel column
chromatography using the indicated eluent system.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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For more facile product characterisation multiple batches
were prepared in parallel and isolated together in some
instances, the individual number of which is indicated for the
respective product (see ESIf).

Visible light-mediated ATRA reaction of alkyl halides to
alkenes & alkynes via reductive quenching of [Fe(btz),](PFs); 1
- procedure B

A 6 mL clear glass crimp top vial equipped with a magnetic stir
bar was charged with [Fe(btz);](PFe)s 1 (3.8 pmol, 0.015 equiv.),
alkene (0.25 mmol, 1.0 equiv.), alkyl halide (0.33 mmol, 1.3
equiv.) and MeCN (3.5 mL). After sealing the vial using an
aluminium cap with a septum, the reaction solution was
flushed with argon (g) for 5 min. The sample was then irradiated
at 530 nm (3.03 W per slot) in the photoreactor under vigorous
stirring for the indicated duration (40 or 80 min). The solvent
was then removed under reduced pressure and the product was
isolated by silica gel column chromatography using the indi-
cated eluent system.

UV-vis absorption and emission spectroscopy

UV-vis absorption spectra were recorded on a Probe Drum Lab-
in-a-box spectrometer. Steady-state emission measurements
were performed on a Fluorolog-3 (Horiba) fluorimeter. Emis-
sion spectra were background subtracted and corrected for the
wavelength dependent instrument response.

All samples were prepared in a solvent mixture of acetonitrile
(spectroscopic grade Uvasol®, =99.9%, Merck) and methanol
(ACS spectroscopic grade, =99.9%, Merck) (volume ratio 4 : 3)
or in neat acetonitrile with absorptions of around 0.0755 +
0.005 at the excitation wavelength (502 or 525 nm).

Transient absorption spectroscopy

Nanosecond transient absorption measurements were obtained
with LP920-S (Edinburgh Instruments) or LKS.60 (Applied
Photophysics) laser flash photolysis spectrometers. Samples
were excited at 465 or 650 nm (for Fe(u)) and 490 nm (for Fe(ur))
with 8-10 ns pulses (about 18 m] per pulse) provided by
a frequency tripled Q-switched Nd:YAG laser (EKSPLA NT342B
or Quantel, BrilliantB) combined with an optical parametric
oscillator (OPO). All measurements were performed at right
angle in a 10 x 10 mm quartz cuvette with samples deaerated
by purging with Ar and an absorption of around 0.5 at the
excitation ~wavelength. Solutions of [Ru(bpy);]** in
MeCN : MeOH (4 : 3) were used as actinometer.

Femtosecond transient absorption measurements were per-
formed on a Newport TAS system with a Coherent Libra
Ti:sapphire amplifier (1.5 m], 3 kHz, 800 nm, fwhm 40 fs).
Excitation wavelengths of 550 nm (for Fe(ur)) and 450 nm (for
Fe(u1)) were generated by optical parametric amplifiers (TOPAS-
Prime and NIRUVVIS, Light Conversion) with the pump power
adjusted to about 3 mW on the 1 mm cuvette. The white light
supercontinuum probe light was generated in a CaF, crystal
(Crystran) and was detected with a silicon diode array (New-
port). Correction for spectral chirp and data fitting was per-
formed with Surface Xplorer v4.
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