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ns of electron-deficient
compounds—bringing iron photoredox catalysis
into play†

Aleksandra Ilic, a Benjamin R. Strücker,a Catherine E. Johnson, b Simon Hainz,a

Reiner Lomoth *b and Kenneth Wärnmark *a

The a-functionalisation of N-containing compounds is an area of broad interest in synthetic chemistry

due to their presence in biologically active substances among others. Visible light-induced generation

of nucleophilic a-aminoalkyl radicals as reactive intermediates that can be trapped by electron-

deficient alkenes presents an attractive and mild approach to achieve said functionalisation. In this

work, [Fe(III)(phtmeimb)2]PF6 (phtmeimb = phenyl(tris(3-methylimidazol-2-ylidene))borate), an N-

heterocyclic carbene (NHC) complex based on Earth-abundant iron, was used as photoredox catalyst

to efficiently drive the formation of a-aminoalkyl radicals from a range of different a-

trimethylsilylamines and their subsequent addition to a number of electron-deficient alkenes under

green light irradiation. Mechanistic investigations elucidated the different reaction steps of the

complete photocatalytic cycle. In terms of yields and substrate scope, we show that

[Fe(III)(phtmeimb)2]PF6 can compete with noble metal photoredox catalysts, for instance outcompeting

archetypal [Ru(bpy)3]Cl2 under comparable reaction conditions, illustrating that iron photocatalysts can

efficiently facilitate photoredox reactions of synthetic value.
Introduction

Formation of C–C bonds between electron-decient alkenes
and a-aminoalkyl radicals provides a means of rapidly func-
tionalising amines in one step.1,2 However, the synthetic utility
of a-aminoalkyl radicals as building blocks has not been very
extensively explored to date, owing to the fact that these highly
reactive nucleophiles tend to undergo further oxidation to the
corresponding iminium ions under thermal conditions.3–5

Consequently, visible light-mediated photoredox catalysis
presents a favoured approach for the generation and use of a-
aminoalkyl radicals as ground state reactive intermediates,
complementing classical C–N bond formation reactions.6 Upon
single electron transfer (SET) induced oxidation of an alkyl-
amine, the resulting amine radical cation is known to undergo
further reactions, with some of the possible pathways high-
lighted in Scheme 1a.7 Commonly, a-aminoalkyl radicals are
accessed through deprotonation of the a-C-atom following
amine oxidation via SET. Alternatively, they can be afforded
through homolytic cleavage of the a-C–H bond by a hydrogen
epartment of Chemistry, Lund University,

arnmark@chem.lu.se

oratory, Uppsala University, SE-75120

mi.uu.se

tion (ESI) available. See DOI:

the Royal Society of Chemistry
atom transfer catalyst.8,9 The nucleophilic radical can then go
on to react with the formerly mentioned electrophiles. However,
in the presence of multiple a-C–H bonds, regioselectivity-issues
can arise. This has led to the exploitation of the favoured frag-
mentation of e.g., C–Si bonds, where for example a-tri-
alkylsilylamines are used to combat aforementioned issues
(Scheme 1b).10,11 An additional advantage beyond the improved
regioselectivity of the latter is their more facile oxidation (Eox #
+0.4 vs. Fc) compared to the corresponding regular amines.10
Scheme 1 (a) Examples of different reaction pathways of amine
radical cations. Pathway a: hydrogen radical abstraction to yield an
iminium ion. Pathway b: proton abstraction to afford an a-aminoalkyl
radical. Pathway c: C–C bond cleavage resulting in the formation of an
iminium ion and an alkyl radical. (b) a-Aminoalkyl radical formation
from a-trimethylsilylamines.
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There have been several reports of a-trialkylsilylamines,
which can be easily accessed synthetically, that have been
successfully employed as precursors to a-aminoalkyl radicals,
generated both by organic as well as noble metal-based photo-
redox catalysts.3,6,11–21 However, the scarcity of the latter along
with their requirement for higher energy irradiation due to their
absorption maxima commonly being situated in the blue or
violet region of the visible light spectrum,22,23 have resulted in
an increased demand for more sustainable alternatives to the
currently still predominantly used ruthenium(II)24–28 and
iridium(III)28–31 complexes. Beyond the energetic demands
imposed by the necessity of lower wavelength irradiation,
unfavourable side reactions caused by excitation of substrates
and other reagents through the latter can also occur. While Cu(I)
complexes have been used as a more Earth-abundant alterna-
tive in photoredox catalysis,32–37 and photosensitisers based on
Mn(I),38 Cr(0) and Cr(III),39–42 Co(III),43 Mo(0)44 are on the rise,
photoredox catalysts based on iron nevertheless remain
attractive candidates and dissociative inner-sphere SET upon
ligand-to-metal charge transfer (LMCT) excitation of Fe(III)
currently also receives much attention for its applications in
photoredox catalysis.45–50 However, so far there are only very few
examples of synthetic transformations driven by outer-sphere
charge transfer (CT) of iron-based photosensitisers.48,51

This can primarily be attributed to the fact that many iron
complexes—while being a less expensive, environmentally more
benign alternative—have been known to suffer from detri-
mentally short excited state (ES) lifetimes of their CT states as
a result of rapid decay to the ground state (GS) via low-lying
metal-centred (MC) states.52–55

Consequently, different strategies have been investigated
with the goal of prolonging the CT ES lifetimes of iron-
photosensitisers.56–59 One very successful approach to extending
ES lifetimes of iron-based chromophores has been the intro-
duction of strongly s-donating N-heterocyclic carbene (NHC)
ligands,60,61 which results in the MC eg-orbitals being destabi-
lized and thus counteracting the rapid deactivation through
those states.54,62,63 Amongst others, this has brought forth the
photoactive compound [Fe(III)(phtmeimb)2]PF6 (phtmeimb =

phenyltris(3-methylimidazol-2-ylidene)borate) (Scheme 2),
a hexa-NHC complex exhibiting room temperature photo-
luminescence and a 2LMCT-lifetime of 2 ns. Owing to the
improvement from sub-ps lifetimes to nanoseconds, it was
shown that this complex could engage in efficient bimolecular
quenching of its 2LMCT state. This, along with its favourable GS
and ES state redox potentials, makes it a particularly interesting
candidate for photocatalytic applications as demonstrated by
Scheme 2 Structure of the iron-based photoredox catalyst used in
this study.

12078 | Chem. Sci., 2024, 15, 12077–12085
reports of its use in photoredox catalysis and as photosensitiser
in an articial photosynthesis reaction under green light
irradiation.64–69 The 2LMCT state can act as a strong photo-
oxidant (+0.97 V vs. Fc) and is thus capable of oxidising a range
of electron donors such as amines, as has previously been
studied.64–66 The resulting Fe(II)-GS is moderately reducing at
−1.16 V vs. Fc.64 It has frequently been shown that the catalytic
efficiency tends to be limited by low cage escape yields of
charge-separated products following the quenching event.66,68,69

Here, we employed said iron-based complex as a photoredox
catalyst to drive aminomethylations of a,b-unsaturated
compounds and other electron-decient alkenes by formation
of a-aminoalkyl radicals from a-trimethylsilylamines under
green light irradiation.

Overall, the yields of the reactions under investigation were
prevalently fair to good and catalytic efficiencies were compa-
rable to noble metal photoredox catalysts.3,11,19 Additionally, we
have performed extensive mechanistic investigations to eluci-
date the underlying mechanisms and give insight into factors
which might be limiting the reactivity, opening up for further
improvements in the future.
Results and discussion
Initial testing and optimisation of reaction conditions

Considering the GS and ES redox potentials and proven ability
to engage in efficient bimolecular quenching of its 2LMCT state,
[Fe(III)(phtmeimb)2]PF6 was deemed a promising candidate to
effect the desired aminomethylation reactions. Initial attempts
at performing the target reaction using regular amines such as
triethylamine and N-methyldiphenylamine were however not
met with success, possibly due to limitations caused by ineffi-
cient deprotonation of the amine radical cation generated by
the single electron oxidation (see ESI† for further details).17,70

This problem could be overcome by the use of a-trimethylsi-
lylamines as precursors to the desired a-aminoalkyl radicals.

The photocatalytic activity of the iron-complex was subse-
quently investigated using substrate (1a) and diethyl ethyl-
idenemalonate (2a) as the model reaction under irradiation at
530 nm (green light) by a 3 W LED array. It ought to be pointed
out that in the case of the aminomethylation of enones, the
reaction is likely to rst result in the formation of silyl enol
ethers, which are however hydrolysed in the work-up step to
afford the desired product.3 Following optimisations (Fig. S1–
S3, ESI†) we found a reliable protocol using mild conditions to
afford the desired product (3a) in 15 h using a catalyst loading of
1 mol%, equimolar amounts of (1a) and (2a) and DMF as
solvent (Scheme 3).
Scheme 3 Visible light-driven aminomethylation of electron-deficient
alkenes using [Fe(III)(phtmeimb)2]PF6 as photoredox catalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Control experiments revealed that in the absence of a cata-
lyst or light, as well as when using FeBr2 or [Fe(II)(bpy)3](PF6)2
(bpy = 2,20-bipyridine) under irradiation, no product (3a) was
afforded. When employing [Fe(III)(btz)3](PF6)3 (btz = 3,30-
dimethyl-1,10-bis(p-tolyl)-4,40-bis(1,2,3-triazol-5-ylidene)),
another Fe-NHC complex that has shown CT state driven pho-
toredox reactivity,71,72 as catalyst, only 12% of (3a) were afforded
(Table S2, ESI†). The optimised reaction protocol was also
employed in an experiment featuring the archetypal
[Ru(II)(bpy)3]Cl2 as photoredox catalyst under blue light irradi-
ation (l = 450 nm), close to its absorption maximum.
[Ru(II)(bpy)3]Cl2 has previously been used for similar reactions
(in MeCN),19 but afforded only 64% of (3a) with our protocol
(Table S2, ESI†), which is signicantly lower than the yield ob-
tained with our Fe-NHC complex under green light irradiation
(92%). The inferior catalytic activity of the former was attributed
to rapid photodegradation (Fig. S4, ESI†),73,74 which is likely
exacerbated by the presence of DMF,75 and highlights the
advantageous stability of the Fe-NHC complex even under
conditions challenging the established noble metal sensitizer.
Substrate scope

With the optimised reaction conditions in hand, we rst set out
to explore the applicability of our protocol to a range of a-tri-
methylsilylamines in a reaction with Michael acceptor (2a)
(Table 1). Aromatic amines (1a) as well as (1d–g) could be
successfully used to afford the corresponding products (3a) and
(3d–g) in fair to good yields, highlighting the opportunity for
single-step functionalisation and thus the overall synthetic
utility of this reaction. It was noted however, that a somewhat
unexpected decrease in yield was observed in the case of
product (3e), despite the presumably lower oxidation potential
Table 1 Scope and isolated yields of a-trimethylsilylamines used in the
visible light-mediated aminomethylation of (2a) under the optimised
conditions (1 mol% [Fe(III)(phtmeimb)2]PF6, (1a–i) (0.25 mmol), (2a)
(0.25 mmol), DMF (2.5 mL))

© 2024 The Author(s). Published by the Royal Society of Chemistry
of the corresponding a-trimethylsilylamine. This might be
attributed to side reactions such as hydrogen radical abstrac-
tion from the methoxy-functionalities. As for product (3d),
slight losses in product yield could arise from halogen atom
transfer by the in situ generated a-aminoalkyl radicals.76 Inter-
estingly, for aliphatic amine (1c), the desired product (3c) was
obtained only in trace amounts according to LCMS even aer
extensive efforts towards further optimisations. There, we also
observed that aer the reaction, only (1c) was still present in
appreciable amounts with no distinct side-products in detect-
able concentrations, indicating decomposition of (2a) over
time. Meanwhile (1b), featuring one aliphatic and one aromatic
substituent, still afforded the target product (3b) in a yield of
54%. An attempt to employ the secondary amine (1h) as well as
its Boc-protected analogue (1i) did not give any product either,
likely due to the oxidation of secondary amines and carbamates
being more challenging, thus precluding their use in our
system.1

Next, we examined the photocatalytic reactions of a-trime-
thylsilylamine (1a) with different electron-decient compounds
(2b–f) (Table 2). In the case of benzylidene malononitrile (2b),
the desired product (3j) was afforded in good yield (75%). For
the substrates (2c–d), yields of the target products (3k–m) were
fair, albeit lower than for the model reaction featuring (2a). This
can be attributed to the latter being more electron-decient due
to the presence of two electron-withdrawing groups, rendering
it more prone to nucleophilic attack by the a-aminoalkyl
radical. Further support for this is given by the low yield of 27%
for (3n), using substrate (2f), which is structurally similar to (2a)
except for an additional electron-donating functionality adja-
cent to the double bond decreasing its electrophilicity.

We also investigated R-(−)-carvone as substrate, giving rise to
a mixture of three diastereomers (3o) in a combined yield of
Table 2 Scope and isolated yields of a,b-unsaturated compounds
used in the visible light-mediated aminomethylation using (1a) under
the optimised conditions (1 mol% [Fe(III)(phtmeimb)2]PF6, (2b–f) (0.25
mmol), (1a) (0.25 mmol), DMF (2.5 mL))

Chem. Sci., 2024, 15, 12077–12085 | 12079
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32%. The decreased yield compared to (3k) can be attributed to
the larger steric hindrance, as there was no evidence of addition
to the terminal nucleophilic double bond. This also showcases
the selectivity of the nucleophilic a-aminoalkyl radical addition.

Mechanistic investigations

Following the demonstration of the activity of the iron-based
photoredox catalyst in the addition of a-aminoalkyl radicals to
a,b-unsaturated compounds, we sought to elucidate the
underlying reaction mechanism. In light of the oxidation
potentials of a-trialkylsilylamines being sufficiently low (Eox #
+0.4 vs. Fc)10 to allow for electron transfer to the ES of our Fe(III)-
complex (+0.97 V vs. Fc),64 we propose that the reactions under
Scheme 4 Proposed mechanism for the photocatalytic amino-
methylation of a,b-unsaturated compounds using [Fe(III)(phtmeimb)2]
PF6 as photoredox catalyst.

Fig. 1 Top row: Stern–Volmer plots derived from the steady-state and t
DMF with substrates (1a–c) with the corresponding emission spectra a
[Fe(III)(phtmeimb)2]

+ (0.15 mM) and substrates (1a–c) (104, 101, 88 mM, re
excitation (data smoothed by adjacent averaging method) and differe
spectroelectrochemistry in MeCN (---).

12080 | Chem. Sci., 2024, 15, 12077–12085
investigation proceed following the mechanism in Scheme 4.
The Fe(III)-complex is excited upon irradiation and the resulting
2LMCT state is then reductively quenched by the a-trime-
thylsilylamine affording the Fe(II)-GS as well as a radical cation.
Through loss of the trimethylsilyl-cation, the desired nucleo-
philic a-aminoalkyl radical is formed, which can then go on to
react with the a,b-unsaturated compound. The newly formed
radical is likely to be reduced by the Fe(II)-GS giving rise to the
product and restoring the Fe(III)-GS. While the reduction
potential of the adduct anion is unknown, direct spectroscopic
observation of Fe(III)-recovery (see below) unambiguously
demonstrates that reduction of an intermediate formed from
the a-aminoalkyl radical and the electron-decient alkene by
the catalyst's Fe(II)-state (−1.16 V vs. Fc in MeCN) is thermody-
namically feasible.

The formation of radical species in the reaction was evi-
denced by the fact that addition of TEMPO (=(2,2,6,6-
tetramethylpiperidin-1-yl)oxyl) led to only traces of product
being formed in the model reaction and adduct-formation
between TEMPO and the a-aminoalkyl radical was observed
(Scheme S1, ESI†). With this clear indication that an a-amino-
alkyl radical is generated as a result of a visible light-driven
reaction, we set out to investigate the proposed rst reaction
step—the reductive quenching of the 2LMCT state leading to
oxidation of the a-trimethylsilylamine. The reaction of the
excited photoredox catalyst with a-trimethylsilylamines (1a–c)
was evidenced by uorescence quenching (Fig. 1, top row),
while any ES reaction with the model Michael acceptor (2a)
could be excluded (Fig. S7, ESI†).
ime-resolved emission quenching of [Fe(III)(phtmeimb)2]
+ (0.16 mM) in

nd TCSPC traces shown in the ESI.† Bottom row: ns-TAS spectra of
spectively) in DMF upon 465 nm (30 ms delay, 21.4 ± 0.1 mJ per pulse)
ntial absorption spectrum of the metal-centred reduction based on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Excited state quenching data for [Fe(III)(phtmeimb)2]PF6 in DMF. (KS = static Stern–Volmer quenching constant, KD = dynamic Stern–
Volmer quenching constant, kq = bimolecular quenching rate constant, hq = quenching yield, hce = cage escape yield, hqhce = quantum yield).
CEYs calculated under the assumption that the extinction coefficients of Fe(III) and Fe(II) in DMF are similar to those in acetonitrile (see details of
calculations in ESI)

[Fe(phtmeimb)2]PF6 s0 = 1.6 ns (in DMF)

Quencher KS (M
−1) KD (M−1) kq (109 M−1 s−1) hq ([Q]/M) hce hqhce ([Q]/M)

9.9 6.3 3.7 0.67 (0.1) 0.15 0.10 (0.1)

11.3 6.4 4.0 0.68 (0.1) 0.22 0.15 (0.1)

n.a. 5.2 2.8 0.34 (0.1) 0.09 0.03 (0.1)

n.a. n.a. n.a. 0 (#0.3) n.a. 0 (#0.3)
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For (1a) and (1b), upwards curvatures from the Stern–Volmer
plots of the steady-state emission quenching were observed,
indicating combinations of both dynamic (diffusion-controlled)
and static quenching (association between the quencher and
the PS GS, see ESI eqn (1)–(3)† for calculations and Table 3 for
association constants). The dynamic quenching rate constants
kq were independently determined by time-correlated single
photon counting (TCSPC) and were in good agreement with the
steady-state results (Fig. S9, S11, S13 and S14, ESI†). Although
the values of kq were similar to previously reported rates for
trialkylamines and approximately one order of magnitude
slower than results obtained for aromatic amines,66 with kq =

3.7 × 109 M−1 s−1 for (1a) and kq = 4.0 × 109 M−1 s−1 for (1b),
the combination of both pathways results in higher quenching
yields than previously observed (Table 3). For (1c), only
diffusion-controlled quenching is observed, with the dynamic
quenching rate constant (kq = 2.8 × 109 M−1 s−1) being the
slowest of the three. This lower reactivity is tentatively attrib-
uted to the presumably higher potential for oxidation of the
aliphatic amine. Nevertheless, under the conditions employed
in the photocatalysis reactions, efficient quenching, where close
to 40% of the excited photocatalyst molecules are quenched, is
ensured even for the slowest quencher (1c) (Table 3).

The products of the quenching reaction were characterised
by nanosecond transient absorption spectroscopy (ns-TAS) that
monitored the absorption changes induced by excitation at
465 nm (Fig. 1, bottom row). With the short ES lifetime, the
quenching reaction is completed within the time resolution
(∼10 ns) and the resulting TA-spectra at later time scales (30 ms)
show a pronounced product absorption below 400 nm together
with a weak bleach centred at 500 nm. These features can be
attributed to the Fe(II)-GS and the Fe(III)-GS, respectively, which
is consistent with reductive quenching of the ES of
[Fe(III)(phtmeimb)2]

+. The TA spectra on the microsecond
timescale are in all cases in good agreement with the
© 2024 The Author(s). Published by the Royal Society of Chemistry
differential spectrum for the reduction of the complex obtained
from spectroelectrochemistry,64 while no obvious contributions
from the quencher radicals were observed in the spectral range
of the TA measurements. TA spectra on the nanosecond time-
scale however revealed contributions from the short-lived
radical cations of the quencher (see below).

The TA signature of the reduced photoredox catalyst remains
unchanged over several milliseconds which demonstrates that
the a-trimethylsilylamines behave as exemplary sacricial
electron donors without any bimolecular charge recombination
between the reduced photoredox catalyst and the oxidised
quenchers or their fragments. Quantication of the Fe(II)-
product from its transient absorption and the number of
absorbed photons from comparative actinometry (Table S3 and
Fig. S17, ESI†) results in cage escape yields (CEYs) of the elec-
tron transfer products of 9–22% (Table 3), which is higher than
previously observed for the quenching of the same photoredox
catalyst by tertiary amines in the same solvent, DMF.66 The high
CEY of 22% for (1b) was somewhat counterintuitive to the
product yield of the reaction, which was signicantly lower than
for (1a) (Table 1), where a CEY of 15% was determined. It is
therefore evident that the different product yields for (1a) and
(1b) must be attributed to the efficiency of subsequent steps in
the catalytic cycle and their potential competition with unpro-
ductive side reactions. Specically, it is possible that instead of
undergoing the desired Michael addition, protodesilylation
occurs, which would prohibit product formation as has previ-
ously been observed in similar studies.19

To obtain information on the catalytic cycle beyond the
initial ES electron transfer step, additional ash photolysis
experiments were performed with (1a) with excitation at
500 nm. TA spectra at early time scales (<1 ms) reveal contri-
butions from the oxidized quencher at around 600 nm next to
the expected features of the reduced photoredox catalyst at
375 nm (Fig. 2a). The peak at 600 nm decays with a lifetime of
Chem. Sci., 2024, 15, 12077–12085 | 12081
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Fig. 2 (a) ns-TAS spectra at different time delays of
[Fe(III)(phtmeimb)2]

+ (0.16 mM) and substrate (1a) (100 mM). Inset:
kinetic trace probed at 600 nm and single exponential fit (s = (244 ±
13) ns). (b) ns-TAS kinetic traces at 375 nm (positive DOD) and 500 nm
(negative DOD) of [Fe(III)(phtmeimb)2]

+ (0.16 mM) and substrate (1a)
(100 mM) with varying concentrations of (2a). All data were collected
with excitation at 500 nm (20.0 ± 0.2 mJ per pulse).
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244 ns (Fig. 2a, inset), leaving behind only the Fe(II)-absorption
peak at around 375 nm and the Fe(III)-ground state bleach (GSB)
at 500 nm (Fig. 2a). Consequently, the absorption peak at
600 nm together with additional absorption initially cancelling
the GSB around 500 nm could be attributed to the amine radical
cation, which then loses its trimethylsilyl-group, generating the
desired a-aminoalkyl radical which in turn does not signi-
cantly contribute to the transient absorption spectrum. The 244
ns lifetime of the initially observed oxidation product supports
the assignment of its decay to an intramolecular process as sub-
ms reactions between photoproducts are precluded by their
concentrations on the order of 10−6 M.

TA data on the millisecond time scale revealed a delayed rise
of the 375 nm absorption and a corresponding ∼130 ms
component in the GSB at 500 nm (Fig. 2b). Consistent with an
additional slow formation of the Fe(II)-GS, the process is
attributed to the reducing a-aminoalkyl radical that might react
with the excess of Fe(III)-GS. This would account for a doubling
of the Fe(II)-yield as long as the radical does not engage in
competing reactions. With the photoredox catalyst concentra-
tion employed (0.16 mM), the observed kinetics would
12082 | Chem. Sci., 2024, 15, 12077–12085
correspond to a pseudo-rst order reaction with a bimolecular
rate constant of around 5 × 107 M−1 s−1. Under catalytic
conditions this unproductive reaction of the a-aminoalkyl
radical would compete with its desired addition to the Michael
acceptor. We therefore investigated the reaction of the photo-
products obtained with quencher (1a) in presence of the
Michael acceptor (2a). The TA data (Fig. S18, ESI†) reveals no
additional spectral or kinetic features that could be attributed
to the expected adduct radical or the product of its reduction.
The reactivity of (2a) towards the a-aminoalkyl radical was
however clearly evidenced by the observed turnover that could
bemonitored based on the consumption of reduced photoredox
catalyst and the concomitant recovery of its original Fe(III)-GS.
The corresponding kinetic traces at 375 and 500 nm, respec-
tively, reveal two effects of the added Michael acceptor as shown
in Fig. 2b: (i) A major part of the previously persistent Fe(II)-
absorption now decays within 0.5 ms and a corresponding part
of the Fe(III)-bleach recovers with the same kinetics. This effect
can be attributed to the turnover of the catalyst due to electron
transfer to the adduct radical. (ii) A remaining, persistent
portion of the TA signal corresponds to the reduced photoredox
catalyst formed by the slow reaction with a-aminoalkyl radicals.
For this portion of the catalyst, turnover is prevented by the lack
of adduct radicals and the magnitude of this portion decreases
expectedly with increasing concentration of the Michael
acceptor. Efficient competition of the radical addition reaction
with the unproductive electron transfer to the Fe(III) GS requires
however concentrations of (2a) on the order of 0.1 M corre-
sponding to a bimolecular rate constant on the order of 104 M−1

s−1 for the pseudo-rst order reaction. The radical addition step
led to consumption of Fe(II) and recovery of Fe(III) without any
delay, and turnover is thus not limited by the nal electron
transfer step under these conditions. To keep up with the
radical addition step, the second order reaction between the
adduct radical and the reduced photoredox catalyst, both at
comparable concentrations on the order of 10−6 M, would have
to proceed with a rate constant between 109 and 1010 M−1 s−1,
i.e. well below the limit given by diffusion of the reactants. With
the much lower photon ux in the photoreactor compared to
the laser ash photolysis experiments, the concentration of
photo-generated species will however be correspondingly lower
and the nal electron transfer step between the adduct radical
and the reduced photoredox catalyst can be expected to become
rate-limiting rather than the preceding pseudo-rst order
reaction with the Michael acceptor. The higher photoredox
catalyst concentration used for the synthetic catalytic reactions
(1 mM instead of 0.16 mM) will also result in a correspondingly
faster reaction with the a-aminoalkyl radicals. The resulting
depletion of Fe(III) would however in turn benet the desired
radical addition.

Conclusions

Here, we have demonstrated that the Fe-NHC complex
[Fe(phtmeimb)2]PF6 can drive aminomethylation reactions of
electron-decient alkenes via photoredox catalysis using green
light, thus giving facile access to highly functionalised N-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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containing compounds, which are of great value, for instance in
the pharmaceutical industry. Aromatic amines gave prevalently
good yields for the synthetic reactions under investigation, which
coincided well with the high yields of the electron-transfer
products obtained from the reductive quenching step.
However, in the case of aliphatic amine quenchers, no signicant
product formation was observed despite the appreciable
quantum yield of the reduced photocatalyst. There, side reac-
tions such as protodesilylation can occur, resulting in undesired
trapping of the a-aminoalkyl radical and subsequent deactiva-
tion—an issue that has also been observed in some other reac-
tion systems using organic or noble metal-based photoredox
catalysts. Electron-decient Michael acceptors, such as diethyl
ethylidenemalonate afforded the highest yields in our reaction
system, but less electrophilic alkenes were also suitable for
trapping the highly nucleophilic a-aminoalkyl radicals generated
in situ. As for the a-trimethylsilylamines, different substituents
such as bromo- or methoxy-functionalities were well-tolerated as
well as expansion of the aromatic system. Particularly, the good
yields obtained with the bromo-substituted precursor for the a-
aminoalkyl radical are interesting, since the halide-moieties can
act as a handle for further functionalisation.

Through mechanistic investigations, we were able to show
that the 2LMCT state of the iron photocatalyst is efficiently
reduced by a-trialkylsilylamines in a combination of collisional
and static quenching and that the products escape geminate
recombination with cage escape yields (up to 22%) that compare
favourably against the more moderate values oen encountered
with Fe(III)-NHC complexes and are on the same order of
magnitude as typically found for other photosensitizers.

Beyond that, the formation of the neutral a-aminoalkyl
radical and its subsequent addition to a Michael acceptor
leading to turnover of the catalyst were monitored spectro-
scopically for one of the aromatic a-trialkylsilylamines, which
enabled us to map the kinetics of the entire catalytic cycle. Such
complete studies of photocatalytic cycles are severely underu-
tilised and can afford valuable insights into how photoredox
reactions can be further improved. Furthermore, we demon-
strated that a-trialkylsilylamines are good quenchers for the
Fe(III)-NHC complex under investigation, which could also be
interesting for applications where efficient sacricial electron
donors are needed and the targeted formation of another
reducing species, namely a-aminoalkyl radicals, is benecial,
such as in articial photosynthesis reactions.

This study of the generation and application of a-aminoalkyl
radicals as synthetic building blocks expands the currently still
rather small range of photoredox catalytic transformations
being driven by bimolecular quenching of a CT state of
a complex based on Earth-abundant iron, adding to the even
smaller number of synthetically useful reactions performed
using these systems.

When benchmarking against the archetypal [Ru(bpy)3]Cl2
using the same reaction conditions and blue light irradiation,
we even observed that [Fe(III)(phtmeimb)2]PF6 exhibited supe-
rior catalytic activity owing to its much higher photostability.
Overall, the yields and substrate scope of the herein investi-
gated system showcase that iron photocatalysts can compete
© 2024 The Author(s). Published by the Royal Society of Chemistry
with the more established noble metal-based photoredox
catalysis, thus contributing to positioning this upcoming eld
as a viable alternative to the latter.

In light of all these factors, further explorations of syntheti-
cally valuable reactions utilising a-aminoalkyl radicals generated
by iron photoredox catalysis, e.g., homolytic aromatic substitu-
tions of heterocyclic compounds, are currently under way.

Data availability

All experimental data is provided in the ESI.†

Author contributions

A. I. conceived and planned the research, conducted initial
testing, substrate syntheses as well as steady-state emission
quenching studies, performed data analysis, contributed to the
mechanistic interpretation, wrote major parts of the entire
manuscript and coordinated the writing. B. R. S. carried out
optimisation reactions, control experiments, radical trapping
experiments as well as the photocatalytic reactions and product
isolations for the scope of a-trimethylsilylamines and contrib-
uted to reviewing the manuscript. C. E. J. performed all
measurements based on transient absorption and time-resolved
emission spectroscopy, determined excited state lifetimes and
yields of excited state reactions, and contributed to the mech-
anistic interpretation, data analysis and the writing of the
manuscript. S. H. carried out the photocatalytic reactions and
product isolations for the scope of electron-decient alkenes
and contributed to reviewing the manuscript. R. L. devised the
spectroscopic reactivity studies, guided the mechanistic inter-
pretation and contributed to the writing of the manuscript.
K. W. contributed to the planning of the research and to the
writing of the manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors would like to acknowledge the Swedish Strategic
Research Foundation (SSF, EM16-0067) and the Knut and Alice
Wallenberg Foundation (KAW, 2018.0074) are gratefully
acknowledged for support. R. L. acknowledges nancial support
by the Swedish Research Council (VR, 2020-05058). K. W.
acknowledges support from the Swedish Research Council (VR,
2020-03207), the Swedish Energy Agency (Energimyndigheten,
P48747-1), the LMK Foundation, and the Sten K Johnson
Foundation.

References

1 J. B. McManus, N. P. R. Onuska and D. A. Nicewicz, J. Am.
Chem. Soc., 2018, 140, 9056–9060.

2 K. Nakajima, Y. Miyake and Y. Nishibayashi, Acc. Chem. Res.,
2016, 49, 1946–1956.
Chem. Sci., 2024, 15, 12077–12085 | 12083

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc02612h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

2:
15

:3
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3 Y. Miyake, Y. Ashida, K. Nakajima and Y. Nishibayashi,
Chem. Commun., 2012, 48, 6966–6968.

4 Y. Miyake, K. Nakajima and Y. Nishibayashi, J. Am. Chem.
Soc., 2012, 134, 3338–3341.

5 J. W. Beatty and C. R. Stephenson, Acc. Chem. Res., 2015, 48,
1474–1484.

6 T. Thierry, E. Pfund and T. Lequeux, Chem.–Eur. J., 2021, 27,
14826–14830.

7 D. Lenhart and T. Bach, Beilstein J. Org. Chem., 2014, 10, 890–
896.

8 M. Fagnoni, D. Dondi, D. Ravelli and A. Albini, Chem. Rev.,
2007, 107, 2725–2756.

9 A. Luguera Ruiz, M. La Mantia, D. Merli, S. Protti and
M. Fagnoni, ACS Catal., 2022, 12, 12469–12476.

10 B. E. Cooper and W. J. Owen, J. Organomet. Chem., 1971, 29,
33–40.

11 E. Hasegawa, W. Xu, P. S. Mariano, U. C. Yoon and J. U. Kim,
J. Am. Chem. Soc., 2002, 110, 8099–8111.

12 G. Pandey, G. Kumaraswamy and U. T. Bhalerao, Tetrahedron
Lett., 1989, 30, 6059–6062.

13 G. Pandey, G. Devi Reddy and G. Kumaraswamy,
Tetrahedron, 1994, 50, 8185–8194.

14 Y. T. Jeon, C. P. Lee and P. S. Mariano, J. Am. Chem. Soc.,
2002, 113, 8847–8863.

15 M. A. Brumeld, S. L. Quillen, U. C. Yoon and P. S. Mariano,
J. Am. Chem. Soc., 2002, 106, 6855–6856.

16 W. Xu, Y. T. Jeon, E. Hasegawa, U. C. Yoon and P. S. Mariano,
J. Am. Chem. Soc., 2002, 111, 406–408.

17 X. Zhang, S.-R. Yeh, S. Hong, M. Freccero, A. Albini,
D. E. Falvey and P. S. Mariano, J. Am. Chem. Soc., 2002,
116, 4211–4220.

18 K. Nakajima, M. Kitagawa, Y. Ashida, Y. Miyake and
Y. Nishibayashi, Chem. Commun., 2014, 50, 8900–8903.

19 L. Ruiz Espelt, I. S. McPherson, E. M. Wiensch and
T. P. Yoon, J. Am. Chem. Soc., 2015, 137, 2452–2455.

20 D. Lenhart, A. Bauer, A. Pothig and T. Bach, Chem.–Eur. J.,
2016, 22, 6519–6523.

21 E. Le Saux, D. Ma, P. Bonilla, C. M. Holden, D. Lustosa and
P. Melchiorre, Angew Chem. Int. Ed. Engl., 2021, 60, 5357–
5362.

22 B. Bozic-Weber, E. C. Constable and C. E. Housecro, Coord.
Chem. Rev., 2013, 257, 3089–3106.

23 C. B. Larsen and O. S. Wenger, Chem.–Eur. J., 2018, 24, 2039–
2058.

24 D. M. Hedstrand, W. H. Kruizinga and R. M. Kellogg,
Tetrahedron Lett., 1978, 19, 1255–1258.

25 F. E. Lytle and D. M. Hercules, J. Am. Chem. Soc., 2002, 91,
253–257.

26 M. A. Ischay, M. E. Anzovino, J. Du and T. P. Yoon, J. Am.
Chem. Soc., 2008, 130, 12886–12887.

27 M. A. Ischay, Z. Lu and T. P. Yoon, J. Am. Chem. Soc., 2010,
132, 8572–8574.

28 C. J. Wallentin, J. D. Nguyen, P. Finkbeiner and
C. R. Stephenson, J. Am. Chem. Soc., 2012, 134, 8875–8884.

29 K. Dedeian, P. I. Djurovich, F. O. Garces, G. Carlson and
R. J. Watts, Inorg. Chem., 2002, 30, 1685–1687.
12084 | Chem. Sci., 2024, 15, 12077–12085
30 J. D. Nguyen, J. W. Tucker, M. D. Konieczynska and
C. R. Stephenson, J. Am. Chem. Soc., 2011, 133, 4160–4163.

31 J. A. Porras, I. N. Mills, W. J. Transue and S. Bernhard, J. Am.
Chem. Soc., 2016, 138, 9460–9472.

32 M. Mitani, I. Kato and K. Koyama, J. Am. Chem. Soc., 2002,
105, 6719–6721.

33 M. Pirtsch, S. Paria, T. Matsuno, H. Isobe and O. Reiser,
Chem.–Eur. J., 2012, 18, 7336–7340.

34 D. B. Bagal, G. Kachkovskyi, M. Knorn, T. Rawner,
B. M. Bhanage and O. Reiser, Angew Chem. Int. Ed. Engl.,
2015, 54, 6999–7002.

35 T. Pintauer, Chem. Pap., 2016, 70, 22–42.
36 T. Rawner, E. Lutsker, C. A. Kaiser and O. Reiser, ACS Catal.,

2018, 8, 3950–3956.
37 A. Hossain, S. Engl, E. Lutsker and O. Reiser, ACS Catal.,

2018, 9, 1103–1109.
38 P. Herr, C. Kerzig, C. B. Larsen, D. Haussinger and

O. S. Wenger, Nat. Chem., 2021, 13, 956–962.
39 S. M. Stevenson, M. P. Shores and E. M. Ferreira, Angew

Chem. Int. Ed. Engl., 2015, 54, 6506–6510.
40 L. A. Büldt and O. S. Wenger, Chem. Sci., 2017, 8, 7359–7367.
41 N. Sinha, C. Wegeberg, D. Haussinger, A. Prescimone and

O. S. Wenger, Nat. Chem., 2023, 15, 1730–1736.
42 C. Wang, C. Wegeberg and O. S. Wenger, Angew Chem. Int.

Ed. Engl., 2023, 62, e202311470.
43 A. Y. Chan, A. Ghosh, J. T. Yarranton, J. Twilton, J. Jin,

D. M. Arias-Rotondo, H. A. Sakai, J. K. McCusker and
D. W. C. MacMillan, Science, 2023, 382, 191–197.

44 P. Herr, F. Glaser, L. A. Buldt, C. B. Larsen and O. S. Wenger,
J. Am. Chem. Soc., 2019, 141, 14394–14402.

45 K.-J. Bian, Y.-C. Lu, D. Nemoto, S.-C. Kao, X. Chen and
J. G. West, Nat. Chem., 2023, 15, 1683–1692.

46 Y.-C. Lu and J. G. West, Angew. Chem., Int. Ed., 2023, 62,
e202213055.
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