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Direct photochemical activation of non-heme
Fe(IV)QQQO complexes†
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Near-UV excitation of non-heme FeIVQQQO complexes results in light

intensity dependent increase in reaction rates for the oxidation of

C–H bonds even at low temperature (�30 8C). The enhancement of

activity is ascribed to the ligand-to-[FeIVQQQO] charge transfer character

of the near-UV bands to generate a highly reactive [(L+) FeIII–O*]

species. The enhancement is not observed with visible/NIR excitation

of the d–d absorption bands.

The photochemistry of iron complexes saw a spurt of interest in
the 1960s,1–3 but this interest was rapidly superseded by the
photochemistry of Ru(II) complexes, of which the paradigm is
[Ru(bpy)3]

2+, due to the latter’s long lived excited states and
luminescence.1 Indeed the photochemistry of these complexes
has seen recent further interest in photo-redox catalysis, driven
largely by the access they provide to novel SOMO reactivity and,
to a lesser extent, in inorganic oxidation catalysis by the
possibility of generating reactive intermediates directly without
the use of terminal oxidants such as mCPBA, PhIO, H2O2 etc.
[Ru(bpy)3]

2+ has been employed as a photo-oxidant to generate
high-valent metal-oxido species that can engage in selective
oxidation of C–H and CQC bonds. In 2011, Fukuzumi, Nam
and co-workers reported the first example of photocatalytic
formation of [(N4Py)FeIVQO]2+ (1)4 from step-wise electron
transfer oxidation of [(N4Py)FeII(CH3CN)]

2+ (1a) by visible light
generated photo-excited Ru(II) complexes.5,6 The C–H oxidation
carried out in situ by hydrogen atom abstraction (HAT) with 1 is
the rate determining step, which places an upper limit on the
overall efficiency of the system.7,8 It is notable, however, that
complexes such as [(N4Py)FeII(CH3CN)]

2+ (1a) undergo oxidation
to their corresponding Fe(III) complexes (1b) upon irradiation in
water or in methanol.9 Hence, the photo-redox behaviour of iron

complexes in general deserves attention also in the context of
light driven oxidation chemistry.

Here we report the wavelength-dependent direct photo-
chemical activation of a series of non-heme iron(IV)-oxo com-
plexes [(N4Py)FeIVQO]2+ (1),4 [(MeN4Py)FeIVQO]2+ (2), and
[(Bn-TPEN)FeIVQO]2+ (3) (Fig. 1)‡ in the absence and presence
of oxidisable substrates, both in acetonitrile and in methanol.
Although excitation into the NIR absorption bands of complexes
1–3 has no discernible effect on the reactivity of these complexes,
excitation into near-UV charge transfer bands results in a light-
intensity-dependent enhancement of the oxidative reactivity of
these complexes towards C–H bonds.

The self-decay of 1 to 1a in the dark in acetonitrile is
negligible over 1 h at 21 1C (5.8 � 10�5 s�1, Fig. S1, ESI†), in
accordance with earlier reports.7 Irradiation of 1 in acetonitrile
at 365 nm (Fig. 2), however, results in a decrease in absorbance
at 696 nm, the rate of which is dependent on light intensity
(with an overall quantum yield of40.006, Fig. S1, ESI†). The loss
in absorbance at 696 nm is followed, after a delay, by an increase
in absorbance at 378 and 454 nm, corresponding to formation of
the Fe(II) complex [(N4Py)FeII(CH3CN)]

2+ (1a). Comparison with
an independently prepared solution of 1a (Fig. S2, ESI†) con-
firms 495% overall conversion to 1a and that reduction of 1
does not result in ligand degradation. The rate of photoreduc-
tion of 1 in acetonitrile is not obviously affected by the presence
or absence of dioxygen (Fig. S3, ESI†), nor is it affected by solvent
deuteration (CD3CN, Fig. S4, ESI†).

The total concentration (1 + 1a, Fig. 2, blue trace) calculated
from the absorbance at 696 nm and 454 nm (where the spectra

Fig. 1 Structures of FeIVQO complexes discussed in the text.
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of 1 and 1a show negligible overlap) shows an initial rapid
decrease (within 900 s) followed by a slower increase. These data
indicate that the photoreduction from the Fe(IV) to the Fe(II) redox
state is a multi-step process (Scheme 1). The intermediate species
formed (i.e. the Fe(III) complex, 1b) do not show significant visible
absorption, which is consistent with the lack of an isosbestic
point throughout the irradiation. Furthermore the initial increase
and subsequent decrease in absorbance at 310 nm (Fig. 2a) is
consistent with the intermediacy of 1b.

EPR spectra (Fig. S5, ESI†) show that the initial decrease of 1
results in the formation of primarily one low-spin FeIII species,
[(N4Py)FeIII–X]2+ (g = 2.29, 2.12, 1.96), as well as minor amounts
of low-spin [(N4Py)FeIII–OH]2+ (g = 2.41, 2.16, 1.92) and high-
spin [(N4Py)FeIII–OH2]

2+. Double integration and comparison

with the spectrum of the low-spin FeIII species 1b shows that
the decrease in concentration of 1 in acetonitrile is approxi-
mately equal to the increase in concentration of a low-spin FeIII

species and the FeII complex 1a.
The structurally related FeIVQO complex 2 ([(MeN4Py)FeIVQO]2+)

shows a similar effect of irradiation as seen for 1 (Fig. 4 and S6, S7).§
In contrast to 1 and 2, for [(BnTPEN)FeIVQO]2+ (3) a nearly linear
decrease in absorbance at 740 nm and concomitant increase in
absorbance of an FeII species at 388 nm are observed, indicating
that the second step (FeIII to FeII) is rapid (Fig. 3).7 As for 1, the
rate of reduction of 3 is dependent on the irradiation intensity
(Fig. S8, ESI†).

The photoinduced reduction shows a pronounced wavelength
dependence. For example, even prolonged intense irradiation
(at 490, 565, 660 and 785 nm) into the d–d absorption bands of
2 shows no effect (Fig. 4), in contrast to the photoinduced
reduction observed upon irradiation into the LMCT bands
(365 and 300 nm, Fig. S6 and S7, ESI,† respectively).

The oxidation of C–H bonds by complexes such as 1–3 has
been studied in detail and the thermal reaction is generally
accepted to proceed via a HAT mechanism, with HAT as the rate
determining step.7,11 At 21 1C, 1 oxidises substrates such as benzyl
alcohol (BA), and ethylbenzene (EB), with the latter oxidised at a
ca. 10 times lower rate than the former (Fig. S9 and Table S1,
ESI†). In the presence of either substrate (i.e. 5 equiv. BA or
50 equiv. of EB), irradiation in acetonitrile at 21 1C results in
a four-fold increase in the rate of loss of NIR absorbance of 1
compared to the thermal reaction and two fold increase (with BA)

Fig. 2 (a) UV-vis absorption spectrum of 1 (0.125 mM) in acetonitrile at
21 1C before (black) and during irradiation at 365 nm (dashed lines) with the
final spectrum in red. Inset: Expansion from 550 to 950 nm. (b) Absorbance
at 696 nm (black, left y-axis) and 454 nm (red, right y-axis) over time. The
total concentration of 1 (FeIVQO) and 1a (FeII(CH3CN)) (blue, centred y-axis),
was calculated from the absorbance at 696 nm (e696nm 1 = 400 M�1 cm�1)
and at 454 nm (e454nm 1a = 6520 M�1 cm�1).10

Scheme 1 Initial reaction of photo-excited Fe(IV)QO complexes results in
thermal relaxation or reduction to their Fe(III)–OR analogues (1b, R = H,
alkyl), which undergoes subsequent slower reduction together with ligand
exchange to form, e.g., 1a.

Fig. 3 (a) UV-vis absorption spectrum of 3 (0.125 mM) in acetonitrile at
21 1C before (black) and during irradiation at 365 nm (dashed lines) with the
final spectrum in red. Inset: Expansion from 600 to 1000 nm. (b) Absorbance
at 740 nm (black, left y-axis) and 388 nm (red, right y-axis) upon irradiation
being initiated at 250 s. The slope without irradiation (dark grey stage) is
3.0 � 10�6 s�1 and 4.5 � 10�5 s�1 with irradiation (light grey stage).
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compared to irradiation of 1 in acetonitrile alone (Table S1,
ESI†). Notably, the near 10 fold increase in the rate of increase
in visible absorbance of 1a under photo-irradiation in the
presence of BA indicates that the observed reaction rate is
dominated by photokinetics (Table S1, ESI†). The oxidation of
benzyl alcohol and ethylbenzene under irradiation was con-
firmed by GC-MS analysis of the reaction mixtures.

At �30 1C, the rate of the thermal reaction of 1 with BA is
reduced substantially11 even with 50 equiv. w.r.t. 1 (2nd order
rate constant is ca. 2.3 � 10�6 M�1 s�1, Fig. 5 and Fig. S10,
ESI†). In contrast, the rate of reduction of 1 under irradiation is
not affected significantly by the decrease in temperature (Table S2,
ESI†). Furthermore, although the thermal reaction shows the
expected dependence on the concentration of BA, the kobs under
irradiation is much less sensitive to substrate concentration
(Table S2, ESI†). Cyclohexanol, which has stronger C–H bonds than
benzyl alcohol, shows a similar influence on the rate of decay of
1 under irradiation (Fig. S11 and Table S3, ESI†).

Overall the data indicate that, in contrast to the thermal
reaction, the overall photochemical reaction rate is dominated
by irradiation intensity (i.e. photokinetics). The reaction between
1* (i.e. 1 in its electronically excited state) and the substrate
competes with non-radiative relaxation to 1, which is the domi-
nant relaxation pathway. Furthermore, the rate of oxidation of

BA and cyclohexanol (k2), although less than thermal relaxation
(k�1) is greater than the rate of oxidation of solvent or ethyl-
benzene (k3). The photokinetic control (i.e. balance of k1 and k�1)
also rationalises the relatively modest observed effect of deuteri-
ation in the case of both cyclohexanol and benzyl alcohol (Fig. S11
and S12, ESI†), which leads to an underestimation KIE for the
reaction of 1* with the alcohol (Scheme 2). Analysis of the product
mixture obtained from irradiation of a 1 : 1 mixture of benzyl
alcohol and 1,1-D2-benzylalcohol indicates that the KIE is
ca. 1.5 (Fig. S13, ESI†), in agreement with the KIE obtained by
a comparison of rates.

In methanol,¶ the effect of near UV irradiation on 1 (Fig. 6 and
Fig. S14, ESI†) is readily apparent with an estimated quantum
efficiency of ca. 0.14 (see ESI†) and as with acetonitrile, at �30 1C
solvent deuteration has no effect on the rate of reduction of 1
(CH3OH vs. CD3OD, Fig. S15, ESI†). The primary photo product at
room temperature is the low spin FeIII complex [(N4Py)FeIII–OCH3]

2+

(X-band EPR at 77 K, g = 2.29, 2.12, 1.96).12 That the final oxidation
state is FeIII and not FeII, as is the case in acetonitrile, is expected
given the large (ca. 0.6 V) difference in the FeIII/FeII redox potentials
of the methanol and acetonitrile bound complexes.

At �30 1C, disproportionation is supressed and the FeII com-
plex forms concomitant with the decrease in the absorbance due
to 1. Oxidation of methanol to methanal under photo-irradiation
proceeds with ca. 64% efficiency (determined colourimetrically,
0.32 equiv. CH2O w.r.t. to 1, see ESI† for details).

The various reactions of importance in the photo-activation
of 1 towards substrate oxidation are shown in Scheme 2.

Fig. 4 (a) UV-vis absorption spectrum of 2 (1 mM) in acetonitrile at 21 1C.
(b) The corresponding change in absorbance at 686 nm (black) and 458 nm
(red) under irradiation at various wavelengths. Irradiation by 785 nm
(100 mW) has no effect on the spectrum compared to a non-irradiated
samples over 3 h. Slope with irradiation at 660, 565 and 490 nm is 2.7 �
10�6 s�1 and with irradiation at 365 nm is 1.6 � 10�4 s�1.

Fig. 5 Absorbance at 696 nm over time of 1 (0.5 mM) in acetonitrile at
�30 1C: (black) with 50 equiv. benzyl alcohol, (blue) under irradiation
(365 nm) without benzyl alcohol, and (red) under irradiation (365 nm) with
benzyl alcohol. Linear fitting of the first 500 s shown as yellow lines, slope
for thermal reaction is 2.4 � 10�5 s�1, and for photoreaction with benzyl
alcohol is 1.6 � 10�4 s�1, without benzyl alcohol is 0.8 � 10�4 s�1.

Scheme 2 Proposed mechanism for photo-activation of 1 towards to the
substrates oxidation.

Fig. 6 (a) UV-vis absorption spectrum of 1 (0.5mM) in CD3OD at 20 1C before
(black) and during (dashed lines) irradiation at 365 nm; final spectrum (red). Inset:
X-Band EPR spectrum of flash frozen solution at 77 K. (b) Absorbance at 692 nm
of 1 over time without (black, initial slope 4.9 � 10�5 s�1) and with irradiation
(red, initial slope 1.9 � 10�3 s�1).
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The overall rate of decay in the absorbance of 1 (or 2, 3) in
acetonitrile is determined by photon flux, i.e. k1, and the concen-
tration of 1* is limited by a combination of non-radiative relaxa-
tion of the excited state (k�1) as well as the rate constants
for reaction with and concentration of oxidizable substrates
(k3 and k5). Although reaction with alcohols proceeds more
rapidly than with acetonitrile (i.e. k2 c k3), the overall rate of
reaction is dominated by k1/k�1. In the presence of, for example,
benzyl alcohol, the reaction goes primarily via oxidation of the
alcohol (manifested in the concomitant formation of 1a); the
extent of the background reaction with acetonitrile is reduced by
the decrease in the excited state lifetime of 1*.

Most reported FeIVQO complexes have S = 1 ground states
with a strong FeQO double bond character (bond distance
ca. 1.65 Å).13 Their reactivity towards substrates depends
strongly on their ligand environments, with [(N4Py)FeIVQO]2+

(1 in Fig. 1) and [(Bn-TPEN)FeIVQO]2+ (3) showing surprising
stability but nevertheless engaging in C–H bond oxidation,
including oxidising cyclohexane at room temperature.7 The
excited state reached upon visible-NIR excitation is shown, in
the present study, not to lead to reduction of 1 nor C–H bond
oxidation. In contrast, excitation into the more intense near-UV
LMCT bands results in photoinduced reduction. The absorp-
tion spectrum of 1 has been characterised earlier by Solomon
and co-workers in detail by magnetic circular dichroism (MCD)
spectroscopy coupled with DFT calculations.14 The NIR bands
of 1 between 580 to 900 nm are assigned to mixing of formally
forbidden d(x2–y2) ’ d(xz/yz) transitions with ligand(oxido)-to-
metal charge-transfer (LMCT) (from the equatorial nitrogens to
the d(x2–y2) orbital) transitions. The near-UV band was assigned
as a LMCT band with charge transferred from the pyridine p
MOs to the Fe–O p* orbitals (d(xz/yz) ’ ppyr charge transfer),
resulting in a weakening and hence elongation of the Fe(IV)QO
bond and an increase in its oxyl radical character, making it a
more powerful C–H bond abstracting agent.

In conclusion, we have shown that near UV excitation of a
series of non-heme FeIVQO complexes results in a dramatic
enhancement of their reactivity towards C–H activation. The
decay kinetics and wavelength dependence indicate strongly
that it is a relatively long lived (0.1 to 5 ns)15 LMCT state that is
involved and not the d–d excited states accessed by visible
excitation. In light of the emergence of the field of photo-redox
catalysis and especially the use of Ru(II) polypyridyl complexes
as photo-oxidants to generate FeIVQO species in solution,16 the
present study raises the possibility that the initially formed
FeIVQO species (e.g., 1) is in fact formed as 1* and hence the
intrinsic reactivity may be different from that expected for ex situ
prepared 1. Furthermore, the use of near-UV light opens the
possibility to directly enhance the reactivity of such complexes.

Caution. When working with perchlorate salts, suitable
protective safeguards should be in place at all times due to the

risk of explosion. Perchlorate salts should be handled in small (mg)
quantities and used only where necessary.
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‡ N4Py = (1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)methanamine),
MeN4Py = 1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)ethan-1-amine,
and BnTPEN = N-benzyl-N,N0,N0-tris(2-pyridylmethyl)-1,2-diaminoethane.
§ Complexes 2 and 3 show moderately higher rates of thermal reduction
in CH3CN than does 1, but nevertheless photo-reduction to the corres-
ponding FeII complexes upon irradiation at 365 nm proceeds substan-
tially more rapidly than the thermal reactions in all cases.
¶ 1 oxidises methanol via a-C–H bond cleavage (HAT), manifested in a
decrease in absorbance at 696 nm, increase in absorbance below 530 nm
and the formation of formaldehyde. The thermal reaction between 1 and
methanol at room temperature is essentially stopped by deuteration
(CD3OD) due to the large KIE (B50) for HAT.17
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