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Abstract: Mechanistic insights into chem-
ical photocatalysis are mainly the domain
of UV/Vis spectroscopy, because NMR
spectroscopy has been limited by the type
of illumination so far. An improved LED-
based illumination device can be used to
obtain NMR reaction profiles of photo-
catalytic reactions under synthetic condi-
tions and perform both photo-CIDNP and
intermediate studies. Flavin-catalyzed pho-
tooxidations of alcohols show the potential
of this setup. After identical initial photo-
reaction steps the stabilization of a down-
stream intermediate is the key to the further
reaction mechanism and the reactivity. As
a chemical photocatalyst flavin can act
either as a one- or a two-electron mediator
when the stability of the zwitterionic rad-
ical pair is moldulated in different solvents.
This demonstrates the importance of
downstream intermediates and NMR-
accessible complementary information in
photocatalytic reactions and suggests the
control of photoorganic reactions by sol-
vent effects.

Chemical photocatalysis has developed into a booming field
with various synthetic applications.[1] Mechanistic insights
into photocatalytic reactions are so far mainly the domain of
UV/Vis spectroscopy due to its ability to characterize even
excited states of the photocatalysts with ultrafast time
resolution and high sensitivity (demonstrated for the mech-
anism of a flavin-catalyzed photooxidation in Figure 1[2]).
However, even the most elaborate UV/Vis study is limited by
the principle drawbacks of this method. Thus, UV/Vis focuses
on the initial reaction steps of the photocatalyst but can gain
only little information about the structures, aggregation
trends, solvent effects, and substrates. Also the investigation

of entire reaction pathways and especially the effects of
downstream intermediates is difficult. These structural
aspects and timescales are the classical domain of NMR
spectroscopy, which in turn is a very slow and insensitive
method and in many aspects complementary to UV/Vis
spectroscopy. NMR spectroscopy can directly detect diamag-
netic intermediates but neither excited states nor most of the
radical species (Figure 1 blue highlights), which is reflected in
many elaborate NMR studies of photoreactions, for example,
in solid-state NMR spectroscopy,[3] protein folding,[4] organ-
ometallic photochemistry,[5] and photocatalysis.[6] Through the
use of modern NMR photo-CIDNP techniques (CIDNP =

chemically induced dynamic nuclear polarization)[7] with laser
illumination, also transient radical pairs in photochemical
reactions can be studied indirectly (purple frames in Fig-
ure 1).[4a,b] However, the detection and interpretation of
CIDNP effects in closed catalytic cycles, typical for photo-
catalysis, are difficult.[8] Moreover, the high light intensity of
a laser often leads to fast degradation of the photocatalyst. As
a result the detection of whole reaction profiles including both
catalyst and substrate/product is difficult with laser setups and
the results often are not comparable to synthetic applications
using lower light intensities.

Recently, we developed an LED illumination device for
NMR spectroscopic investigations and were able to increase

Figure 1. NMR complements UV/Vis spectroscopy with regards to structure information and
time resolution in photocatalytic reactions. In RFTA-catalyzed photooxidations of alcohols, the
initial excited states and radicals are accessible by UV/Vis spectroscopy (green).[2] LED
illumination for in situ NMR spectroscopy provides reaction profiles of substrates, products,
and diamagnetic states of the photocatalyst (blue) and information about transient radical
pairs via CIDNP (purple).

[*] Dr. C. Feldmeier, H. Bartling, Prof. Dr. R. M. Gschwind
Institut f�r Organische Chemie, Universit�t Regensburg
93040 Regensburg (Germany)
E-mail: ruth.gschwind@ur.de

K. Magerl
Institut f�r Physikalische und Theoretische Chemie
Universit�t Regensburg (Germany)

[**] We thank GRK Chemical Photocatalysis for financial support and
Prof. Dick and Prof. Riedle for many useful discussions.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201409146.

Angewandte
Chemie

1347Angew. Chem. Int. Ed. 2015, 54, 1347 –1351 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201409146


the light intensity inside the sample by a factor of ca. 800.[9]

This LED device can be used in a pulsed and in a continuous-
wave mode and facilitates time-resolved photo-CIDNP as
well as the detection of entire reaction pathways. Therefore,
with this LED setup now the full potential of NMR
spectroscopy can be applied to study the mechanisms of
photocatalytic reactions. This device now can be used to
investigate the relevance of downstream intermediates and
solvent effects in photocatalysis as well as the informative
value of NMR reaction profiles for mechanistic studies, which
is well known for organocatalytic reactions.[10]

For the present study the flavin-catalyzed photooxidation
of benzyl alcohols[2,11] was chosen (Figure 1). Flavins are able
to catalyze a huge variety of different biochemical reactions in
various proteins; their photoreactions in proteins are well
investigated[4a, 12] and flavins are known to produce CIDNP
effects.[7b] Flavins can act as both one-electron and two-
electron mediators in redox reactions[13] by modulating the
stability of the semiquinone radical in the protein.[13b,c,14]

Furthermore, flavin derivatives are successfully used as
photocatalysts[1a, 11a, 13e] for the oxidation of various substra-
tes,[1a, 15] but to our knowledge the modification of the
electron-transfer properties of flavin in synthetic applications
has never been reported so far.

The flavin-catalyzed photooxidation of benzylic alcohol
was the subject of an in-depth mechanistic UV/Vis study
(Figure 1).[2] After excitation of the photocatalyst by blue
light, two electrons and two protons are transferred from
methoxybenzyl alcohol (MBA) to riboflavin tetraacetate
(RFTA) yielding methoxybenzyl aldehyde (MBAld) and
reduced RFTA (RFTA-H2). The reduced form of flavin is
referred to as RFTA-H2 hereafter, although the spectra
indicate a mixture of RFTA-H2 and RFTA-H� as expected for
a CD3CN/D2O mixture. Subsequently RFTA is recovered by
reaction with oxygen leading to H2O2. The UV/Vis study
revealed the flavin triplet state as the key intermediate for
a productive electron transfer and a subsequent protonation
of the flavin radical anion.[2] The strong solvent dependence of
the yields and reaction rates[11a] (high yields, fast reaction in
CD3CN/D2O; low yields, slow reaction in CD3CN) remained
unclear. In previous mechanistic NMR studies, the interrup-
tion of catalytic cycles, for example, by omitting substrates,
has proven to be a successful strategy for the stabilization
and NMR detection of otherwise inaccessible intermedi-
ates.[10a–c,16] Therefore, oxygen was excluded to interrupt the
catalytic cycle of flavin, preventing the reoxidation of the
reduced flavin species and allowing their characterization by
combined NMR and UV/Vis studies (Supporting Information
(SI), Chapter B). In addition, the stoichiometry of the product
and the reduced flavin species can be monitored and CIDNP
effects are not cancelled by closing the cycle. As solvent both
pure CD3CN and CD3CN/D2O (1:1) were chosen to elucidate
the influence of solvent, particularly with regard to the flavin
oxidation state and the associated role of flavin as a one- or
two-electron acceptor in photooxidations.

First, the reduced flavin species (semiquinone or hydro-
quinone) was studied in pure CD3CN. Figure 2c shows 1H
NMR spectra of the reaction mixture in deoxygenated
CD3CN before illumination and after 2 h of illumination

time. With continued illumination the amount of the product
methoxybenzyl aldehyde (MBAld, black) increases, while the
amount of the oxidized flavin (RFTA, blue) decreases and
a complete new set of signals (green) appears, which was
assigned to the two-electron reduced hydroquinone form of
flavin (RFTA-H2) (SI, Chapter 2). The linewidths of all the
signals are extremely small even during the reaction, indicat-
ing a very short lifetime of the proposed transient flavin
semiquinone radicals (Figure 2c). Photo-CIDNP measure-
ments[7a,b, 8, 17] on this sample proved that this reaction never-
theless involves radical pairs. The opposite signs of the
CIDNP phases of the oxidized and the reduced flavin signals
(Figure 2g; SI, Chapter 11) are in line with the initial reaction
mechanism proposed by UV studies in CD3CN/D2O:[2] First
an electron transfer occurs from MBA to RFTA. The
subsequent spin-correlated zwitterionic radical pair in the
singlet state recombines and results in photo-CIDNP effects
in the set of RFTA signals. In the case of intersystem crossing
the radical pair in the triplet state yields the product and
causes the photo-CIDNP polarizations in the set of RFTA-H2

signals. Thus, the combined information from 1H NMR
spectra and CIDNP effects show that also in pure CD3CN
the product is formed from the triplet states of the zwitter-
ionic radical pairs. However, the absolute amount of these
radicals is very low and their lifetime extremely short.

Next, entire reaction profiles were investigated revealing
the relative stoichiometry of the involved species. Figure 2e
shows the reaction profile in deoxygenated pure CD3CN.
Upon illumination RFTA is directly reduced to RFTA-H2 on
the NMR timescale without the semiquinone radical altering
the kinetics. The lack of oxygen prevents reoxidation and the
concentration of RFTA-H2 increases at a rate corresponding
to the decrease of RFTA. In addition, the product MBAld is
initially formed at the same rate as the reduced flavin. This
reveals the requirement of one molecule of RFTA for the
oxidation of one molecule of MBA and proves a formal two-
electron process in pure CD3CN. The reaction proceeds very
slowly indeed, as observed by synthetic investigations[11a] and
shows yields of only about 50 % after 4 h.

The combined information obtained from 1H NMR
spectra, CIDNP effects, and reaction kinetics shows that the
triplet state of the flavin semiquinone radical is decisive for
the product formation, but its lifetime extends beyond the
NMR timescale affecting neither the NMR spectra nor the
associated kinetics. That means that the formation of
zwitterionic radical pairs in pure CD3CN is energetically
unfavorable to such an extent[18] that a formal two-electron
process is observed on the NMR timescale. Furthermore, the
significant CIDNP effects in combination with slow reaction
rates and low yields indicate the presence of zwitterionic
radical contact ion pairs allowing for an effective intersystem
crossing and a fast electron backtransfer in the singlet state.
To sum up, the spectra and the reaction kinetics show a formal
two-electron process in pure CD3CN with the insufficient
formation and stabilization of the zwitterionic radical pair as
most probable rate-limiting step.

With deoxygenated CD3CN/D2O (1:1) as the solvent the
character of the dominating reduced flavin species changes
drastically. Upon illumination the signals of RFTA rapidly
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decrease and broaden, whereas those of the starting material,
product, and solvent remain sharp (Figure 2d). After a time
delay RFTA-H2 is formed showing also broad signals (Fig-
ure 2d). The signals for RFTA and (less pronounced) RFTA-

H2 show the typical
distance dependence
of the linewidths
expected for a chemical
exchange with a semi-
quinone radical, which
was also previously de-
scribed for flavin mo-
nonucleotide (FMN)
ring systems in deoxy-
genated solution.[19]

The line broadening is
most pronounced for
the protons of the iso-
alloxazine ring system;
the signals of the side
chain show reduced
line broadening with
increasing distance
from the radical (SI,
Chapter 3). After the
light was turned off,
the product formation
stops immediately and
the broadened lines
remain for hours.
Upon addition of
oxygen the flavin sig-
nals recover to sharp
lines indicating the
reoxidation of the sem-
iquinone radicals to
RFTA (SI, Chapter 4).
In contrast to experi-
ments in CD3CN no
photo-CIDNP polari-
zations are detected in
deoxygenated CD3CN/
D2O (1:1) (SI, Chap-
ters 5 and 11).

The change of the
reaction profiles in
CD3CN/D2O reveals
the role of the semi-
quinone radicals in the
reaction mechanism
(Figure 2 f). First, the
product formation is
strongly accelerated
(50 % yield after
10 min compared to
4 h in CD3CN); sec-
ond, the relative stoi-
chiometries of RFTA,
RFTA-H2, and the

product MBAld change drastically. While MBAld is rapidly
formed, the concentration of RFTA drops close to zero and
RFTA-H2 increases with a significant time delay and at
a reduced rate. This reaction profile is typical for the presence

Figure 2. NMR reaction profiles reveal that chemical photooxidations by flavin can be switched between one- and
two-electron-transfer mechanisms by solvent properties. Oxygen exclusion interrupts the catalytic cycle of flavin and
allows for the identification of the reductive pathway: a formal two-electron transfer in CD3CN (a) and a one-
electron transfer in CD3CN/D2O (1:1) (b). Selected 1H NMR spectra recorded before and during the reaction show
no line broadening of any signal in CD3CN (c), whereas in CD3CN/D2O (1:1) (d) both detectable flavin species
show broad linewidths indicating chemical exchange with a flavin radical. The corresponding reaction profile in
CD3CN (e) shows a slow formal two-electron-transfer mechanism on the NMR timescale. In CD3CN/D2O (1:1) (f)
fast product formation, high amounts of the anionic semiquinone radical RFTAC� as intermediate (smoothened
curve for details see SI), and delayed formation of the twofold reduced flavin RFTA-H2 is observed indicating a one-
electron-transfer process. Photo-CIDNP polarizations detected in the oxidized and fully reduced flavin species (g) in
CD3CN in combination with the results from recent UV/Vis studies[2] in CD3CN/D2O (1:1) show that the product
formation via triplet zwitterionic radical pairs is identical in the two solvents. However, the NMR reaction profiles
reveal that the stabilization of these downstream intermediates controls the further reaction mechanism.
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of a stabilized reaction intermediate in the mechanism. The
line broadening of the NMR signals reveal flavin semiquinone
radicals as intermediate species (see above and Figure 2 f).
The high amount of flavin radical intermediates and the
concurrent immediate oxidation of the alcohol to the
aldehyde impressively show that RFTA acts in CD3CN/D2O
as a one-electron oxidation agent for the oxidation of MBA.
Under synthetic conditions, that is, with varying amounts of
oxygen, similar line broadening of the flavin resonances is
observed in CD3CN/D2O as well as identical reaction profiles
after the full consumption of oxygen (SI, Chapters B, 6, and
7). This confirms that the one-electron mechanism is gen-
erally valid in CD3CN/D2O.

The semiquinone radical intermediate was identified as
the anionic semiquinone radical RFTAC� by UV/Vis spec-
troscopy, which has proven effective for the detection and
characterization of flavin semiquinone radicals[2, 20] (SI, Chap-
ter B). The dominant occurrence of RFTAC� and the imme-
diate oxidation of the alcohol without a radical intermediate
detectable on the NMR timescale (SI, Chapters 7 and 9)
clearly indicate that flavin acts as a one-electron oxidizing
agent and that two flavin molecules are necessary for the
complete oxidation of the alcohol. The resulting RFTAC�

radicals have significantly longer lifetimes in the presence of
oxygen, which is a strong hint that in the presence of oxygen
mainly RFTAC� is reoxidized to RFTA. Previous diffusion-
ordered spectroscopy (DOSY) experiments with RFTA and
derivatives in CD3CN, D2O, and CD3CN/D2O (1:1) combined
with reactivity studies indicated not only a significant amount
of RFTA dimers in CD3CN/D2O (1:1) (aggregation number
1.7) but also an increasing reactivity and decreasing stability
of the flavin photocatalysts with reduction of the aggrega-
tion.[11a] Therefore, monomeric RFTA molecules are assumed
to be the reactive catalytic species. The dimer is proposed to
be important only for the disproportionnation process under
the exclusion of oxygen (SI, Chapter B).

Based on this NMR study including reaction profiles and
CIDNP effects in combination with the results of a time-
resolved UV/Vis study[2] we propose an extended mechanism
for the flavin-catalyzed photooxidation of methoxybenzyl
alcohol. The time-resolved UV/Vis study in CD3CN/D2O
(1:1) and the CIDNP studies in pure CD3CN show that the
initial photoexcitation steps and the formation of the excited
triplet state as the key intermediate for the product formation
are identical in these solvent systems. However, starting from
the electron-transfer step creating a zwitterionic radical pair,
the solvent interactions determine the further mechanistic
pathway. In CD3CN/D2O (1:1) the radical counterions are
stabilized and separated, leading to a fast one-electron
oxdiation process. In pure CD3CN the formation energy of
the charge separation is much higher. The resulting zwitter-
ions form contact ion pairs and facilitate an effective electron
backtransfer after intersystem crossing. Both effects lead to
a slow reaction with a formal two-electron-transfer mecha-
nism on the NMR timescale.

In conclusion, the new LED setup, which made both
NMR reaction profiles and CIDNP studies possible, led to
new insights into the reaction mechanism of photocatalytic
reactions. The new findings are not only complementary to

the results of UV/Vis studies but crucial for the understanding
of the mechanism. Downstream intermediates, especially ion
pairs, and processes accessible on the NMR timescale can be
decisive for the mechanistic pathway of photoreactions. Thus,
this study shows that the control of the one- versus two-
electron processes of flavin and potentially also other photo-
catalysts is possible without any protein but by just making
use of solvent and solvation properties.
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