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Introduction

The last two decades have witnessed a steadily growing inter-
est for metal complexes in medicinal chemistry and chemical
biology.[1] Unique properties such as structural complexity, un-
usual reactivities, adjustable ligand-exchange kinetics, fine-
tuned redox activities, photo-reactivity, the availability of radio-
isotopes, and distinct spectroscopic signatures render metal
complexes highly attractive scaffolds for the modulation, sens-
ing, and imaging of biological processes.[2] Surprisingly, the im-
portant ability of metal-containing compounds to catalyze
chemical transformations has not yet been exploited thor-
oughly for applications in the molecular life sciences, but
promises to point at an exciting future, in which catalytic
rather than stoichiometric events trigger biological processes
in an amplified fashion due to turnover capability. It can be
envisioned that such catalysts could be employed to amplify
signals by turning over substrates multiple times, catalytically
label or deactivate target biomolecules, and catalytically acti-
vate prodrugs. For example, the group of Francis developed
a series of novel metal-catalyzed protein modifications,[3]

Cowan and co-workers reported a metal-catalyzed oxidative
inactivation of enzymes,[4] whereas Suh et al. used cobalt(III)–
cyclen complexes as mediators for the hydrolytic cleavage of

peptide backbones.[5, 6] However, the use of catalytic metal
complexes in living systems is limited. Bradley and co-workers
recently reported that Pd0 nanoparticles trapped within poly-
styrene microspheres can enter cells and mediate a variety of
Pd0-catalyzed reactions, such as, Suzuki–Miyaura cross-cou-
plings,[7] whereas our group disclosed a RuII-catalyzed cleavage
of allylcarbamates within living mammalian cells, albeit with
low turnover numbers.[8, 9]

Clearly, designing catalysts that retain their catalytic activity
in a biological environment is a highly formidable challenge
owing to the presence of millimolar concentrations of nucleo-
philic thiols that are prone to deactivate metal-containing cata-
lysts, especially under protic and aerobic conditions.[10] We
here wish to introduce a novel catalyst/substrate system that
enables high turnover numbers and might become a valuable
tool for signal amplification in chemical biology.

Results and Discussion

Iron–porphyrin-catalyzed reduction of aromatic azides

We decided to seek a robust catalyst for the reduction of or-
ganic azides to their amines, as azides are absent from biologi-
cal systems and, thus, fulfill the requirement of bio-orthogonal-
ity, as has been demonstrated for the well-established in vitro
and in vivo reactions involving organic azides, such as click
chemistry and the Staudinger ligation.[11, 12] Furthermore, as aro-
matic amines are important functional groups in many fluoro-
phores and drugs, so the catalytic reduction of azides to pri-
mary amines opens potential applications for employing
azides as catalytically activatable caging groups.[13] In fact, in
the course of screening a variety of metal complexes, we
discovered that the 5,10,15,20-tetraphenyl-21H,23H-porphine
(TPP)-containing complex, [Fe(TPP)]Cl, smoothly catalyzes the
reduction of aromatic azides to their respective amines in the
combined presence of aliphatic thiols, protic solvents, and
air.[14–17] For example, the reaction of p-chlorophenylazide (1 a)
with five equivalents of b-mercaptoethanol as reducing agent
and 1 mol % of [Fe(TPP)Cl] in dichloromethane/methanol (95:5)
under air at 30 8C provided p-chloroaniline (2 a) in 86 % isolated
yield (Scheme 1 A). This reduction works similarly well for elec-
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tron-poor (1 b!2 b, 76 %) and electron-rich (1 c!2 c, 83 %;
1 d!2 d, 93 %) aromatic azides, and even with a reduced cata-
lyst loading of just 0.05 mol % [Fe(TPP)Cl] (1 a!2 a, 76 %), re-
flecting a turnover number of 1520. This catalytic azide reduc-
tion is also applicable to more complicated substrates, as re-
vealed by the smooth reduction of 1 e to the anticancer drug
candidate MS-275 (2 e)[18] (Scheme 1 B).

It is worth noting that other tested metalloporphyrins of
CuII, CoII, MnIII, and RuII did not work as catalysts under these
biologically relevant reaction conditions as displayed in
Figure 1, whereas electron-deficient derivatives of [Fe(TPP)Cl]
at least gave inferior results. In contrast, the reduced iron(II)
porphyrin [Fe(TPP)] (1 mol %) catalyzed the conversion of 1 a
to 2 a under argon with the same yield (86 %) compared to the
corresponding oxidized iron(III) complex [Fe(TPP)Cl] . This
strongly indicates that the FeII-containing complex is the active
catalyst and reacts with the arylazide to form an intermediate
FeIV–nitrene complex,[14] which is subsequently converted to
the reduced amine by thiols. Nevertheless, we prefer the usage
of the iron(III) complex, [Fe(TPP)Cl] , due to its favorable solubil-
ity properties, especially, in polar and protic solvents. Thus, it
can be concluded that the [Fe(TPP)Cl]-catalyzed conversion of
aromatic azides to their respective amines is a very efficient
and mild method that tolerates biologically relevant reaction
conditions, such as, the combination of protic solvent, thiols,
and air.

Reduction under biologically relevant conditions

To evaluate the iron–porphyrin-catalyzed azide reduction
under more biologically relevant conditions, we synthesized
bisazide 3, which upon reduction of the two azides can be
converted to the well-known fluorophore, rhodamine 110 (4),
thus allowing a simple fluorescence readout for the determina-
tion of yields and turnover numbers (Scheme 2).[8, 19] For exam-

ple, the incubation of 3 with 5 mol % [Fe(TPP)Cl] in dimethyl
sulfoxide/phosphate buffer (1:1, 20 mm, pH 7.25) at 37 8C for
1 h gave no fluorescence signal (0.2�0.1 %; Table 1, entry 1),
whereas the addition of 5 mm l-cysteine (Cys) led to an in-
creased fluorescence signal and corresponding yield (13�2 %;
Table 1, entry 2). These results indicate that the thiol is needed
as reducing agent for the iron-catalyzed reduction of the azide.
Consistently, the additional presence of the reducing agent,
ascorbate (10 mm), or a higher Cys concentration (15 mm)
increased the yield further to 40�3 % and 77�5 %, respective-
ly (Table 1, entries 3 and 4). A stronger reducing agent such as
thiophenol in the presence of ascorbate even led to an almost
complete reduction of 3 to rhodamine 110 (85�5 %) with only

Scheme 1. [Fe(TPP)]Cl-catalyzed reduction of aromatic azides to amines with
thiols. A) Reduction of simple aromatic azides. B) [Fe(TPP)]Cl-catalyzed for-
mation of the anticancer drug candidate MS-275. [a] Only 0.05 mol % [Fe-
(TPP)]Cl used in the reaction.

Figure 1. Comparison of different metalloporphyrins for the catalytic reduc-
tion of aromatic azides with thiols. Shown are isolated yields of 2 a. TPPPy:
5,10,15,20-tetra(N-methyl-4-pyridyl)porphine, TPPCl: 5,10,15,20-tetra(o-di-
chlorophenyl)-21H,23H-porphine, TPPE: 5,10,15,20-tetraphenyl-21H,23H-por-
phine modified with ethylene glycol chains, TPPF: 5,10,15,20-tetra(penta-
fluorophenyl)-21H,23H-porphine, PEt: 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine, TPPOMe: 5,10,15,20-tetra(4-methoxyphenyl)-21H,23H-porphine.
Reaction conditions: azide 1 a (1 m), b-mercaptoethanol (5 equiv), and metal-
loporphyrin (1 mol %) were reacted in CH2Cl2/MeOH (95:5) for 30 min at
30 8C. See the Supporting Information for more details.

Scheme 2. Conversion of rhodamine bisazide 3 to rhodamine 110 (4) by [Fe-
(TPP)Cl]-catalyzed azide reduction.
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5 mol % [Fe(TPP)Cl] (Table 1, entry 5). Gratifyingly, [Fe(TPP)Cl] is
quite tolerant towards other biological components commonly
present in culture medium: entry 6 in Table 1 demonstrates
that the replacement of phosphate buffer by cell culture
medium did not reduce the yields. It is important to note that
aromatic azides are not significantly reduced in the presence
of biologically relevant concentrations of organic thiols
(Table 1, entry 7). Thus, it can be concluded that [Fe(TPP)Cl] is
a highly suitable catalyst for the reduction of aromatic azides
in a biological environment.[20]

Experiments in living mammalian cells

Encouraged by these results, we next used caged fluorophore
3 to investigate the [Fe(TPP)Cl]-catalyzed reduction of azides in
living mammalian cells. Accordingly, cultured HeLa cells were
incubated with 3 (100 mm) for 25 min and washed with phos-
phate-buffered saline (PBS); subsequent addition of fresh
medium ensured that 3 is located only within the cells and not
in the culture medium. Following the addition of [Fe(TPP)Cl]
(10 mm) to the medium, cellular fluorescence was monitored
by live-cell imaging with a confocal fluorescence microscope
(Figure 2 A). Indeed, Figure 2 B reveals that the cellular green
fluorescence of rhodamine 110 developed quickly with a 28-
fold increase in fluorescence over a time period of 10 min.

In vivo experiments in nematodes and zebrafish

Next, we investigated the scope of this method in vivo. Un-
fortunately, experiments with nematodes, Caenorhabditis ele-
gans, as well as the zebrafish, Danio rerio, revealed that caged
fluorophore 3 develops a fluorescence signal even in the
absence of [Fe(TPP)Cl] catalyst. For example, adult C. elegans
incubated with bisazide 3 (25 mm) for 20 min revealed strong
fluorescence intensities in intestinal cells surrounding the
lumen (Figure 3 A). Similarly, the incubation of 2.5-day-old
transparent zebrafish embryos with bisazide 3 (100 mm) for
30 min led to a strong fluorescence in head and trunk regions
(Figure 3 B). In both nematode and zebrafish, the addition of
catalyst had no significant effect on the fluorescence. Appa-

rently, bisazide 3 is quickly metabolized to rhodamine 110 in
vivo without the need for [Fe(TPP)Cl] . This observation is con-
sistent with other reports on the reductive metabolism of aro-
matic azides in vivo.[21]

Table 1. Influence of biorelevant reaction conditions on the catalytic re-
duction of rhodamine bisazide 3 by [Fe(TPP)Cl] .[a]

[Fe(TPP)Cl] [mol %] Thiol Ascorbate [mm] Yield [%][b]

1 5 – – 0.2�0.1
2 5 Cys (5 mm) – 13�2
3 5 Cys (5 mm) 10 40�3
4 5 Cys (15 mm) 10 77�5
5 5 PhSH (5 mm) 10 85�5[d]

6 5 Cys (5 mm) 10[c] 41�2
7 – Cys (5 mm) 10 2.3�0.5

[a] Bisazide 3 (0.5 mm) was treated with the indicated amounts of [Fe-
(TPP)Cl] in DMSO/phosphate buffer (1:1, 20 mm, pH 7.25) at 37 8C for 1 h.
[b] Standard deviations from three independent experiments. [c] Reaction
performed in DMEM instead of phosphate buffer. [d] In the absence of
[Fe(TPP)Cl] the yield is only 1 %.

Figure 2. [Fe(TPP)Cl]-induced reduction of bisazide 3 to fluorescent rhoda-
mine 110 inside HeLa cells. A) Superimposed phase contrast and confocal
fluorescence images. HeLa cells were pre-incubated with bisazide 3
(100 mm) for 25 min, washed with PBS, and subsequently treated with [Fe-
(TPP)Cl] (10 mm). See the Supporting Information for more details. B) Quanti-
fied time-dependent increase of fluorescence emission within the cellular
cytosol of HeLa cells upon [Fe(TPP)Cl] addition (*) and the corresponding
time-dependent fluorescence in the absence of catalyst (*). The image anal-
ysis was performed on regions of interest (ROIs) for eight individual HeLa
cells with the software ImageJ. The fluorescence evolution was analyzed for
eight different HeLa cells. The data for the catalytic reaction were fitted to
an exponential equation with the exponent being the rate constant [s�1] of
the intensity increase.

Figure 3. Activation of bisazide 3 in vivo. A) Adult C. elegans nematode in-
cubated with bisazide 3 (25 mm) in M9 buffer with 1 % DMSO for 20 min,
before being pelleted, washed with M9 buffer (1 mL), concentrated to
100 mL by decanting, placed on a slide, and treated with one drop of 10 %
azide, followed by fluorescence imaging. B) 2.5-day-old transparent zebrafish
embryos incubated with bisazide 3 (100 mm) for 30 min followed by fluores-
cence imaging.
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Conclusion

We here reported the discovery of the efficient and mild [Fe-
(TPP)Cl]-catalyzed reduction of aromatic azides to their respec-
tive amines. This reaction uses thiols as the reducing agent
and tolerates water, air, and other biological components, thus
rendering it a rare example of a catalytic reaction that can be
performed under physiological conditions and even in living
mammalian cells. However, the apparent in vivo metabolic re-
duction of aromatic azides reveals a limitation of this method.
The application of this new catalytic reaction to cellular imag-
ing and catalytic prodrug release are underway in our labora-
tory.

Experimental Section

Synthesis: Azide substrates 1-azido-4-chlorobenzene (1 a), 1-azido-
4-nitrobenzene (1 b), 1-azido-4-methylbenzene (1 c), and 1-azido-4-
methoxybenzene (1 d), and poly(ethylene glycol)-modified iron(III)
porphyrin [Fe(TPPE)Cl] were synthesized according to literature re-
ports.[22, 23] See the Supporting Information for the synthesis of sub-
strate 1 e and bisazide 3.

Reduction of arylazides in organic solvents: Azide 1 a (60 mg,
0.392 mmol), [Fe(TPP)Cl] (2.76 mg, 0.0039 mmol, 1 mol %) and b-
mercaptoethanol (137 mL, 1.96 mmol) were dissolved in CH2Cl2/
MeOH (95:5, 0.4 mL) and stirred for 0.5 h at 30 8C. Next, the reac-
tion mixture was subjected to silica gel chromatography (hexane/
EtOAc, 4:1!3:1) to provide amine 2 a (43 mg, 86 %). With a re-
duced catalyst loading of 0.05 mol %, the reaction was stirred at
30 8C for one week to give amine 2 a (76 %). See the Supporting
Information for additional examples with different substrates.

Reduction of rhodamine bisazide 3 under biologically relevant
conditions

[Fe(TPP)Cl] as catalyst : Bisazide 3 (0.5 mm), [Fe(TPP)Cl] (0.025 mm),
(+)-sodium l-ascorbate (10 mm), and PhSH (5 mm) were mixed
thoroughly with a micropipette in DMSO/phosphate buffer (1:1,
20 mm, pH 7.25) and shaken for 1 h at 37 8C and 50 rpm in a KEM-
Lab Vortex Mixer (J-KEM Scientific, St. Louis, MO, USA). [Fe(TPP)Cl]
(0.025 mm) was added as a DMSO stock solution (1 mm), which
was preheated to 70 8C for 5 min for complete dissolution. The
yield of rhodamine 110 (85�5 %) was determined by measuring
the generated green fluorescence.

[Fe(TPPE)Cl] as catalyst : Bisazide 3 (0.5 mm), [Fe(TPPE)Cl]
(0.025 mm), (+)-sodium l-ascorbate (10 mm), and PhSH (5 mm)
were mixed thoroughly with a micropipette in DMSO/phosphate
buffer (1:3, 20 mm, pH 7.25) and then shaken for 1 h at 37 8C and
50 rpm using a KEM-Lab Vortex Mixer (J-KEM Scientific). The yield
of rhodamine 110 (91�4 %) was determined by measuring the
generated green fluorescence. See the Supporting Information for
more details and related experiments according to Table 1.

Reduction of bisazide 3 in HeLa cells: HeLa cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Sigma–Aldrich) supple-
mented with 10 % fetal bovine serum (FBS, Biochrom), glutamine
(2 mm), and penicillin/streptomycin (100 mg mL�1). One day prior to
experiments, approximately 1 � 105 cells were plated in medium
(2 mL) on standard-bottom dishes (35/12/1.5 mm). Rhodamine bis-
azide 3 (10 mL, 20 mm DMSO stock) was added to HeLa cells, brief-
ly agitated to ensure a homogeneous final concentration (100 mm)
and incubated for 25 min at 37 8C. After removal of the medium,

cells were washed with PBS (2 � 1 mL) and taken-up in fresh
medium (1 mL). [Fe(TPP)Cl] (10 mL, 1 mm DMSO stock, preheated
for 5 min at 70 8C for complete dissolution) was added to reach
a final concentration of 10 mm, and the mixture was agitated mod-
erately for a few seconds before live-cell imaging.

Fluorescence microscopy of cellular experiments: All confocal
laser scanning microscope (CLSM) images were recorded with
a LSM 510 META confocal microscope (Zeiss, Oberkochen, Germa-
ny). Images were acquired from phase-contrast and green fluores-
cence channels (488 nm excitation wavelength and BP 505–
530 nm emission wavelength filter). Time series of images were
recorded in order to analyze the increase in green fluorescence
intensity in the cellular cytosol of HeLa cells. Images of the cells
before the addition of catalyst were taken as a control.

Image analysis of cellular experiments: CLSM images of the
green fluorescence channels were recorded at various times after
catalyst addition and in the absence of catalyst (control). The
images were analyzed with the software ImageJ (version 1.44 p) as
recently published.[24] Briefly, the cellular area was drawn in the
same position for eight cells in every CLSM image. Each drawn
area defines a region of interest (ROI), which was analyzed with
the program after the final image was acquired. After selecting
a ROI in the first image at time t1, this ROI was then transferred to
the next image at time t2 until tn using a ROI manager, in this way
keeping the size and position of the ROI constant for every image
of the time series. A background value was measured in an area of
the same size in the surrounding medium outside of the cellular
cytosol. The background intensity was found to be negligible. The
net intensities were used to study the time dependence of the
green fluorescence emission in the cell cytosol after catalyst addi-
tion.

In vivo experiments in nematodes and zebrafish: See the Sup-
porting Information for details.
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Catalytic Azide Reduction in Biological
Environments

A tolerant catalyst: The iron meso-tet-
raarylporphin-catalyzed reduction of ar-
omatic azides with thiols is described
and analyzed. The discovered system
tolerates the presence of water, air, and
other biological components, and can
even be performed in living mammalian
cells, thus providing a novel tool for
signal amplification in molecular life
sciences.
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