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CONSPECTUS: Recently, there has been a great deal of interest in using the
photoisomerization of azobenzene compounds to control specific biological
targets in vivo. These azo compounds can be used as research tools or, in
principle, could act as optically controlled drugs. Such “photopharmaceuticals”
offer the prospect of targeted drug action and an unprecedented degree of
temporal control.
A key feature of azo compounds designed to photoswitch in vivo is the
wavelength of light required to cause the photoisomerization. To pass through
tissue such as the human hand, wavelengths in the red, far-red, or ideally near
infrared region are required. This Account describes our attempts to produce
such azo compounds.
Introducing electron-donating or push/pull substituents at the para positions
delocalizes the azobenzene chromophore and leads to long wavelength
absorption but usually also lowers the thermal barrier to interconversion of the isomers. Fast thermal relaxation means it is
difficult to produce a large steady state fraction of the cis isomer. Thus, specifically activating or inhibiting a biological process
with the cis isomer would require an impractically bright light source.
We have found that introducing substituents at all four ortho positions leads to azo compounds with a number of unusual
properties that are useful for in vivo photoswitching. When the para substituents are amide groups, these tetra-ortho substituted
azo compounds show unusually slow thermal relaxation rates and enhanced separation of n−π* transitions of cis and trans
isomers compared to analogues without ortho substituents. When para positions are substituted with amino groups, ortho
methoxy groups greatly stabilize the azonium form of the compounds, in which the azo group is protonated. Azonium ions
absorb strongly in the red region of the spectrum and can reach into the near-IR. These azonium ions can exhibit robust cis−trans
isomerization in aqueous solutions at neutral pH.
By varying the nature of ortho substituents, together with the number and nature of meta and para substituents, long wavelength
switching, stability to photobleaching, stability to hydrolysis, and stability to reduction by thiols can all be crafted into a
photoswitch. Some of these newly developed photoswitches can be used in whole blood and show promise for effective use in
vivo. It is hoped they can be combined with appropriate bioactive targets to realize the potential of photopharmacology.

■ cis−trans PHOTOISOMERIZATION OF
AZOBENZENE APPLIED TO BIOLOGY

In 1937, Hartley discovered that shining UV light on trans
azobenzene produced the cis isomer.1 Leaving the molecule in
the dark, or irradiating it with blue light, recovered the
thermodynamically more stable trans isomer. This process
occurs efficiently, without major side reactions, and continues
to occur when azobenzene is derivatized in numerous ways.2

The robustness of the photoisomerization process, together
with the relative ease of synthesis of many derivatives, has made
azobenzene a popular photoswitch with applications in diverse
fields from materials science to neurobiology.3

In a remarkable series of papers in the late 1960s, Erlanger
and co-workers applied azobenzene to the photocontrol of
enzymes and ion channels.4,5 He did this by modifying ligands
or inhibitors or even allosteric activators6 with azobenzene

units. These papers are written from the point of view of
developing model systems to understand photoregulated
processes that occur in nature. The idea of using these
compounds as tools to manipulate biology seems to have
developed later. For example, the Cys-reactive tethered ligands
that Erlanger et al. developed for the acetylcholine receptor5

were used in ground-breaking studies by Lester and Gurney to
explore the biophysics of ion channel function. Based on this
work and other work with caged compounds, the potential for
using light to manipulate localized, mostly ex vivo, physiological
processes was reviewed by Lester and Gurney in the 1980s.7

With advances in molecular and structural biology, it has now
become possible to tether azobenzene derivatives site-
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specifically to essentially any protein target in living cells, and in
some cases in vivo (e.g., in transparent zebrafish).8 This can be
accomplished via reaction with a Cys residue introduced via
site-directed mutagenesis, or using biorthogonal ligation
methods together with nonsense codon suppression strat-
egies.9−12 Targeted protein modification with azobenzenes has
now led to light switchable Glu receptors,13,14 K+ channels,9

acetylcholine receptors,15 and GABA receptors16 as well as
kinases,12 kinesins,17 and transcription factors.18 (Figure 1).
In parallel with these developments has been the realization

that drugs could be made light sensitive via incorporation of an
azobenzene unit.19−21 “Azologized” drugs now include the
GABA receptor potentiator propofol,22 the opioid receptor
agonist fentanyl,23 antibacterial quinolones,24 and ATP-
sensitive potassium channel active sulfonylureas (Figure 1).25

While it remains to be seen how such drugs will behave in
whole organisms, the possibility of remote in vivo optical
control of a drug is a tantalizing possibility. It directly addresses
a primary problem of drug design by making the drug active
only where and when light is applied. “Photopharmacology”, a
term that appeared in a science fiction context in the 1970s,26

has now become a real possibility.21,27

■ AZOBENZENES IN VIVO

For an azobenzene photoswitch to operate in vivo, a number of
criteria have to be met. Besides being nontoxic, the switch must
be stable to hydrolysis and to reduction of the azo group, which
would render it inoperable. In vivo reduction of the azo group
of one azo dye (4-[(2,4-diaminophenyl)azo] benzenesulfona-
mide) played a starring role in the early days of pharmaceutical
chemistry. This dye, trademarked Prontosil, was discovered by
Domagk in 1932 to cure bacterial infections.31 The discovery of
Prontosil earned Domagk the Nobel Prize in Physiology or
Medicine in 1939. Scientists at the Pasteur Institute in Paris
then found that sulfanilamide, produced by reductive cleavage
of the azo group of Prontosil by bacterial enzymes in the gut,
was the active antibacterial agent (not Prontosil itself). This
discovery, in turn, led to the era of the “sulfa drugs”.31

What happened with Prontosil perhaps led to the widespread
notion that azobenzenes are reduced in vivo. However, not all
azobenzenes are metabolized in the same manner as Prontosil.

The azo compound 2,6-diamino-3-(phenylazo)pyridine (trade
name Pyridium) is used as a local analgesic for symptomatic
relief of urinary tract infections and is taken orally, and the azo
bond is relatively stable (although hydroxylation on the
aromatic rings occurs).32 The metabolism of many azobenzenes
has been analyzed by scientists interested in the effects of
widely used azo-based food dyes. It varies greatly with the
structure of the dye and the route of administration (e.g.,
whether it is exposed to gut bacteria).33 This body of
knowledge is likely to be very useful in guiding the
development of photopharmaceuticals.
To our knowledge, photoswitching has not been considered

in any of these studies, only the metabolism and toxicity of the
stable (trans) forms of the dyes. To address in vivo stability of
photoswitching, we monitored photoswitching of a bis-p-amido
substituted azobenzene using a fluorescent reporter assay and
found photoswitching behavior was retained for days in
developing zebrafish.34 Bis-p-amido substituted azobenzene is
the core of several photoswitches that have been developed to
target biomolecules (Figure 1). Newly developed switches are
now tested for their stability to reduction by glutathione, the
predominant intracellular reductant. Some switches are stable
and some are not, depending on the specific structure of the
switch in question.35,36 The widely held concern that all
azobenzenes would be reduced in vivo37 is too simplistic a view.
Aside from stability in vivo, a key feature that will determine

the success of azobenzene-based tools for biological research
and photopharmacology is the wavelength required to cause
photoisomerization. With the exception of the eye (where
azobenzene-based drugs to treat certain types of blindness are
making real progress28), the body is opaque throughout most of
the visible range. The UV light needed to cause trans-to-cis
isomerization of unmodified azo compounds is strongly
absorbed and scattered by skin. In principle, one can introduce
light via fiber optics, as is done in optogenetics, but this is
cumbersome. A straightforward solution is to use light in a
wavelength range where penetration though body tissue is
orders of magnitude better, that is, in the red to near-infrared
(near-IR) region.38

This Account is a narrative describing our attempts to make
azobenzene photoswitches that operate in this optical window.
A recent review by Bleǵer and Hecht provides a more

Figure 1. Examples of azobenzene derivatives that act on biomolecules. For references, see 1,13 2,28 3,29,30 4,24 and 5.25

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.5b00270
Acc. Chem. Res. 2015, 48, 2662−2670

2663

http://dx.doi.org/10.1021/acs.accounts.5b00270


comprehensive account of different classes of visible light
activated photoswitches.39

■ SOME GENERAL ISSUES FOR LONG WAVELENGTH
PHOTOSWITCH DESIGN

In general, shifting azobenzene absorbance to longer wave-
lengths leads to faster thermal relaxation rates.40 Sometimes fast
thermal relaxation is useful. For instance, if one is triggering an
ion channel involved in vision, rapid turn-off is critical for real-
time responses.28 In other cases though, one might wish to use
a pulse of light to produce a long-lived cis isomer or simply to
produce a large fraction of the cis isomer. Rapid thermal
relaxation means that the steady state fraction of the cis isomer
is small unless bright light sources with photon fluxes
comparable to the thermal back reaction rate are used.
In addition to lowering the thermal barrier to isomerization,

modifications to azobenzene designed to enable long wave-
length switching can alter the relative stabilities of the ground
state cis and trans isomers. An extreme case would be if cis and
trans isomers became isoenergetic and were separated by a

small thermal energy barrier. Such a photoswitch would be
unable to drive conformational switching of a target
biomolecule. Instead, conformational preferences of the target
molecule would drive thermal equilibration of the switch. Thus,
in designing red/near-IR photoswitches, it is important to
consider the effect of modifications on the relative energies of
the cis and trans isomers as well as the barrier between them.

■ AZO DYES THAT ABSORB AT LONG
WAVELENGTHS: PUSH−PULL SYSTEMS

Many thousands of azo dyes have been synthesized since the
discovery of azobenzene in 1834. A number of dyes have been
found that absorb in the red region and even the near-IR.41−43

A few of these are shown in Figure 2. Although the structures of
these dyes vary considerably, long wavelength absorption has
typically been achieved by creating a push−pull system with
electron donating groups on one side of the azo unit and
electron withdrawing groups on the other. Because of their
polarized structure, the absorption properties of these dyes are
highly solvent dependent. Historically, most scientists inter-

Figure 2. Some long wavelength azo dyes. For references, see 6,41 7,42 and 8.43

Figure 3. (a) Amino-substituted bridged azobenzene photoswitches. (b) UV−vis spectra of 11 obtained in aqueous solution under dark-adapted
conditions and under blue (445 nm) and red (600 nm) irradiation.
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ested in azo dyes did not study possible isomerization events.
Photochromism would be an unwanted feature in a dye where
color fastness is usually prized. It is likely that these long
wavelength dyes have very short-lived cis isomeric forms. As a
result, photoisomerization would not be observable without
specialized laser flash photolysis apparatus. The Velasco group
has studied the thermal relaxation behavior of push−pull
azobenzene systems in detail40 and has reported dyes that show
thermal relaxation times as fast as 40 ns.44

The structures shown in Figure 2 are not easily adapted as
components of photoswitches such as MAG (compound 1,
Figure 1) or as components of intramolecular cross-linkers
(e.g., compound 3, Figure 1) where the simple bis-p-amido
azobenzene core has been used. Photoswitches usually require
few rotatable bonds in order to preserve the end-to-end
distance change that occurs upon isomerization.45,46 In
addition, the large size of these dyes may be a liability in
pharmacological applications where the overall size of a drug is
an important feature. Finally, the push−pull design of these
long wavelength azobenzenes gives the molecule an inherent
asymmetry. For photopharmacology, asymmetry is not a
concern, but for an intramolecular cross-linker (compound 3,
Figure 1) having an asymmetric structure would also require
two distinct bio-orthogonal means of attachment to a target
protein to avoid the formation of distinct regioisomers.

■ AZO DYES THAT ABSORB AT LONG
WAVELENGTHS: C2 BRIDGED AZOBENZENES
(DIAZOCINES)

In 2009, Siewersten et al.47 reported the remarkable photo-
chemical properties of a C2 bridged azobenzene (9). The cis
and trans n−π* transitions of this compound are separated by
some ∼100 nm making photochemical switching unusually
complete in either direction. We made a bis-p-amido
substituted derivative (10) to allow conjugation to biomole-
cules,48 and in doing this we also made the bis-p-amino
substituted version (11). The Herges group has reported
similar molecules with amino groups in the 3,3′ positions.49
This molecule (11) showed significant absorbance in the red
region of the spectrum (Figure 3) in its trans isomeric form.
Irradiation with red light (600 nm) produced full conversion to
the cis isomer (Figure 3). The thermal relaxation rate was on
the order of minutes at room temperature in aqueous solution.
The drawback for in vivo use is that, because of the bridge, the
cis state (the state produced by red light in this case) is the
thermodynamically more stable form. Unless a photoswitch is
truly bistable, that is, thermal relaxation is negligible on
biological time scales, it is most convenient if the more stable

state is the biologically inactive isomer. Otherwise, in the body,
in the dark, there is a steady thermal production of the bioactive
isomer. With compound 11, blue light is needed to produce the
less stable trans form. In addition to this limitation, the
synthesis of these C2 bridged molecules proved quite
challenging. However, substantial improvements in synthetic
methods have now been reported.50,51 Perhaps if their thermal
relaxation rates could be slowed further, these compounds
should be revisited for photopharmacological applications.

■ AZO DYES THAT ABSORB AT LONG
WAVELENGTHS: HETEROCYCLES, BF2 ADDUCTS,
AND TWO-PHOTON CHROMOPHORES

Although numerous heterocyclic azo compounds have been
studied as dyes, these compounds are relatively underexplored
as photoswitches. A recent study by the Fuchter group
highlights the possibility that novel switching behavior can be
obtained with such systems.52 These authors studied
arylazopyrazoles (12) and found thermal cis half-lives of days
together with a large separation of the absorption maxima of
the cis and trans isomers.
The Aprahamian group discovered that BF2-adducts of

azobenzenes (13) exhibited exceptional photoswitching char-
acteristics. Complexation of the azo group with BF2 leads to
π−π* transitions in the visible region.53 By altering the nature
of the R group in 13, isomerization in the far-red and even
near-IR was recently achieved.54 Unfortunately, these species
are converted to hydrazones in water, thus limiting their
applicability in biological systems. However, modifications to
the BF2 groups may change the susceptibility to hydrolysis.
An entirely different approach to driving photoisomerization

with long wavelength light is to take advantage of two-photon
absorption processes. The two-photon cross section of some
bioactive azobenzene-based photoswitches has been analyzed55

and nonlinear optical responses can be improved by chemical
design. For example, 14 includes a naphthalene derivative as an
antenna to enhance two-photon absorption.56 However, these
photoswitches can become large and complex, and require the
use of femtosecond pulsed laser systems.57

■ ortho SUBSTITUTION

To develop small azo compounds that showed long wavelength
photoswitching while maintaining slow (seconds to minutes)
thermal relaxation rates in water, we decided to explore
introducing amino groups at positions ortho to the azo group
(Figure 5).58 Our intent was to introduce electron-donating
groups to enhance delocalization, but in a manner that might

Figure 4. Examples of an azoheterocyclic switch (12), a BF2 adduct (13), and a two-photon absorbing photoswitch (14).
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affect the steric or electronic barrier for isomerization and
thereby slow down thermal relaxation.
This approach worked in the sense that thermal relaxation

rates for ortho substituted compounds were slower than for
corresponding para substituted azobenzenes (e.g., half-lives of
100 s vs <1 s).58 However, as the system became more electron
rich, photobleaching was observed. This was not a problem for
blue-absorbing (16) and cyan-absorbing compounds (17), but
with the green-absorbing compound 18, color loss occurred in
a few hours under ambient light.

■ TETRA-ortho-METHOXY SUBSTITUTION
We decided to replace ortho-amino groups with methoxy
groups with the expectation that the photobleaching observed
with ortho-amino substituted azobenzenes might be avoided.
Since methoxy groups are less electron donating than amino
groups, we introduced four rather than two substituents. We
made the tetra-ortho-methoxy substituted azobenzene (19),
again with two p-amido moieties to permit linkage to target
biomolecules.59 The UV−vis spectrum of the dark-adapted,
trans isomer is shown in Figure 6. The main π−π* transition
was blue-shifted and the n−π* transition was red-shifted
compared to the parent compound without the methoxy
substituents (Figure 6). We proposed that this was due to
twisting (nonplanarity) of the trans isomer and interaction of
the methoxy groups with the N lone pairs on the azo group.59

The unusually shifted n−π* transition is only a feature of the
trans isomer of 19; the geometry of the cis isomer moves the
methoxy groups away from the azo nitrogen lone pairs, so the

cis n−π* transition is less affected by the methoxy groups. As a
result, the n−π* transitions of cis and trans isomers are
sufficiently separated to allow cis-to-trans isomerization with
blue light, and trans-to-cis isomerization with green light,
avoiding the use of UV entirely.59

A second critical feature of compound 19 is that the thermal
back reaction is very slow; the half-life is ∼2 days at room
temperature in aqueous solution.59 Thus, we had discovered a
simple derivative that could be switched with green light (like
ortho amino compound 18 above) did not photobleach, was
stable in water, and had a very slow thermal back reaction.
When we attached derivatives of 19 via their p-amido groups

to a series of peptides the exact position of the n−π* transition
of the trans isomer was found to depend on the peptide
sequence.35 It seemed that subtle variations in solvation and H-
bonding could affect the orientations of the methoxy groups
and the degree of twisting and, thereby, the position of the trans
n−π* band. We noticed that, with some of these peptides, the
tail of the n−π* transition extended past 600 nm into the red
region of the spectrum; while the absorption coefficient in the
red was small, it was not zero (Figure 6). The absorption
coefficient of the cis isomer was much smaller than that of the
trans, because its n−π* transition was not shifted. When the
sample was irradiated with a high power red-emitting LED we
found that almost complete (98%) trans-to-cis isomerization
occurred. The very slow thermal back reaction (hours) at
ambient temperature in aqueous solution meant that, even
although the rate of trans-to-cis photoisomerization was slow
(due to the inefficient absorption process), effective switching
occurred.
We thought we had a photoswitch with most of the

characteristics (long wavelength switching, stable in water)
needed for in vivo use. We expected, because it was electron
rich, 19 should also be stable to reduction by thiols. However,
we found the compound was reduced in a few hours in 10 mM
glutathione.35 This meant the photoswitch could only be used
in more oxidizing environments (i.e., extracellular environ-
ments, or directed to intracellular endoplasmic reticulum/Golgi
compartments) in vivo. We then found that replacing the
methoxy groups with electron-withdrawing Cl atoms (20)
(Figure 7) completely circumvented this sensitivity to
reduction. The tetra-ortho-chloro compound also has red-
shifted trans n−π* transitions, albeit somewhat less so than
19.35 We also found that tetra-ortho-thioether groups (21)
could be used to circumvent reduction while enhancing the
molar absorption coefficient in the red region compared to the
tetra-ortho-chloro species.36 About the same time, Hecht’s

Figure 5. Some ortho-amino-substituted azobenzenes photoswitches.58

Figure 6. (a) Tetra-ortho-methoxy substituted bis-p-amido azobenzene 19, and the parent compound 15. (b) Corresponding UV−vis spectra (trans
isomers) in aqueous solution. (c) UV−vis spectra of 19 attached to a peptide in cis and trans conformations.
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group synthesized the tetra-ortho-fluoro substituted species
(22).60 While this does not have the same degree of n−π* red
shifting, it has an extraordinarily slow thermal cis-to-trans
relaxation rate (years) so that it is truly bistable on biological
time scales.60

The tetra ortho substitution pattern has proven very versatile.
We developed extended versions of the photoswitch that show
enhanced end-to-end distance changes upon photoswitching
(23, 24) and can be used to control peptide conformation.35

Using Trauner’s approach to synthesizing tethered ligands for
glutamate receptors, we made tetra-ortho-chloro MAG (25),
which Isacoff’s group showed could be used to control Glu
receptor activity with red light in living cells.61

■ TETRA-ortho-METHOXY SUBSTITUTED AZONIUM
IONS

In the course of making derivatives of the tetra ortho-methoxy
scaffold, we made the bis-p-amino substituted compound 26, in
order to red-shift the spectra further.62 These compounds were
strongly blue colored at neutral pH. The color suggested the
presence of an azonium ion, but these typically occur at pH <
3.5 where the azo group becomes protonated. Azonium ions do

not usually appear to photoisomerize because the thermal back
reaction is very fast (typically microseconds;63 one needs flash
photolysis equipment to detect it). To our surprise, when a
solution of 26 was irradiated with red light at pH 7, clear
photochromism was observed with a thermal relaxation half-life
of seconds, a million times slower than that of a typical azonium
ion.
We believe the ortho methoxy groups stabilize the azonium

ion via resonance but also by providing H-bond acceptors. H-
bonding of the azonium proton to the methoxy groups is
mainly a feature of the trans isomer; the methoxy group is too
far away to be a H-bond acceptor in the cis isomer. Calculated
minimum energy structures of the cis and trans azonium ions of
a simplified model of 26 are shown in Figure 9. Absence of an
H-bond in the cis isomer decreases its pKa, leading to the
production of the neutral cis isomer at pH 7 and overall slowing
of the thermal relaxation rate.62

Compound 26 absorbs strongly in the red (the absorption
coefficient is ∼100 times larger than that of the amide
compound 19 at 630 nm),64 meaning photoswitching with low
intensity red light is fast (seconds). It is water stable and stable
to photobleaching over several thousand cycles. It is sensitive to
reduction by thiols, so that use in extracellular environments is
preferred.62 Although the thermal barrier to isomerization is
low, the trans isomer is still substantially more stable than the
cis isomer. Quantum chemical calculations (B3LYP, 6-311+
+G**) indicate that the trans azonium ion shown in Figure 9 is
∼11 kcal/mol more stable than the cis; for the neutral species,
the difference is 8 kcal/mol. Overall the tetra-ortho-methoxy

Figure 7. Various tetra-ortho-substituted azobenzene derivatives. For
references, see 17,35 18,36 19,60 20,35 21, and 22.61

Figure 8. Azonium ion formed by a tetra-ortho-methoxy substituted p-piperazino azobenzene.

Figure 9. Calculated minimum energy structures (B3LYP, 6-311+
+G**) of trans and cis azonium ions formed by a tetra-ortho-methoxy
substituted p-piperidino azobenzene photoswitch (a model for 26).
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substituted azonium-based photoswitch has a number of very
appealing properties. Photoswitching with 26 has been
demonstrated in whole blood, confirming its suitability for in
vivo use.62

■ FAR-RED AND NEAR-IR AZONIUM IONS
Encouraged by these observations with 26, we have been
attempting to push the absorbance further into the red and
near-IR. We have again been guided by old azobenzene
literature, as well as modern quantum chemical calculations.
The role of the relative positions of multiple methoxy groups
on the color of azo and azonium compounds was studied as far
back as 1910 by Kauffmann and Kugel.65 These studies were
systemized and extended by Wizinger in the 1960s and 1970s.66

His “distribution rules for auxochromes” predict a second
methoxy substituent in a meta position should shift absorbance
to longer wavelengths. We systematically explored effects of
multiple methoxy groups, as well as para substituents of
enhanced electron donating ability, on the behavior of these
molecules. This work has led to compounds such as 27 and 28.
Compound 27 with para-pyrrolidino groups operates in
aqueous solution with far-red light (660 nm) (Figure 10).64

Compound 28 shows near-IR absorbance at 730 nm (an
optimal wavelength for tissue penetration). However, its pKa is
relatively low (5.4), meaning the fraction of the azonium
species at neutral pH is small. The thermal back reaction of 28
is also relatively fast (τ1/2 = 10 μs). We hope that, by combining
tetra ortho substitutions with meta methoxy groups, both near-
IR absorption and slow thermal relaxation can be realized in a
water-stable, nonphotobleaching azo compound.

■ SUMMARY
This Account has focused on our efforts to develop long
wavelength azobenzene-based photoswitches that can operate
in vivo. We have tried to emphasize the fact that there are
thousands of researchers who have contributed to the
understanding of azobenzenes over the years from whose
work there is much to be learned. At the same time, there is still
much to be discovered. Given the current interest in a number
of laboratories in trying to make photoswitches that will operate

in vivo, and the versatility of the azo functional group, it will be
exciting to see what properties can be crafted in the years to
come.
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