Orbital: The Electronic Journal of Chemistry
j o u r n a l h o m e p a g e : w w w. o r b i t a l . u f m s . b r

ISSN 1984-6428
 Vol 5   No. 1   January-March 2013 

Review

A Review of the Synthetic Strategies for the Development of
BODIPY Dyes for Conjugation with Proteins
Lucas C. D. de Rezende and Flavio da Silva Emery*
Faculdade de Ciências Farmacêuticas de Ribeirão Preto - Universidade de São Paulo. Av. do Café s/n, Ribeirão
Preto-SP, 14040-903, Brazil.
Article history: Received: 12 March 2013; revised: 28 March 2013; accepted: 02 April 2013. Available online: 17 April
2013.
Abstract: Conjugation of fluorophores to proteins is fundamental to several biotechnological applications
and in the last decades boron-dipyrromethene (BODIPY) dyes started to be used in this field. BODIPYs are
dipyrrin derivatives complexed to difluoroboryl that possesses several attractive photophysical properties.
Herein we reviewed the synthetic methodologies published by academic and non-academic research groups
aiming the obtainment of reactive BODIPY derivatives for conjugation with proteins.
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1. INTRODUCTION
Fluorescence was discovered in the 16th
century and is the non-thermal emission of light by
molecules in a singlet excited state [1]. With the
development of fluorescence spectroscopy, flow
cytometry and fluorescent-based image techniques in
the last few decades of the 20th century, fluorescent
chemicals (fluorophores or fluorochromes) have
become suitable research tools [2, 3]. In this context,
interest in the synthesis of fluorescent compounds has
grown dramatically, and there are several fluorescent
dyes with variable photophysical properties that can
be obtained commercially (e.g. BODIPY FL,
BODIPY TMR, BODIPY TR, BODIPY R6G).
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene,
also known as boron-dipyrromethene and BODIPY
(which will be used hereafter), consists of a group of
fluorescent dyes first synthesized by Treibs and
Kreuzer in 1968 [4]. This class of fluorophores
exhibits interesting properties, such as high stability,
sharp fluorescence peaks, tunable emission and high
quantum yields. Although BODIPYs have been
known for a long time, only after the publication of a
patent [5] in 1988 by Molecular Probes®, which is a
company founded by Professor Richard Haugland and
later incorporated by Life TechnologiesTM, did the
technological applications of BODIPY as a
biomolecule label begin to increase. This patent was a
turning point in the application and study of
*

BODIPYs, and some of its synthetic approaches will
be discussed in this review. No commercial interests
involving the authors and this, or any other, company
exists, and the discussions within the text are only for
academic purposes.
Symmetric BODIPYs can be obtained from the
condensation of two identical pyrrolic units and a
carbonyl compound (aldehyde or acyl chloride) in a
reaction catalyzed by a strong acid, which is
commonly hydrobromic acid (HBr) or trifluoroacetic
acid (TFA) (Figure 1). This reaction yields a
dipyrromethane substituted by the structure
previously linked to the carbonyl reagent at the
central position (meso position). The dipyrromethane
is aromatized (chloranil or DDQ are commonly used)
resulting in a dipyrromethene (or dipyrrin) that is
ultimately converted to the BODIPY by complexation
with a difluoroboryl unit in a base-catalyzed reaction
with trifluoroboryl etherate (BF3.OEt2), classically
using triethylamine (TEA). Non-meso-substituted
BODIPYs can be obtained using two different
pyrrolic units where one of them contains a
carboxyaldehyde group at C2 position of the pyrrolic
ring. The reaction is catalyzed by phosphoryl chloride
and directly yields the dipyrrin, which is subsequently
converted to BODIPY by the same method discussed
earlier (Figure 1).
In the last 20 years, thousands of structurally
diverse
BODIPYs
have
been
synthesized
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and applied in several studies [6]. BODIPYs have a
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Figure 1. Chemical structures of dipyrromethane, dipyrromethene and BODIPYs, and the general approaches
for the synthesis of BODIPYs.

Table 1. Overview of the functionalities addressed in this review.
Reactive Functionality
Succinimidyl Ester
Isothiocyanate
Iodoacetamide
Maleimide
Thiosulfate/Thiosulfonate
Hydrazine/Hydrazide
Hydroxylamine
Azide
Alkyne
Imidazole
Diacrylate

Main protein target
Amine group (Lysines)
Amine group (Lysines)
Sulfhydryl group (Cysteine)
Sulfhydryl group (Cysteine)
Sulfhydryl group (Cysteine)
Ketone/Aldehydes (Bioorthogonal coupling)
Ketone/Aldehydes (Bioorthogonal coupling)
Alkynes (Bioorthogonal coupling)
Azides (Bioorthogonal coupling)
Phosphate (Phosphorylated amino acids)
Arg-Cys-X-X-Cys-Arg (RC peptide tag)

2. SUCCINIMIDYL ESTER BODIPY DYES

Succinimidyl ester is undoubtedly the most
used motif for conjugation of BODIPYs to aminecontaining structures including proteins. Its use in
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Linkage type
Amide
Thiourea
2-mercaptoacetate
Mercaptopyrrolidinone
Disulfide Bond
Hydrazone
Oxime
1,2,3-triazole
1,2,3-triazole
Phosphoroimidazolide
Michael adduct/ Hydrogen
Bond

protein manipulation began during the early 1960s,
when results from the use of succinimidyl ester in the
elongation of peptide chains were published [7]. For
many years, N-hydroxysuccinimide and its ester
derivatives were applied in the synthesis of several
peptides acting as a carboxy-activating group. The
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reactivity of succinimidyl ester toward amines in the
lateral chains of amino acid residues (specifically
lysines) was also explored for the acylation of
proteins [8], and the high reactivity of succinimidyl
ester toward protein amines boosted its application in
protein labeling. Early application of this
methodology involved the labeling of proteins with
acyl chains containing heavy metals, such as mercury,
for x-ray crystallographic investigations [9],
radioactive isotopes, such as iodine-125 [10], tritium
[11], and Carbon-14 [12], for radioactive-based assays
and fluorescent molecules, such as fluorescein [13].
Classically, succinimidyl ester reacts with
amines forming an amide bond and releasing N-

hydroxysuccinimide as a leaving group (Figure 2).
The acylation of sulfhydryl or hydroxy containing
compounds that form thioester bonds and ester,
respectively, does not yield stable compounds due to
their rapid hydrolysis or exchange with amines, which
explains the selectivity of the method. An extensive
list of succinimidyl ester BODIPY applications would
be tedious and beyond the scope of this review, but
we find it interesting to exemplify its uses throughout
the text. In general, the simple stirring of a protein
solution with the ester in DMSO at room temperature
for 30 minutes to 4 hours is enough for the
conjugation to occur. Purification with HPLC or
dialysis against deionized water yields the pure
fluorescent protein.

Figure 2. Mechanism of amine labeling with succinimidyl ester derivatives.

Several BODIPY compounds containing a
succinimidyl ester reactive group have been
synthesized by academic and industrial research
groups. The first synthesis of a BODIPY-succinimidyl
ester was published in a 1988 patent by Molecular
Probes® [5], which reported the synthesis of three
BODIPY derivatives. The approach involved the
coupling of an ester-substituted pyrrole with a pyrrole
carboxyaldehyde unit yielding a dipyrromethene,
which, after complexation with BF3.OEt2, generated
the BODIPY linked to the ethyl ester. The hydrolysis
of this product with an aqueous solution of K2CO3
released the carboxyl group that was then coupled
with N-hydroxysuccinimide (NHS) (Figure 3).
Currently, dozens of succinimidyl ester BODIPY
derivatives with various spectral characteristics are
commercially available.
An example of the application of commercially
available succinimidyl ester BODIPY dyes is the
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labeling of casein, which is a simple protein that
serves as a substrate to several endoproteases. Due to
the release of the fluorophore, initially linked to the
protein, the fluorescent signal is enhanced after
protein cleavage. Therefore, the conjugated protein
was successfully applied as novel substrates for
protease assays via fluorescence spectroscopy [14,
15]. Surfactant protein B (SP-B), which is a
pulmonary surfactant protein, was another fluorescent
protein conjugated to a commercially available
succinimidyl ester BODIPY. This protein is important
for preventing the alveoli from collapsing, and its
fluorescent derivative was developed to monitor
distribution of surfactants administered to patients
with respiratory problems related to pulmonary
surfactant production [16].
The synthesis and application of asymmetric
BODIPY derivatives bearing succinimidyl ester using
similar methods have also been reported by various
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research groups. Meltola et al. synthesized a small
library of BODIPY compounds with the succinimidyl
ester group, also using carboxylic substituted
BODIPY and NHS/CCD [17]. The compounds
synthesized in this work showed variable emission
characteristics due to extension of the conjugated
system resulting from the substitution of one pyrrole
unit with aryl-, heteroaryl-, and arylethenyl
substituents. To raise the hydrophilicity of these
compounds, they were modified by insertion of a

hydrophilising dipeptide linker followed by addition
of NHS/DCC (Figure 4). The performance of these
molecules for the biolabeling of mouse monoclonal
IgG antibodies was studied under various conditions
and showed good reactivity. Similar synthetic
strategies using NHS and DCC for the coupling of
carboxyl-functionalized BODIPYs have been used for
applications beyond biolabeling. However, we will
not review all of the synthetic routes in detail.

Figure 3. Synthetic route to a BODIPY derivative functionalized with a succinimidyl ester reactive group, which
was first published in a patent by molecular probes[5].

Figure 4. A: Synthetic approaches for obtaining a small library of BODIPYs functionalized with N-succinimidyl
ester [17]. B: Insertion of a hydrophilising dipeptide linker [17].
The synthesis of symmetric BODIPY using
ester-substituted benzaldehyde [18] or cyclic
anhydride [19] has also been applied to the synthesis
of succinimidyl ester functionalized BODIPY
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derivatives (Figure 5). These compounds were
functionalized with an amino reactive moiety using
NHS/DCC or N,N'-disuccinimidyl carbonate (DSC).
No applications of these compounds for protein
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labeling have been reported. Because this reactive
moiety is widely used in protein manipulation, its

application in this field may allow for the desired
coupling.

Figure 5. A: Synthesis of a symmetric BODIPY from bicarboxylic anhydrides and functionalization with
succinimidyl ester [19]. B: Synthesis of a symmetric meso-aromatic-substituted BODIPY derivative and
functionalization with succinimidyl ester.

3. ISOTHIOCYANATE BODIPY DYES
The electrophilic character of the central
carbon in isothiocyanate is usually explored as a
reactive group for biologic nucleophiles. This group is
reactive toward nucleophilic attack of amines,
resulting in the formation of a thiourea linkage

(Figure 6). Compounds bearing this group were
discovered at the beginning of the 20th century, and
their application in biolabeling was first proposed in
1958 as a substituent for isocyanate, which was
commonly used for the conjugation of rhodamine and
fluorescein to antibodies [20].

Figure 6. Mechanism of amine labeling with isothiocyanate derivatives.

For BODIPY derivatives, the first published
BODIPY isothiocyanate synthesis was reported in a
molecular probes patent from 1988 [5]. Although this
company does not commercialize any isothiocyanate,
claiming they have poor stability, it is commercially
available from other companies. The synthetic route
reported in this 1988 patent uses the succinimidyl
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ester derivative, which was previously discussed, as
the starting material [5]. The reaction of the
succinimidyl ester BODIPY with ethylenediamine
yielded an amino-amido-BODIPY, which was
converted to the isothiocyanate using thiophosgene
[5] (Figure 7).
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Figure 7. BODIPY dye functionalized with an isothiocyanate, which was first published in a patent by molecular
probes [5].

A similar approach was applied by Meltola et
al. in an article published in 2004 [21]. A BODIPY
containing two propionic acids appended to its core
was synthesized from a tetra-substituted pyrrole.
Initially, HBr and formic acid were used to obtain the
dipyrrin that was complexed with BF3.OEt2. The free
carboxylic function was coupled to N-hydroxy
succinimide using only DCC as the catalyst. Then, the
active carboxylic function was coupled with 4-(2aminoethyl)-aniline to yield a BODIPY dye with a

free amine group, which was converted to
isothiocyanate with thiophosgene in a basic medium
(Figure 8). A 10-fold excess of the synthesized
fluorophore was incubated for 2 hours with an IgG
antibody in basic pH followed by size-exclusion
chromatography to obtain the pure product.
Particularly, in this study, more efficient conjugation
to the antibody was observed for the succinimidyl
ester BODIPY dye compared to that observed with
the isothiocyanate derivative.

Figure 8. Another approach for the synthesis of isothiocyanate BODIPY dye from a succinimidyl ester BODIPY
dye [21].

Another approach for the synthesis of
isothiocyanate derivatives involves the production of
nitro substituted BODIPY followed by the reduction
of the nitro compound to the respective amine, which
can be modified to generate the isothiocyanate. This
methodology is often used in the literature, and the
conversion of symmetric anilino-BODIPYs to the
respective isothiocyanate is widely reported. The
proposed syntheses in these studies can be grouped
into three paths, which will be referred to paths A, B
and C (Figure 9). Paths B and C starts with the
coupling of nitrobenzaldehyde with pyrrole, resulting
in a dipyrromethane. In approach C, the nitro group in
the dipyrromethane is reduced to an amine that is then
protected with Fmoc [22]. Next, the dipyrromethane
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is oxidized to the respective dipyrromethene, followed
by boron complexation and amine deprotection. In
approach B, the dipyrromethane is readily oxidized to
the dipyrromethene and complexed with boron
fluoride to generate the nitro-BODIPY [23]. Then,
this compound is reduced to the respective amine. In
approach A, the dipyrromethene is directly
synthesized using nitrobenzoyl chloride as the
carbonyl compound in the reaction with pyrrole [24].
Similar to the previous discussion, after the reaction
with BF3.OEt2, a nitro BODIPY is obtained and then
reduced to the respective amine. Instead of using
thiophosgene, which involves several safety issues,
1,1'-thiocarbonyldi-2(1H)-pyridone (TDP) is used in
the preparation of isothiocyanate BODIPYs.
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Figure 9. Synthesis of symmetric isothiocyanate BODIPY dyes from nitro-aromatic aldehydes.

4. IODOACETAMIDE BODIPY DYES
Iodoacetamides
are
member
of
the
haloacetamide group, and is recognized for decades to
be very reactive toward sulfhydryl groups [25].
Regarding protein reactivity, this chemical motif can
react with several amino acid side chains, resulting in
alkylated amino acids with a terminal primary amide.
The direct linkage to an amide and a halogen makes
the alpha carbon very electrophilic and very
susceptible to attack by the nucleophiles present in
protein functionalities. In particular, this moiety is
reactive toward the sulfhydryl groups of cysteines,

however, it can react with other nucleophiles in amino
acids, in the following order of decreasing reactivity:
imidazolyl of histidines, thioether of methionines and
amines from lysines (Figure 10). Among the
haloacetamides, iodoacetamides are the more reactive
compounds,
followed
by
bromoacetamides,
chloroacetamides and fluoroacetamides (almost
unreactive). This reactivity accounts for the
widespread use of iodoacetamides for bioconjugations
[26]. In practice, the specificity for sulfhydryl
alkylation can be enhanced by using a limiting
amount of haloacetamide and a slightly alkaline pH.

Figure 10. Mechanism of sulfhydryl labeling with iodoacetamide derivatives.
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In the patent filed by molecular probes in
1988, the synthesis of a BODIPY dye functionalized
with iodoacetamide was reported[5]. Similar to the
isothiocyanate BODIPY that was discussed earlier,
the synthetic approach for generating the thio-reactive
fluorochrome involves the use of a BODIPY
functionalized with a succinimidyl ester precursor.
The coupling of the free amine from cadaverine
monotrifluoroacetamide with an activated carboxylic
group
yielded
a
BODIPY
containing
a
trifluoroacetamide function at the end of the five-

carbon chain, which was linked to the BODIPY core
via an amide linkage. The hydrolysis yielded the
deprotected amine. Finally, the iodoacetamide
function was added to the compound with paranitrophenyl iodoacetate, which is a suitable
iodoacetamide donor due to the electron-withdrawing
effect of the para-nitro group. In this reaction, the
amine attacks the carbonyl, resulting in the formation
of BODIPY iodoacetamide and a para-nitrophenol as
a byproduct (Figure 11).

Figure 11. Synthesis of the first BODIPY dye functionalized with iodoacetamide, which was patented by
molecular probes[5].

Molecular probes currently produces two
iodoacetamide-BODIPY derivatives (i.e., BODIPY
507/545 IA and BODIPY FL C1-IA). Some studies
applied BODIPY iodoacetamide compounds produced
by this company that are now discontinued (i.e.,
BODIPY® 530/550 IA, BODIPY® FL IA and
BODIPY® TMR CADAVERINE IA). To study the
effect of fluorophores on protein dynamics, bovine
serum albumin (BSA) was modified at Cys34 using a
commercially available iodoacetamide BODIPY by
simply stirring equimolar quantities of BODIPY and
BSA in DMSO for 8 hours at 4ºC [27]. Using similar
conditions, plasminogen activator inhibitor I, which is
a protein that modulates fibrinolytic activity in human
blood, was also labeled with a commercial BODIPY

carrying an iodoacetamide to study the important
interaction sites responsible for inhibition in the
protein [28].
Another iodoacetamide-BODIPY has also been
described in the literature. Using a different
methodology from the described above, the
compound was synthesized to couple the fluorophore
to sulfhydryl groups, in the side-chain of two cysteine
residues in a heptapeptide designed to target
peroxisomes. The synthetic procedure is not fully
described in the manuscript, but the approach
involved the use of 2-iodoacetamide and a BODIPY
dye with a carboxyl group activated by a succinimidyl
ester to obtain the thioreactive BODIPY with an Niodoacetylacetamide group [29] (Figure 12).

Figure 12. Use of 2-iodoacetamide for the functionalization of a succinimidyl ester-containing BODIPY to
obtain an iodoacetylacetamide functionality [29].
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It is interesting to note that, in addition to the
synthesis of BODIPY derivatives containing the
iodoacetamide functionality for sulfhydryl coupling,
the synthesis of a chloroacetamide BODIPY has been
reported. In general, this functionality is underexplored in bioconjugation reactions, moreover in this
case it was applied in the study of polyamine transport
[30]. The synthetic procedure involved the use of an
aniline-substituted BODIPY obtained from the
catalytic hydrogenation of a para-nitrophenyl

BODIPY, which is similar to the above described
methodology for preparation of isothiocyanate
BODIPY. 3-Ethyl-2,4-dimethylpyrrole and 4nitrobenzaldehyde were coupled with catalytic
quantities of TFA followed by aromatization with
DDQ to yield the respective dipyrrin, which was used
to obtain the respective BODIPY after complexation
with BF3.OEt2. The aniline-substituted BODIPY was
coupled with chloroacetyl chloride to yield a reactive
chloroacetamide BODIPY (Figure 13).

Cl
NH2

O

NO2

NH

O

1. TFA
2. DDQ

+
O

3. BF3.OEt2
4. H2 Pd/C

NH

N

N+

Cl

Cl
N+
BF F

N

BF F

Figure 13. Synthesis of a BODIPY dye functionalized with chloroacetamide from aniline-substituted BODIPY
and chloroacetyl chloride [30].

5. MALEIMIDE BODIPY DYES
Maleimide is a 2,5-pyrroledione known since
mid-twentieth century to react rapidly and specifically
with sulfhydryls [31]. At a pH near 7, maleimide
tends to form Michael adducts specifically with

sulfhydryl groups in spite of amine or hydroxyls,
which would only happen in higher values of pH
(Figure 14). Therefore, maleimide derivatives have
been extensively applied for the manipulation and
analysis
of
proteins
with
cysteine
[32].

Figure 14. Mechanism of sulfhydryl labeling with maleimide derivatives.

In another molecular probes patent filed in
1993, the synthesis of a BODIPY dye functionalized
with maleimide was reported [33]. Again, the
synthetic route reported in the patent started with a
succinimidyl ester-BODIPY. This amino-reactive
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BODIPY was employed in a reaction with
ethylenediamine resulting in a BODIPY with a free
amine group, which reacted with N-succinimidyl
maleimidoacetate, a crosslinking reagent that inserts a
maleimide group into the molecule via an amide
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linkage (Figure 15).

Figure 15. Synthesis of the first BODIPY dye functionalized with maleimide, which was patented by molecular
probes [33].

Commercially available BODIPYs with the
maleimide group have been employed in the
conjugation of proteins (e.g., glyceraldehyde-3phosphate dehydrogenase (GAPDH)). Equimolar
quantities of the maleimido-BODIPY and GAPDH
were incubated for 4 hours in an ice bath with a
phosphate buffer solution followed by dialysis against
the same buffer. The conjugation was developed to
standardize a novel fluorimetric assay to quantify
reactive thiols in biological samples [34].
Fluorescence quantification of the fluorophore
followed by protein quantification provided a rough
estimative of the thiol groups in the sample.
A Japanese group in 2007 reported the
synthesis of another maleimide BODIPY dye. Again,
BODIPYs containing an aniline group were employed
in the synthesis of a thio-reactive fluorophore. Three
isomeric compounds were synthesized by this
approach. 2,4-Dimethyl pyrrole was coupled with
nitro-benzaldehyde in the presence of TFA, followed
by aromatization with DDQ, classic complexation
with BF3.OEt2 and catalytic hydrogenation. To obtain
the desired compound, the amino-BODIPY reacted
with maleic anhydride to form a maleic acid appended
to the BODIPY core by an amide linkage. The
maleimide motif is achieved after dehydrative
cyclization catalyzed by acetic anhydride and sodium
acetate [35] (Figure 16).
Starting from different nitro-benzaldehydes,
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three isomers differing only in the position of the
maleimide in the ring were obtained in the above
described methodology. The ortho compound was
found to have low fluorescence, which is most likely
due to a photoinduced electron transfer phenomenon
[35]. Interestingly, the reaction with free thiol
prevented the electron transfer due to the extinction of
the double bound resulting in the restoration of the
BODIPY fluorescence. The authors propose that this
probe would most likely exhibit a high signal-to-noise
ratio due to these characteristics. The conjugation
with BSA was realized in phosphate buffer at 37ºC,
and the obtained product exhibited high fluorescence
intensity and low rates of non-specific fluorescence
[35].
The synthesis of a BODIPY dye bearing a
maleimide group using a hydrazide-BODIPY as the
starting material was also reported. This approach
resulted in a BODIPY with an acyl hydrazone bridge
between the fluorescent core and the maleimide group
[36]. This synthesis was part of an interesting strategy
to study the lability of the acyl hydrazone linker to the
pH of endosomes containing folate-receptors (FR). A
commercially available hydrazido-BODIPY was
employed in a reaction with 4-maleimidophenylacetic
acid resulting in the desired BODIPY. This BODIPY
was linked to the sulfhydryl group of a cysteine that
was already linked to a dark quencher and folic acid.
If the acyl hydrazone linker was labile to the pH
inside this endosomes, this probe was designed to
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fluoresce only inside of FR-containing endosomes
(Figure 17).

Figure 16. Synthesis of three isomeric BODIPY dyes containing the maleimide moiety using a meso-anilinesubstituted precursor [35].

Figure 17. Synthetic procedure for obtaining a maleimide BODIPY dye from a commercially available
hydrazide BODIPY [36].

6. THIOSULFATE
BODIPY DYES

AND

THIOSULFONATE

Thiosulfate and thiosulfonate are derived from
thiosulfuric and thiosulfonic acids, respectively, by
alkylation at a sulfur atom. They differ from sulfonate
and sulfate functions due to the exchange of an
oxygen atom for a sulfur atom. The linkage between
the two sulfur atoms is quite labile and tends to
exchange with free thiols to generate a disulfide bond
leaving sulfite or sulfinate. An interesting feature of
these reactive groups is the reversibility of the
disulfide bond they generate, which is different from
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the highly stable thioether bond. Common reducing
reagents, such as dithiothreitol (DTT) and tris(2carboxyethyl)phosphine (TCEP), can be used to break
the disulfide bond (Figure 18).
Applications of thiosulfates and thiosulfonates
date
back
to
the
1970s
with
methyl
methanethiosulfonate (MTS), which is a reagent
known for its capacity to modify cysteine by inserting
a methyl group at the sulfur atom [37]. These moieties
were widely used to conjugate compounds as sitedirected spin-labels [38], markers for electron
microscopy [39] and fluorescent probes [40].
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Figure 18. Mechanism of sulfhydryl labeling with thiosulfate and methanethiosulfinate derivatives.

Recently, a patent by molecular probes [41]
exclusively addressed compounds containing the
thiosulfate moiety and reported the preparation of
BODIPY dyes bearing this funcionality. The applied
approach involved the use of a reactive compound
(i.e.,
1,2,4,5-tetrafluorophenoxycarbonylmethyl
thiosulfate), whose synthesis was also reported in the
patent. From the reaction between sodium thiosulfate
and alpha-bromoacetic acid, a carboxylic acid
containing the thiosulfate functionality was obtained.
This compound was coupled via an ester bond to
1,2,4,5 tetrafluorophenyl in a base-catalyzed reaction
using tetrafluorophenyl trifluoroacetate as the initial
reagent (Figure 19). The reactive compound obtained
was employed in a reaction to transfer its
thiosulfateacetyl group to an aminated BODIPY,
which was described earlier in this review.

Thiosulfate BODIPY dyes were commercially
available from molecular probes but have been
discontinued. A commercial thiosulfate BODIPY dye
[42] has been used for labeling a cysteine residue at
the C-terminal end of the peptide pHLIP.
Unfortunately, the conjugation methodology was not
presented in detail, but the rationale behind the choice
of conjugation method can be elucidated. pHLIP is
known to exhibit pH-controlled insertion in cell
membranes, and the authors were interested in
assaying for peptide insertion. If the peptide is
inserted through the membrane, the labeled cysteine
would be in the cytoplasm. Once the disulfide bond
was cleaved by the cytoplasm environment, the
retention of the fluorophore would provide insight
into peptide insertion.

Figure 19. Synthetic procedure for obtaining a thiosulfate BODIPY dye, which was presented in the molecular
probes patent filed in 2005 [41].
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Several companies commercially produce
BODIPY dyes functionalized with MTS, and their
applications in protein labeling can be found in the
literature. One of these compounds was employed to
study the structural properties of the N-terminal
domain in photosynthetic complex CP29 using
Förster resonance electron transfer (FRET) [43]. Each
amino acid in this domain was separately substituted
with a cysteine residue, resulting in several singly
mutated proteins that were subsequently labeled with
the BODIPY dye at the cysteine residue. The
application of the FRET studies allowed the authors to
determine how each amino acid position interact with
the other protein motifs, resulting in the elucidation of
the structural properties of the protein.
Two procedures for the synthesis of MTS
BODIPYs have been published. One synthetic method
conjugated the pyrrolic unit with chloroacetyl

chloride generating a chlorinated dipyrrin that was
converted to the respective BODIPY using TEA and
BF3.OEt2 [44]. The chlorine was displaced by iodine
in a reaction with sodium iodide followed by
formation of a thiosulfonate moiety via reaction with
sodium thiosulfonate (Figure 20). Although the
authors propose the use of the obtained BODIPY for
biolabeling, it is not tested.
The other synthetic approach involved the use
of a commercially available BODIPY bearing a
succinimidyl ester reactive group [45]. The reaction of
the commercial BODIPY and 3-aminopropyl
methanethiosulfonate hydrobromide catalyzed by
diisopropylethylamine (DIPEA) yielded a BODIPY
derivative with a free MTS group (Figure 20). The
conjugation of the BODIPY with the muscle nicotinic
acetylcholine receptor was not successful, despite the
success achieved with other MTS fluorophores [44].

Figure 20. Two synthetic procedures for the preparation of MTS-BODIPY.

7. BODIPYS
LABELING

FOR

BIOORTHOGONAL

In addition to classic protein bioconjugation
targeting functionalities present in the side chains
of natural amino acids, bioorthogonal labeling arose
as a valuable approach for protein modification. In
this approach, specific chemical modifications are
realized in the protein allowing its specifc protein
labeling by targeting non-natural functional groups
[46].
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The nucleophilic attack by a nitrogen
nucleophile, such as hydrazine, hydrazide and
hydroxylamine,
in
carbonyl-containing
functionalities, such as an aldehyde or ketone, has
been an extensively explored orthogonal approach
for protein labeling. These functionalities can be
introduced into proteins via chemical or genetic
strategies, such as the insertion of the unnatural
amino acid para-acetyl-phenylalanine, posttranslational enzymatic modification of glycine to
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formylglycine and chemical insertion of aminooxy
at the C-terminus [46, 47]. After reaction with the
carbonyl compounds, hydrazine and hydrazide

form a hydrazone linkage while hydroxylamine
forms an oxime linkage (Figure 21).

Figure 21. Mechanism of ketone and aldehyde labeling using hydrazine, hydrazide or aminooxy compounds.

The 1988 molecular probes patent [5] reported
the synthesis of BODIPY dyes tagged with hydrazide
and sulfonyl hydrazide moieties. The hydrazide
derivative was obtained from a BODIPY precursor
containing an ethyl ester, which was obtained from
the reaction of a 2-pyrrole carbaldehyde and another
pyrrolic unit with an ethyl ester functionality. These
units were condensed in a reaction catalyzed by
hydrobromic acid to yield the respective dipyrrin,
which was then complexed with the difluoroboryl

unit. The ester is converted to a hydrazide via reaction
with hydrazine hydrate (Figure 22).
The synthetic procedure to obtain the sulfonyl
hydrazide employed a sodium sulfonate BODIPY,
which we speculate was generated from the reaction
of BODIPY and chlorosulfuric acid. The sulfonate
BODIPY is converted to a sulfonyl chloride derivative
through the reaction with thionyl chloride followed by
conversion to sulfonyl hydrazide using hydrazine
hydrate as the reagent (Figure 22).

Figure 22. Synthetic methods for obtaining hydrazide and sulfonyl hydrazide BODIPY derivatives described in
the molecular probes patent [5].

Two additional papers describe synthetic
procedures for generating hydrazine and hydrazide
BODIPYs. One procedure involved the use of
dichloro-BODIPY, which was obtained from the
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chlorination
of
dipyrromethane
with
Nchlorosuccinimide (NCS) followed by aromatization
and complexation to obtain the respective BODIPY
[48]. By manipulation of the stoichiometric
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relationship between this compound and hydrazine, it
was possible to obtain either the monohydrazine or
the dihydrazine BODIPYs. The displacement of the
remaining chloride atom with various electrophiles
generated a small library of monohydrazine
BODIPYs (Figure 23). The application of the
compounds in bioorthogonal labeling was proposed,
and their reactivity against simple aldehydes was
successfully shown. However, no assays with proteins
are reported.

The hydrazide-BODIPY was synthesized for
application as a marker for quantification of serum
aldehyde via chromatographic methods. The
procedure employed a meso-substituted BODIPY
with a carboxylic moiety synthesized using a cyclic
anhydride precursor [49]. The carboxyl group was
activated with a succinimidyl ester functionality in a
reaction with NHS catalyzed by DCC and
subsequently reacted with hydrazine to yield the
hydrazide functionality (Figure 23).
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Figure 23. A: Method for synthesizing the hydrazine-BODIPY B: Method for synthesizing the hydrazideBODIPY reported in the literature.

In 2011, a synthetic procedure described the
preparation of a BODIPY bearing an aminooxy
reactive group. The aim of the study was to synthesize
a fluorescent probe to mark a quorum sensing
chemical (i.e., 3-oxododecanoyl homoserine lactone)
bound to a proteic transcriptional modulator present in
some bacteria, which would allow for the
bioorthogonal labeling of this protein [50]. The initial
steps of the synthetic procedure were addressed
earlier in this review and involved the synthesis of a
BODIPY with an aniline moiety. In this particular
case, the fluorophore precursor was obtained by the
reduction of the nitro-containing BODIPY using
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sodium borohydride and nickel chloride. Phthalimidoaminooxyacetic acid (obtained from the sodium
hydride-catalyzed reaction of N-hydroxyphthalimide
and bromoacetic acid) was linked to the BODIPY by
an amide linkage catalyzed by DCC. The
phthalimido-protected BODIPY was converted to the
hydroxylamine derivative using hydrazine with
phthalimide as the leaving group (Figure 24). The
hydroxylamine BODIPY was successfully attached to
the keto group present in the transcriptional activator.
When catalyzed by aniline, better results were
obtained from the in vitro coupling at pH 4 compared
to that at neutral pH.
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Figure 24. Successful synthetic approach for generation of hydroxylamine-BODIPY.

The cycloaddition of azides and alkynes is
another important strategy for orthogonal protein
labeling. This reaction occurs via a concerted
mechanism, which has been known for a long time.
However, only recently the copper-catalyzed azidealkyne cycloaddition reaction (CuAAC), known as
Huisgen cycloaddition, was applied to the field of
biomolecule labeling. More recently, the use of

cyclooctynes is being employed as the reagent to
avoid the use of a metal catalyst [46]. The coupling of
substances using this method results in a 1,2,3-triazole
linkage, which is the most popular reaction in “click
chemistry” (Figure 25). Currently, several azide and
alkyne tags are available for protein modification for
their labeling with click chemistry-based conjugation.

Figure 25. Mechanism of coupling between an alkyne and an azide yielding the 1,2,3-triazole as the connecting
linker.

Since its development, the click azide-alkyne
reaction has been widely employed for conjugations
in several areas of chemistry, we were not surprised to
find several methods to obtain alkyne-BODIPY and
azide-BODIPYs in the literature. Interestingly, to the
best of our knowledge, none of the synthesized azidoBODIPYs were employed in the orthogonal labeling
of proteins. However, due to their potential
application in this field, we will review the synthetic
approaches for preparing these molecules. The 1988
Molecular Probes patent reports an azide-BODIPY
synthesized from the addition of sodium nitrite and
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hydrochloric acid to form hydrazide-BODIPY, whose
synthesis was shown above (Figure 26).
An approach employed in other studies
involved the use of bromohexyl benzaldehyde in a
reaction with a pyrrolic derivative. After
aromatization and complexation, the respective mesosubstituted BODIPY was obtained, yielding an azidoBODIPY after reaction with sodium azide [51, 52]
(Figure 26). A similar approach involves the
conversion of the halogen in a haloalkyl benzaldehyde
to the azido functionality, followed by the direct
application of the azido-appended benzaldehyde in
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the synthesis of a meso-substituted BODIPY (Figure
26). This method was successfully employed for the
synthesis of azido-BODIPY dyes [53, 54]. The use of
alkyne-substituted benzaldehyde is the most widely

employed method for the synthesis of BODIPYs with
this moiety [55- 57].

Figure 26. A: Synthesis of the azido-BODIPY shown in a patent by molecular probes [5]. B: Application of
bromohexyl benzaldehyde to obtain an azido-BODIPY. C: Direct synthesis of azido-BODIPY and alkynylBODIPY using the respective functionalized benzaldehydes.

Brominating and chlorinating agents have also
been successfully employed in the synthesis of azidoBODIPYs (Figure 27). It was recently shown that the
reaction of methylated BODIPYs with NBS yields
brominated BODIPYs with the halogen at the methyl
group linked to one or both C2 depending on the
stoichiometric relationship between the reagents.
These compounds were used to obtain azido-BODIPY
derivatives from their reaction with sodium azide and
alkyne-BODIPYs by reaction with propargyl alcohol
[58]. The chlorinating agent NCS has been shown to
generate chlorinated dipyrromethanes directly at C2.
After aromatization and complexation with
difluoroboryl, the chlorinated BODIPYs react with
sodium azide to yield the respective azido-BODIPY
[59] (Figure 27).
Azido alkylamines can be obtained from the
reaction of bromo alkylamine hydroboride with
sodium azide or from a similar reaction with N-
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phthalimido bromo alkylamine followed by amine
deprotection with hydrazine (Figure 28). The coupling
of these amines via an amide linkage with
commercially available succinimidyl ester-BODIPYs
has been applied to synthesize azido BODIPYs [60,
61]. A similar approach involves the use of an
azidocarboxylic acid to couple, via an ester linkage,
with a BODIPY containing a hydroxyl group, which
was obtained from the deacetylation of a commercialy
available material (Figure 28).
Another useful strategy is the Knoevenagel
condensation, which is a very powerful reaction for
modifying BODIPYs, and is the most widely used
method for tuning their photophysical properties. In
this reaction, aromatic aldehydes are used to add allyl
aromatic substituents to the methyl positions at C2 of
the BODIPYs. This method allows researchers not
only to modify photophysical properties but also to
insert functionalities. This method had been employed
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for the addition of both azido [52, 62, 63] and alkyne
functionalities to the BODIPY core in reactions
catalyzed by acetic acid and piperidine (Figure 29).
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8. OTHER BODIPY DYES
The syntheses of alternative BODIPY dyes
deserves to be mentioned in this review. In 1993, a
BODIPY with an imidazole heterocycle was
synthesized by a group at Northeastern University,
and it was named BO-IMI. In an EDC-catalyzed
reaction with a phosphate group, this compound

would yield a stable phosphorimidazolide linkage,
while the same reaction with a carboxyl group would
afford an easily hydrolyzed acylimidazole linkage
(Figure 30). Therefore, BO-IMI could be used as a
phosphate-reactive
probe
[64].

Figure 30. A: Coupling between a phosphate group and imidazole yielding a stable phosphorimidazole linkage.
B: Coupling between a carboxyl group and imidazole yielding an unstable acylimidazole linkage. C: Synthesis
of BO-IMI.
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BO-IMI was synthesized from the EDCcatalyzed coupling of a commercially available
hydrazide-BODIPY and N-acetyl-L-histidine [64]
(Figure 30). This probe was successfully employed
for the labeling of pepsin, which is a protein
containing a phosphate moiety linked to its structure.
BO-IMI was incubated for 14 hours with EDC and
pepsin in an MES/NaOH buffer at pH 5.5. The same
coupling procedure using a pepsin sample that was
pre-treated with a phosphatase resulted in a severe
loss of fluorescence, which suggested selective
linking to the phosphate moiety [65].
Diacrylate BODIPY is another interesting
probe synthesized to label proteins [66]. A BODIPY
with two acrylates conjugated to the fluorescent core
was synthesized for use as a marker for proteins
linked to an "RC" peptide tag (Arg-Cys-X-X-CysArg). The idea is that the double bonds in the acrylate
moieties would covalently bind to the sulfhydryl
group of the cysteines and that the carboxyl groups
would form an ionic interaction with the guanidinum
moiety of arginine. Once the probe links to the

protein, the conjugation extension is reduced,
resulting in a decrease in the emission wavelength,
which enables the differentiation between the
emission of the free BODIPY and the protein-linked
BODIPY.
The probe was synthesized from a mesosubstituted dipyrromethane obtained by a TFAcatalyzed reaction of benzaldehyde derivatives and
pyrrole. A carbonyl group is added to C2 and C10 at
the dipyrromethane via a Vilsmeier reaction.
Application of the Wittig reaction of the
dipyrromethene followed by aromatization with DDQ
and complexation with a difluoroboryl unit affords the
diacrylate-BODIPY (Figure 31). The capacity to stain
tagged proteins was studied in protein samples using
SDS-PAGE, and the synthesized BODIPYs were
shown to specifically label RC-tagged proteins.
Fluorescence microscopy experiments in transfected
live cells expressing tagged H2B histone resulted in
clear nuclear staining, which illustrated the specificity
of the dye to tagged proteins.

Figure 31. A: Interaction between the diacrylate moiety and the RC-tagged proteins B: Synthesis of diacrylate
BODIPYs.
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9. CONCLUDING REMARKS
BODIPYs are highly valuable compounds in
the field of biomolecule labeling due to their chemical
stability and photophysical properties. As a
consequence of their relatively easy synthesis and
chemical modification, this class of compounds was
the subject of a wide range of studies both in the area
of biological labeling and chemical synthesis. Herein,
we reviewed studies focusing on both subjects. By
studying the available synthetic methods for the
preparation of BODIPYs for protein labeling, we have
provided a review of the state of the art in this area.
We found many underexplored synthetic methods that
can be employed to produce reactive BODIPYs for
protein labeling. It is also important to note that the
field of bioorthogonal labeling of biomolecules is on
the rise and few BODIPYs possessing chemical
motifs applicable in this area have been explored.
Finally, due to the increasing number of fluorescentbased techniques, interest in novel high-yielding
synthetic procedures for the synthesis of BODIPY
dyes with variable chemical groups and photophysical
properties will continue to grow.
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