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Abstract
%2',3< 'LIOXRURDDGLD]DVLQGDFHQH G\HVKDYHJDLQHGORWVRIDWWHQWLRQLQ
DSSOLFDWLRQ RI IOXRUHVFHQFH VHQVLQJ DQG LPDJLQJ LQ UHFHQW \HDUV EHFDXVH WKH\ SRVVHVV
PDQ\ GLVWLQFWLYH DQG GHVLUDEOH SURSHUWLHV VXFK DV KLJK H[WLQFWLRQ FRHIILFLHQW QDUURZ
DEVRUSWLRQ DQG HPLVVLRQ EDQGV KLJK TXDQWXP \LHOG DQG ORZ SKRWREOHDFKLQJ HIIHFW
+RZHYHU PRVW RI %2',3<EDVHG IOXRUHVFHQW SUREHV KDYH YHU\ SRRU VROXELOLWLHV LQ
DTXHRXV VROXWLRQ HPLW OHVV WKDQ  QP IOXRUHVFHQFH WKDW FDQ FDXVH FHOO DQG WLVVXH
SKRWRGDPDJHV FRPSDUHG ZLWK ELRGHVLUDEOH QHDU LQIUDUHG  QP  OLJKW 7KHVH
XQGHVLUDEOH SURSHUWLHV H[WUHPHO\ OLPLW WKH DSSOLFDWLRQV RI %2',3<EDVHG IOXRUHVFHQW
SUREHVLQVHQVLQJDQGLPDJLQJDSSOLFDWLRQV,QRUGHUWRRYHUFRPHWKHVHGUDZEDFNVZH
KDYH GHYHORSHG D YHU\ HIIHFWLYH VWUDWHJ\ WR SUHSDUH D VHULHV RI QHXWUDO KLJKO\ ZDWHU
VROXEOH %2',3< G\HV E\ HQKDQFLQJ  WKH ZDWHU VROXELOLWLHV RI %2',3< G\HV YLD
LQFRUSRUDWLRQ RI WUL HWK\OHQH JO\FRO PHWK\O HWKHU 7(*  DQG EUDQFKHG ROLJR HWK\OHQH
JO\FRO PHWK\OHWKHU %(* UHVLGXHVRQWR%2',3<G\HVDWDQGPHVR
SRVLWLRQV:HDOVRKDYHHIIHFWLYHO\WXQHGDEVRUSWLRQVDQGHPLVVLRQVRI%2,'3<G\HVWR
UHG GHHS UHG DQG QHDU LQIUDUHG UHJLRQV YLD VLJQLILFDQW H[WHQVLRQ RI ʌFRQMXJDWLRQ RI
%2',3< G\HV E\ FRQGHQVDWLRQ UHDFWLRQV RI DURPDWLF DOGHK\GHV ZLWK GLIRUP\O
%2',3<G\HVDWSRVLWLRQV%DVHGRQWKHIRXQGDWLRQWKDWZHEXLOWIRUHQKDQFLQJ
ZDWHU VROXELOLW\ DQG WXQLQJ ZDYHOHQJWK ZH KDYH GHVLJQHG DQG GHYHORSHG D VHULHV RI
ZDWHUVROXEOH%2',3<EDVHGIOXRUHVFHQWSUREHVIRUVHQVLWLYHDQGVHOHFWLYHVHQVLQJDQG
LPDJLQJRIF\DQLGH=Q ,, LRQVO\VRVRPDOS+DQGFDQFHUFHOOV
:HKDYHGHYHORSHGWKUHH%2',3<EDVHGIOXRUHVFHQWSUREHVIRUVHQVLQJRIF\DQLGH
LRQV E\ LQFRUSRUDWLQJ LQGROLXP PRLHWLHV RQWR WKH SRVLWLRQ RI 7(* RU %(*PRGLILHG
%2,'3<G\HV7ZRRIWKHPDUHKLJKO\ZDWHUVROXEOH7KHVHIOXRUHVFHQWSUREHVVKRZHG
VHOHFWLYH DQG IDVW UDWLRPHWULF IOXRUHVFHQW UHVSRQVHV WR F\DQLGH LRQV ZLWK D GUDPDWLF
IOXRUHVFHQFH FRORU FKDQJH IURP UHG WR JUHHQ DFFRPSDQ\LQJ D VLJQLILFDQW LQFUHDVH LQ
IOXRUHVFHQW LQWHQVLW\7KHGHWHFWLRQOLPLW ZDV PHDVXUHG DV  P0RIF\DQLGHLRQV:H
DOVR KDYH SUHSDUHG WKUHH KLJKO\ ZDWHUVROXEOH IOXRUHVFHQW SUREHV IRU VHQVLQJ RI =Q ,, 
LRQVE\LQWURGXFLQJGLSLFR\ODPLQH '3$=QLRQFKHODWRU RQWRDQGRUSRVLWLRQVRI
xi

%(*PRGLILHG%2',3<G\HV7KHVHSUREHVVKRZHGVHOHFWLYHDQGVHQVLWLYHUHVSRQVHVWR
=Q ,, LRQLQWKHUDQJHIURPP0WRP0LQDTXHRXVVROXWLRQDWS+3DUWLFXODUO\
RQH RI WKH SUREHV GLVSOD\HG UDWLRPHWULF UHVSRQVHV WR =Q ,,  LRQV ZLWK IOXRUHVFHQFH
TXHQFKLQJ DW  QP DQG IOXRUHVFHQFH HQKDQFHPHQW DW  QP 7KLV SUREH KDV EHHQ
VXFFHVVIXOO\ DSSOLHG WR WKH GHWHFWLRQ RI LQWUDFHOOXODU =Q ,, LRQV LQVLGH WKH OLYLQJ FHOOV
7KHQ ZH KDYH IXUWKHU GHYHORSHG WKUHH DFLGRWURSLF QHDU LQIUDUHG HPLVVLYH %2',3<
EDVHG IOXRUHVFHQW SUREHV IRU GHWHFWLRQ RI O\VRVRPDO S+ E\ LQFRUSRUDWLQJ SLSHUD]LQH
PRLHW\DWSRVLWLRQVRI7(*RU%(*PRGLILHG%2',3<G\HVDVSDUWVRIFRQMXJDWLRQ
7KH SUREHV KDYH ORZ DXWRIOXRUHVFHQFH DW SK\VLRORJLFDO QHXWUDO FRQGLWLRQ ZKLOH WKHLU
IOXRUHVFHQFH LQWHQVLWLHV ZLOO VLJQLILFDQW LQFUHDVH DW  QP ZKHQ S+ VKLIW WR DFLGLF
FRQGLWLRQ 7KHVHWKUHHSUREHV KDYHEHHQ VXFFHVVIXOO\DSSOLHGWR WKHLQ YLWUR LPDJLQJRI
O\VRVRPHV LQVLGHWZRW\SHV RIOLYLQJFHOOV$WWKHHQGZH KDYH V\QWKHVL]HGRQHZDWHU
VROXEOHQHDULQIUDUHGHPLVVLYHFDQFHUFHOOWDUJHWDEOH%2',3<EDVHGIOXRUHVFHQWSRO\PHU
EHDULQJ FDQFHU KRPLQJ SHSWLGH F5*'  UHVLGXHV IRU FDQFHU FHOO LPDJLQJ DSSOLFDWLRQV
7KLVSRO\PHUH[KLELWHGH[FHOOHQWZDWHUVROXELOLW\QHDULQIUDUHGHPLVVLRQ QP JRRG
ELRFRPSDWLELOLW\,WDOVRVKRZHGORZQRQVSHFLILFLQWHUDFWLRQVWRQRUPDOHQGRWKHOLDOFHOOV
DQGFDQHIIHFWLYHO\GHWHFWEUHDVWWXPRUFHOOV

xii

Chapter 1. Introduction
1.1

Fluorescence sensing and fluorescent probes
In the past 20 years, there has been a remarkable growth in the use of fluorescence

probes for fluorescence sensing and imaging in various fields of modern sciences. So far,
fluorescent sensing technology has become a very powerful and indispensable tool to be
extensively used in the areas of clinical diagnostics, biotechnology, molecular biology
and biochemistry, materials and environmental sciences.1-2 Compared with traditional
methods like chemo-absorptive detections, electrochemical detections, NMR and
radioactive tracings, many features of fluorescence sensing distinguish itself to be one of
most powerful transduction mechanisms to report the chemical recognition events,3
especially for sensing and visualization of analytes inside of living cells. For instance,
fluorescence signal does not consume or destruct analytes and surrounding objectives.
This non-invasive measurement is ideal for bio-specimens. The fluorescence sensing has
ultra-high sensitivity and specificity which even allows the detection of the signal from
single molecule.4 With rapid response time in the scale of 10-8 s and diversity of emission
wavelengths, fluorescence sensing is possible to provide the real-time monitoring of
various analytes simultaneously.2 In addition, fluorescence travels without specific
physical guide and no reference is required, which enormously simplifies the technical
and instrumental requirements and reduces the measurement costs. Thus, the fluorescence
sensing technology is considered as one of the most important methods for future
miniaturized detections and screenings.5
There is no doubt that the fluorescent probe is the key component of fluorescence
sensing technology because it is the molecule capable of converting of chemical events
(binding, reactions, conformation changes etc.) to detectable fluorescence signals, which
is in direct relation to the sensitivity, specificity, response range and many other aspects
of the sensing. Although some natural products with intrinsic fluorescence have been
widely used, their numbers still are very limited. Therefore, development of synthetic
fluorescent probes are very important because they extensively enlarge the diversity of
fluorescent probes and extend the areas of fluorescent technology.
1

Figure 1.1. Illustration of fluorescent probe.
The typical structure of synthetic fluorescent probe consists of three essential parts –
fluorophore, spacer and receptor (Figure 1.1). The receptor is an analyte recognition site
that is also called chelator, ligand or binding site. The fluorophore is a fluorescent
reporter moiety which translates the recognition events between the analyte and the
receptor into changed or amplified fluorescent output signals. The spacer (also called
linker) is the moiety which links fluorophore and receptor (Figure 1.1). The length of
spacer is variable and highly dependent on the mechanism of the fluorescence
modulation. In some cases of fluorescent probes, the spacers are shortened to be a single
bond. The sensing mechanisms of fluorescent probes are experimentally versatile so the
output fluorescent signals can be monitored in the form of absorption and emission
spectra, fluorescence intensities, fluorescent lifetimes, quantum yields and even as
anisotropies.6 With the rapid developments of advanced instrumentations including
various types of fluorescence microscopes, the design and development of novel
fluorescent probes with high sensitivities, specificities and spatial sampling capability is
particularly important for further investigating the cellular and subcellular functions. This
area attracts lots of attention of researchers and it continues to be the one of most vibrant
and multidisciplinary topics. However, there are still many molecules, especially in living
cells, which are either hard to recognize or have too low concentrations to be detected by
current fluorescent probes. Therefore new artificial fluorescent probes are highly
desired.7

2

1.2

Design criteria of fluorescent probes
Since the fluorescence sensing and imaging are critically dependent on the

fluorescent probes, design of appropriate probes with desired properties is particularly
important. There are some criteria need to be considered in the design of fluorescent
probe, which will be discussed in below.
1) Selective response:

The first and foremost need to consider for design of

fluorescent probe is the ability of the probe to selectively and specifically
fluorescence respond to the analyte of interest without interference by interferents.
For example, specific chelation pocket design of the receptor moiety on the
fluorescent probe will only allow specific metal cation to bind when other cations
are present at same time.
2) The brightness of fluorescence: The fluorescence should be as bright as possible. It
means the high quantum yield, large extinction coefficient at excitation wavelength
are very important and should be desired properties of the fluorophore or the entire
fluorescent probe.
3) Robustness of fluorescent probes: Stability against chemicals and light is an
obvious criterion for the fluorescent probe. Many categories of fluorescent probes
still suffer from the high photobleaching effect (the irreversible destruction of the
excited

fluorophore

under

high-intensity

illumination

conditions),

which

significantly limit their fluorescence detectabilities. Therefore, chemostability and
photostability of fluorescent probes are highly desired properties and must be
considered.
4) Turn-on fluorescence: the turn-on output fluorescence signal (fluorescence
enhancement) of fluorescent probe is much more favored than the turn-off response
(fluorescence quenching) because it is able to significantly elevate the signal-tonoise ratio(S/N) and make the fluorescence visualization easier to be realized.

Living organisms are much more complicated and easier to be damaged than the
regular analytical specimens. Thus, beside of the basic criteria discussed above there are
3

more issues and requirements need to be concerned for those fluorescent probes which
function inside of living cells or bio-tissues.
a) Good aqueous solubility and membrane permeability: Considering the character
of aqueous environment in cytosol and plasma of cells and tissues, good aqueous
solubility of the fluorescent probe is highly desired for biological applications,
especially

for

in

vivo

measurements.

The

Probe

with

too

much

hydrophobicity/lipophilicity will easily aggregate together and accumulate within
membrane structures of the cells, which extremely limits the performance of the
probe such as targeting localization, quantum yield and sensitivity. However,
sufficient lipophilicity is also necessary for the fluorescent probe to achieve good
permeability to pass through the membranes so that it can go into the cells or
subcellular organelles as specific targets.8 So, appropriate hydrophilic-lipophilic
balance is a crucial factor to control the performance of the fluorescent probe.9
b) Long-wavelength absorption and emission: Compared with the fluorescence in the
region of ultraviolet (UV) and short wavelength of visible light (< 500 nm), longwavelength absorption/emission is highly desired for fluorescent probe in biological
applications since it generates less photodamage to cells and tissues and there is less
interference caused by absorptions and auto-fluorescence of biomolecules.
Particularly, near infrared region (NIR, defined as 650 nm- 900 nm) is a golden
range for bio-applicable fluorescent probes. This is because near infrared light not
only minimizes the photodamage but also dramatically reduces the light scattering
(Rayleigh and Raman) and absorbing interferences. It also generates deep
penetrations for biological specimens (up to 1-2 cm in depth), which extremely
facilitates in vivo imaging of molecular processes.10-12 Thus this region is also called
“biological window”.13-14
c) Ratiometric fluorescence responses: Ratiometric response means the fluorescence
changes at two different wavelengths simultaneously. This two-channel fluorescence
response usually offers high signal-to-noise ratio (S/N) and it is very helpful for
intracellular measurements because it could eliminate most fluorescence change
caused by the effects which are not related to the analytes of interest, such as
4

unequal dye loading, different cell thickness, photobleaching and dye leakage,
instrumental efficiency etc.
Although no fluorescent indicator has been reported that perfectly satisfies all these
criteria at once, partial fulfillment for particular usage will be helpful.

1.3

BODIPY-based fluorescent probes
Among numerous synthetic fluorescent probes, those sets based on 4,4-Difluoro-4-

bora-3a,4a-diaza-s-indacene (Difluoroboron dipyrromethene, abbreviated as BODIPY)
have shown almost highest potential and attracted tremendous attentions in recent years.
BODIPY is actually a structural analogue of porphyrins. Figure 1.2 shows the structure of
the BODIPY core.

Figure 1.2. Structure of BODIPY dye.
1.3.1 Merits of BODIPY-based fluorescent probes
The reason of BODIPY dyes being the focus of the research in fluorescent sensing
nowadays is that this highly fluorescent dye possesses many remarkable chemical and
spectroscopic properties that are ideal for the design of next generation fluorescent
probes. For instance, the BODIPY core absorbs and emits sharp bands of light around
500 nm with high extinction coefficient (usually > 80 000 M-1cm-1) and high quantum
yields. BODIPY dye is chemically and physicochemically robust with moderate redox
potential,

excellent

photostability

and

negligible

sensitivity to

solvents

and

temperatures.15 More importantly, the unique structure of BODIPY dye endows itself
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with eight functionalizable positions surrounding the core. Many different types of
reactions can be applied through these positions, such as electrophilic substitutions at 2,6positions, nucleophilic subsititutions at 3,5- or 4- or 8-positions, condensation reactions
at 3,5- or 2,6-positions, palladium catalyzed cross coupling reactions like Suzuki and
Sonogashira at all positions except 4-position etc.15 These synthetic pathways extremely
extend the diversity of BODIPY derivatives so that they could incorporate various
functionalities with different receptors for many sensing applications. In addition,
BODIPY dye is a highly tunable molecule. The original BODIPY core does not emit long
wavelength or NIR fluorescence, but facile modifications of BODIPY core can tune their
absorption and emission wavelengths to red, deep red and even NIR regions with
extended the conjugations. These excellent characteristics of BODIPY dye have inspired
researchers for developing BODIPY-based fluorescent probes for environmental,
biological sensing and imaging applications and many of them have been reported by in
recent years. The detailed the properties and current applications of BODIPY dyes and
BODIPY-based fluorescent probes are described in Chapter 2.
1.3.2 Drawbacks and challenges of current BODIPY-based fluorescent probes
However, the discovery about BODIPY dyes and their application for fluorescence
sensing is far away from mature, especially in the area of biosensing and imaging, and
still facing many challenges because of many undesirable characteristics of BODIPY
dyes. For example, many analytes such as transition metal ions, toxic species,
intracellular pH etc. are still lack of efficient sensing by fluorescent probes with high
sensitivities (low detection limits) in biological conditions although some good probes
(including BODIPY-based probes) have been reported. This means the sensitivities and
specificities of BODIPY-based fluorescent probes to these analytes eagerly need further
improvement. Besides, BODIPY core has highly hydrophobic nature. This character
makes the most of current BODIPY base fluorescent probes too hydrophobic (with very
low aqueous solubility) to be applied into aqueous conditions such as biological system.
Moreover, most BODIPY fluorescent probes absorb and emit in short wavelength regions
which causes potential photodamage to cells and tissues. Only a few NIR emissive
BODIPY dyes have been reported. All of these challenges and drawbacks extremely limit
6

the applications of BODIPY-based fluorescent probes in in vitro and in vivo biosensing
and labeling applications.

1.4

Research objective and outline
In order to overcome the current challenges which have been mentioned above and

better apply BODIPY dyes to fluorescence sensing, the research in this dissertation
focuses on the modification of BODIPY dyes and development of novel, highly sensitive
and selective BODIPY-based fluorescent probes for various sensing applications,
especially for biosensing and imaging in living cells. The aim of this research
concentrates on three directions: enhancing water solubility of BODIPY dyes, tuning
BODIPY dyes to be long-wavelength (especially in NIR region) emissive, and
developing BODIPY-based fluorescent probes for fluorescent sensing and in vitro
bioimaging applications (Figure 1.3).

Figure 1.3. Research outline based on BODIPY dye.
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In detail, to overcome the drawback of the high hydrophobicity of regular BODIPY
dye we explored novel methods and modifications strategies to enhance the
hydrophilicity of BODIPY core. Based on this, a series of neutral, highly water-soluble
BODIPY dyes were synthesized. This was discussed in Chapter 3. In Chapter 4, we
investigated the strategies of further tuning the absorption and emission wavelength of
BODIPY dyes to the deep red, and NIR regions through activated condensation reactions
at 1,3,5,7-positions of BODIPY dyes. With the foundations built in Chapter 3 and 4, we
designed and synthesized various novel, highly sensitive BODIPY fluorescent probes for
detection of cyanide ion, Zn (II) ion, lysosomal pH and cancer cells. The detections of
these analytes are extremely important and eagerly desired to improve from current
sensing methods, especially in biological conditions. All the probes were fully
characterized in chemical structures, spectroscopic properties and fluorescent responses
to analytes. We applied our BODIPY fluorescent probes for Zn (II) ion, lysosomal pH
and cancer cells to in vitro fluorescence sensing and imaging in living cells. All design,
investigations and applications of these probes were discussed in Chapter 5 to 8.
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Chapter 2. Background
2.1

General overview of fluorescence
In 1845, the fluorescence phenomenon was first reported by Sir John Frederick

William Herschel by observation of “superficial color” light from quinine aqueous
solution under sunlight1. But until 1950s, people started to scientifically reveal,
understand and develop fluorescence and fluorescence technology with the rapid
development of modern physics and innovation of spectrofluorometer2. Generally
speaking, fluorescence is belong to one type of luminescence which is the emission of
light from any substances from their electronically excited states after absorbing of light
or other electromagnetic radiations. Molecules with fluorescence properties are called
fluorophores and typically they are aromatic compounds. Their S-electrons on the ground
orbital can be excited to higher energy leveled excited orbitals under the radiations of
light and these unstable electrons rapidly return to their ground state orbital by energy
lease with emission of photons.
The classic way for illustration of this light absorption and emission process of
fluorescence is by using Jablonski diagram. This diagram is named after Professor
Alexander Jablonski, who is regarded as the father of fluorescence spectroscopy because
of his many accomplishments on fluorescence. Figure 2.1 shows a typical Jablonski
diagram. The ground, first and second electronic states are depicted by S0, S1 and S2,
respectively. At each of these energy levels, the fluorophores can exist in many
vibrational energy levels. Under the light irradiation, the fluorophore is excited to
numbers of different vibrational levels on excited state of either S1 or S2 which depends
on the irradiation energy. Then the molecule very rapidly relaxes to its lowest vibrational
level of excited state S1 through vibrational relaxation and internal conversion processes
from S2 to S1. This process occurs within 10-12 second that is several orders of magnitude
smaller than the fluorescence emission rate (~10-8 s). So this transition usually completes
prior to the fluorescence and it will not give any emission. From a thermally equilibrated
excited state, which is the lowest vibrational state of S1, fluorophore returns to different
vibrational levels of ground states S0, releasing the energy through emission of photons.
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This process is called fluorescence. The fluorophore in S1 state also can undergo an
electron spin conversion via intersystem crossing process to be converted to its triplet
state T1. The transition from T1 state to ground state S0 is termed phosphorescence,
another type of luminescence, giving a longer wavelength emission relative to
fluorescence due to the lower energy levels of T1 relative to S1 states. Because of the
same spin orientation of electrons at T1 and S0 states, the transition from T1 to singlet
ground state is forbidden by the principle of quantum mechanics. As a result, the
emission rate of phosphorescence is several orders of magnitude smaller than that of
fluorescence.

Figure 2.1. Jablonski diagram.
Jablonski diagram also reveals that the energy of fluorescence emission is always
less than that of absorption. Because of this, fluorescence typically occurs at longer
wavelengths than absorption. This wavelength shift was first discovered by Sir. G. G.
Stokes in 1852 and named bear his name “Stokes shift”3. A typical fluorescence spectrum
contains absorption and emission curves in one plot. Emission spectra are relative broad
and usually a mirror image of absorption spectrum of S0 - S1 transitions. The shape and
11

intensity of fluorescence emission spectra are highly depend on the chemical structure of
fluorophore, solvents and some other factors.
The characteristics of fluorescent molecules usually are described by several
important parameters including: maximum absorption and emission wavelength (Oabs,
Oem), molar extinction coefficient (H), fluorescence quantum yield ()f) and fluorescent
life time (W). Maximum absorption and emission wavelength is the wavelength of highest
peak of absorption and emission spectra, respectively. Molar extinction coefficient (H) is
the constant of Lambert-Beers law, describing the light absorption ability of fluorescent
molecules at certain wavelength. Fluorescence quantum yield is the ratio of photons
absorbed by fluorophore to photons emitted through fluorescence. In other words, the
fluorescence quantum yield gives the probability of deactivation of excited states through
fluorescence emission rather than by another, non-radiative transitions. Fluorescent
quantum yield governs the brightness of the fluorescent molecules and it is one of the
most important characteristics fluorophores. High quantum yield is always highly desired
for fluorescent probes design and other fluorescence technologies. Fluorescence life time
(W) is average time fluorophore spend for staying at excited states before it returns to the
ground states through fluorescence emission. The typical fluorescent lifetime is around
several nanoseconds.

2.2

Common organic fluorophores for fluorescent sensing and labeling
The unique absorption and emission properties of fluorescent molecules make them

ideal for environmental, biological sensing and labeling applications. Relative to the
absorbance based dye labeling, radioactive labeling and electrochemical sensing,
fluorescent sensing and labeling technique is much more informative, sensitive and noninvasive, which make it feasible to do the things that were not previously possible.
Although some of the natural biomolecules like NADH, tryptophan, green fluorescent
proteins (GFP) are intrinsic fluorescent, using synthetic organic fluorophores extensively
extends the diversity of fluorescent sensing, the area of fluorescent technologies with
more informative and sensitive visualizations. Obviously, the key factor of fluorescence
sensing and labeling application rely on the fluorophores. Nowadays, thousands of
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organic fluorophores has been developed and most of them absorb and emit light in
visible to near infrared region. Among them, four fluorophore families (Figure 2.2)
including fluoresceins, rhodamines, cyanines and BODIPYs are most well-known and
studied.

Figure 2.2. Commonly used organic fluorophore families.
Fluorescein belongs to the xanthene class of dyes. It absorb and emit light in visible
region with maximum peaks at 490 nm and 512 nm in basic water for absorption and
emission, respectively4. The remarkable properties of fluorescein like high extinction
coefficient, high quantum yield and good water solubility make fluorescein become one
of the most used fluorephore for bio-labeling applications5 and clinic diagnoses in the
field of ophthalmology and optometry6. However, fluorescein has many disadvantages
including high photo-bleaching rate, absorption and emission pH-dependency, and
relative short emission wavelength. These drawbacks limit its further applications.
Rhodamine is also one type of xanthene class of dyes. Most Rhodamine dyes have
very strong absorptions and emissions at around 500 nm in visible region with high
quantum yields. Compared with fluorescein, Rhodamine dyes have higher photostability
and their core optical properties are less sensitive to pH.7

Rhodamine dyes like

Rhodamine 6G and Rhodamine B, Rhodamine 101 etc. (Figure 2.3) have been widely
used in the area of fluorescence standards, fluorescent lifetime measurements, labeling
agents and environmental examinations. More importantly, Rhodamine provides a very
good skeleton for fluorescence modulations because of its unique spirolactam ring openclose mechanism (Figure 2.4). The amidation of Rhodamine usually results in spiro13

cyclization that forms a five-membered spirolactam ring showing no fluorescence
because the conjugation is disrupted. Changing of pH or adding of metal ions can open
the spirolactam ring and rebuild the conjugation system so the fluorescent is recovered.
Based on this strategy, thousands of functionalized Rhodamine derivatives with different
optical and sensing properties have been developed for bio-labeling, subcellular imaging
and ion sensing applications in last 30 years.8-11 To some extent, Rhodamine based
fluorescent probes have been one of the most popular research area in chemistry,
biochemistry and biology. However, Rhodamine based fluorophores still have many
weak points. Low water solubility, limited modification sites on the core and short
wavelength emissions (compared with near-infrared emission) of Rhodamine dyes limit
their applications although many success has been accomplished in this area.

Figure 2.3. Examples of commercial Rhodamine dyes.

Figure 2.4. Fluorescent modulation of Rhodamine based fluorescent probes through
spriolactam ring open/off process.
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Figure 2.5. Examples of Cyanine dyes.
Cyanine is a synthetic dye family belonging to polymethine group. Cyanine dye is
one of the most commonly used long-wavelength fluorophore. It contains two
heterocyclic rings linked by polymethine chain with conjugated double bonds as
conjugation. The number of double bonds (typically 2-5) decides the wavelength it
absorbs and emits, usually in the range from 600 nm to 900 nm. Figure 2.5 shows several
examples of Cyanine dyes with different absorption and emission wavelengths. The
names of Cy3, 5 or 7 come from the combination of abbreviation of cyanine and the
number of carbons of methines that separate two heterocyclic rings. Cyanine dyes have
been widely used in industry area and more recently in biological area by taking benefit
of its near infrared (NIR) absorptions and emissions which ideally fits the ideal
“biological window” (700-900 nm). Nevertheless, the main issue related to this
fluorophore for biological sensing applications is that strong aggregation effect and
concentration dependency in aqueous solution are often encountered, which significantly
reduce the aqueous solubility, fluorescence brightness and the sensitivities of cyanine
dyes. One way to solve this aggregation problem of cyanine dyes is to introduce anions
such as sulfonate or carboxylate groups on the cyanine fluorophore that can significantly
enhance the solubility and reduce the aggregations because of strong electrostatic
15

repulsions. However, this ionic profile bring the problems of electrostatic non-specific
bindings or other electrostatic interferences between fluorophores and analytes, especially
during cellular or subcellular level biological sensing. In addition, cyanine dyes also
suffer

from

their

poor

photostability,

scanty functionalization

methods

and

rotation/photoisomerization due to non-rigid structures that result in nonradiative
decays.12-14
BODIPY is a structural analogue of the porphyrins (Figure 2.6). Compared with the
other three type fluorophores discussed above, BODIPY dyes possess many advantages
such as their facile synthesis and structural versatility, high extinction coefficient (
usually > 80 000 M-1cm-1), sharp absorption and emission bands with high quantum
yields, moderate redox potential, negligible sensitivity to solvent and temperature and
excellent photostability. In this research, we chose BODIPY fluorophore as the base
skeleton for further modification and probe design. Therefore, in the following section of
this chapter, the detailed structure information, optical properties, reactions and
functionalization of BODIPY fluorophore will be discussed.

2.3

BODIPY dyes

2.3.1

Fundamentals of BODIPY dyes

The IUPAC name of BODIPY is 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene. More
concise and popular name “BODIPY” is come from the abbreviation of BOronDIPYrromethene. It is composed of dipyrromethene complexed with a disubstituted
boron atom, typically a BF2 unit. Because of BF2 complexation, the dipyrromethene
ligand is linked by a N-B-N bridge, forming fixed planarity of S-electrons system where
the positive charge can be delocalized between two nitrogen atoms via resonance
structures equilibrium (Figure 2.6).

The single crystal X-ray structure of BODIPY

indicates a fused planar system with strong chromophoric S-electrons delocalization
within twelve-membered framework of BODIPY core (Figure 2.7). But two fluorine
atoms, instead of co-planed with dipyrrole ring, is perpendicular to it with a distorted
tetrahedron BF2N2 configuration.15-16 Although BODIPY dyes do not obey Hückel’s
aromaticity rule, their properties are more similar to those of aromatic S-system because
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of the rigidity introduced by coordination of boron atom. The IUPAC numbering system
of BODIPY core shows eight functionable positions, and in addition to it, the
conventional numbering by D-, E- and meso-positions are also used, especially for the
“meso-position” which is more popular than the statement of 8-postion in many papers.

Figure 2.6. Structure of BODIPY core and its numbering system.

Figure 2.7. X-ray structure of unsubstituted BODIPY dye.16 (Graph reuse was permitted
by Elsevier B.V, see detail at end of this dissertation)
Compared with classic fluorophores like fluorescein and rhodamine, BODIPY dyes
have outstanding photophysical properties such as high extinction coefficients, narrow
absorption and emission bands, pH insensitive, good stability, high fluorescence quantum
yields etc. BODIPY and its derivatives are neutral, thermostable and highly colored small
molecules with intensive and sharp-band absorptions and fluorescent emissions because
of the rigid framework on the core. Typical absorption and emission bands of BODIPY
dyes lie in the range of 480 - 550 nm with very high extinction coefficients and quantum
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yields in organic solvents (normally H > 8000 M-1cm-1; )f > 0.6). Figure 2.8 shows the
absorption and emission spectra of an unsubstituted BODIPY dye. The intense absorption
band around 500 nm is attributed to S0 - S1 (S – S*) transition and the shoulder peak
centered at 480 nm is due to the 0 -1 vibrational transition. Substituted BODIPY dyes
containing electron donating groups like alkyl and amino, heavy atoms like iodine and
bromine usually shows about 10 - 50 nm red-shifted absorptions and emissions due to the
reduced the HOMO-LUMO gaps of the dyes. Further conjugation of BODIPY core with
aromatic rings, double bonds and triple bonds through the electrophilic positions of
pyrrole rings allow the absorption and emission of BODIPY dyes be tuned to longer
wavelengths with 50-300 nm red shifts depending on the level of S-system extension. In
summary, many different types of modifications can be applied on BODIPY dyes to tune
their absorption and emission properties in a very broad range, which extensively expand
the applications of BODIPY dyes in many fields. The detailed modifications, optical
properties tuning of BODIPY dyes will be discussed in section of 2.4 in this dissertation.

Figure 2.8. Absorption and fluorescence emission spectra of unsubstituted BODIPY dye
in MeOH solution.16 (Graph reuse was permitted by Elsevier B.V, see detail at end of this
dissertation)

The synthesis of BODIPY dyes were first reported by Treibs and Kreuzer in 1968. 17
But the unsubstituted BODIPY dye (core only, Figure 2.9 BODIPY dye 2.1) had not been
reported in literature until 2009 because of synthetic difficulty resulted from unblocked
pyrrole carbons which can easily undergo electrophilic attack16, 18-19. In another word,
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substituted BODIPY dyes are more stable and easier to be synthesized. Especially for Dpositions of pyrrole rings on BODIPY core, in most cases, they are blocked by using 2methyl substituted pyrrole as starting material to prevent further electrophilic
polymerizations. The most common substituted BODIPY dyes are those with alkylations
on pyrrole rings through 1-8 positions. Particularly, the symmetrical di-, tetra-, hexa-, and
hepta-alkylated BODIPY dyes (Figure 2.9 2.2-2.5) are widely used because they can be
easily synthesized by alkylated pyrroles with alkylated aldehydes as the starting
materials. Although some unsymmetrical alkylated BODIPY dyes (like 2.8 and 2.9 in
Figure 2.9) were also reported, they are harder to synthesize and have been less used.20 In
fact, phenyl or other aromatic groups are usually incorporated to the substitutions at 8- or
meso-position of BODIPY core not only because of the synthetic convenience by just
using corresponding aromatic aldehydes as starting materials but also because aromatic
groups at meso-position provide diverse functionalities for BODIPY dyes with no special
effect on the absorption and emission wavelengths due to their poor conjugations with
BODIPY core. However, the quantum yields of 1,7-dimethyl-8-aryl-substituted BODIPY
dyes (like 2.7 in Figure 2.9) are much higher than their counterparts without 1,7substituents (like 2.6 in Figure 2.9). This difference is attributed to that 1,7-substituents
spatially prevent the free rotations of aryl groups so the loss of energy from non-radiative
decay via molecular motions is reduced. Take this into consideration, 1,3,5,7-tetramethyl8-aryl-substituted BODIPY dyes are popular to be used as skeleton for further
modifications.
2.3.2

Synthesis of BODIPY dyes

8- or meso-subsitituted BODIPY dyes can be synthesized either from reacting of
pyrroles with aldehydes or pyrroles with acid chloride, which depends on the aryl or
aliphatic substituents on meso-position. For meso-aryl-substituted BODIPY dyes, a
typical one-pot synthetic route is shown in scheme 2.1. An acid catalyzed (typically
trifluoroacetic acid) condensation of aromatic aldehyde 2.10 with pyrrole 2.11 affords
dipyrrolemethane 2.12. This compound is relative unstable and sensitive to light, air and
acid. So the oxidation step by using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
is

immediately

conducted

after

preparation
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of

dipyrrolemthane,

yielding

dipyrrolemethene or dipyrrin 2.13. Without further purification, dipyrrin 2.13 undergo
complexation with boron by using boron trifluoride diethyl etherate (BF3·Et2O) under
base condition, giving the final highly fluorescent, brown color BODIPY product 2.14
with about 10-30% as final yield. For unsubstituted pyrrole (R1-R3 = H), this reaction is
usually carried in pyrrole as solvent to prevent potential polymerizations while the
reaction with D-substituted pyrrole does not require excess pyrrole and can react with
aromatic aldehyde in normal organic solvent like CH2Cl2. This type of BODIPY dyes
can carry many functional groups like hydroxyl, ester, carbocyclic acid, halogen etc. on
the meso-aryl substituents, which typically are robust enough to allow many postmodifications such as oxidation, reduction, nucleophilic substitution and noble metalcatalyzed coupling reactions.

Figure 2.9. Chemical structures of BODIPY core and alkyl-, aryl-substituted BODIPY
dyes. (The optical data in the figure are from the previous publications20-23)
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Scheme 2.1. Synthetic route to meso-aryl-substituted BODIPY dyes using aromatic
aldehydes.
Another approach of BODIPY synthesis is by using pyrrole and acyl chloride as
starting materials (Scheme 2.2). This approach is mainly for the preparations of mesoalkyl-substituted BODIPY dyes that cannot be synthesized by aldehyde route. The
condensation of pyrrole 2.10 with acyl chloride 2.15 generates the intermediate
acylpyrrole that is usually not isolated and can further react with pyrrole to afford
dipyrrolemethene 2.16 without any oxidation step. Similarly, the final step is the
complexation with boron under excess base condition, yielding the final BODIPY
product 2.17. Other active carboxylic derivatives such as acid anhydride24 or orthoester25
can also be used replacing acyl chloride in scheme 2.2.
Because of the functionalization diversity provided by meso-aryl-substituents on
BODIPY core, in this dissertation, all the BODIPY dyes in chapter 3 - 9 were synthesized
following the first route (Scheme 2.1) by using aromatic aldehydes.

Scheme 2.2. Synthetic route to meso-alkyl-substituted BODIPY dyes using acyl chloride.
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2.4

Modification strategies of BODIPY core: functional sites and reactions
One of the biggest merits of using BODIPY skeleton for fluorescent probe design is

the synthetic facileness for post-modifications and functionalization. The chemical
robustness of BODIPY dyes and their many modification sites enable them to be
functionalized with linkers, quenchers, receptors and many other organic or bioconjugates through different types of reactions.
2.4.1

Modifications to meso-aromatic substituents on the BODIPY core

Functionalization through meso-position is one of the most effective way to
incorporate functional groups and to build larger architectures on to BODIPY core
because it can be easily achieved by acid catalyzed condensation of pyrrole with
appropriately substituted aromatic aldehyde. This strategy has been widely used to
produce many different BODIPY dyes for many applications. For instance, functional
phenyl groups at meso-postion containing triggers or sensitive groups to specific analytes
have been introduced to generate many chemosensors and fluorescent sensors (Figure
2.10) such as pH probes (2.18, 2.19),26-27 redox species probes (2.20, 2.21, 2.24),28-30
biomolecule probes (2.22, 2.23)31-32 and probes for different metal cations (2.25 –
2.31).33-38 It has been noticed that aromatic substituent at meso-positions are poorly
conjugated with a BODIPY core because of its orthogonal geometry. Therefore, in most
cases, the fluorescence of probes in this category is manipulated through the modulations
of the photo-induced electron transfer (PET) process from aromatic substituents to
BODIPY cores. In addition, different functional groups can also be introduced to the
BODIPY through this meso-aryl substituent strategy, allowing the post functionalization
of BODIPY dyes. For examples, carboxylic acid group (2.32),39 halogen atoms (Br, I)
(2.33)40 and azide group (2.34)41 are usually used as reacting sites at meso-position for
further modifications through amidation, palladium-catalyzed cross coupling reactions
and click reaction (azide-alkyne cycloaddition), respectively.
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Figure 2.10. Selected BODIPY probes with different meso-modifications.

23

Figure 2.11. BODIPY dyes bearing functional groups at meso-positions.

2.4.2

Functionalization at the 2,6-positions of BODIPY core

Simple examination of resonance structures of BODIPY dyes reveals that the 2- and
6-positions of the BODIPY core bear the least positive charges (Figure 2.12). This
electron rich character makes the 2- and 6-positions susceptible to electrophilic
substitution reactions. Several kinds of this type reaction including halogenation,
formylation, sulfonation and nitrations etc. have been reported.

Figure 2.12. Illustration of electrophilic positions of 1,3,5,7-tetramethyl BODIPY dye by
resonance structures.
Bromination and iodination are commonly used for 2,6-halogenation of BODIPY
core. Slowly adding of bromine to the solution of 1,3,5,7,8-pentamethyl BODIPY dyes at
room temperature can easily introduce bromo-substituents at 2,6-positions, giving the
product 2.35.20 Iodination of BODIPY core can also be achieved by the route described in
scheme 2.3.42 Predictably, the strong p-S conjugation of bromine and iodine atoms at 2,6positions with BODIPY core cause a significant red shifts of the maximum absorption
and emission wavelengths, usually 20 - 50 nm. Bromination and iodination of BOIDPY
dye at 2,6-positions also significantly quench the quantum yields of the dyes due to the
increased rate of intersystem crossing resulted from heavy atom effect. This effect make
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brominated or iodized BODIPY dyes more probability on their triplet state under
excitation, and therefore, many of them have been used as photosensitizers.42-45

Scheme 2.3. Bromination and iodination of BODIPY dyes.
2,6-Brominated or 2,6-iodized BODIPY dyes are also one type of important
intermediates and building blocks for further functionalization because they can further
undergo palladium(0) mediated cross coupling reaction such as Sonogashira coupling,
Suzuki coupling and Heck coupling to link the BODIPY core with other unsaturated
architectures via newly generated carbon-carbon bonds (Figure 2.13).

Figure 2.13. Palladium mediated cross coupling reactions of 2,6-halogenated (Br and I)
BODIPY dyes.
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Another important electrophilic substitution on 2,6-position of BODIPY core is
formylation through Vilsmeier-Haack reaction. One of the popular conditions is: in the
solvent of 1,2-dichloroethane, which has higher boiling point than dichloromethane, 2,6unblocked BODIPY dye react with the excess amount of Vilsmeier-Haack reagent which
is freshly generated by reacting of DMF and phosphoryl chloride at 50 oC for 2 hours.
After that, the solution is added into excess amount of weak base such as NaHCO3
aqueous solutions to hydrolyze the iminium intermediate, giving the E-formal-BODIPY
dye with high yield (usually >80%).46 Since 2,6-position are electron rich, formylation at
E-position is favored even on the D,E-unsubstituted BODIPY core.46 The excess amount
of Vilsmeier-Haack reagent does not generate the 2,6-diformyl-BODIPY dye because the
formation of 2-mono-iminium intermediate during the reaction significantly deactivate
the further electrophilic attack at its opposite, 6-position (Scheme 2.5). Introduction of Eformal groups usually does not case significantly change of absorption and emission
maximum wavelength and normally small blue shifts (3-10 nm) will be observed.46-47
One of the benefits of E-formyl-BODIPY dyes is that they can participate in
Knoevenagel condensation reaction with active hydrogen compound like cyanoacetic
acid, propanedinitrile, methyl acetoacetate for further extension of S-conjugation with
double bond formation at 2- or 6- position. Several of this type compounds have been
reported for various applications.46, 48

Scheme 2.4. Synthetic route to E-formyl-BODIPY dye via Vilsmeier-Haack reaction.
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Scheme 2.5. Mechanism of E-formylation of BODIPY dye through Vilsmeier-Haack
reactions.
Other electrophilic substitution such as sulfonation, nitration of BODIPY core at 2,6position also have been reported (Scheme 2.6). Since introduction of sulfonate groups do
not change absorption and fluorescence emission significantly compared with their parent
unsubstituted BODIPY dye, they are mainly for enhancing the dye solubility in water.49-52
Introduction of nitro groups on 2,6-positions can be achieved by the treatment of the dye
with nitric acid at 0 oC. The nitro groups significantly quench the fluorescent quantum
yield due to their strong electron withdrawing property. Since the sulfonate and nitro
groups at 2,6-positions of BODIPY dyes are hard to be further functionalized (to the best
of our knowledge, nitro groups at 2,6-positions of BODIPY core are very hard to be
reduced to amine groups), they are less used for modifications of BODIPY dyes.

Scheme 2.6. Sulfonation and nitration of BODIPY dyes at 2,6-positions.
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2.4.3

Functionalization at the 3,5-positions of BODIPY core

2.4.3.1 3,5-halogenated BODIPY dyes and their reactions
Chlorine atoms can be preferentially introduced to the 3- and/or 5-positions of
BODIPY core through the chlorination of dipyrrolmethane followed by oxidation with pchloranil and complexation with boron trifluoride etherate (Scheme 2.7). The presence of
good leaving group like chlorine enable BODIPY dyes to undergo nucleophilic
substitution reactions. Many nucleophiles including alkoxides, amines, thioalkoxides and
diethyl malonate anions have been applied to this type of reaction.53-54 Both mono-and
disubstituted products can be obtained by controlling the stage of the reactions including
reactant ratio and reaction time. Several example compounds are shown in Figure 2.14.

Scheme 2.7. Chlorination of BODIPY dye at 3,5-positions.
Regarding the spectroscopic properties, the electron donating substituents especially
like amino, thioether at 3,5-positions significantly change both absorption and emission
spectra by red shifting compared to their parent unsubstituted BODIPY core. The
quantum yields of these compounds varied widely but in general will be reduced due to
the intramolecular charge transfer (ICT) effect from the electron donating atoms
(nitrogen, sulfur) of the 3,5-substituents to the BODIPY core. However, this effect does
provide an inspiration for designing the fluorescent probes. Couple of BODIPY
fluorescent probes for sensitive detection of metal cations have been developed based on
the modulation of ICT effect by incorporating different cation chelators as 3- and/or 5substituents onto BODIPY core (Figure 2.14 2.47-2.49).54-56 In addition, 3- and/or 5chlorine or other halogen-substituted BODIPY dyes are also reactive for the palladium
mediated cross coupling reactions such as Sonogashira coupling, Suzuki coupling and
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Heck coupling. Some 3- and/or 5-diaryl, styryl or alkynated BODIPY dyes have been
reported based on these reactions.57-58

Figure 2.14. 3,5-Substituted BODIPY dyes through SNAr reactions. (The optical data in
the figure are from the previous publications54-56)
2.4.3.2

Condensation reactions of the 3,5-dimethyl derivatives with benzaldehyde

derivatives
Dimethyl substituents at 3,5-positions of BODIPY core are considered acidic enough
to participate in Knoevenagel condensation reactions. Thus, various types of 3,5-distyrylBODIPY derivatives (abbreviated as styryl-BODIPYs) can be synthesized by
Knoevenagel condensation of 3,5-dimethyl-BODIPY with different aromatic aldehydes
(Figure 2.15). Piperidine and acetic acid are the typical catalysts used in this type of
condensation. Water is formed as a byproduct during the condensation process and it can
be removed azeotropically by using a Dean–Stark apparatus with benzene or toluene as
solvent (Figure 2.15). This reaction usually gives mixture products of mono- and distyryl29

BODIPY dyes. The yield of mono- and distyryl BODIPY dyes can be controlled by
adjusting the equivalent of aromatic aldehyde added, reaction time, temperature and other
reaction conditions.

Figure 2.15. Knoevenagel condensation of 1,3,5,7-tetramethyl-BODIPY dyes with
aromatic aldehyde derivatives.
Compared with the meso-position modification by aryl substitutions, condensation
reaction at 3,5-positions not only offers numbers of functionalities to BODIPY dyes by
using appropriate modified aromatic aldehyde, but also widely extend the S-conjugation
of BODIPY core so that their absorption/emission wavelengths shift to red, deep red and
even near infrared regions. So far, Knoevenagel condensation of 3,5-dimethyl BODIPY
dyes with aromatic aldehyde has been considered one of the best strategies for obtaining
long absorption and emission wavelength (especially in near infrared (NIR) region)
BODIPY dyes because it is more convenient and less time consuming than other
analogous synthetic routes. Reacting with aromatic aldehydes which have electron
donating substituent like dimethylamino group at para-position causes further red-shifts
of both absorption and emissions compared with those styryl-BODIPY dyes without
para-substituents. Many fluorescent probes with long wavelength emission (Oem > 600
nm) based on styryl-BODIPY dyes have been developed and extensive different types of
analytes are involved (Figure 2.16).59-63
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Figure 2.16. Selected fluorescent probes based on styryl-BODIPY scaffold. (The optical
data in the figure are from the previous publications59-63)
Methyl substituents at 1,7-positions of BODIPY also are also considered as acidic
but not as strong as 3,5-methyl substituents so Knoevenagel condensation primarily occur
at 3,5-position rather than 1,7-positions and 3,5-mono- and/or distyryl compounds
usually dominate the reaction products. However, extending the reaction time and rising
the temperature can activate 1,7-positions and stepwise afford 1,3,5-tristyryl- and 1,3,5,7tetrastyryl-BODIPY dyes through same condensation mechanism after formation of
mono- and distyryl compounds.64
2.4.4

Substitution of fluorine atoms at 4-position of BODIPY core

Fluorine atoms on boron center of BODIPY core can be replaced by many different
substituents including aryl, alkynyl and alkoxy groups via nucleophilic substitution
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reactions to generate a new family of photostable dyes called C-BODIPYs, E-BODIPYs
and O-BODIPYs (Scheme 2.8).65-67

These reactions typically require very strong

nucleophiles such as aryl lithium or Grignard, alkynyl lithium or Grignard, alkoxide
reagents in a very basic condition. Among them, 4-diethynyl-BODIPY dyes (EBODIPYs) are more popular than other 4-subsitutied BODIPY dyes because the weak
acidity of ethynyl group allows the fresh preparation of lithium acetylide or ethynyl
Grignard reagents by simply reacting ethynyl compounds with lithium alkylide or
alkylmagnesium bromide.

Scheme 2.8. Example substitution reactions on boron centers of BODIPY dyes.
The substitution on boron center of BODIPY core will not cause the many shifts on
both absorption and emission wavelengths of the dye because those substituents are not
engaged in the S-system of BODIPY frame due to the tetrahedron confirmation of boron
center bonds. However, the substitutions on boron atom do affect the quantum yields and
reactivity of the BODIPY dyes.
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2.5

Tuning the absorption and emission wavelengths
One of the major goals of modification of BODIPY core is to tune its absorption and

emission to long wavelength region (> 500 nm). BODIPY dyes with different absorption
and emission wavelengths in visible region extensively extend the importance and
diversity of their applications, for instance, different colored BODIPY probes,
colorimetric and fluorescent dual-channel BODIPY probes and fluorescent probes based
on förster resonance energy transfer (FRET). Particularly, tuning their absorption and
emission wavelengths to deep red and near infrared region is more important for in vivo
measurements in biological applications of BOIDPY fluorescent probes because there is
less light scattering and absorption interference caused by cells and tissues in this region
of wavelength, so called “biological window”.
Based on the reactions and modification strategies discussed in section 2.4.3, there
are several typical approaches to tune the absorption and emission wavelengths of
BOIDPY dyes by extension of the S-conjugation and adjust the energy gap between its
HOMO and LUMO orbitals.
2.5.1

Tuning through introducing electron donating and halogen atoms

Heteroatom substituents like nitrogen, sulfur and oxygen atoms can be introduced at
3- and/or 5-positions of BODIPY core via aromatic nucleophilic substitution reactions
(SNAr) with 3,5-halogenated BODIPY dyes. The strong electron donating character of
these atom substituents significantly reduce the HOMO-LUMO energy gaps by increase
the S-electron density of the dyes, leading to obvious red-shifts on both absorption and
emission wavelengths, usually 30-50 nm shift. Compounds 2.41–2.46 are example
BODIPY dyes in this type (Figure 2.14). The strong electron pushing effect also cause
the high dipole moments on excited states of the dyes, which can be stabilized by polar
solvent rather than non-polar ones. That means, the fluorescence intensities and emission
wavelengths of this type of BODIPY dyes are usually solvent dependent.
Besides, heavy halogen substituents like bromo and iodo groups at 2,6-positions on
BODIPY dyes also lead to red shifts of absorption and emissions because increased p-S
conjugations. The typical red shift of this kind of modification varies from 20 – 50 nm.
Usually iodization at 2,6-positions cause a little more red shift than corresponding
33

bromination. However, both of bromo and iodo groups introduced on BODIPY
framework will significantly quench the fluorescence quantum yield of the dye due to
heave atom effect, and iodo group quench more than bromo group (Figure 2.17).

Figure 2.17. Photophysical properties of parent BODIPY core, 2,6-brominated and
iodinated BODIPY dyes. (The optical data in the figure are from the previous
publications20, 42)

2.5.2

Tuning through extension of S-conjugation

Extension of S-conjugation of BODIPY dyes will significantly reduce their HOMOLUMO energy gaps and adjust their absorption and emission wavelengths to longer
wavelength regions. Based on the structure of BODIPY core, several positions including
1-, 2-, 3-, 5-, 6-, and 7-positions are available for further modification to extend the Sconjugation via forming C-C bonds with sp2 or sp hybridized carbons. However, mesoposition and 4-position are usually not appropriate for this type of modification because
the orthogonal substituents at these two positions are poorly conjugated with BODIPY
core. Compared with electron donating substituents on BODIPY core, the
extensionRIS-conjugation will cause much more significant and larger red shift on
major spectra wavelengths, which usually more than 100 nm.
Introduction of aryl or alkynyl substituents at 2,6- or 3,5-positions has proven to be a
very efficient way to extend S-conjugation of BODIPY core. These BODIPY dyes can be
obtained either via direct synthesis of BODIPY dyes by using corresponding D-arylsubstituted pyrroles or via palladium catalyzed cross coupling reactions (Suzuki,
Sonogashira) with 2,6- and/or 3,5-halogenated BODIPY dyes and corresponding
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aromatic coupling reagents. Many different unsaturated architectures and polymers have
been introduced via these positions to form larger S-conjugation that significantly tune
the absorption and emission wavelength of the dye to red, deep red and even near infrared
regions. For instance, 3,5-diphenyl-substituted BODIPY dye 2.61 has about 50 nm red
shift on its main spectra bands relative to unsubstituted BODIPY dye 2.60 (Figure
2.18).68-69 The para-electron donating groups of 2.62 push more electrons to conjugation
and make larger red shifts. However, both 2.61 and 2.62 do not have high quantum
yields. One of the reasons is the energy loss caused by non-radiative decay due to the
rotation of C-Ar bonds at 3,5-positions.69-70 The steric hindrance between arylsubstituents at 3,5-positions and BF2 unit also affects the conjugation degree between two
aromatic systems. More steric hindrance results in larger constrains which make two Ssystem cannot remain coplanar. So, thiophene substituted BODIPY dye 2.63 absorbs and
emits longer wavelength than 2.62 just because 5-membered rings have less space
hindrance than 6-membered rings, although thiophene has similar electron properties
with para-methoxy-phenyl ring.71 Significant red shifts of absorption and emission
wavelengths also can be achieved by peripheral alkynyl substitution at 3,5- and/or 2,6positions, such as 2.64, 2.65 and 2.67. The 2,6-dialkynyl substitution of 2.65 give a
spectra red shift about 70 nm relative to 2.60 but it is not as large as the red shift caused
by its analog 2.64 with 3,5-dialkynyl substitutions.72-73 Further extending the Sconjugation by co-polymerization with other alkynyl-aryl unites through 2,6-positions of
BODIPY dye (2.67)74 leads to larger red shifts of main spectra compared with 2,6dialkynyl-substituted BODIPY dyes (2.65). Conjugated polymeric BODIPY dyes also
can be formed through Ar-Ar single bonds connections at 2,6-positions of BODIPY dyes
via Suzuki coupling reaction, for example 2.66. However, this type of polymeric
BODIPY dyes does not offer significant spectra red shift. The main reason is that the
steric repulsions between the hydrogens of 1,3- or 5,7-methyl groups and orthohydrogens of phenyl rings lower the degree of co-planarity between two aromatic units.75
Both polymers 2.66 and 2.67 have been synthesized and reported by our group.
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Figure 2.18. Extension of S-conjugation of BODIPY dyes thought 3,5-and 2,6positions.(The optical data in the figure are from the previous publications68-75)
Styryl-substituted BODIPY dyes formed by Knoevenagel condensations with
aromatic aldehydes is another extremely useful category of BODIPY dyes which afford
deep red or near infrared (NIR) emissions. From mono- to tetrastyryl substitution, more
styryl units are incorporated, larger red shifts will be obtained. When a monostyryl
substituent is introduced to 3-position of BODIPY dye (2.69), its absorption and emission
significantly shift to longer wavelength by 60 nm relative to its parent dye 2.68 (Figure
2.19).76-77 Strong electron donating groups like dimethylamino groups on the para36

position of styryl substituents make further red shifts by 30 nm for absorption and 69 nm
for emission respectively. Clearly, the stocks shift is significantly enlarged by introduce
of dimethylamino groups. This is mainly attributed to the formation of low-lying charge
transfer (CT) excited state caused by the intramolecular charge transfer (ICT) effect.78
However, introduce of weak electron donating groups like alkoxy groups on the same
position (2.71) only give a very small red shifts on spectra wavelengths relative to 2.69.79

Figure 2.19. Selected 3-monostyryl-substituted BODIPY dyes. (The optical data in the
figure are from the previous publications76-79)
3,5-Distyryl substitution of BODIPY dyes can tune the absorption and emission
wavelengths to far red and NIR regions with further significant red shifts of about 70 nm
than mono-substituted one when comparing compounds 2.72 with 2.69 (Figure 2.20).80
These remarkable red shifts indicate the extreme importance of this type of BODIPY
dyes as the scaffolds for design of NIR emissive fluorescent probes. Similar with
compound 2.70, the dimethylamino substituents at para-position make further significant
red shifts and drive the molecule to emit over 700 nm fluorescence (2.73). On the
contrary, styryl substituents with electron withdrawing property like pyridine (2.74) will
reduce the electron density on BODIPY core and cause blue shifts of spectra wavelengths
relative to regular distyryl-substituted BODIPY like 2.72.81 As discussed in section
2.4.3.2, it is possible to obtain not only mono- and distyryl BODIPY dyes but also triand tetrastyryl BODIPY dyes through the extension of Knoevenagel condensations to 1and 7-positions. The spectroscopic properties of these dyes are also changed when
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different numbers of styryl substituents are attached. In general, more styryl substituents
give longer absorption and emission wavelengths. For instance, tristyryl dye 2.76 absorbs
and emits 20 nm longer than distyryl dye 2.75. And tetrastyryl dye 2.76 make another 20
nm red-shifts of both aborption and emissions relative to 2.76.64 However, the red shifts
caused by 1,7-distyryl substituents are much less than the one caused by 3,5-distyryl
substituents.

Figure 2.20. Selected 3,5-distyryl and 1,3,5,7-tetrastyryl-substituted BODIPY dyes. (The
optical data in the figure are from the previous publications64, 80-81)

2.6

Modulation of fluorescence of BODIPY-based fluorescent probes
One of the key for designing a fluorescent probe is to modulate its fluorescence to

form a “fluorescent switch” which can respond to the concentration or presence of the
analyte. Many photophysical processes (such as quenching by collisions, exciplex
formations, energy transfers, conjugation disturbance, intramolecular charge transfers,
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photoinduced electron transfers) can be involved in modulating the fluorescence of
indicator upon recognizing analytes. The most popular and widely used mechanism for
design of fluorescent probes will be briefly discussed in the following sections.
2.6.1 Disturb, reduce or enhance the S-conjugations
Changing the properties of their S-conjugations of fluorophores is probably the most
direct way to alter the spectroscopic properties of fluorescent molecules. With this
strategy in mind, many fluorescent indicators have been developed based on this
mechanism. In general, the S-conjugation of fluorophore can be disturbed, reduced or
enhanced depending on the recognition events of analytes (Figure 2.21). In many cases,
disturbing and reducing of the S-conjugation require the chemical reactions occurring
between fluorescent indicators with the analytes. For instance, the oxidation, reduction or
nucleophilic attack reactions can change the key groups on conjugation or disrupt the
conjugation with formation of sp3 hybridized carbons. In terms of spectroscopic
properties, the direct reflection of altering conjugation system will be the significant
shifts of absorption and emission spectra together with fluorescence intensity change.
Thus, many dual-channel, ratiometric responsive fluorescent probes have been developed
based on this mechanism.82-85 Fluorescent probes based on the spirocyclization of
xanthene derivatives such as Rhodamines are a classic type of probes using the
mechanism of enhancing S-conjugation. The spirocyclized form is non-fluorescent but
the spiro-ring opening and re-aromatization caused by the reaction with analytes (for
example: heavy metal ions)86-88 will rebuild the S-conjugation which recovers
fluorescence.
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Figure 2.21. Illustration of fluorescence modulation mechanism by disturbing, reducing
and enhancing S-conjugation of the fluorophore.

2.6.2

Photoinduced electron transfer (PET)

Fluorescent probes based on photoinduced electron transfer are important family of
fluoro- and chemosensors. The probes in this category are often composed of fluorophore
and receptor. The receptor can be chelating group, coordination site, receptor, host or
ligand. Fluorophore and receptor are linked orthogonally or through a spacer. In other
word, fluorophores and receptors are isolated or very poorly conjugated for PET based
probes (Figure 2.22). The photoinduced electron transfer process, that is the electron
transfer between fluorophore and receptor under excitation, usually cause fluorescence
quenching. The binding event between receptor and analyte prohibits the PET process
and recover the fluorescence of the probe. Thus, PET mechanism is quite useful for
design of “off-on” responses of fluorescent probes.
The receptor will either function as electron donor or electron acceptor in PET. In the
case of donor, the fluorophore is reduced whereas electron rich receptor is oxidized when
PET process occur, so it is called reductive-PET. On the contrary, oxidized-PET is
defined when the electron deficient receptor functions as an acceptor and fluorophore is
oxidized whereas electron withdrawing receptor is reduced. However, only a few
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oxidized-PET based fluorescent probes have been reported in literature and the most of
PET based BODIPY probes are dominated by reductive-PET process because the
receptor as an electron donor is much easier to design and synthesize. Thus, reductivePET process will be discussed in detail below.

Figure 2.22. Illustration of mechanism of reductive-PET based fluorescent probes.

The reductive-PET process can be illustrated by simply using molecular frontier
orbitals theory, which is a pictorial tool to show the mechanism of the fluorescence “offon” switching of the probe (Figure 2.22). The analyte-free receptors on these probes are
electron rich groups (e.g. tertiary amines groups, para-amino-phenyl groups) relative to
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the flurophores and their highest occupied molecular orbital (HOMO) is just in between
of the HOMO and lowest unoccupied molecular orbital (LUMO) of the fluorophore.
Under the light excitation, an electron of fluorophore is promoted from its HOMO to
LUMO. Subsequently, one of the receptor HOMO electron rapidly transfers to the
HOMO orbital of fluorophore to fill the vacancy, which prohibits the radiative decay of
the excited electron of the fluorophore and causes fluorescence quenching (or very weak
fluorescence). The chelation or coordination of the receptor to analyte significantly
reduce the electron density of receptor and lower its HOMO so that the electron cannot
transfer to fluorophore anymore. In this situation, the intrinsic fluorescence of the
fluorophore is turned on.
2.6.3 Intramolecular charge transfer (ICT)
When strong electron donating receptors are integrated with the electron deficient
fluorophore with S-conjugation, photon excitation can cause another process occur –
intramolecular charge transfer (ICT). This process can be modulated by change the
electron donating ability of the receptor. Thus, it is an appropriate mechanism for design
of fluorescent probes.
ICT based fluorescent probe usually possesses receptor that serves as electron donor
and this receptor is conjugated with an electron-withdrawing moiety that serves as
electron acceptor. They undergo an intramolecular charge transfer from the electron
donating part (receptor) to the electron withdrawing part (acceptor) under light excitation,
significantly increasing the dipole moments. The proton-promoted locally excited state
(or Franck–Condon state) is not thermodynamically stable in the surrounding polar
solvent environment and will rapidly relax to the intramolecular charge transfer state
(CT) where minimum free energy is reached by a thermodynamic equilibrium between
solvent cage and fluorophore (Figure 2.23). Thus, the fluorescence emission (including
fluorescence intensity, fluorescence wavelength, lifetime and quantum yield) from ICT
state to ground state highly depends on the polarity of environment. For example,
increasing solvent polarity causes red shifts of main spectra and low quantum yield ()
of the probe can be observed in polar solvent but not in nonpolar ones.
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Figure 2.23 shows the mechanism of ICT based fluorescent probes. It is expected
that analyte such as a metal cation or a proton can chelate or bind with electron rich
receptor moiety (donor), which significantly reduces the electron donating ability of
receptors so that the efficiency of ICT is changed. This process alter properties of the
fluorophore like maximum absorption wavelength (Oabs), maximum emission wavelength
(Oem), fluorescent intensity, fluorescence quantum yield () and fluorescence lifetime (W
with this binding event. Compared with PET-based probes, ICT-based probes not only
generate fluorescence intensity changes, but more importantly lead to shifts for both
absorption and emission spectra due to the change of energy gap before and after binding
events. This character makes it possible to measure the change simultaneously at two
different wavelengths, which is a ratiometric measurement. Many BODIPY-based probes
for metal cations and pH are in this category.54-56, 59-63

Figure 2.23. Illustration of mechanism of ICT based fluorescent probes.
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'HVLJQRI1HDU,5)OXRURFKURPHVZLWK +LJK )OXRUHVFHQFH(IILFLHQFLHV -RXUQDO
RIWKH$PHULFDQ&KHPLFDO6RFLHW\  



.XER < 0LQRZD < 6KRGD 7 7DNHVKLWD . 6\QWKHVLV RI $ 1HZ 7\SH RI
'LEHQ]RS\UURPHWKHQHERURQ &RPSOH[ ZLWK 1HDULQIUDUHG $EVRUSWLRQ 3URSHUW\
7HWUDKHGURQ/HWWHUV  



7UDP . <DQ + -HQNLQV + $ 9DVVLOLHY 6 %UXFHF ' 7KH 6\QWKHVLV DQG
&U\VWDO 6WUXFWXUH RI 8QVXEVWLWXWHG 'LIOXRUR%RUDD D'LD]D6,QGDFHQH
%2',3< '\HVDQG3LJPHQWV  



$OIUHG7UHLEV)+.'LIOXRUERU\O.RPSOH[HYRQ'LXQG7ULS\UU\OPHWKHQHQ
-XVWXV/LHELJV$QQDOHQGHU&KHPLH  



$UUR\R,-+X50HULQR*7DQJ%=3HQD&DEUHUD(7KH6PDOOHVWDQG
2QHRI7KH%ULJKWHVW(IILFLHQW3UHSDUDWLRQDQG2SWLFDO'HVFULSWLRQRI7KH3DUHQW
%RURQGLS\UURPHWKHQH 6\VWHP -RXUQDO RI 2UJDQLF &KHPLVWU\    




6FKPLWW$+LQNHOGH\%:LOG0-XQJ*6\QWKHVLVRI7KH&RUH&RPSRXQG
RI WKH %2',3< '\H &ODVV  'LIOXRURERUD DD GLD]DVLQGDFHQH
-RXUQDORI)OXRUHVFHQFH  



9RV GH :DHO ( 3DUGRHQ - $ 9DQ .RHYHULQJH - $ /XJWHQEXUJ -
3\UURPHWKHQH%) &RPSOH[HV  GLIOXRURERUDDDGLD]DVLQGDFHQHV  
6\QWKHVLV DQG /XPLQHVFHQFH 3URSHUWLHV 5HFXHLO 'HV 7UDYDX[ &KLPLTXHV 'HV
3D\V%DV-RXUQDORIWKH5R\DO1HWKHUODQGV&KHPLFDO6RFLHW\  
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%DQGLFKKRU 5 7KLYLHUJH & %KXYDQHVK 1 6 3 %XUJHVV . 'LIOXRUR
WHWUDPHWK\OERUDDDGLD]DVLQGDFHQH

$FWD

&U\VWDOORJUDSKLFD

6HFWLRQ(6WUXFWXUH5HSRUWV2QOLQH22


%DUXDK 0 4LQ : : %DVDULF 1 'H %RUJJUDHYH : 0 %RHQV 1
%2',3<EDVHG +\GUR[\DU\O 'HULYDWLYHV DV )OXRUHVFHQW S+ 3UREHV -RXUQDO RI
2UJDQLF&KHPLVWU\  



<DPDGD.7R\RWD77DNDNXUD.,VKLPDUX06XJDZDUD73UHSDUDWLRQRI
%2',3< 3UREHV IRU 0XOWLFRORU )OXRUHVFHQFH ,PDJLQJ 6WXGLHV RI 0HPEUDQH
'\QDPLFV1HZ-RXUQDORI&KHPLVWU\  



/L=*0LQW]HU(%LWWPDQ5)LUVW6\QWKHVLVRI)UHH&KROHVWHURO%2',3<
&RQMXJDWHV-RXUQDORI2UJDQLF&KHPLVWU\  



<DNXERYVN\L

9

3

6KDQGXUD

0

3

.RYWXQ

<

3

%RUDGLS\UURPHWKHQHF\DQLQHV (XURSHDQ -RXUQDO RI 2UJDQLF &KHPLVWU\ 
 


:HUQHU7+XEHU&+HLQO6.ROOPDQQVEHUJHU0'DXE-:ROIEHLV26
1RYHO 2SWLFDO S+6HQVRU%DVHGRQ$%RUDGLD]D,QGDFHQH'HULYDWLYH )UHVHQLXV
-RXUQDORI$QDO\WLFDO&KHPLVWU\  



%DNL & 1 $NND\D ( 8 %RUDGLD]DLQGDFHQHDSSHQGHG &DOL[  $UHQH
)OXRUHVFHQFH6HQVLQJRIS+1HDU1HXWUDOLW\-RXUQDORI2UJDQLF&KHPLVWU\
  



=KDQJ;$:DQJ+ /L -6=KDQJ+6'HYHORSPHQW RI$)OXRUHVFHQW
3UREH IRU 1LWULF 2[LGH 'HWHFWLRQ %DVHG RQ 'LIOXRURERUDGLD]DVLQGDFHQH
)OXRURSKRUH$QDO&KLP$FWD  



=KDQJ ; =KDQJ + 6 'HVLJQ 6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI $ 1RYHO
)OXRUHVFHQW 3UREH IRU 1LWULF 2[LGH %DVHG RQ 'LIOXRURERUDGLD]D6,QGDFHQH
)OXRURSKRUH 6SHFWURFKLPLFD $FWD 3DUW D0ROHFXODU DQG %LRPROHFXODU
6SHFWURVFRS\  



6XQ =1 /LX )4 &KHQ < 7DP 3 . + <DQJ ' $ +LJKO\ 6SHFLILF
%2',3<EDVHG )OXRUHVFHQW 3UREH IRU 7KH 'HWHFWLRQ RI +\SRFKORURXV $FLG
2UJDQLF/HWWHUV  
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'L&HVDUH1/DNRZLF]-5)OXRUHVFHQW3UREHIRU0RQRVDFFKDULGHV%DVHGRQ
$ )XQFWLRQDOL]HG %RURQ'LS\UURPHWKHQH ZLWK $ %RURQLF $FLG *URXS
7HWUDKHGURQ/HWWHUV  



/L -6 :DQJ + +XDQJ .- =KDQJ +6 'HWHUPLQDWLRQ RI %LRJHQLF
$PLQHV LQ $SSOHV DQG :LQH ZLWK 3KHQ\O R[\DFHWLF DFLG 1
K\GUR[\VXFFLQLPLGH HVWHU GLIOXRURWHWUDPHWK\OERUDDDGLD]DV
LQGDFHQHE\+LJK3HUIRUPDQFH/LTXLG&KURPDWRJUDSK\ $QDO&KLP$FWD
  



4L;-XQ(-;X/.LP6-+RQJ-6-<RRQ<-<RRQ-<1HZ
%2',3< 'HULYDWLYHV DV 2))21 )OXRUHVFHQW &KHPRVHQVRU DQG )OXRUHVFHQW
&KHPRGRVLPHWHU IRU &X &RRSHUDWLYH 6HOHFWLYLW\ (QKDQFHPHQW WRZDUG &X
-RXUQDORI2UJDQLF&KHPLVWU\  



%ULFNV-/.RYDOFKXN$7ULHIOLQJHU&1RI]0%XVFKHO07ROPDFKHY
$ , 'DXE - 5XUDFN . 2Q 7KH 'HYHORSPHQW RI 6HQVRU 0ROHFXOHV 7KDW
'LVSOD\ )H,,,$PSOLILHG )OXRUHVFHQFH -RXUQDO RI WKH $PHULFDQ &KHPLFDO
6RFLHW\  



0DUWLQ995RWKH$*HH.5)OXRUHVFHQW0HWDO,RQ,QGLFDWRUV%DVHG2Q
%HQ]RDQQHODWHG&URZQ 6\VWHPV$*UHHQ )OXRUHVFHQW ,QGLFDWRUIRU ,QWUDFHOOXODU
6RGLXP ,RQV %LRRUJDQLF  0HGLFLQDO &KHPLVWU\ /HWWHUV     




:DQJ - 4LDQ ; $ 6HULHV RI 3RO\DPLGH 5HFHSWRU %DVHG 3(7 )OXRUHVFHQW
6HQVRU 0ROHFXOHV 3RVLWLYHO\ &RRSHUDWLYH +J ,RQ %LQGLQJ ZLWK +LJK
6HQVLWLYLW\2UJDQLF/HWWHUV  



.LP + - .LP - 6 %2',3< $SSHQGHG &RQHFDOL[  $UHQH 6HOHFWLYH
)OXRUHVFHQFH &KDQJHV XSRQ &D %LQGLQJ 7HWUDKHGURQ /HWWHUV    




%DVDULF1%DUXDK04LQ::0HWWHQ%6PHW0'HKDHQ:%RHQV
1 6\QWKHVLV DQG 6SHFWURVFRSLF &KDUDFWHULVDWLRQ RI %2',3< 5  %DVHG
)OXRUHVFHQW 2II2Q ,QGLFDWRUV ZLWK /RZ $IILQLW\ IRU &DOFLXP 2UJDQLF
%LRPROHFXODU&KHPLVWU\  
47





1LX 6 / 8OULFK * =LHVVHO 5 .LVV $ 5HQDUG 3< 5RPLHX $ :DWHU
6ROXEOH%2',3<'HULYDWLYHV2UJDQLF/HWWHUV  



8OULFK * =LHVVHO 5 &RQYHQLHQW DQG (IILFLHQW 6\QWKHVLV RI )XQFWLRQDOL]HG
2OLJRS\ULGLQH /LJDQGV %HDULQJ $FFHVVRU\ 3\UURPHWKHQH%) )OXRURSKRUHV
-RXUQDORI2UJDQLF&KHPLVWU\  



/HRQDUGL0-7RSND05'LQROIR3+(IILFLHQW)RUVWHU5HVRQDQFH(QHUJ\
7UDQVIHU LQ 7ULD]ROH /LQNHG %2',3<=Q ,,  0HVR7HWUDSKHQ\OSRUSK\ULQ
'RQRU$FFHSWRU$UUD\V,QRUJDQLF&KHPLVWU\  



<RJR78UDQR<,VKLWVXND<0DQLZD)1DJDQR7+LJKO\(IILFLHQWDQG
3KRWRVWDEOH 3KRWRVHQVLWL]HU %DVHG RQ %2',3< &KURPRSKRUH -RXUQDO RI WKH
$PHULFDQ&KHPLFDO6RFLHW\  



2]OHP 6 $NND\D ( 8 7KLQNLQJ 2XWVLGH WKH 6LOLFRQ %R[ 0ROHFXODU DQG
/RJLF $V DQ $GGLWLRQDO /D\HU RI 6HOHFWLYLW\ LQ 6LQJOHW 2[\JHQ *HQHUDWLRQ IRU
3KRWRG\QDPLF7KHUDS\-RXUQDORIWKH$PHULFDQ&KHPLFDO6RFLHW\  




/LP 6 + 7KLYLHUJH & 1RZDN6OLZLQVND 3 +DQ - YDQ GHQ %HUJK +
:DJQLHUHV*%XUJHVV./HH+%,Q9LWURDQG,Q9LYR3KRWRF\WRWR[LFLW\RI
%RURQ 'LS\UURPHWKHQH 'HULYDWLYHV IRU 3KRWRG\QDPLF 7KHUDS\ -RXUQDO RI
0HGLFLQDO&KHPLVWU\  



$GDUVK1$YLUDK555DPDLDK'7XQLQJ3KRWRVHQVLWL]HG6LQJOHW2[\JHQ
*HQHUDWLRQ (IILFLHQF\ RI 1RYHO $]D%2',3< '\HV 2UJDQLF /HWWHUV  
 



-LDR/<X&/L-:DQJ=:X0+DR(%HWD)RUP\O%2',3<VIURP
7KH 9LOVPHLHU+DDFN 5HDFWLRQ -RXUQDO RI 2UJDQLF &KHPLVWU\    




<X&-LDR/<LQ+=KRX-3DQJ::X<:DQJ=<DQJ*+DR
( $OSKD%HWD)RUP\ODWHG %RURQ'LS\UULQ %2',3<  '\HV 5HJLRVHOHFWLYH
6\QWKHVHVDQG3KRWRSK\VLFDO3URSHUWLHV(XURSHDQ-RXUQDORI2UJDQLF&KHPLVWU\
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.ROHPHQ 6 &DNPDN < (UWHQ(OD 6 $OWD\ < %UHQGHO - 7KHODNNDW 0
$NND\D ( 8 6ROLGVWDWH '\HVHQVLWL]HG 6RODU &HOOV XVLQJ 5HG DQG 1HDU,5
$EVRUELQJ%RGLS\6HQVLWL]HUV2UJDQLF/HWWHUV  



:RULHV+-.RHN-+/RGGHU*/XJWHQEXUJ-)RNNHQV5'ULHVVHQ2
0RKQ * 5 $ 1RYHO :DWHU6ROXEOH )OXRUHVFHQW 3UREH  6\QWKHVLV
/XPLQHVFHQFH DQG %LRORJLFDO 3URSHUWLHV RI WKH 6RGLXP6DOW RI WKH VXOIRQDWR
  WHWUDPHWK\O S\UURPHWKHQ %) &RPSOH[ 5HFXHLO 'HV 7UDYDX[
&KLPLTXHV 'HV 3D\V%DV-RXUQDO RI WKH 5R\DO 1HWKHUODQGV &KHPLFDO 6RFLHW\
  



6KDK07KDQJDUDM.6RRQJ0/:ROIRUG/7%R\HU-+3ROLW]HU,
5 3DYORSRXORV 7 * 3\UURPHWKHQH±%) FRPSOH[HV DV /DVHU '\HV 
+HWHURDWRP&KHPLVWU\  



8UDQR 7 1DJDVDND + 7VXFKL\DPD 0 ,GH + 3RO\PHUL]DEOH &RPSRVLWLRQ
&RQWDLQLQJ 3\UURPHWKHQH 7\SH &RORULQJ 0DWWHU DQG 7LWDQRFHQH &RPSRXQG




0RUJDQ / 5 %R\HU - + %RURQ 'LIOXRULGH &RPSRXQGV 8VHIXO LQ
3KRWRG\QDPLF7KHUDS\DQG3URGXFWLRQRI/DVHU/LJKW



5RKDQG7%DUXDK04LQ::%RHQV1'HKDHQ:)XQFWLRQDOLVDWLRQRI
)OXRUHVFHQW

%2',3< '\HV

E\

1XFOHRSKLOLF 6XEVWLWXWLRQ

&KHPLFDO

&RPPXQLFDWLRQV  


%DUXDK04LQ::9DOOHH5$/%HOMRQQH'5RKDQG7'HKDHQ:
%RHQV1$+LJKO\3RWDVVLXPVHOHFWLYH5DWLRPHWULF)OXRUHVFHQW,QGLFDWRU%DVHG
RQ%2',3<$]DFURZQ(WKHU([FLWDEOHZLWK9LVLEOH/LJKW2UJDQLF/HWWHUV
  



=HQJ/0LOOHU(:3UDOOH$,VDFRII(<&KDQJ&-$6HOHFWLYH7XUQ
2Q )OXRUHVFHQW 6HQVRU IRU ,PDJLQJ &RSSHU LQ /LYLQJ &HOOV -RXUQDO RI WKH
$PHULFDQ&KHPLFDO6RFLHW\  



<LQ 6 /HHQ 9 9DQ 6QLFN 6 %RHQV 1 'HKDHQ : $ KLJKO\ 6HQVLWLYH
6HOHFWLYH&RORULPHWULFDQG1HDULQIUDUHG)OXRUHVFHQW7XUQ2Q&KHPRVHQVRUIRU
&X%DVHGRQ%2',3<&KHPLFDO&RPPXQLFDWLRQV  
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/HHQ 9 %UDHNHQ ( /XFNHUPDQV . -DFNHUV & 9DQ GHU $XZHUDHU 0
%RHQV 1 'HKDHQ : $ 9HUVDWLOH 0RGXODU 6\QWKHVLV RI 0RQRIXQFWLRQDOL]HG
%2',3<'\HV&KHPLFDO&RPPXQLFDWLRQV  



+DQ-*RQ]DOH]2$JXLODU$JXLODU$3HQD&DEUHUD(%XUJHVV.DQG
)XQFWLRQDOL]HG %2',3<V YLD 7KH /LHEHVNLQG6URJO 5HDFWLRQ 2UJDQLF



%LRPROHFXODU&KHPLVWU\  


/HH - 6 .DQJ 1 < .LP < . 6DPDQWD $ )HQJ 6 + .LP + .
9HQGUHOO03DUN-+&KDQJ<76\QWKHVLVRI$%2',3</LEUDU\DQG,WV
$SSOLFDWLRQWR7KH'HYHORSPHQWRI/LYH&HOO*OXFDJRQ,PDJLQJ3UREH -RXUQDO
RIWKH$PHULFDQ&KHPLFDO6RFLHW\  



&RVNXQ$'HQL]($NND\D(8$6HQVLWLYH)OXRUHVFHQW&KHPRVHQVRUIRU
$QLRQV %DVHG RQ $ 6W\U\OERUDGLD]DLQGDFHQH )UDPHZRUN 7HWUDKHGURQ /HWWHUV
  



(NPHNFL = <LOPD] 0 ' $NND\D ( 8 $ 0RQRVW\U\OERUDGLD]DLQGDFHQH
%2',3<  'HULYDWLYH DV &RORULPHWULF DQG )OXRUHVFHQW 3UREH IRU &\DQLGH ,RQV
2UJDQLF/HWWHUV  



'RVW = $WLOJDQ 6 $NND\D ( 8 'LVW\U\O%RUDGLD]DLQGDFHQHV )DFLOH
6\QWKHVLV RI 1RYHO 1HDU ,5 (PLWWLQJ )OXRURSKRUHV 7HWUDKHGURQ    




$WLOJDQ 6 2]GHPLU 7 $NND\D ( 8 $ 6HQVLWLYH DQG 6HOHFWLYH 5DWLRPHWULF
1HDU ,5 )OXRUHVFHQW 3UREH IRU =LQF ,RQV %DVHG RQ 7KH 'LVW\U\OERGLS\
)OXRURSKRUH2UJDQLF/HWWHUV  



%X\XNFDNLU 2 %R]GHPLU 2 $ .ROHPHQ 6 (UEDV 6 $NND\D ( 8
7HWUDVW\U\O%RGLS\ '\HV &RQYHQLHQW 6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI (OXVLYH
1HDU,5)OXRURSKRUHV2UJDQLF/HWWHUV  



*R]H & 8OULFK * 0DOORQ / - $OOHQ % ' +DUULPDQ $ =LHVVHO 5
6\QWKHVLV DQG 3KRWRSK\VLFDO 3URSHUWLHV RI %RURQGLS\UURPHWKHQH '\HV %HDULQJ
$U\O6XEVWLWXHQWVDW7KH%RURQ&HQWHU-RXUQDORIWKH$PHULFDQ&KHPLFDO6RFLHW\
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1LX 6/ 8OULFK * 5HWDLOOHDX 3 +DUURZILHOG - =LHVVHO 5 1HZ ,QVLJKWV
LQWR7KH6ROXELOL]DWLRQRI%RGLS\'\HV7HWUDKHGURQ/HWWHUV  




*DEH<8HQR78UDQR<.RMLPD+1DJDQR77XQDEOH'HVLJQ6WUDWHJ\
IRU )OXRUHVFHQFH 3UREHV %DVHG RQ 6XEVWLWXWHG %2',3< &KURPRSKRUH
,PSURYHPHQWRI+LJKO\6HQVLWLYH)OXRUHVFHQFH3UREHIRU1LWULF2[LGH$QDO\WLFDO
DQG%LRDQDO\WLFDO&KHPLVWU\  



:DJQHU5:/LQGVH\-6%RURQ'LS\UURPHWKHQH'\HVIRU,QFRUSRUDWLRQLQ
6\QWKHWLF 0XOWLSLJPHQW /LJKWKDUYHVWLQJ $UUD\V 3XUH DQG $SSOLHG &KHPLVWU\
  $5$5



7KRUHVHQ/+.LP+-:HOFK0%%XUJKDUW$%XUJHVV.6\QWKHVLVRI
'LDU\OGLIOXRURERUDDDGLD]DVLQGDFHQH

%2',3<

5  '\HV

6\QOHWW  


%XUJKDUW$.LP+-:HOFK0%7KRUHVHQ/+5HLEHQVSLHV-%XUJHVV
. %HUJVWURP ) -RKDQVVRQ / % $ 'LDU\OGLIOXRURERUDDD
GLD]DV,QGDFHQH %2',3<  '\HV 6\QWKHVLV 6SHFWURVFRSLF (OHFWURFKHPLFDO
DQG 6WUXFWXUDO 3URSHUWLHV -RXUQDO RI 2UJDQLF &KHPLVWU\     




5LKQ 6 5HWDLOOHDX 3 %XJVDOLHZLF] 1 'H 1LFROD $ =LHVVHO 5 9HUVDWLOH
6\QWKHWLF 0HWKRGV IRU 7KH (QJLQHHULQJ RI 7KLRSKHQHVXEVWLWXWHG %RGLS\ '\HV
7HWUDKHGURQ/HWWHUV  



=KDQJ ' :DQJ < ;LDR < 4LDQ 6 4LDQ ; /RQJZDYHOHQJWK
%RUDGLD]DLQGDFHQH'HULYDWLYHVZLWK7ZRSKRWRQ$EVRUSWLRQ$FWLYLW\DQG6WURQJ
(PLVVLRQ9HUVDWLOH&DQGLGDWHVIRU%LRORJLFDO,PDJLQJ$SSOLFDWLRQV7HWUDKHGURQ
  



4LQ:5RKDQG7'HKDHQ:&OLIIRUG-1'ULHVHQ.%HOMRQQH'9DQ
$YHUEHNH%9DQGHU$XZHUDHU0%RHQV1%RURQ'LS\UURPHWKHQH$QDORJV
ZLWK 3KHQ\O 6W\U\O DQG (WK\Q\OSKHQ\O 6XEVWLWXHQWV 6\QWKHVLV 3KRWRSK\VLFV
(OHFWURFKHPLVWU\ DQG 4XDQWXP&KHPLFDO &DOFXODWLRQV -RXUQDO RI 3K\VLFDO
&KHPLVWU\$  
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'RQXUX959HJHVQD*.9HOD\XGKDP6*UHHQ6/LX+6\QWKHVLVDQG
2SWLFDO 3URSHUWLHV RI 5HG DQG 'HHS5HG (PLVVLYH 3RO\PHULF DQG &RSRO\PHULF
%2',3<'\HV&KHPLVWU\RI0DWHULDOV  



0HQJ * 9HOD\XGKDP 6 6PLWK $ /XFN 5 /LX + &RORU 7XQLQJ RI
3RO\IOXRUHQH(PLVVLRQZLWK%2',3<0RQRPHUV 0DFURPROHFXOHV  




.ROOPDQQVEHUJHU 0 *DUHLV 7 +HLQO 6 %UHX - 'DXE - (OHFWURJHQHUDWHG
&KHPLOXPLQHVFHQFH DQG 3URWRQ'HSHQGHQW 6ZLWFKLQJ RI )OXRUHVFHQFH
)XQFWLRQDOL]HG'LIOXRURERUDGLD]DV,QGDFHQHV$QJHZDQGWH&KHPLH,QWHUQDWLRQDO
(GLWLRQLQ(QJOLVK  



5XUDFN . .ROOPDQQVEHUJHU 0 'DXE - 0ROHFXODU 6ZLWFKLQJ LQ7KH 1HDU
,QIUDUHG 1,5 ZLWK$)XQFWLRQDOL]HG%RURQ'LS\UURPHWKHQH'\H$QJHZDQGWH
&KHPLH,QWHUQDWLRQDO(GLWLRQ  



=KDQJ'0DUWLQ9*DUFLD0RUHQR,&RVWHOD$(XJHQLD3HUH]2MHGD0
;LDR<'HYHORSPHQWRI([FHOOHQW/RQJZDYHOHQJWK%2',3</DVHU'\HVZLWK
$ 6WUDWHJ\ WKDW &RPELQHV ([WHQGLQJ 3L&RQMXJDWLRQ DQG 7XQLQJ ,&7 (IIHFW
3K\VLFDO&KHPLVWU\&KHPLFDO3K\VLFV  



=KDQJ ; ;LDR < 4LDQ ; +LJKO\ HIILFLHQW HQHUJ\ WUDQVIHU LQ WKH OLJKW
KDUYHVWLQJV\VWHPFRPSRVHGRIWKUHHNLQGVRIERURQGLS\UURPHWKHQHGHULYDWLYHV
2UJDQLF/HWWHUV  



5XUDFN..ROOPDQQVEHUJHU0'DXE-$+LJKO\(IILFLHQW6HQVRU0ROHFXOH
(PLWWLQJ

LQ

7KH

1HDU

,QIUDUHG

1,5 

'LVW\U\O S

GLPHWK\ODPLQRSKHQ\O GLIOXRURERUDGLD]DVLQGDFHQH 1HZ -RXUQDO RI &KHPLVWU\
  


'HQL] ( ,VEDVDU * & %R]GHPLU 2 $ <LOGLULP / 7 6LHPLDUF]XN $
$NND\D ( 8 %LGLUHFWLRQDO 6ZLWFKLQJ RI 1HDU ,5 (PLWWLQJ %RUDGLD]DLQGDFHQH
)OXRURSKRUHV2UJDQLF/HWWHUV  



+XR )- 6XQ <4 6X - &KDR -% =KL +- <LQ &; &RORULPHWULF
'HWHFWLRQRI7KLROVXVLQJ$&KURPHQH0ROHFXOH2UJDQLF/HWWHUV  
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+XDQJ 67 7LQJ .1 :DQJ ./ 'HYHORSPHQW RI $ /RQJZDYHOHQJWK
)OXRUHVFHQW 3UREH %DVHG 2Q 4XLQRQHPHWKLGHW\SH 5HDFWLRQ WR 'HWHFW
3K\VLRORJLFDOO\6LJQLILFDQW7KLROV$QDO&KLP$FWD  



=KDR + 7 .DOLYHQGL 6 =KDQJ + -RVHSK - 1LWKLSDWLNRP . 9DVTXH]
9LYDU-.DO\DQDUDPDQ%6XSHUR[LGH5HDFWVZLWK+\GURHWKLGLQHEXW)RUPV$
)OXRUHVFHQW 3URGXFW 7KDW ,V 'LVWLQFWO\ 'LIIHUHQW )URP (WKLGLXP 3RWHQWLDO
,PSOLFDWLRQVLQ,QWUDFHOOXODU)OXRUHVFHQFH'HWHFWLRQRI6XSHUR[LGH)UHH5DGLFDO
%LRORJ\DQG0HGLFLQH  



.LP + - .R . & /HH - + /HH - < .LP - 6 .&1 6HQVRU 8QLTXH
&KURPRJHQLF DQG 7XUQ2Q  )OXRUHVFHQW &KHPRGRVLPHWHU 5DSLG 5HVSRQVH DQG
+LJK6HOHFWLYLW\&KHPLFDO&RPPXQLFDWLRQV  



.R 6. <DQJ <. 7DH - 6KLQ , ,Q 9LYR 0RQLWRULQJ 2I 0HUFXU\ ,RQV
8VLQJ$5KRGDPLQHEDVHG0ROHFXODU3UREH -RXUQDORI WKH$PHULFDQ&KHPLFDO
6RFLHW\  



.LP + /HH 6 /HH - 7DH - 5KRGDPLQH 7ULD]ROHEDVHG )OXRUHVFHQW 3UREH
IRU7KH'HWHFWLRQRI3W2UJDQLF/HWWHUV  



:X ' +XDQJ : 'XDQ & /LQ = 0HQJ 4 +LJKO\ 6HQVLWLYH )OXRUHVFHQW
3UREH IRU 6HOHFWLYH 'HWHFWLRQ RI +J LQ '0) $TXHRXV 0HGLD ,QRUJDQLF
&KHPLVWU\  
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3.1

Introduction
BODIPY (4,4’-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes have gained a great

deal of attention recently because of their many distinctive and desirable properties such
as high extinction coefficients, narrow absorption and emission bands, high quantum
efficiencies of fluorescence, and relative insensitivity to environmental perturbations, and
resistance to photobleaching.1-2 Biological and medical applications of the BODIPY dyes
require good water solubility and resistance to the formation of nonfluorescent dimer and
higher aggregates.
involve

Reported strategies to make these dyes water-soluble typically

introducing

oligo(ethylene

glycol),3

N,N-bis(2-hydroxyethyl)

amine,4

carbohydrates,5 nucleotides,6 or ionic hydrophilic groups such as carboxylic acid,7-8
sulfonate,9-11 and ammonium groups9-10 to BODIPY dyes. There are desirable advantages
to prepare neutral water-soluble BODIPY dyes to prevent potential nonspecific
interactions through electrostatic interactions between BODIPY dyes and other proteins
in biological and medical applications.

It is very important to develop general

approaches to significantly enhance water solubility of neutral BODIPY dyes with
controlled fluorescence quantum yields.
We hypothesize that incorporation of branched oligo(ethylene glycol)methyl ether
into BODIPY dyes could effectively enhance enthalpic interactions of BODIPY dyes
with water and significantly increase water solubility of BODIPY dyes, and that
introduction of steric hindrance at meso- or 4-position of BODIPY dyes could
significantly reduce their aggregation caused by potential S-S stacking interactions
between BOIDIPY cores in aqueous solution, and considerably enhance their
fluorescence quantum yields. In this letter, we have introduced branched oligo(ethylene
glycol)methyl ether to the meso, 2- and 6-, and 4-positions of BODIPY dyes and
significantly enhance fluorescence quantum yields of BODIPY dyes (Scheme 3.1).
These neutral BODIPY dyes are highly water-soluble because of the strong hydrophilic
nature of oligo(ethylene glycol)methyl ether residues.
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Scheme 3.1. Chemical structures of highly water-soluble BODIPY dyes.

3.2

Experimental Section

3.2.1

Instrumentation

1

H NMR and

13

C NMR spectra were taken on a 400 MHz Varian Unity Inova

spectrophotometer instrument. 1H and

13

C NMR spectra were recorded in CDCl3,

chemical shifts (δ) are given in ppm relative to solvent peaks (1H: δ 7.26; 13C: δ 77.3) as
internal standard. Absorption spectra were taken on a Hewlett Packard 8452A Diode
Array UV-visible spectrophotometer. Fluorescence spectra were recorded on a Spex
Fluorolog 1681 0.22m steady-state fluorometer.
3.2.2

Materials and synthesis.

Unless otherwise indicated, all reagents and solvents were obtained from commercial
suppliers (Aldrich, Sigma, Fluka, Acros Organics, Fisher Scientific, Lancaster) and used
without further purification. Air- and moisture-sensitive reactions were conducted in
oven-dried glassware using a standard Schlenk line or drybox techniques under an inert
atmosphere of dry nitrogen. &RPSRXQGZDVSUHSDUHGDQGFKDUDFWHUL]HGDFFRUGLQJWR
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WKH OLWHUDWXUH &RPSRXQG  ZDV SUHSDUHG DQG FKDUDFWHUL]HG DFFRUGLQJ WR WKH
OLWHUDWXUH&RPSRXQGZDVSUHSDUHGDQGFKDUDFWHUL]HGDFFRUGLQJWRWKHOLWHUDWXUH
Compound 3.16 was prepared and characterized according to the literature.16

Scheme 3.2. Synthetic route to compound 3.4.
Compound 3.3: 60% NaH (dispersion in mineral oil) (18.0 g, 0.45 mol), ethylene
glycol monomethyl ether (2) (50 g, 0.3 mol), and freshly distilled dry THF (350 mL)
were placed in a dry round-bottom flask in an ice bath and stirred for 0.5 h at 60 oC under
N2 atmosphere. After the reaction was cooled down to room temperature, methallyl
dichloride (1) (18.8 g, 0.15 mol) was added dropwise to this mixture and the resulting
mixture was stirred at 65 oC for 12 h. When the reaction was cooled down to room
temperature, the reaction mixture was quenched with water and extracted with CH2Cl2.
After the organic layer was dried over anhydrous MgSO4, the solvent was removed by
using a rotary evaporator. The product was quickly and simply purified by column
chromatography using hexane/acetone/CH2Cl2/EtOH (5/2/3/0.5, v/v) to give compound
3.3 as a crude liquid. The compound 3.3 can be used in the next step without further
purification.
Compound 3.4: Compound 3.3 (51.3 g, 135 mmol) was dissolved in 400 mL of dry
THF under N2 atmosphere, and 360 mL of 0.5 M 9-BBN solution in THF was added
dropwise at room temperature. The reaction mixture was stirred for 45 min, cooled to 0
°C in an ice bath, carefully quenched with 95 mL of 3 M NaOH aqueous solution, and
then stirred for 30 min at room temperature. When the reaction mixture was cooled again
to 0 °C, 95 mL of 30% H2O2 aqueous solution was carefully added. After the mixture
was stirred at room temperature 3 h, THF solvent was removed in a rotary evaporator.
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The mixture was saturated with K2CO3 and extracted with CH2Cl2. When the organic
layer was collected, the solvent was removed in a rotary evaporator. The resulting
product was purified by column chromatography using hexane/acetone/CH2Cl2/EtOH
(5/2/3/0.5, v/v) to yield compound 3.4 as a colorless liquid (42.65 g, 81%). 1H NMR (400
MHz, CDCl3): δ 3.68 (t, J = 5.6 Hz, 1H, -OH), 3.60-3.47 (m, 30H), 3.32 (s, 6H), 2.102.04 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 72.1, 71.0, 70.8, 70.75, 70.7, 70.68, 70.6,
63.6, 59.2, 41.4. HRMS (FAB) calcd for C18H39O9 [M+H]+, 399.2594; found, 399.2601.


Scheme 3.3. Synthetic route to compound 3.5.
Compound 3.5: To the solution of compound 3.4 (20.0 g, 50 mmol) in CH2Cl2 (150
mL) added PBr3 (7.1 mL, 75 mmol) dropwise at 0 °C. After the mixture was stirred at 40
°C for 12 h, it was cooled down to room temperature and dissolved in CH2Cl2. After
water was added slowly to the mixture at 0 oC, the mixture was transferred into a
separation funnel. The organic layer was collected, washed with water, NaHCO3 solution,
dried over anhydrous Na2SO4 and filtered. The filtrate was concentrated under reduced
pressure and the crude product was purified by column chromatography using
hexane/EtOAc/EtOH (7/3/0.3, v/v) as a eluent to yield compound 3.5 as colorless liquid
(18.16 g, 79%). 1H NMR (400 MHz, CDCl3): δ 3.63-3.35 (m, 30H), 3.35 (s, 6H), 2.302.21 (m, 1H).

13

C NMR (100 MHz, CDCl3): δ 72.1, 70.8, 70.7, 70.6, 70.2, 59.2, 41.5,

33.6. HRMS (FAB) calcd for C18H38O8Br [M+H]+, 461.1750; found, 461.1744.

Scheme 3.3. Synthetic route to compound 3.7.
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Compound 3.7: When 15 mL of DMF solution was added to a 100-mL roundbottom flask containing 3,4-dihydroxybezaldehyde (3.6) (228 mg, 1.65 mmol),
compound 3.5 (1.9 g, 3.48 mmol), and K2CO3 (1.14 g, 8.25 mmol), the mixture was
stirred for 12 h at 80 °C under a nitrogen atmosphere. After completion of the reaction
(which was monitored by TLC), DMF was removed from the mixture under reduced
pressure. The resulting crude product was purified by silica gel column chromatography
using hexane/EtOAc/CH2Cl2/EtOH (5/2/3/0.5 to 5/1/3/1, v/v) to yield compound 3.7 as a
colorless liquid (1.10 g, 75%). 1H NMR (400 MHz, CDCl3): δ 9.80 (s, 1H), 7.41-7.38
(m, 2H), 6.97 (d, J = 8.0 Hz, 1H), 4.12 (d, J = 5.6 Hz, 2H), 4.08 (d, J = 5.6 Hz, 2H), 3.633.50 (m, 56H), 3.35 (4 x CH3, 12H), 2.48-2.39 (m, 2H). 13C NMR (100 MHz, CDCl3): δ
191.1, 154.7, 149.5, 130.1, 126.6, 111.9, 111.0, 72.1, 70.9, 70.8, 70.7, 70.6, 69.5, 69.3,
67.0, 66.9, 59.2, 40.1, 40.0. HRMS (FAB) calcd for C43H79O19 [M+H]+, 899.5216; found,
899.5226.

Scheme 3.4. Synthetic route to compound 3-A.
Compound 3-A: Compound 3.7 (2.7 g, 3.0 mmol) and 2,4-dimethylpyrrole (712
mg, 7.5 mmol) were dissolved in 500 mL of dry CH2Cl2 in a 2000-mL flask. Two drops
of trifluoroacetic acid (TFA) were added to the reaction mixture, and the resulting
mixture was stirred in the dark for 12 h under a nitrogen atmosphere at room temperature.
After the complete consumption of aldehyde 3.7 (which was monitored by TLC), DDQ
(2,3-dichloro-5,6-dicyano-1,4-benzoquinone) (820 mg, 3.6 mmol) was added to the
reaction mixture. After the mixture had stirred for 40 min, 10 mL of
diisopropylethylamine (DIPEA) and 10 mL of BF3·OEt2 were added to the mixture. After
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the mixture was further stirred for 40 min, it was concentrated to 200 mL and filtered.
When the filtrate was washed twice with water and brine solution, the organic layer was
collected, dried over anhydrous MgSO4, and concentrated under reduced pressure. The
crude

product

was

purified

by

column

chromatography

using

hexane/EtOAc/CH2Cl2/EtOH (10/2/6/1, v/v) to obtain BODIPY dye 3-A as yellow-red
oil (1.16 g, 35%). 1H NMR (400 MHz, CDCl3): δ 6.97 (d, J = 8.0 Hz, 1H), 6.79-6.75 (m,
2H), 5.97 (s, 2H), 4.08 (d, J = 5.2 Hz, 2H), 3.98 (d, J = 6.0 Hz, 2H), 3.64-3.50 (m, 56H),
3.36-3.34 (4 x CH3, 12H), 2.63 (s, 6H), 2.48-2.38 (m, 2H), 1.47 (s, 6H). 13C NMR (100
MHz, CDCl3): δ 155.5, 149.9, 149.8, 143.3, 142.0, 131.9, 127.3, 121.2, 120.7, 113.9,
113.5, 72.1, 72.1, 70.8, 70.8, 70.7, 70.7, 70.6, 69.6, 69.5, 67.7, 67.3, 59.2, 59.2, 40.2,
14.7. IR (cm-1): 2868, 1543, 1509, 1467, 1411, 1363, 1351, 1305, 1262, 1249, 1193,
1094, 1026, 997, 847, 810, 761. 11B NMR (128Hz, CDCl3): δ 5.75 (t, J = 34 Hz). HRMS
(FAB) calcd for C55H91N2F2B O18 [M+H]+, 1116.6328; found, 1116.6332. It shows an
absorption maximum at 501 nm, 500 nm and 499 nm in CH2Cl2, ethanol and PBS
solution, respectively. It also shows a weak absorption peak at 370 nm in PBS solution. It
shows an emission maximum at 511 nm, 509 nm and 510 nm in CH2Cl2, ethanol and PBS
solution, respectively.

Scheme 3.5. Synthetic route to compound 3-C.
Compound 3-C: Iodic acid (0.30 g, 1.70 mmol) in 3 mL of water was added
dropwise to the ethanol solution (15 mL) containing compound 3-A (0.84 g, 0.752 mmol)
and iodine (0.25 g, 1.95 mmol) over 30 minutes. Then the mixture was stirred for 4 h.
The mixture was concentrated under reduced pressure, dissolved in CH2Cl2, and washed
twice with water and brine solution. The organic layer was collected, dried over
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anhydrous Na2SO4, and concentrated under reduced pressure. The crude product was
purified by column chromatography to yield BODIPY dye 3-C as red oil (0.99 g, 96%).
1

H NMR (400 MHz, CDCl3): δ 6.98 (d, J = 8.0 Hz, 1H), 6.73-6.70 (m, 2H), 4.09 (d, J =

6.0 Hz, 2H), 3.96 (d, J = 5.2 Hz, 2H), 3.64-3.49 (m, 56H), 3.35-3.34 (4 x CH3, 12H), 2.61
(s, 6H), 2.48-2.37 (m, 2H), 1.47 (s, 6H).

13

C NMR (100 MHz, CDCl3): δ 156.7, 150.2,

145.6, 141.8, 131.8, 126.9, 120.6, 113.9, 113.1, 72.1, 70.8, 70.8, 70.7, 70.7, 70.6, 69.6,
69.5, 67.7, 67.3, 59.2, 59.2, 40.2, 17.4, 16.2. IR (cm-1): 2868, 1528, 1457, 1397, 1345,
1305, 1264, 1249, 1178, 1097, 995, 850, 759. HRMS (MAIDL) calcd for
C55H89BF2I2N2O18Na [M+Na]+, 1391.4159; found, 1391.4192. It shows an absorption
maximum at 534 nm, 533 nm and 539 nm in CH2Cl2, ethanol and PBS solution,
respectively. It also shows a weak absorption peak at 390 nm in CH2Cl2 and PBS
solution, respectively. It shows an emission maximum at 548 nm, 550 nm and 552 nm in
CH2Cl2, ethanol and PBS solution, respectively.

Scheme 3.6. Synthetic route to compound 3-D.
Compound 3-D: Compound 3-C (820 mg, 0.6 mmol), CuI (5 mg) and Pd(PPh3)2Cl2
(8 mg) were added to a 50-mL round-bottom flask under nitrogen atmosphere. When
degassed anhydrous THF (10 mL), anhydrous diisopropylamine (5 mL), and
trimethylsilylacetylene (425 uL, 3 mmol) were added to the flask, the mixture was stirred
at 50 oC overnight. When the reaction mixture was concentrated under reduced pressure,
dissolved in the mixture of MeOH (15 mL) and H2O (0.5 mL), NaF (125 mg, 3 mmol)
was added to the mixed solution. After the mixture was stirred at 50 oC overnight, it was
concentrated

and

purified

by

silica
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gel

column

chromatography

using

hexane/EtOAc/CH2Cl2/EtOH (5/1/3/0.5, v/v) to yield BODIPY dye 3-D as red oil (420
mg, 60%). 1H NMR (400 MHz, CDCl3): δ 6.98 (d, J = 8.0 Hz, 1H), 6.74-6.70 (m, 2H),
4.08 (d, J = 6.0 Hz, 2H), 3.96 (d, J = 5.6 Hz, 2H), 3.63-3.48 (m, 56H), 3.34-3.32 (4 x
CH3, 12H), 3.30 (s, 2H), 2.61 (s, 6H), 2.48-2.37 (m, 2H), 1.55 (s, 6H).

13

C NMR (100

MHz, CDCl3): δ 158.8, 150.2, 150.1, 145.8, 143.5, 131.4, 126.4, 120.5, 115.2, 113.9,
113.1, 84.3, 76.2, 72.1, 72.1, 70.8, 70.8, 70.7, 70.7, 70.6, 69.6, 69.5, 67.7, 67.3, 59.2,
59.240.2, 13.7. IR (cm-1): 2921, 2856, 1531, 1468, 1401, 1365, 1313, 1249, 1193, 1092,
1012, 942, 850, 762.

11

B NMR (128Hz, CDCl3): δ 5.14 (t, J = 32 Hz). HRMS (FAB)

calcd for C59H91N2F2BO18 [M+H]+, 1164.6328; found, 1164.6322. It shows an absorption
maximum at 539 nm and 536 nm in CH2Cl2 and PBS solution, respectively. It also
exhibits a weak absorption peak at 390 nm and 389 nm in CH2Cl2 and PBS solution,
respectively. It displays an emission maximum at 554 nm and 555 nm in CH2Cl2 and PBS
solution, respectively.

Scheme 3.7. Synthetic route to compound 3-E.
Compound 3-E: To the solution of compound 3-D (90.0 mg, 0.077 mmol) in dry
MeOH (10 mL) added NaOMe (21 mg, 0.232 mmol). Then the mixture was stirred reflux
under a nitrogen atmosphere overnight. The reaction mixtures were then cooled down to
ambient temperature and were concentrated. The crude product was purified by column
chromatography using hexane/CH2Cl2/EtOAc/EtOH (5/3/1/0.5, v/v) to yield BODIPY
dye 3-E as a red oil (48 mg, 52%).1H NMR (400 MHz, CDCl3): δ 6.98 (d, J = 8.8 Hz,
1H), 6.73-6.70 (m, 2H), 4.08 (d, J = 6.0 Hz, 2H), 3.97 (d, J = 6.0 Hz, 2H), 3.64-3.49 (m,
56H), 3.34-3.33 (4 x CH3, 12H), 3.31 (s, 2H), 2.92 (s, 3H), 2.88 (s, 3H), 2.61 (s, 6H),
62

2.47-2.38 (m, 2H), 1.55 (s, 6H).

13

C NMR (100 MHz, CDCl3): δ 158.9, 150.1, 150.0,

144.3, 143.3, 132.9, 127.1, 120.8, 114.7, 113.9, 113.3, 84.1, 76.8, 72.1, 70.8, 70.7, 70.7,
70.6, 69.6, 69.5, 67.8, 67.3, 59.2, 49.5, 49.4, 40.2, 13.8, 13.6. IR (cm-1): 2869, 2815,
1531, 1467, 1426, 1392, 1364, 1350, 1302, 1262, 1246, 1199, 1179, 1049, 1011, 960,
849, 752. 11B NMR (128Hz, CDCl3): δ 5.41 (S). HRMS (FAB) calcd for C61H97N2BO20
[M]+, 1188.6728; found, 1188.6725. It shows an absorption maximum at 538 nm and 534
nm in CH2Cl2 and PBS solution, respectively. It also exhibits a weak absorption peak at
390 nm and 387 nm in CH2Cl2 and PBS solution, respectively. It displays an emission
maximum at 552 nm and 550 nm in CH2Cl2 and PBS solution, respectively.

Scheme 3.8. Synthetic route to compound 3-B.
Compound 3-B: To a solution of compound 3.8 (1.60 mmol, 323 mg) in anhydrous
THF (2 mL) was added ethylmagnesium bromide (1.90 mmol, 1.9 mL of 1.0 M solution).
When the mixture was heated at 60°C for 2 hours and cooled down to room temperature,
a solution of compound 3-A (180 mg, 0.16 mmol) in anhydrous THF (3 mL) was added
to the mixture. The resulting mixture was stirred at 60°C overnight until complete
consumption of the starting material was observed by TLC. When water (10 mL) was
added to the mixture, the resulting mixture was extracted with CH2Cl2. The organic layer
was dried over anhydrous Na2SO4, and concentrated under reduced pressure. The crude
product was purified by column chromatography using hexanes/CH2Cl2/EtOH (3:6:0.5,
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v/v) to yield BODIPY dye 3-B as purple oil (172 mg, 73%). 1H NMR (400 MHz,
CDCl3): δ 6.84 (d, J = 8.0 Hz, 1H), 6.73-6.69 (m, 2H), 5.92 (s, 2H), 4.09 (s, 2H), 3.99 (d,
J = 6.0 Hz, 2H), 3.88 (d, J = 5.6 Hz, 2H), 3.56-3.42 (m, 80H), 3.27-3.26 (6 x CH3, 18H),
2.62 (s, 6H), 2.40-2.29 (m, 2H), 1.37 (s, 6H).

13

C NMR (100 MHz, CDCl3): δ 155.0,

149.8, 149.6, 141.8, 141.2, 130.0, 127.8, 121.4, 120.8, 113.8, 113.7, 90.8, 72.0, 70.8,
70.7, 70.7, 70.6, 70.5, 70.4, 69.5, 69.4, 68.8, 67.7, 67.3, 59.7, 59.6, 59.1, 40.2, 16.2, 14.9.
IR (cm-1): 2869, 1548, 1511, 1465, 1408, 1350, 1307, 1260, 1199, 1180, 1097, 1027, 980,
849.

11

B NMR (128Hz, CDCl3): δ -7.71 (s). HRMS (FAB) calcd for C75H125N2BO26

[M+H]+, 1480.8614; found, 1480.8615. It shows an absorption maximum at 499 nm and
496 nm in CH2Cl2 and PBS solution, respectively. It also exhibits a weak absorption peak
at 366 nm and 363 nm in CH2Cl2 and PBS solution, respectively. It displays an emission
maximum at 508 nm and 507 nm in CH2Cl2 and PBS solution, respectively.

Scheme 3.9. Synthetic route to compound 3.10.
Compound 3.10: When 15 mL of DMF was added to a 100-mL round-bottom flask
containing 3,4-dihydroxybezaldehyde 3.9 (490 mg, 3.58 mmol), compound 3.5 (4.12 g,
8.94 mmol), and K2CO3 (1.47 g, 10.74 mmol) under a nitrogen atmosphere, the mixture
was stirred at 80 °C for 12 h under a nitrogen atmosphere. After completion of the
reaction (which was monitored by TLC), DMF was removed from the mixture under
reduced pressure. The resulting crude product was purified by silica gel column
chromatography using hexane/EtOAc/CH2Cl2/EtOH (5/2/3/0.5 to 5/1/3/1, v/v) to yield
compound 3.10 as a colorless oil (2.3 g, 72%). 1H NMR (400 MHz, CDCl3): δ 10.23 (s,
1H), 7.70 (d, J = 8.8 Hz, 1H), 6.48 (dd, J = 8.8, 2.0 Hz, 1H), 6.41 (d, J = 3.0 Hz, 1H),
4.07-4.02 (m, 4H), 3.58-3.45 (m, 56H), 3.31-3.29 (4 x CH3, 12H), 2.42-2.33 (m, 2H). 13C
NMR (100 MHz, CDCl3): δ 188.2, 165.9, 163.4, 130.4, 119.1, 106.8, 99.3, 72.1, 71.1,
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70.8, 70.7, 70.6, 69.4, 69.3, 66.8, 66.7, 59.2, 40.1. HRMS (FAB) calcd for C43H79O19
[M+H]+, 899.5216; found, 899.5226.

Scheme 3.10. Synthetic route to compound 3-F.
Compound 3-F: Compound 3.10 (2.0 g, 2.23 mmol) and 2,4-dimethylpyrrole (530
mg, 5.58 mmol) were dissolved in 400 mL of dry CH2Cl2 in a 1000 mL flask. Two drops
of trifluoroacetic acid (TFA) were added to the reaction mixture, and the resulting
mixture was stirred in the dark for 12 h under nitrogen atmosphere at room temperature.
After the complete consumption of compound 3.10 (which was monitored by TLC),
DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) (610 mg, 2.68 mmol) was added to
the reaction mixture. When the mixture was stirred for 40 min, 10 mL of
diisopropylethylamine (DIEA) and 10 mL of BF3·OEt2 were added to the mixture. After
the mixture was further stirred for 40 min, it was concentrated to 200 mL and filtered.
When the filtrate was washed twice with water and brine solution, the organic layer was
collected, dried over anhydrous Na2SO4, and concentrated under reduced pressure. The
crude

product

was

purified

by

column

chromatography

using

hexane/EtOAc/CH2Cl2/EtOH (10/2/6/1, v/v) to obtain BODIPY dye 3-F as yellow-red oil
(697 mg, 28%). 1H NMR (400 MHz, CDCl3): δ 6.86 (d, J = 8.4 Hz, 1H), 6.51-6.45 (m,
2H), 5.84 (s, 2H), 3.95 (d, J = 5.6 Hz, 2H), 3.86 (d, J = 5.2Hz, 2H), 3.54-3.40 (m, 56H),
3.28-3.26 (4 x CH3, 12H), 2.41 (s, 6H), 2.33-2.30 (m, 1H), 2.15-2.13 (m, 1H), 1.39 (s,
6H).

13

C NMR (100 MHz, CDCl3): δ 161.5, 156.7, 154.6, 142.8, 139.5, 132.2, 129.7,

120.7, 116.4, 106.3, 100.4, 72.0, 70.8, 70.7, 70.6, 70.5, 70.4, 69.5, 69.1, 66.5, 66.2, 59.1,
40.1, 39.6, 14.6, 14.2. IR (cm-1): 2868, 1608, 1543, 1509, 1467, 1410, 1363, 1351, 1303,
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1275, 1261, 1192, 1026, 979, 836, 764, 750, 705. HRMS (FAB) calcd for
C55H91N2F2BO18 [M+H]+, 1116.6328; found, 1116.6332. It shows an absorption
maximum at 504 nm and 501 nm in CH2Cl2 and PBS solution, respectively. It also
displays a weak absorption peak at 370 nm and 368 nm in CH2Cl2 and PBS solution,
respectively. It exhibits an emission maximum at 514 nm and 511 nm in CH2Cl2 and PBS
solution, respectively.

Scheme 3.11. Synthetic route to compounds 3-G and 3-H.
Compound 3-G and 3-H:

When BODIPY dye 3-F (550 mg, 0.49 mmol), and

compound 3.11 (847 mg, 1.97 mmol) were dissovled in a mixture of benzene (30 mL),
toluene (10 mL), piperidine (1.0 mL) and AcOH (0.8 mL), the mixture was heated under
reflux for 8 h. Any water formed during the reaction was removed azeotropically by
using a Dean-Stark apparatus. The mixture was concentrated in vacuo, diluted with
EtOAc and washed with water and brine, respectively. The organic layer was collected,
dried over Na2SO4 and concentrated in vacuo. The crude product was purified by silica
gel column chromatography by using mobile phase (hexane/EtOAc/CH2Cl2/EtOH,
4/1/3/0.5 to hexane/acetone/CH2Cl2/EtOH, 4/1/3/1) to obtain BODIPY dye 3-G (92 mg,
12%) as purple oil and BODIPY dye 3-H (20 mg, 2%) as green oil. Monostyryl BODIPY
dye 3-G, 1H NMR (400 MHz, CDCl3): δ 7.60 (d, J = 16.4 Hz, 1H), 7.55 (d, J = 8.8 Hz,
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1H), 7.47 (d, J = 16.4 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 6.57-6.43 (m, 5H), 5.91 (s, 1H),
4.16-4.11 (m, 4H), 4.03 (d, J = 6.0 Hz, 2H), 3.94-3.92 (m, 4H), 3.83 (t, J = 5.2 Hz, 2H),
3.75-3.47 (m, 72H), 3.35-3.32 (6 x CH3, 18H), 2.52 (s, 3H), 2.44-2.37 (m, 1H), 2.23-2.19
(m, 1H), 1.52 (s, 3H), 1.46 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 161.5, 161.0, 158.2,
157.0, 154.0, 153.3, 142.4, 141.4, 137.3, 133.7, 132.2, 131.4, 130.1, 129.2, 120.4, 119.5,
117.7, 116.8, 106.7, 106.2, 100.4, 100.3, 77.4, 72.2, 72.1, 71.0, 70.9, 70.8, 70.7, 70.7,
70.6, 70.5, 69.8, 69.7, 69.6, 69.2, 69.2, 68.3, 67.7, 66.7, 66.3, 59.2, 59.2, 40.2, 39.7, 14.8,
14.6, 14.2. IR (cm-1): 2869, 1606, 1576, 1543, 1507, 1466, 1411, 1364, 1351, 1302, 1275,
1192, 1027, 980, 836, 765, 750, 706. HRMS (MAIDL) calcd for C76H123BF2N2O26 [M]+,
1528.8425; found, 1528.8413. It shows an absorption maximum at 580 nm and 577 nm in
CH2Cl2 solution and PBS solution, respectively. It also shows a weak absorption peak at
350 nm, and absorption shoulder peaks at 505 nm and 540 nm in CH2Cl2 solution. It
displays a weak absorption peak at 347 nm, and absorption shoulder peaks at 505 nm and
539 nm in PBS solution. It shows an emission maximum at 596 nm and 598 nm in
CH2Cl2 solution and PBS solution, respectively.
Distyryl BODIPY dye 3-H, 1H NMR (400 MHz, CDCl3): δ 7.64-7.60 (m, 4H), 7.50
(d, J = 16.4 Hz, 2H), 7.00 (d, J = 8.4Hz, 1H), 6.56-6.47 (m, 8H), 5.27-5.14 (m, 8H), 4.08
(d, J = 6.0 Hz, 2H), 4.04-3.92 (m, 6H), 3.86-3.84 (m, 4H), 3.75-3.45 (m, 88H), 3.36-3.31
(8 x CH3, 24H), 2.52 (s, 3H), 2.49-2.40 (m, 1H), 2.28-2.22 (m, 1.53 (s, 3H).

13

C NMR

(100 MHz, CDCl3): δ 161.5, 160.9, 158.0, 157.2, 152.9, 141.3, 135.1, 133.9, 130.4,
130.3, 128.6, 119.8, 117.8, 117.2, 117.0, 106.8, 106.1, 100.4, 77.4, 72.2, 72.1, 71.0, 70.9,
70.8, 70.7, 70.7, 70.6, 70.5, 69.9, 69.7, 69.6, 69.2, 68.4, 67.8, 66.6, 66.4, 59.2, 59.1, 53.6,
40.2, 39.7, 14.5. IR (cm-1): 2869, 1607, 1577, 1543, 1508, 1463, 1412, 1364, 1351, 1303,
1275, 1261, 1192, 1099, 1027, 980, 835, 764, 706. HRMS (MAIDL) calcd for
C97H155BF2N2O34 [M]+, 1941.0522; found, 1941.0518. It shows an absorption maximum
at 659 nm and 660 nm in CH2Cl2 solution and PBS solution, respectively. It also shows
two absorption peaks of phenyl groups at meso and 3,5-positions at 325 nm and 383 nm
respectively, a weak absorption peak of BODIPY core at 508 nm, and an absorption
shoulder peak at 602 nm in CH2Cl2 solution. It also displays two strong absorption peaks
of phenyl groups at meso and 3,5-positions at 326 nm and 383 nm, respectively, a weak
absorption peak of BODIPY core at 507 nm, and an absorption shoulder peak 609 nm in
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PBS solution. It shows an emission maximum at 676 nm and 676 nm in CH2Cl2 solution
and PBS solution, respectively.

Scheme 3.12. Synthetic route to compound 3.13.
Compound 3.12:

Tetra(ethylene glycol) (6.98 g, 36.0 mmol) was dissolved

in anhydrous THF (80 mL). When sodium hydride (1.76 g, 60%) was added into the
mixture at 0 oC, the solution was stirred until no hydrogen gas was released. When
propargyl bromide (5.95 g, 80% in toluene) was added dropwise into the mixture at 0 oC,
the reaction mixture was at room temperature overnight. After the mixture was filtered,
the filtrate was concentrated under reduced pressure and purified by silica gel column
chromatography using hexanes/CH2Cl2/EtOH (3:6:0.5, v/v) to give compound 3.12 as
pale yellow oil (4.32 g, 52%). 1H NMR (400 MHz, CDCl3): δ 4.14 (d, J = 2.8 Hz, 2H),
3.67-3.60 (m, 14H), 3.56-3.53 (m, 2H), 1.06 (s, 1H, -OH), 2.39 (t, J = 2.8 Hz, 1H).

13

C

NMR (100 MHz, CDCl3): δ 94.6, 79.8, 74.7, 72.7, 70.8, 70.7, 70.7, 70.6, 70.5, 69.3, 61.9,
58.6.
Compound 3.13:

To a solution of compound 3.12 (4.32 g, 18.7 mmol) in

THF (20 mL) and aqueous NaOH (2.2 g/ 22 mL) was added the solution of TsCl (6.0 g)
in THF (30 mL) at 0 oC. After the mixture was stirred for 2 h, 200 mL of CH2Cl2 was
added to the mixture. When the mixture was washed with water, the organic layer was
collected, dried over Na2SO4 and concentrated. The crude product was purified by
column chromatography using hexane/EtOAc (1/2, v/v) to yield compound 3.13 as oil.
1

H NMR (400 MHz, CDCl3): δ 7.75 (d, J = 6.8 Hz, 2H), 7.30 (d, J = 6.8 Hz, 2H), 4.15 (d,

J = 2.4 Hz, 2H), 4.12 (t, J = 4.8 Hz, 2H), 3.66-3.57 (m, 10H), 3.56-3.54 (m, 4H), 2.40 (s,
3H), 2.39 (t, J = 2.4 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 150.0, 133.2, 130.0, 128.2,
79.9, 74.7, 70.9, 70.8, 70.7, 70.6, 69.5, 69.3, 68.9, 58.6, 21.8. HRMS (FAB) calcd for
C18H27O7S [M+H]+, 387.1478; found, 387.1473.
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Scheme 3.13. Synthetic route to compound 3.14.
Compound 3.14:

Compound 3.4 (3.4 g, 8.55 mmol) was dissolved in

anhydrous tetrahydrofuran (60 mL). When sodium hydride (372 mg, 60% dispersion in
mineral oil) was added into the mixture in an ice-water bath, the mixture was stirred until
no hydrogen gas was released. After compound 3.13 (3.0 g, 7.77 mmol) was added to the
mixture in an ice-water bath, the resulting mixture was stirred at 0 ºC for 2 h, and then at
room temperature overnight, and filtered. The filtrate was concentrated under reduced
pressure and purified by silica gel column chromatography using hexanes/CH2Cl2/EtOH
(6:3:0.5, v/v) to give compound 3.14 as light yellow oil (4.23 g, 89%). 1H NMR (400
MHz, CDCl3): δ 4.16 (d, J = 2.4 Hz, 2H), 3.68-3.50 (m, 40H), 3.45 (d, J = 6.0 Hz, 6H),
3.34 (s, 6H), 2.41 (t, J = 2.4 Hz, 1H), 2.18-2.12 (m, 1H). 13C NMR (100 MHz, CDCl3): δ
79.9, 74.7, 72.1, 70.8, 70.8, 70.7, 70.7, 70.6, 69.8, 69.3, 59.2, 58.6, 40.3. HRMS (FAB)
calcd for C29H57O13 [M+H]+, 613.3799; found, 613.3802.

Scheme 3.14. Synthetic route to compound 3-I.
Compound 3-I: To a solution of compound 3.14 (1.20 mmol, 734 mg) in
anhydrous THF (2 mL) was added ethylmagnesium bromide (1.50 mmol, 1.5 mL of 1.0
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M solution). After the mixture was heated at 60°C for 2 hours, and cooled down to room
temperature, a solution of compound 3.15 (180 mg, 0.16 mmol) in anhydrous THF (3
mL) was added to the mixture. The resulting mixture was stirred at 60°C overnight until
complete consumption of the starting material was observed by TLC. When water (10
mL) was added to the mixture, the resulting mixture was extracted with CH2Cl2. The
organic layer was collected, dried over anhydrous Na2SO4, and concentrated under
reduced pressure. The crude product was purified by column chromatography using
hexanes/CH2Cl2/EtOH (3:6:0.5, v/v) to yield BODIPY dye 3-I as purple oil (168 mg,
58%). 1H NMR (400 MHz, CDCl3): δ 6.05 (s, 2H), 4.10 (s, 4H), 3.72-3.49 (m, 80H), 3.44
(d, J = 6.0 Hz, 12H), 3.34 (4 x CH3, 12H), 2.64 (s, 6H), 2.53 (s, 3H), 2.38 (s, 6H), 2.172.11 (m, 2H).

13

C NMR (100 MHz, CDCl3): δ 153.5, 141.4, 139.2, 130.5, 121.8, 90.7,

72.1, 70.8, 70.8, 70.7, 69.8, 68.8, 68.1, 59.7, 59.2, 40.3, 25.8, 17.8, 16.7, 16.1. IR (cm-1):
2865, 1558, 1538, 1513, 1465, 1408, 1350, 1308, 1247, 1188, 1097, 1040, 983, 850, 715.
11

B NMR (128Hz, CDCl3): δ -9.41 (s). HRMS (FAB) calcd for C72H127N2BO26 [M+H]+,

1446.8770; found, 1446.8745. It shows an absorption maximum at 495 nm and 491 nm in
CH2Cl2 and PBS solution, respectively. It also shows a weak absorption peak at 355 nm
and 353 nm in CH2Cl2 and PBS solution, respectively. It shows an emission maximum at
507 nm and 501 nm in CH2Cl2 and PBS solution, respectively.

Scheme 3.15. Synthetic route to compound 3-J.
Compound 3-J: Compound 3.14 (171 mg, 0.28 mmol), compound 3.16 (68 mg,
0.112 mmol), CuI (2.0 mg) and Pd(PPh3)2Cl2 (3.0 mg) were added to a 50-mL roundbottom flask under a nitrogen atmosphere. When degassed anhydrous THF (5 mL) and
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diisopropylamine (3 mL) were added to the flask, the mixture was stirred at 70 oC
overnight. After the completion of the reaction (which was monitored by TLC), the
reaction mixture was concentrated under reduced pressure and diluted with CH2Cl2. The
organic phase was washed with aqueous 1 N HCl, saturated aqueous NaHCO3, and brine
respectively. The organic layer was collected, dried over Na2SO4 and concentrated in
vacuo. The crude product was purified by silica gel column chromatography (hexane/
CH2Cl2/EtOH, 3/6/0.5) to obtain BODIPY dye 3-J as red oil (118 mg, 67%). 1H NMR
(400 MHz, CDCl3): δ 7.10 (d, J = 8.8 Hz, 2H), 7.00 (d, J = 8.8 Hz, 2H), 4.39 (s, 4H),
3.86 (s, 3H), 3.73-3.50 (m, 80H), 3.45 (d, J = 6.0 Hz, 12H), 3.34 (4 x CH3, 12H), 2.59 (s,
6H), 2.17-2.12 (m, 2H), 1.46 (s, 6H).

13

C NMR (100 MHz, CDCl3): δ 160.7, 158.5,

145.0, 143.2, 131.6, 129.2, 126.5, 115.6, 115.0, 92.2, 78.7, 72.1, 70.8, 70.8, 70.7, 70.6,
69.8, 69.2, 68.1, 59.5, 59.2, 55.6, 40.3, 25.8, 13.7. IR (cm-1): 2958, 2921, 2854, 1724,
1533, 1462, 1377, 1317, 1248, 1217, 1103, 1029, 887, 721. HRMS (MAIDL) calcd for
C78H129BF2N2O27Na [M+Na]+, 1597.8740; found, 1597.8788. It shows an absorption
maximum at 547 nm and 543 nm in CH2Cl2 and PBS solution, respectively. It also shows
a weak absorption peak at 396 nm and 393 nm in CH2Cl2 and PBS solution, respectively.
It displays an emission maximum at 563 nm and 563 nm in CH2Cl2 and PBS solution,
respectively.
3.2.3

Optical Measurements

The absorption and emission spectra of all compounds were scanned at room
temperature with standard 1 cm path length quartz cuvette. The excitation and emission
slit width was set to 1 nm and all the samples were scanned with an increment of 1 nm.
Fluorescence quantum yields of BODIPY dyes were measured in dichloromethane and
0.5 M phosphate buffer solution (PBS) (pH=7.4), which were calculated by using
fluorescein excited at 490 nm in 0.1 N NaOH as the reference quantum efficiency (In =
85%).17-20 Concentrations of BODIPY dyes ranging from 1.0 x 10-7 mol/L to 5.0 x 10-8
mol/L (in which the quantum yields do not change with varying concentration) were used
to measure fluorescence quantum yields, absorption and fluorescent spectra. Excitation
wavelength at 470 nm was used for measurement of fluorescence spectra of BODIPY
dyes 3-A, 3-B, 3-F and 3-I. Excitation wavelength at 510 nm was used for measurement
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of fluorescence spectra of BODIPY dyes 3-C, 3-D and 3-E. Excitation wavelength at 540
nm was used for measurement of fluorescence spectrum of BODIPY dye 3-G. Excitation
wavelengths at 610 nm and 620 nm were used for measurement of fluorescence spectra
of BODIPY dye 3-H in dichloromethane solution and 0.5 M PBS solution, respectively.
Excitation wavelengths at 500 nm and 520 nm were used for measurement of
fluorescence spectra of BODIPY dye 3-J in dichloromethane solution and 0.5 M PBS
solution, respectively.

3.3

Results and discussions
In order to demonstrate the feasibility of using branched oligo(ethylene

glycol)methyl ether to enhance the water solubility of BODIPY dyes, we first introduced
branched oligo(ethylene glycol)methyl ether to BODIPY dyes at the meso position
(Scheme 3.16). Compound 3.4 was prepared according to a reported procedure21 and
further brominated with PBr3 in methylene chloride at 40 oC, affording brominated
branched oligo(ethylene glycol)methyl ether (3.5). The benzaldehyde deriviative bearing
branched oligo(ethylene glycol)methyl ether residues (3.7) was prepared by reacting 3,4dihydroxybenzaldehyde with compound 3.5 in a basic condition.

BODIPY dye

substituted with branched oligo(ethylene glycol)methyl ether at meso-position (3-A) was
prepared through the condensation of the benzaldehyde derivative (3.7) with 2,4dimethylpyrrole in the presence of a catalytic amount of trifluoroacetic acid (TFA), and
followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and
chelation with BF3-etherate in the presence of N,N-diisopropylethylamine (DIEA).22
BODIPY dye (3-A) is highly water-soluble. Highly fluorescent E-BODIPY dye (3-B) in
aqueous solution was also prepared by replacing the usual fluorine atoms of BODIPY
dye (3-A) with ethynyl tri(ethylene glycol)methyl ether (3.8) in Grignard reaction. In
order to evaluate the effect of functionalization of BODIPY dye (3-A) on water
solubility, we iodized BODIPY dye 3-A at 2- and 6-positions, affording 2,6-diiodo
BODIPY dye (3-C), palladium-catalyzed Sonogashira coupled 2,6-diiodo BODIPY dye
(3-C) with trimethylsilylacetylene and followed by deprotection of trimethylsilyl groups
in the presence of NaF, affording 2,6-diethynyl BODIPY dye (3-D).23-24 Replacement of
the usual fluorine atoms of BODIPY dye 3-A with methyloxy subunits introduced some
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steric hindrance to the BODIPY core and resulted in BODIPY dye with methyloxy
subunits at 4-position (3-E). BODIPY dyes (3-B, 3-C, 3-D and 3-E) are highly watersoluble and further functionalization of BODIPY dye (3-A) does not affect water
solubility of new BODIPY dyes, indicating that strong hydrophilic feature of branched
oligo(ethylene glycol)methyl ether residues considerably enhance interactions of
BODIPY dyes with water and significantly increase water solubility of BODIPY dyes.
BODIPY dye 3-A displays weak fluorescence in 0.5 M phosphate buffer solution
(PBS) (pH 7.40) with fluorescence quantum yield of 4.2% while it becomes highly
fluorescent with fluorescence quantum yield of 68% and 61% in dichlormethane and
ethanol, respectively. The low fluorescence quantum yield of BODIPY dye 3-A may be
attributed to self-quenching because of likely aggregation of the dye in aqueous solution
through S-S stacking or hydrophobic interactions between BODIPY cores. In order to
prove this hypothesis, we replaced the usual fluorine atoms of BODIPY dye 3-A with
ethynyl subunits to introduce steric hindrance to the BODIPY core, resulting in BODIPY
dye (3-B) with significantly enhanced fluorescence quantum yield of 35.7% in PBS
solution. The side chains of ethynyl tri(ethylene glycol)methyl ether in BODIPY dye (3B) provide steric hindrance and reduce aggregation of BODIPY dye in aqueous solution.
Iodization of BODIPY dye (3-A) at positions 2 and 6 results in 2,6-diiodo BODIPY dye
(3-C), which has an extremely low fluorescence quantum yield of 1.2% in PBS solution
because of efficient intersystem crossing induced by the heavy atom effect of iodine. 24
Replacement of iodo groups of BODIPY dye (3-C) at positions 2 and 6 with ethynyl
groups yielded 2,6-diethynyl BODIPY dye (3-D), which shows low fluorescence
quantum yield of 1.9%, attributed to potential aggregation of BODIPY dye (3-D) with
enhanced S-conjugation in aqueous solution. Replacement of the fluorine atoms of
BODIPY dye (3-D) with methyloxy subunits gave BODIPY dye (3-E), which displays
enhanced fluorescence quantum yield of 8.9% due to the slightly enhanced steric
hindrance of the methyloxy subunits on the BODIPY core.

73

Scheme 3.16. Synthetic routes to highly water-soluble BODIPY dyes (3-A, 3-B, 3-C, 3D and 3-E) with branched oligo(ethylene glycol)methyl ether residues at meso-position.
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Scheme 3.17. Synthetic routes to water-soluble BODIPY dyes (3-F, 3-G and 3-H)
bearing monostryl and distyryl groups at 3- and 5-positions.
We hypothesized that introduction of oligo(ethylene glycol)methyl ether group to an
ortho-position on the meso-phenyl ring of BODIPY dyes would additionally enhance
fluorescence quantum yields of BODIPY dyes through significantly enhanced steric
hindrance to prevent potential S-S stacking interactions between the BODIPY cores. In
order to prove our hypothesis, we prepared BODIPY dye (3-F) with one ortho-substituent
group of branched oligo(ethylene glycol)methyl ether from the aldehyde (3.10) via a
similar approach to that used to prepare BODIPY dye (3-A) (Scheme 3.17). As we
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expected, BODIPY dye (3-F) is highly fluorescent with fluorescence quantum yield of
31.2% in PBS solution which we attribute its enhanced steric hindrance of the bulky
ortho-substituent group on the meso-phenyl ring of BODIPY dye (3-F). BODIPY dyes
with extended π-conjugation systems have strong hydrophobic features and are typically
insoluble in water.

In order to further demonstrate feasibility of using branched

oligo(ethylene glycol)methyl ether to promote water-solubility of BODIPY dyes with
extended π-conjugation system, we prepared BODIPY dyes bearing monostyryl and
distyryl groups at 3-, 5-positions (3-G and 3-H) by condensation of methyl substituents
of BODIPY dye (3-F) at 3- and 5-positions with aldehyde derivative (3.11) (Scheme
3.17).25 Both BODIPY dyes 3-G and 3-H are readily soluble in aqueous solution and
have fluorescence quantum yields of 21.2% and 1.3%, respectively.
The unexpectedly low fluorescence quantum yield of BODIPY dye 3-H may arise
from rotation of vinyl bonds caused by interactions between flexible oligo(ethylene
glycol)-methyl ether at the meso-position with those at 3- and 5-positions, suggested by a
strong absorption peak at 383 nm, attributed to phenyl units at 3,5-positions, the
relatively weak absorption of the BODIPY core at 507 nm, and a shoulder peak at 605
nm.
In order to further show the versatility of these approaches, we introduced branched
oligo(ethylene glycol)methy ether to BODIPY dyes at 4,4’-, 2- and 6-positions. We
introduced a tethered spacer of tetra(ethylene glycol) to the branched oligo(ethylene
glycol)methyl ether in order to reduce space hindrance around the BODIPY dye by
reacting compound 3.4 with ethynyl-functionalized tetra(ethylene glycol) tosylate (3.13)
in dry THF in the presence of sodium hydride. BODIPY dye (3-I) bearing branched
oligo(ethylene glycol)methyl ether residues at 4-, 4’-positions was prepared by replacing
the usual fluorine atoms of F-BODIPY dye (3.15) with ethynyl-functionalized
oligo(ethylene glycol)methyl ether (3.14) via a Grignard reaction (Scheme 3.18).
BODIPY dye (3-J) bearing branched oligo(ethylene glycol)methyl ether residues at 2and 6-positions was prepared by palladium-catalyzed Sonogashira coupling of 2,6-diiodo
BODIPY dye (3.16) with ethynyl-functionalized branched oligo(ethylene glycol)methyl
ether (3.14) (Scheme 3.18). Both BODIPY dyes (3-I and 3-J) are extremely soluble in
water and both are highly fluorescent in aqueous solution. Thus, introduction of side
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chain serves the dual purposes of enhancing aqueous solubility and enhancing
fluorescence quantum yields by reducing aggregation. BODIPY dye (3-I) with the size
chains at the 4,4’-position is considerably more fluorescent in PBS solution (fluorescence
quantum yield 68%), than BODIPY dye (3-J) substituted at the 2,6-positions
(fluorescence quantum yield 34%). So, substitution at the 4,4’-positions is more effective
at preventing aggregation than 2,6-subsitution (Table 3.1).

Scheme 3.18. Synthetic route to BODIPY dyes (3-I and 3-J) bearing branched
oligo(ethylene glycol)ether at 4-, 2- and 6-positions.
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All BODIPY dyes (3-A-3-J) are easily soluble not only in water but also in common
solvents such as acetone, ethanol, methanol, dimethylformamide, dimethyl sulfoxide,
ethyl acetate, tetrahydrofuran, methylene chloride and chloroform.
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The absorption

properties of BODIPY dye (3-A) in PBS solution are characterized by a strong S0ÆS1 (SS*) transition at 499 nm and a weaker broad band around 350 nm attributed to the S 0ÆS2
(S-S*) transition (Table 3.1).1 Replacement of the usual fluorine atoms of BODIPY dye
(3-A) with ethynyl subunits at 4,4’-positions cause slight blue shifts of BODIPY dye (3B) in both absorption and emission compared with its precursor BODIPY dye 3-A. These
shifts may arise from less aggregation of BODIPY dye (3-B) in PBS solution due to
bulking ethynyl substituents, resulting in significantly enhanced fluorescence quantum
yields of BODIPY dye (3-B). Introduction of 2,6-diiodo substituents to the BODIPY dye
(3-A) leads to a large red shifts (33 nm and 38 nm) of BODIPY dye (3-C) in both the
UV-absorption and fluorescence maxima, respectively, as 2,6-diiodo substituents
function as auxochromes (Table 3.1). 2,6-Diethynylation of 2,6-diiodo-tetramethyl
BODIPY dye (3-C) results in a little red shift for BODIPY dye (3-D) due to the enhanced
conjugation compared with BODIPY dye (3-A). Replacement of the usual fluorine atoms
of BODIPY dye (3-D) with methyloxy subunits at positions 4,4’ causes a little blue shifts
of BODIPY dye (3-E) in both absorption and emission of compared with its precursor
BODIPY dye 3-D (Table 3.1), which may arise from less aggregation of BODIPY dye
(3-E) due to slightly enhanced steric hindrance from the methyloxy subunits.
BODIPY dye (3-F) in PBS solution displays absorption and emission peak at 501 nm
and 511 nm, respectively. BODIPY dyes with monostyryl and distyryl substituents at 3, 3
and 5 positions (3-G and 3-H) in PBS solution show significant red shifts in both
absorption and emission compared with their precursor BODIPY dye (3-F). Monostyryland distyryl-substituted BODIPY dyes (G and H) in aqueous solution show absorption at
577 nm and 660 nm, and fluorescence maxima at 598 nm and 676 nm, respectively
(Table 3.1 and Appendix A). BODIPY dye (3-I) in aqueous solution shows absorption
and fluorescence maxima at 491 nm and 501 nm, respectively. Absorption and
fluorescence spectra of BODIPY dye (3-J) in PBS solution are red-shifted with
absorption and fluorescence maxima at 543 nm and 563 nm, respectively, compared with
those of its precursor BODIPY (3.15) in methylene chloride because of its extended πconjugation.
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3.4

Conclusion
In conclusion, we have developed effective ways to prepare highly water-soluble

BODIPY dyes with emissions from green to deep red regions through functionalization
of BODIPY dyes at positions 8, 2 and 6, or 4 and 4’ with branched oligo(ethylene
glycol)methyl ether residues. Fluorescence quantum yields of BODIPY dyes can be
manipulated by introducing branched oligo(ethylene glycol)methyl ether residues to an
ortho position on the meso-phenyl ring of BODIPY dyes, replacing the fluorine atoms of
BODIPY dyes at positions 4 and 4’ with methyloxy or ethynyl subunits or attaching
branched oligo(ethylene glycol)methyl ether residues to positions 2 and 6 of BODIPY
dyes.
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)OXRUHVFHQW %2',3<$OSKD*DODFWRV\OFHUDPLGH &KHPELRFKHP   




*LHVVOHU.*ULHVVHU+*RKULQJHU'6DELURY75LFKHUW&6\QWKHVLVRI 
%2',3</DEHOHG$FWLYH(VWHUVRI1XFOHRWLGHVDQG$&KHPLFDO3ULPHU([WHQVLRQ
$VVD\RQ%HDGV(XURSHDQ-RXUQDORI2UJDQLF&KHPLVWU\  
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'LOHN2%DQH6/6\QWKHVLV6SHFWURVFRSLF3URSHUWLHVDQG3URWHLQ /DEHOLQJ
RI :DWHU 6ROXEOH 'LVXEVWLWXWHG %RURQ 'LS\UURPHWKHQHV %LRRUJDQLF DQG
0HGLFLQDO&KHPLVWU\/HWWHUV  



'RGDQL6&+H4&KDQJ&-$7XUQ2Q)OXRUHVFHQW6HQVRUIRU'HWHFWLQJ
1LFNHOLQ/LYLQJ&HOOV-RXUQDORIWKH$PHULFDQ&KHPLFDO6RFLHW\  




1LX 6 / 8OULFK * 5HWDLOOHDX 3 +DUURZILHOG - =LHVVHO 5 1HZ ,QVLJKWV
LQWR7KH6ROXELOL]DWLRQRI%RGLS\'\HV7HWUDKHGURQ/HWWHUV  




1LX 6 / 8OULFK * =LHVVHO 5 .LVV $ 5HQDUG 3 < 5RPLHX $ :DWHU
6ROXEOH%2',3<'HULYDWLYHV2UJDQLF/HWWHUV  



/L//+DQ-<1JX\HQ%%XUJHVV.6\QWKHVHVDQG6SHFWUDO3URSHUWLHV
RI )XQFWLRQDOL]HG :DWHUVROXEOH %2',3< 'HULYDWLYHV -RXUQDO RI 2UJDQLF
&KHPLVWU\  



-DKQNH(:HLVV-1HXKDXV6+RKHLVHO71)UDXHQUDWK+6\QWKHVLVRI
'LDFHW\OHQH&RQWDLQLQJ 3HSWLGH %XLOGLQJ %ORFNV DQG $PSKLSKLOHV 7KHLU 6HOI
$VVHPEO\ DQG 7RSRFKHPLFDO 3RO\PHUL]DWLRQ LQ 2UJDQLF 6ROYHQWV &KHPLVWU\D
(XURSHDQ-RXUQDO  



6FDWHV % $ /DVKEURRN % / &KDVWDLQ % & 7RPLQDJD . (OOLRWW % 7
7KHLVLQJ 1 - %DNHU 7 $ )LWFK 5 : 3RO\HWK\OHQH *O\FROEDVHG
+RPRORJDWHG /LJDQGV IRU 1LFRWLQLF $FHW\OFKROLQH 5HFHSWRUV %LRRUJDQLF



0HGLFLQDO&KHPLVWU\  


1LHOVHQ&%-RKQVHQ0$UQEMHUJ-3LWWHONRZ00F,OUR\632JLOE\3
5 -RUJHQVHQ 0 6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI :DWHUVROXEOH 3KHQ\OHQH
YLQ\OHQHEDVHG6LQJOHW2[\JHQ6HQVLWL]HUV)RU7ZRSKRWRQ([FLWDWLRQ-RXUQDORI
2UJDQLF&KHPLVWU\  



6KDK07KDQJDUDM.6RRQJ0/:ROIRUG/7%R\HU-+3ROLW]HU,
5 3DYORSRXORV 7 * 3\UURPHWKHQH±%) &RPSOH[HV DV /DVHU '\HV
+HWHURDWRP&KHPLVWU\  
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0HQJ * 9HOD\XGKDP 6 6PLWK $ /XFN 5 /LX + &RORU 7XQLQJ RI
3RO\IOXRUHQH(PLVVLRQZLWK%2',3<0RQRPHUV 0DFURPROHFXOHV  




3DUNHU&$5HHV:7&RUUHFWLRQRI)OXRUHVFHQFH6SHFWUDDQG0HDVXUHPHQW
RI)OXRUHVFHQFH4XDQWXP(IILFLHQF\$QDO\VW



<RJR78UDQR<,VKLWVXND<0DQLZD)1DJDQR7+LJKO\(IILFLHQWDQG
3KRWRVWDEOH 3KRWRVHQVLWL]HU %DVHG RQ %2',3< &KURPRSKRUH -RXUQDO RI WKH
$PHULFDQ&KHPLFDO6RFLHW\  



0DUX\DPD 6 .LNXFKL . +LUDQR 7 8UDQR < 1DJDQR 7 $ 1RYHO &HOO
SHUPHDEOH)OXRUHVFHQW3UREHIRU5DWLRPHWULF,PDJLQJRI=LQF,RQ-RXUQDORIWKH
$PHULFDQ&KHPLFDO6RFLHW\  



*DEH < 8UDQR < .LNXFKL . .RMLPD + 1DJDQR 7 +LJKO\ 6HQVLWLYH
)OXRUHVFHQFH 3UREHV IRU 1LWULF 2[LGH %DVHG RQ %RURQ 'LS\UURPHWKHQH
&KURPRSKRUHUDWLRQDO 'HVLJQ RI 3RWHQWLDOO\ 8VHIXO %LRLPDJLQJ )OXRUHVFHQFH
3UREH-RXUQDORIWKH$PHULFDQ&KHPLFDO6RFLHW\  



/HH 0 -HRQJ < 6 &KR % . 2K 1 . =LQ : & 6HOIDVVHPEO\ RI
0ROHFXODU 'XPEEHOOV LQWR 2UJDQL]HG %XQGOHV ZLWK 7XQDEOH 6L]H &KHPLVWU\D
(XURSHDQ-RXUQDO  



0HQJ * 9HOD\XGKDP 6 6PLWK $ /XFN 5 /LX + < &RORU 7XQLQJ RI
3RO\IOXRUHQH(PLVVLRQZLWK%2',3<0RQRPHUV 0DFURPROHFXOHV  




'RQXUX959HJHVQD*.9HOD\XGKDP60HQJ*/LX+<'HHS5HG
(PLVVLYH&RQMXJDWHG3RO\ %2',3<HWK\Q\OHQH V%HDULQJ$ON\O6LGH&KDLQV
-3RO\P6FL3DUW$3RO\P&KHP  



'RQXUX959HJHVQD*.9HOD\XGKDP6*UHHQ6/LX+<6\QWKHVLV
DQG 2SWLFDO 3URSHUWLHV RI 5HG DQG 'HHS5HG (PLVVLYH 3RO\PHULF DQG
&RSRO\PHULF%2',3<'\HV&KHPLVWU\RI0DWHULDOV  



'RQXUX 9 5 =KX 6 *UHHQ 6 /LX + 1HDU,QIUDUHG (PLVVLYH %2',3<
3RO\PHULFDQG&RSRO\PHULF'\HV3RO\PHU  
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Chapter 4. Controlled Knoevenagel Reactions of Methyl Groups of
1,3,5,7-Tetramethyl BODIPY Dyes for Unique BODIPY Dyes
6KLOHL =KXD -LQJWXR =KDQJD *LUL 9HJHVQDD $VKXWRVK 7LZDULD )HQ7DLU
/XRE 0DWWKLDV =HOOHUF 5XG\ /XFND +DLKXD /LG 6DUDK *UHHQDDQG +DL\LQJ
/LX D
D

'HSDUWPHQWRI&KHPLVWU\0LFKLJDQ7HFKQRORJLFDO8QLYHUVLW\7RZQVHQG'ULYH

+RXJKWRQ0,86$
E
F

,QVWLWXWHRI&KHPLVWU\$FDGHPLD6LQLFD7DLSHL7DLZDQ5HSXEOLFRI&KLQD

'HSDUWPHQWRI&KHPLVWU\<RXQJVWRZQ6WDWH8QLYHUVLW\<RXQJVWRZQ2+86$

G



8QLYHUVLW\/LEUDULHV8QLYHUVLW\RI$ODEDPD7XVFDORRVD$/86$




7KHPDWHULDOLQFOXGHGLQWKLVFKDSWHUZDVSUHYLRXVO\SXEOLVKHGLQ>56&$GYDQFHV
 '2,&5$$3XEOLFDWLRQ'DWH :HE 1RY@
5HSURGXFHGE\SHUPLVVLRQRI7KH5R\DO6RFLHW\RI&KHPLVWU\
KWWSSXEVUVFRUJHQ&RQWHQW$UWLFOH/DQGLQJ5$&5$$GLY$EVWUDFW
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4.1

Introduction
BODIPY

(4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)

dyes

have

received

considerable attention recently because they possess many distinctive and desirable
properties such as high extinction coefficients, narrow absorption and emission bands,
high quantum efficiencies of fluorescence, relative insensitivity to environmental
perturbations, and high resistance to photobleaching.1 BODIPY dyes typically absorb
light in the visible region and emit fluorescence between 470 and 550 nm. Tuning of their
optical properties for the absorption and emission maxima in the far-red and near-infrared
region have been achieved by functionalizing BODIPY cores at the meso-, 2,6- and 3,5positions, fusing some aromatic rings to the BODIPY core, and replacing pyrrole by
isoindole.1-3 Among these approaches, monostyryl- and distyryl modifications via the
Knoevenagel reaction are facile and versatile routes to effectively tune BODIPY dyes for
near-infrared emission. Methyl groups at the 3,5-positions of BODIPY dyes are active in
the Knoevenagel reaction, and often results in 3-monostyryl- and 3,5-distyryl-BODIPY
dyes.1-6 Recently, the Akkaya group has creatively prepared 3,5,7-tristyryl- and 1,3,5,7tetrastyryl-BODIPY dyes by activating methyl groups at the

1,7-positions via the

introduction of phenylethynyl groups at the 2,6-positions.7 Ziessel’s group successfully
prepared 1,3,5,7-tetrastyryl-BODIPY dyes by using high temperature of 140 oC.8
However, methyl groups at the 3,5-positions in these reported approaches are more
reactive and undergo Knoevenagel reactions faster than those at 1,7-positions.7,8

4.2

Methods
In this chapter, we reported a simple and efficient approach to control the

Knoevenagel reaction sequence of methyl groups at 1,3,5,7-positions of BODIPY dyes.
The method is utilized to prepare novel building blocks of monostyryl, distyryl-, tristyryland tetrastyryl-BODIPY dyes with unique chemical structures (Scheme 4.1). To achieve
this goal we employed electron withdrawing formyl groups at 6-, and 2,6-positions of
BODIPY dyes to initiate Knoevenagel reaction of methyl groups at the 7-, and the 1,7positions with aromatic aldehyde derivatives.
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Scheme 4.1. Monostyryl, distyryl-, tristyryl- and tetrastyryl-BODIPY dyes with unique
chemical structures.
These formyl groups may provide steric hindrance and prevent initial Knoevenagel
reaction of methyl groups at the 5, and the 3,5-positions with aromatic aldehydes,
resulting in 2-iodo-6-formyl-3,7-distyryl-BODIPY dye, 2,6-diformyl-1-monostyryl85

BODIPY dye and, 2,6-diformyl-1,7-distyryl-BODIPY dye. Formation of vinyl bonds at
7-, and 1,7-positions facilitates further Knoevenagel reaction of methyl groups at the 3,
and the 3,5-positions with the aromatic aldehydes, producing 2-iodo-6-formyl-3,5,7tristyryl-BODIPY dye, 2,6-diformyl-1,3,7-tristyryl-BODIPY dye, and 2,6-diformyl1,3,5,7-tetrastyryl-BODIPY dye. Branched oligo(ethylene glycol)methyl ether residues
were used to facilitate water solubility of 1,7-distyryl and 1,3,5,7-tetrastyryl-BODIPY
dyes. These BODIPY dyes can serve as novel potential building blocks for BODIPYbased conjugated oligomers, dendrimers, and highly water-soluble near-infrared emissive
sensing materials.

4.3

Experimental section

4.3.1 Intstrumentation
1

H NMR and

13

C NMR spectra were taken on a 400 MHz Varian Unity Inova

spectrophotometer instrument. 1H and

13

C NMR spectra were recorded in CDCl3,

chemical shifts (δ) are given in ppm relative to solvent peaks (1H: δ 7.26; 13C: δ 77.3) as
internal standard. Absorption spectra were taken on a Perkin Elmer Lambda 35 UV/VIS
spectrometer. Fluorescence spectra were recorded on a Jobin Yvon Fluoromax-4
spectrofluorometer. The excitation and emission slit width were set to 1 nm for quantum
yield calculations and all samples were scanned with increments of 1 nm. Fluorescence
quantum yields of BODIPY dyes were measured in dichloromethane and aqueous
solution by using standard 1cm path-length quartz fluorescence cell. And they were
calculated by using fluorescein excited at 490 nm in 0.1 N NaOH aqueous solution as the
reference quantum efficiency (In = 85%).9-11 Concentrations of BODIPY dyes ranging
from 1.0 x 10-6 mol/L to 5.0 x 10-6 mol/L (in which the quantum yields do not change
with varying concentration) were used to measure fluorescence quantum yields,
absorption and fluorescent spectra.
4.3.2

Materials and synthesis

Unless otherwise indicated, all reagents and solvents were obtained from commercial
suppliers (Aldrich, Sigma, Fluka, Acros Organics, Fisher Scientific, Lancaster) and used
without further purification. Air- and moisture-sensitive reactions were conducted in
86

oven-dried glassware using a standard Schlenk line or drybox techniques under an inert
atmosphere of dry nitrogen. Compound 4.3 was prepared and characterized according to
the literature.12
Compound 4.4: When iodic acid (597 mg, 3.39 mmol) in 5 mL of water was added
dropwise to the ethanol (40 mL) and THF (10 mL) solution containing compound 4.3
(1.08 g, 2.83 mmol) and iodine (1.08 g, 4.24 mmol) in 30 minutes, the mixture was
stirred for 5 h. The mixture was concentrated under reduced pressure, dissolved in
CH2Cl2, and washed twice with water and saturated saline solution. The organic layer
was collected, dried over anhydrous Na2SO4, and concentrated under reduced pressure.
The crude product was purified by column chromatography to yield BODIPY dye 4.4 as
red crystal solid (1.28 g, 89%). 1H NMR (400 MHz, CDCl3): δ 10.01 (s, 1H), 7.14 (d, J =
6.4 Hz, 2H), 7.05 (d, J = 6.8 Hz, 2H), 3.89 (s, 3H), 2.81 (s, 3H), 2.68 (s, 3H), 1.70 (s,
3H), 1.48 (s, 3H).

13

C NMR (100 MHz, CDCl3): δ185.9, 161.0, 160.6, 158.0, 148.0,

145.5, 144.2, 134.1, 130.6, 129.2, 127.1, 126.2, 115.3, 115.1, 55.6, 17.8, 16.6, 13.5, 12.2.
IR (cm-1): 2834, 1667, 1608, 1545, 1514, 1476, 1425, 1399, 1349, 1310, 1288, 1265,
1247, 1209, 1176, 1107, 1084, 1023, 994, 960, 890, 835, 815, 783, 766, 735, 707, 673.
HRMS (FAB) calcd for C21H20BF2I2N2O2I [M]+, 508.0631; found, 508.0627.
Compound 4-A, 4-B, 4-C:

When BODIPY dye 4.4 (270 mg, 0.53 mmol), and

compound 4.5a (2.0 g, 10.2 mmol) were dissovled in a mixture of toluene (250 mL),
piperidine (0.8 mL) and AcOH (0.6 mL), the mixture was stirred at 108 oC under reflux
for 4 h. Any water formed during the reaction was removed azeotropically by using a
Dean-Stark apparatus. After the reaction was quenched with water at room temperature,
the mixture was diluted with EtOAc and washed with water and brine, respectively. The
organic layer was collected, dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by silica gel column chromatography by using mobile phase
(hexane/EtOAc/CH2Cl2, 4/0.5/2 to 3/1/2, v/v) to obtain monostyryl BODIPY dye 4-A (36
mg, 10%) as purple crystal solid, distyryl BODIPY dye 4-B (168 mg, 37%) as blue
powder and tristyryl BODIPY dye 4-C (23 mg, 5%) as green powder and recovered
compound 4.5a (1.5 g). Monostyryl BODIPY dye 4-A,

1

H NMR (400 MHz, CDCl3): δ

10.02 (s, 1H), 8.10 (d, J = 16.8 Hz, 1H), 7.54 (d, J = 16.8 Hz, 1H), 7.18 (d, J = 6.8 Hz,
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2H), 7.06 (d, J = 6.8 Hz, 2H), 6.85 (s, 2H), 3.94 (s, 6H), 3.90 (s, 3H), 3.89 (s, 3H), 2.85
(s, 3H), 1.72 (s, 3H), 1.54 (s, 3H).

13

C NMR (100 MHz, CDCl3): δ 186.0, 161.0, 158.4,

153.7, 153.0, 148.5, 145.6, 143.2, 141.3, 140.2, 134.9, 132.2, 131.3, 129.4, 127.4, 126.4,
118.0, 115.3, 105.2, 61.2, 56.5, 55.6, 18.2, 13.7, 12.3. IR (cm-1): 2923, 2844, 1649, 1613,
1580, 1504, 1470, 1413, 1354, 1312, 1269, 1248, 1210, 1182, 1157, 1100, 1047, 1004,
993, 952, 900, 844, 817, 797, 771, 747, 712, 675, 662. HRMS (FAB) calcd for
C31H30BF2N2O5I [M]+, 686.1260; found, 686.1259. Distyryl BODIPY dye 4-B, 1H NMR
(400 MHz, CDCl3): δ 9.85 (s, 1H), 8.12 (d, J = 16.8 Hz, 1H), 7.55 (d, J = 16.4 Hz, 1H),
7.21 (d, J = 7.6 Hz, 2H), 6.99 (d, J = 7.6 Hz, 2H), 6.84 (s, 2H), 6.40 (d, J = 16.0 Hz, 1 H),
6.24 (s, 2H), 5.75 (d, J = 16.0 Hz, 1H), 3.92-3.81 (s × 6 OCH3, 18H), 3.71 (s, 3H), 2.90
(s, 3H), 1.53 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 187.3, 160.8, 158.0, 153.7, 153.5,
153.1, 148.3, 145.3, 141.6, 140.2, 139.2, 138.2, 135.1, 132.1, 132.0, 131.0, 130.5, 126.4,
126.3, 118.9, 118.0, 115.1, 105.3, 104.1, 94.6, 85.0, 61.2, 61.1, 56.5, 56.2, 55.4, 18.3,
14.7. IR (cm-1): 2938, 2839, 1731, 1661, 1618, 1579, 1505, 1468, 1418, 1382, 1360,
1321, 1270, 1249, 1162, 1151, 1128, 1103, 1073, 1005, 956, 856, 839, 819, 798, 763,
753, 714, 699, 685. HRMS (FAB) calcd for C41H40BF2N2O8I [M]+, 864.1890; found,
864.1883. Tristyryl BODIPY dye 4-C, 1H NMR (400 MHz, CDCl3): δ 9.85 (s, 1H), 8.15
(d, J = 16.8 Hz, 1H), 8.11 (d, J = 16.4 Hz, 1H), 7.73 (d, J = 16.0 Hz, 1H), 7.62 (d, J =
16.4 Hz, 1H), 7.25 (d, J = 7.2 Hz, 1H), 7.01 (d, J = 7.6 Hz, 1H), 6.90 (s, 2H), 6.86 (s,
2H), 6.49 (d, J = 16.0 Hz, 1 H), 6.28 (s, 2H), 5.83 (d, J = 16.0 Hz, 1H), 3.96-3.84 (s × 9
OCH3, 27H), 3.71 (s, 3H), 1.57 (s, 3H).

13

C NMR (100 MHz, CDCl3): δ 190.9, 186.8,

160.8, 153.8, 153.7, 153.5, 153.1, 148.1, 147.5, 147.0, 142.8, 141.6, 140.4, 140.0, 139.2,
139.1, 135.6, 132.7, 132.2, 132.0, 130.7, 128.6, 126.9, 126.5, 119.0, 118.1, 117.1, 115.2,
106.9, 105.5, 105.4, 104.2, 61.3, 61.2, 61.1, 56.7, 56.5, 56.4, 56.2, 55.4, 18.3. IR (cm-1):
2937, 2837, 1671, 1618, 1579, 1505, 1463, 1418, 1360, 1327, 1246, 1175, 1151, 1126,
1103, 1006, 959, 821, 762, 704. HRMS (FAB) calcd for C51H50BF2N2O11I [M]+,
1042.2520; found, 1042.2523.
Compound 4.6: A mixture of DMF (6 mL) and POCl3 (6 mL) was stirred in an ice
bath for 5 min under argon. After the solution was warmed to room temperature, it was
stirred for additional 30 min. To this reaction mixture was added compound 4.3 (160 mg,
0.42 mmol) in dichloroethane (50 mL), the temperature was raised to 60 oC, and the
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mixture was stirred for an additional 5 h. The reaction mixture was cooled to room
temperature and slowly poured into saturated aqueous NaHCO3 (300 mL) under ice-cold
conditions. After being warmed to room temperature, the reaction mixture was further
stirred for 60 min and washed with water. The organic layers were combined, dried over
anhydrous Na2SO4, and evaporated in vacuo. The crude product was further purified
using column chromatography (silica gel, hexane/EtOAc/CH2Cl2, 4/0.5/2, v/v) to give
BODIPY 4.6 (141 mg, 82%) as red crystal solid. 1H NMR (400 MHz, CDCl3): δ 10.01(s,
2H), 7.15 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 8.4 Hz, 2H), 3.87 (s, 3H), 2.82 (s, 6H), 1.73 (s,
6H).

13

C NMR (100 MHz, CDCl3): δ 185.9, 161.2, 160.7, 148.6, 147.8, 132.5, 190.0,

128.2, 125.6, 115.5, 55.7, 13.9, 12.6. IR (cm-1): 2925, 2840, 1670, 1608, 1569, 1514,
1471, 1443, 1406, 1380, 1307, 1292, 1250, 1175, 1082, 1026, 1009, 964, 949, 900, 851,
838, 820, 803, 787, 768, 733, 720, 705.

HRMS (FAB) calcd for C22H22N2F2BO3

[M+H]+, 411.1692; found, 411.1692.
Compound 4-Da, 4-Ea, 4-Fa and 4-Ga: When BODIPY dye 4.6 (200 mg, 0.5
mmol), and compound 4.5a (2.0 g, 10.2 mmol) were dissovled in a mixture of toluene
(350 mL), piperidine (1.0 mL) and AcOH (0.8 mL), the mixture was stirred at 112 oC for
3 h. Any water formed during the reaction was removed azeotropically by using a DeanStark apparatus. After the reaction was quenched with water at room temperature, the
mixture was diluted with EtOAc and washed with water and brine, respectively. The
organic layer was collected, dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by silica gel column chromatography by using mobile phase
(hexane/EtOAc/CH2Cl2, 4/0.5/2 to 3/1/2, v/v) to obtain monostyryl BODIPY dye 4-Da
(40 mg, 14%) as red-purple powder, distyryl BODIPY dye 4-Ea (105 mg, 29%) as bluepurple powder, tristyryl BODIPY dye 4-Fa (48 mg, 11%) as blue powder and tetrastyryl
BODIPY dye 4-Ga (16 mg, 3%) as green powder and recovered compound 4.5a (1.6 g).
Monostyryl BODIPY dye 4-Da,1H NMR (400 MHz, CDCl3): δ10.03 (s, 1H), 9.85 (s, 1H),
7.22 (d, J = 8.4 Hz, 2H), 7.01 (d, J = 8.4 Hz, 2H), 6.44 (d, J = 16.0 Hz, 1H), 6.25 (s, 2H),
5.75 (d, J = 16.0 Hz, 1H), 3.83 (s, 3H), 3.81 (s, 6H), 3.72 (s, 3H), 2.90 (s, 3H), 2.85 (s,
3H), 1.77 (s, 3H).

13

C NMR (100 MHz, CDCl3): δ 187.1, 185.8, 161.0, 160.9, 160.6,

153.5, 148.1, 146.3, 139.5, 139.4, 132.7, 132.1, 131.6, 130.1, 128.3, 127.1, 125.5, 118.4,
115.3, 104.3, 61.2, 56.2, 55.5, 14.8, 14.0, 12.6. IR (cm-1): 2936, 2839, 1670, 1609, 1579,
89

1507, 1419, 1380, 1317, 1292, 1249, 1165, 1150, 1127, 1085, 1019, 915, 837, 798, 728,
712, 692. HRMS (FAB) calcd for C32H32BF2N2O6 [M+H]+, 589.2321; found, 589.2325.
Distyryl BODIPY dye 4-Ea, 1H NMR (400 MHz, CDCl3): δ 9.86 (s, 2H), 7.28 (d, J = 8.8
Hz, 2H), 6.97 (d, J = 8.4 Hz, 2H), 6.50 (d, J = 16.0 Hz, 2H), 6.24 (s, 4H), 5.80 (d, J =
16.0 Hz, 2H), 3.81 (s, 6H), 3.79 (s, 12H), 3.72 (s, 3H), 2.90 (s, 6H). 13C NMR (100 MHz,
CDCl3): δ 187.0, 160.8, 153.5, 147.6, 144.7, 139.6, 139.5, 132.3, 131.6, 131.2, 127.0,
125.6, 118.4, 115.2, 104.3, 61.2, 56.2, 55.2, 14.8. IR (cm-1): 2939, 2838, 1669, 1610,
1578, 1502, 1465, 1427, 1378, 1321, 1272, 1246, 1142, 1128, 1025, 1005, 963, 925, 866,
837, 729, 706, 693. HRMS (FAB) calcd for C42H42BF2N2O9 [M+H]+, 767.2951; found,
767.2946. Tristyryl BODIPY dye 4-Fa, 1H NMR (400 MHz, CDCl3): δ 9.91 (s, 1H), 9.87
(s, 1H), 8.20 (d, J = 16.0 Hz, 1H), 7.76 (d, J = 16.0 Hz, 1H), 7.31 (d, J = 8.4 Hz, 2H),
6.97 ( d, J = 8.4 Hz, 2H), 6.93 (s, 2H), 6.54 (d, J = 16.0 Hz, 1H), 6.50 (d, J = 15.6 Hz,
1H), 6.28 (s, 2H), 6.25 (s, 2H), 5.87 (d, J =15.6 Hz, 1H), 5.84 (d, J = 16.0 Hz, 1H), 3.953.81 (s × 9 OCH3, 27H), 3.56 (s, 3H), 2.98 (s, 3H).

13

C NMR (100 MHz, CDCl3): δ

187.1, 186.6, 160.8, 155.9, 153.7, 153.6, 153.5, 149.4, 147.2, 144.6, 143.2, 140.4, 140.2,
139.6, 139.5, 133.4, 132.3, 131.6, 131.4, 127.8, 125.8, 118.5, 118.4, 116.7, 115.2, 105.7,
104.4, 104.3, 61.3, 61.2, 56.5, 56.2, 55.2, 15.0. IR (cm-1): 2928, 2840, 1672, 1608, 1579,
1504, 1463, 1417, 1377, 1328, 1245, 1176, 1128, 1006, 836, 764, 709. HRMS (FAB)
calcd for C52H51BF2N2O12 [M]+, 944.3503; found, 944.3499. Tetrastyryl BODIPY dye 4Ga, 1H NMR (400 MHz, CDCl3): δ 9.88 (s, 2H), 8.20 (d, J = 16.0 Hz, 2H), 7.79 (d, J =
16.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 8.8 Hz, 2H), 6.93 (s, 4H), 6.57 (d, J =
16.0 Hz, 2H), 6.28 (s, 4H), 5.90 (d, J = 16.0 Hz, 2H), 3.93-3.73 (s × 12 OCH3, 36H), 3.55
(s, 3H). 13C NMR (100 MHz, CDCl3): δ 186.6, 160.8, 155.7, 153.7, 153.5, 149.0, 144.5,
141.8, 140.5, 140.3, 139.6, 133.6, 132.4, 131.6, 131.5, 127.8, 126.0, 118.7, 116.8, 115.2,
105.8, 104.4, 61.3, 61.2, 56.5, 56.2, 55.2. IR (cm-1): 2918, 2848, 1730, 1670, 1619, 1579,
1501, 1463, 1419, 1381, 1325, 1267, 1244, 1127, 1028, 1003, 964, 822, 735, 701. HRMS
(FAB) calcd for C62H61BF2N2O15 [M]+, 1122.4133; found, 1122.4128.
Compound 4-Eb:

When BODIPY dye 4.6 (100 mg, 0.244

mmol), and

compound 4.5b (876 mg, 0.976 mmol) were dissovled in a mixture of toluene (100 mL),
piperidine (0.6 mL) and AcOH (0.5 mL), the mixture was stirred at 110 oC for 2 h. Any
water formed during the reaction was removed azeotropically by using a Dean-Stark
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apparatus. After the reaction was quenched with water at room temperature, the mixture
was diluted with EtOAc and then washed with water and brine, respectively. The organic
layer was collected, dried over Na2SO4 and concentrated in vacuo. The crude product was
purified

by

silica

gel

column

chromatography

by

using

mobile

phase

(MeOH/hexane/EtOAc/CH2Cl2, 0.5/5/1/3, v/v) to obtain distyryl BODIPY dye 4-Eb (190
mg, 36%) as purple oil. 1H NMR (400 MHz, CDCl3): δ 9.83 (s, 2H), 7.23 (d, J = 7.6 Hz,
7.00 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 8.0 Hz, 2H), 6.50-6.45 (m, 6H) 5.75 (d, J = 16.0 Hz,
2H), 3.98 (d, J = 5.6 Hz, 4H), 3.90 (d, J = 5.6 Hz, 4H), 3.68 (s, 3H), 3.58-3.44 (m, 112H),
3.31-3.28 (s× 8 OCH3, 24H), 2.88 (s, 6H), 2.38-2.35 (m, 4H).

13

C NMR (100 MHz,

CDCl3): δ 187.1, 161.1, 160.5, 155.1, 150.5, 149.2, 148.0, 144.6, 139.6, 132.2, 130.9,
130.1, 129.2, 126.8, 125.6, 120.3, 117.1, 115.5, 113.1, 112.1, 77.5, 72.1, 70.8, 70.7, 70.7,
70.6, 69.5, 69.4, 69.2, 67.1, 59.2, 55.8, 55.7, 40.2, 40.1, 14.8. HRMS (MAIDL) calcd for
C108H173BF2N2O39Na [M+Na]+, 2194.1572; found, 2194.1599.
Compound 4-Gb:

When BODIPY dye 4.6 (100 mg, 0.244

mmol), and

compound 5b (2.2 g, 2.44 mmol) were dissovled in a mixture of toluene (100 mL),
piperidine (0.6 mL) and AcOH (0.5 mL), the mixture was stirred at 116 oC for 4 h. Any
water formed during the reaction was removed azeotropically by using a Dean-Stark
apparatus. The mixture was directly concentrated in vacuo, diluted with EtOAc and then
washed with water and brine, respectively. The organic layer was collected, dried over
Na2SO4 and concentrated in vacuo. The crude product was purified by silica gel column
chromatography by using mobile phase (MeOH/hexane/EtOAc/CH2Cl2, 1/5/1/3, v/v) to
obtain tetrastyryl BODIPY dye 4-Gb (403 mg, 42%) as dark green oil. 1H NMR (400
MHz, CDCl3): δ 9.79 (s, 2H), 8.10 (d, J = 16.0 Hz, 2H), 7.68 (d, J = 16.0 Hz, 2H), 7.33
(d, J = 8.0 Hz, 2H), 7.23 (d, J = 5.6 Hz, 2H), 7.07 (s, 2H), 6.96-6.90 (m, 4H), 6.68 (d, J =
8.4 Hz, 2H), 6.57-6.50 (m, 6H), 5.82 (d, J = 16.0 Hz, 2H). 4.05 (br, 8H), 3.98 (d, J = 5.2
Hz, 4H), 3.90 (d, J = 5.2 Hz, 4H), 3.65-3.43 (m, 224H), 3.29-3.27 (s× 16 OCH3, 48H),
2.41-2.33 (m, 8H).13C NMR (100 MHz, CDCl3): δ 186.5, 161.0, 155.9, 151.1, 150.4,
149.2, 149.1, 148.9, 144.4, 140.1, 133.7, 131.4, 130.0, 129.4, 127.4, 126.3, 121.2, 120.6,
117.6, 115.5, 114.5, 113.5, 113.0, 112.1, 77.5, 72.1, 72.0, 70.8, 70.8, 70.7, 70.6, 70.6,
69.5, 69.4, 67.3, 67.1, 59.1, 55.7, 40.3, 40.2. HRMS (MAIDL) calcd for
C194H325BF2N2O75Na [M+Na]+, 3955.1633; found, 3955.1687.
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4.3. Results and discussions
4.3.1 Synthesis approach and optical properties
We chose reported BODIPY dye (4.2) to illustrate the feasibility of our unique
approach. A formyl group was introduced to BODIPY dye 4.2 at the 6-position via the
Vilsmeier-Haack reaction, affording 6-formyl-BODIPY dye (4.3). Iodination of BODIPY
dye 4.3 at the 2-position yields the 2-iodo-6-formyl-BODIPY dye (4). A three-hour
Knoevenagel condensation of BODIPY dye 4 with excess 3,4,5-trimethoxybenzaldehyde
(5) afforded 2-iodo-6-formyl-3-monostyryl-BODIPY dye (4-A), 2-iodo-6-formyl-3,7distyryl-BODIPY dye (4-B) and 2-iodo-6-formyl-3,5,7-tristyryl-BODIPY dye (4-C) in
diluted solution (Scheme 4.2). Introduction of an iodo group at 2-position helps activate
methyl groups at 3,7-position of BODIPY dye 4. These heterobifunctional BODIPY dyes
are expected to be potential and useful building blocks for BODIPY-based donor-piacceptor organic dyes, oligomers, and dendrimers through palladium-catalyzed Suzuki or
Sonogashira reactions. The aldehyde groups can be further functionalized with a
variety of functional groups such as electron acceptors.

Scheme 4.2. Synthetic route to heterobifunctional BODIPY dyes.
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Scheme 4.3. Synthetic route to 2,6-diformyl BODIPY dyes bearing different numbers of
styryl groups.
Existing studies in this area suggest that it may not be possible to prepare 2,6diformyl- BODIPY dyes by one-pot reaction of BODIPY dyes with a large excess
amount of POCl3 in 1,2-dichloroethane solution.13 However, we have successfully
obtained the 2,6-diformyl-BODIPY dye (4.6) by a Vilsmeier-Haack reaction using 6formyl-BODIPY dye (4.3). One- or three-hour Knoevenagel condensation of 2,6diformyl-BODIPY dye (4.6) with different equivalents of benzaldehyde derivatives (4.5a,
4.5b) in diluted toluene solution afforded the 2,6-formyl-1-monostyryl-BODIPY dye (4Da), 2,6-diformyl-1,7-distyryl-BODIPY dyes (4-Ea, 4-Eb), 2,6-formyl-1,3,7-tristyrylBODIPY dye (4-Fa), and 2,6-diformyl-1,3,5,7-tetrastyryl-BODIPY dyes (4-Ga, 4-Gb),
respectively (Scheme 4.3). The presence of formyl groups at the 2,6-positions may
provide steric hindrance and prevent initial Knoevenagel reactions of methyl groups at
3,5-positions with aldehyde compounds (4.5a, 4.5b). Formation of distyryl groups at the
1,7-positions activates methyl groups at the 3,5-positions for further Knoevenagel
reaction with aldehyde derivatives (4.5a, 4.5b), resulting in 2,6-diformyl-1,3,7-tristyryl-,
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and 2,6-diformyl-1,3,5,7-tetrastyryl-BODIPY dyes. The water solubility of BODIPY
dyes can be easily enhanced by using branched oligo(ethylene glycol)methyl ether
residues. Reaction times (less than one and an half hour), and the ratio of BODIPY dye 6
to aldehyde derivatives (4.5a, 4.5b) have to be carefully controlled in order to obtain 2,6formyl-1-monostyryl- and 2,6-diformyl-1,7-distyryl-BODIPY dyes because of the high
reactivity of methyl groups at the 1,7-positions. Further reaction beyond 3 hours resulted
in the complete disappearance of 2,6-formyl-1-monostyryl- and 2,6-diformyl-1,7distyryl-BODIPY dyes, and formation of 2,6- formyl-1,3,7-tristyryl-, and 2,6-diformyl1,3,5,7-tetrastyryl-BODIPY dyes (Scheme 4.3). The formyl groups at the 2,6-positions of
water-soluble BODIPY dyes can be further functionalized with a variety of functional
groups such as crown ethers and Zn2+ ion binding moiety for sensing and imaging
applications.14-15 Our preliminary results show that the formyl groups of the BODIPY
dyes are active and easy to further be functionalized with different functional groups.
Introduction of formyl groups in BODIPY dye 4.2 at the 6- and 2,6-positions causes
proton NMR peaks corresponding to methyl groups at the 7- and 1,7-positions in
BODIPY dye 4.2 to move to lower fields by 0.27 ppm and 0.30 ppm compared with
those of BODIPY dyes 4.3 and 4.6. This indicates that the formyl groups at the 6-, and
2,6-positions of BODIPY dyes may activate the methyl groups at the 7-, and 1,7positions for initial Knoevenagel reaction with aromatic aldehyde derivatives. Crystal
structures of BODIPY dyes 4.4 and 4.6 that the carbonyl group in BODIPY dye 4 is
oriented trans to the methyl group at the 1-position while the two carbonyl groups in
BODIPY dye 4.6 are oriented cis to the methyl groups at the 1,7-positions (please see
Figure B.24 in Appendix B). Formation of two vinyl bonds in BODIPY dye 4-Ea at the
1,7-positions cause the resonances for the methyl protons at the 3,5-positions to shift to
lower field by 0.08 ppm compared with those of 2,6-diformyl-BODIPY dye 4.6 (please
see in Figure B.10 and B.14 in Appendix B). Formation of vinyl bonds in the 7-, and the
1,7-positions facilitates further Knoevenagel reaction of methyl groups at 3, and 3,5positions with the aromatic aldehydes. These reactions have to be conducted in dilution
solution to prevent the Knoevenagel self-condensation of BODIPY dye 4.2 or 4.6. As
evident in the NMR spectra of BODIPY dyes, the formyl groups of BODIPY dyes (4.4,
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4.6) at the 2-, and the 2,6-positions remain intact during Knoevenagel reactions (please
see Appendix B).
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Figure 4.1. Normalized absorption spectra of BODIPY dyes (4.4, 4.6, 4-A – 4-C, 4-Da –
4-Ga) in methylene chloride.
The 6-Formyl-BODIPY dye (4.3) displays a lower fluorescence quantum yield and
exhibits a slight blue shifts by 3 nm in absorption compared to BODIPY dye (4.2). 2,6Diformyl-BODIPY dye (4.6) shows a slightly lower fluorescence quantum yield than the
6-formyl-BODIPY dye (4.3), indicating that the presence of formyl groups quenches
fluorescence of the BODIPY dyes. 2-Iodo-6-formyl-BODIPY dye (4) shows a lower
fluorescence quantum yield of 1.5% compared to 6-formyl-BODIPY dye (4.3) because
its fluorescence is significantly quenched by the heavy element iodine (Table 1).
Extension of the S-conjugation systems in BODIPY dyes from monostyryl-, distyryl-,
tristyryl- to tetrastyryl-BODIPY dyes causes significantly red shifts in their absorption
and emission. The molar absorptivities of new BODIPY dyes are a little lower than their
precursor BODIPPY dyes (Figures 2 and 3 and Table 1). These new BODIPY dyes
display much broader absorption peaks than their precursor BODIPY dyes as the formyl
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groups at 2, and 2,6-positions affect the S-conjugation of BODIPY dyes (Figure 4.1). 2,6Heterbifunctional BODIPY dyes (4-A – 4-C) show slightly narrower absorption and
emission peaks than those with diformyl groups at the 2,6-positions (4-E – 4-G).
BODIPY dyes 4-Eb and 4-Gb show broad absorption peaks (please see Figures B.34 and
B.37 in Appendix B), which may result from dye aggregation in aqueous solutions, and
bulky branched oligo(ethylene glycol)methyl ether residues that affect S-conjugation of
BODIPY dyes. 2,6-Diformyl-1,3,5,7-tetrastyryl-BODIPY dye (4-Gb) is the first reported
water-soluble neutral near-infrared emissive BODIPY dye to the best of our knowledge.
All new BODIPY dyes (4-A – 4-G) show low fluorescence quantum yields. Fluorescence
of BODIPY dyes 4-A – 4-C are expected to be quenched both by the heavy element
iodine and an aldehyde group, while BODIPY dyes 4-D – 4-G are expected to be
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Figure 4.2. Normalized fluorescence spectra of BODIPY dyes (4, 4.6, 4-A – 4-C, 4-Da –
4-Ga) in methylene chloride.
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7DEOH  $EVRUSWLRQ DQG HPLVVLRQ SHDNV IOXRUHVFHQFH TXDQWXP \LHOG )I  DQG
DEVRUSWLRQFRHIILFLHQWV HPD[ RI%2',3<G\HV ±$±'D(D)DDQG
*D LQPHWK\OHQHFKORULGHVROXWLRQDQG%2',3<G\HV (E *E DTXHRXVVROXWLRQ
)OXRUHVFHQFH TXDQWXP \LHOGV RI %2',3< G\HV ZHUH FDOFXODWHG E\ XVLQJ IOXRUHVFHLQ
H[FLWHGDWQPLQ11D2+DVWKHUHIHUHQFHTXDQWXPHIILFLHQF\ )I  
Oabs (nm)
500
497

Oem (nm)
510
508

)f (%)
80
65.5

Hmax (104 M-1cm-1)
8.86
8.24

518
504
582

530
514
615

1.5
48.7
3.5

8.26
12.67
7.99

617
665

660
698

2.1
0.9

3.97
5.86

4-Da
4-Ea
4-Eb

537
576
557

621
673
695

0.5
0.2
0.1

2.53
3.69
1.29

4-Fa
4-Ga

634
688

686
722

0.1
0.4

6.06
7.27

4-Gb

661

710

0.1

4.58

BODIPY dye
4.2
4.3
4.4
4.6
4-A
4-B
4-C

4.3.2

Spectroscopic responses of 2,6-diformal BODIPY dyes to Cysteine

It seems that the formyl groups quench fluorescence of BODIPY dyes with extended
S-conjugation systems more efficiently than typical BODIPY dyes (Table 4.1). In order
to test our hypothesis that formyl groups quench fluorescence of BODIPY dyes, we
measured the optical properties of BODIPY dyes (4-Eb and 4-Gb) in the presence of
cysteine as the reaction of aldehyde groups with cysteine resulted in thiazolidine
formation17. The presence of a 500-fold equivalent of cysteine in ten hours significantly
enhances fluorescence intensity (up to 210 times) of the BODIPY dye 4-Eb and causes
blue shifts in both absorption and emission by 64 nm and 96 nm (Figures 3 and 4),
respectively as the reaction of aldehyde groups with cysteine resulted in thiazolidine
formation17 and reduced S-conjugation of the BODIPY dyes. The presence of cysteine
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also causes color changes of the aqueous solutions of BODIPY dye 4-Eb from blue to
purple, and colorless to red in the absence (Figure 4.5a) and presence of a
transilluminator, respectively (please see Figure B.38 in Appendix B). The presence of a
500-fold equivalent of cysteine resulted in a 60-fold increase in fluorescence intensity of
BODIPY dye 4-Gb, caused the disappearance of an absorption peak at 400 nm, and led
to blue shifts in both absorption and emission by 37 nm and 33 nm, respectively (see
Figures B.40 and B.41 in Appendix B). The presence of cysteine also results in color
changes of the aqueous solution of BODIPY dye 4-Gb from green to blue (Figure 4.5b),
and colorless to red in the absence and presence of a transilluminator, respectively (please
see Figure B.39 in Appendix B). These experiments demonstrate that the presence of the
formyl groups quenches the dye fluorescence.
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Figure 4.3. Normalized absorption spectra of BODIPY dye 4-Eb (20 μM) in 0.01 M
PBS buffer pH 7.4 in the absence and presence of L-cysteine (10 mM) at different times.

98

1RUPDOL]HG)OXRUHVFHQFH,QWHQVLW\



%ODQN
PLQ
PLQ
PLQ
PLQ
PLQ
PLQ
PLQ
PLQ
PLQ
PLQ


















:DYHOHQJWK QP

Figure 4.4. Normalized fluorescence spectra of BODIPY dye 4-Eb (20 μM) in 0.01 M
PBS buffer pH 7.4 in the absence and presence of L-cysteine (10 mM) at different times.
Excitation wavelength was at 470 nm.

Figure 4.5. (a) Visualized images of BODIPY dye 4-Eb (20 μM) in 0.01M PBS buffer
pH 7.4 in the absence and presence of L-cysteine (10 mM). (b) Visualized images of
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BODIPY dye 4-Gb (20 μM) in 0.01M PBS buffer pH 7.4 in the absence and presence of
L-cysteine (10 mM).

4.5

Conclusion
In conclusion, we have developed an effective approach to control the Knoevenagel

reaction sequence of methyl groups of 1,3,5,7-tetramethyl BODIPY dyes by placing
formyl groups at the 2- and the 2,6-positions. This allows for the preparation of novel
near-infrared emissive BODIPY dyes, which can serve as potential useful building blocks
for oligomers, dendrimers and sensing and imaging materials.
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Chapter 5. BODIPY-based Ratiometric Fluorescent Probes for
Sensitive and Selective Sensing of Cyanide Ions1
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5.1

Introduction.
Cyanide is a well-known highly toxic substance and very harmful to human health.1

Its small amount can result in extremely lethal poisoning by inhibiting the cellular
respiration in living creatures via its binding to a heme unit in active site of cytochrome c
when it is absorbed through the gastrointestinal track, skin or lungs.2-3 As a result, any
accidental release of cyanide salts from industries involved in gold mining,
electroplating, metallurgy and the synthesis of nylon and other synthetic fibers and resins
can cause serious environmental disaster,4 especially under potential terrorist threats.
Therefore, it is highly desirable to develop sensitive, selective and quick detection
methods for toxic cyanide anion. Fluorescent probes have shown many promising
advantages including high sensitivity, low cost, fast response and easy operation for
potential in vitro assay and in vivo imaging applications among the different chemical
sensing approaches for cyanide ion.5-6 These fluorescent probes are mainly based on the
Benzil rearrangement reaction,5 nucleophilic addition,7-8 hydrogen-bonding interactions,910

cyanide complexes/addition,11 and coordination of copper ion with cyanide12-13 for

sensing applications. However, most of these organic dyes are not soluble in aqueous
solution, and there are still needs to address some limitations concerning the sensitivity,
selectivity, longer wavelength emission, and compatibility within an aqueous
environment.
We chose BODIPY dyes as the fluorescent transducers to develop three ratiometric
fluorescent probes (5-A – 5-C) (Scheme 5.1) for highly sensitive and selective sensing of
cyanide ion because BODIPY dyes possess many advantages such as high quantum
yields and large extinction coefficients and easy tuning for longer wavelength
emission.14-17 Fluorescent probe 5-A was used to systematically study its response
mechanism to cyanide ion by using 1H NMR, mass spectrometry, absorption and
fluorescence

spectrometry

because

its

structural

simplicity

with

tri(ethylene

glycol)methyl ether residues at the meso-position. For practical application, highly watersoluble fluorescent probe 5-C was prepared to sensitively detect cyanide ion by
introducing branched oligo(ethylene glycol)methyl ether residues and propanesulfonate
to BODIPY dye.

Fluorescent probe 5-B was used as a control to demonstrate the
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importance of propanesulfonate residue in probe 5-C to enhance water solubility of the
reaction product of the fluorescent probe with cyanide ion in order to achieve sensitive
detection of cyanide ion without any precipitation of the probe 5-C. The fluorescent
probes show fast ratiometric fluorescent responses to cyanide ion with a dramatic
fluorescence color change from red to green accompanying a significant increase in
fluorescent intensity because addition reaction of cyanide ion with the iminium ion of the
probes disrupts S-conjugation between BODIPY core and indole moiety, which leads to
significant dual color and fluorescence changes.


Scheme 5.1. BODIPY-based fluorescent probes for cyanide ion.

Scheme 5.2. BODIPY-based Fluorescent probe for cyanide ion sensing.
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5.2

Methods
The strategy to prepare the fluorescent probes was outlined in scheme 5.3. Use of an

ortho-substituent group of tri(ethylene glycol)methyl ether on the meso-phenyl ring of
BODIPY dyes was used to increase fluorescence quantum yield and hydrophilic
properties of the BODIPY dye.18 BODIPY dyes (5.2a, 5.2b) were prepared via the
condensation of the benzaldehyde derivatives (5.1a, 5.1b) with 2,4-dimethylpyrrole
according to the reported procedure.18-20 2-Formyl-BODIPY dyes (5.3a, 5.3b) was
prepared by the Vilsmeier-Haack reaction of BODIPY dyes 5.2a and 5.2b,
respectively.19 Fluorescent probes 5-A, 5-B and 5-C was readily prepared by a
condensation of 2-formyl-BODIPY dyes (5.3a, 5.3b) with 2,3,3-trimethyl-1-propyl-3Hindolium iodide (5.4a) or 2,3,3-trimethyl-1-(3-sulfonatepropyl)-3H-indolium (5.4b) in
ethanol solution under reflux condition (Scheme 5.3). All compounds have been
characterized by 1H NMR,

13

C NMR, and high-resolution mass spectroscopy (see the

Appendix C).

Scheme 5.3. Synthetic route to BODIPY-based fluorescent probe 5-A, 5-B and 5-C for
cyanide ion.
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5.3

Experimental section

5.3.1

Instrumentation

1

H NMR and

13

C NMR spectra were taken on a 400 MHz Varian Unity Inova

spectrophotometer instrument. 1H and

13

C NMR spectra were recorded in CDCl3,

chemical shifts (δ) are given in ppm relative to solvent peaks (1H: δ 7.26; 13C: δ 77.3) as
internal standard. Absorption spectra were taken on a Perkin Elmer Lambda 35 UV-Vis
spectrometer. Fluorescence spectra were recorded on a Jobin Yvon Fluoromax-4
spectrofluorometer.

5.3.2

Materials and synthesis.

Materials. Unless otherwise indicated, all reagents and solvents were obtained from
commercial suppliers (Aldrich, Sigma, Fluka, Acros Organics, Fisher Scientific,
Lancaster) and used without further purification. Air- and moisture-sensitive reactions
were conducted in oven-dried glassware using a standard Schlenk line or drybox
techniques under an inert atmosphere of dry nitrogen. &RPSRXQG D DQG D ZDV
SUHSDUHGDFFRUGLQJWRRXUUHSRUWHGSURFHGXUH
Compound 5.2a:

Compound 5.1a was prepared according general procedure.

The aldehyde compound 5.1a (5.0 g, 11.6 mmol) and 2,4-dimethylpyrrole (2.75 g, 29
mmol) were dissolved in dry CH2Cl2 (800 mL). Five drops of trifluoroacetic acid (TFA)
were added to the reaction mixture, and the resulting mixture was stirred in the dark
overnight under nitrogen atmosphere at room temperature. Then DDQ (2,3-dichloro-5,6dicyano-1,4-benzoquinone) (3.2 g) was added to the reaction mixture. When the mixture
was stirred for 40 min, 16 mL of diisopropylethylamine (DIPEA) and 16 mL of BF3·OEt2
were added to the mixture. After the mixture was further stirred for 40 min, it was
concentrated, and then was washed twice with water, dried over anhydrous Na2SO4, and
concentrated under reduced pressure. The crude product was purified by column
chromatography to obtain orange red oil 5.2a (2.9 g, 38%). 1H NMR (400 MHz, CDCl3):
δ 6.97 (d, J = 7.6 Hz, 1H), 6.59-6.57 (m, 2H), 5.92 (s, 2H), 4.14 (t, J = 4.0 Hz, 2H), 4.03
(t, J = 4.8 Hz, 2H), 3.87 (t, J = 5.2 Hz, 2H), 3.76-3.64 (m, 8H), 3.55-3.39 (m, 8H), 3.383.36 (m, 5H), 3.33 (s, 3H), 2.51 (s, 6H), 1.47 (s, 6H).

13

C NMR (100 MHz, CDCl3): δ

161.2, 156.9, 154.9, 142.9, 139.2, 132.2, 130.1, 120.9, 116.8, 106.4, 100.6, 72.1, 72.0,
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71.2, 71.1, 70.9, 70.8, 70.7, 70.4, 69.9, 69.2, 67.8, 59.3, 59.1, 14.7, 14.2. IR (cm-1): 2872,
1609, 1577, 1542, 1507, 1468, 1409, 1363, 1303, 1269, 1189, 1155, 1105, 1083, 1043,
971, 835, 766, 705.

+506 )$%  FDOFG IRU &+%)12 >0@+  IRXQG



Compound 5.3a:

A mixture of DMF (7.5 mL) and POCl3 (7.5 mL) was

stirred in an ice bath for 5 min under argon. After being warmed to room temperature, it
was stirred for additional 30 min. To this reaction mixture was added compound 5.2a
(400 mg, 0.617 mmol) in dichloroethane (70 mL), the temperature was raised to 50 oC,
and the mixture was stirred for an additional 2 h. The reaction mixture was cooled to
room temperature and slowly poured into saturated aqueous NaHCO3 under ice-cold
conditions till no gas formed. After being warmed to room temperature, the reaction
mixture was further stirred for 30 min and washed with water. The organic layers were
combined, dried over anhydrous Na2SO4, and evaporated in vacuum. The crude product
was further purified using column chromatography to give BODIPY 5.3a (340 mg, 82%).
1

H NMR (400 MHz, CDCl3): δ 9.97 (s, 1H), 6.94 (d, J = 7.6 Hz, 1H), 6.61-6.58 (m, 2H),

6.08 (s, 1H), 4.14 (t, J = 4.4Hz, 2H), 4.03 (t, J = 4.8Hz, 2H), 3.87 (t, J = 4.8 Hz, 2H),
3.74-3.62 (m, 8H), 3.54-3.35 (m, 13 H), 3.30 (s, 3H), 2.76 (s, 3H), 2.56 (s, 3H), 1.75 (s,
3H), 1.50 (s, 3H). 13C NMR (100 MHz, CDCl3): 185.9, 161.4, 160.8, 156.5, 155.7, 147.1,
142.2, 141.0, 134.7, 130.2, 129.6, 125.9, 123.4, 115.6, 106.4, 100.6, 71.9, 71.7, 70.9,
70.8, 70.6, 70.5, 70.4, 70.2, 69.6, 69.0, 68.7, 67.6, 59.0, 58.9, 14.9, 14.5, 12.9, 11.0.
HRMS (ESI) calcd for C34H47BF2N2O9Na [M+Na]+, 699.3240; found, 699.3252.
Compound 5.3b:

Compound 5.3b was prepared by the same procedure of

synthesis of compound 5.3a. DMF (8 mL) and POCl3 (8 mL) compound 5.2b (750 mg,
0.67 mmol) in dichloroethane (40 mL), give BODIPY 5.3b (620 mg, 83%). 1H NMR
(400 MHz, CDCl3): δ 9.89 (s, 1H), 6.92 (d, J = 8 Hz, 1H), 6.65-6.70 (m, 2H), 6.05 (s,
1H), 4.00 (d, J = 5.6Hz, 2H), 4.89 (d, J = 5.6Hz, 2H), 3.55-3.39 (m, 56H), 3.39-3.23 (m,
12H), 2.69 (s, 3H), 2.48 (s, 3H), 1.65 (s, 3H), 1.43 (s, 3H). 13C NMR (100 MHz, CDCl3):
185.4, 161.0, 155.9, 149.7, 147.0, 143.4, 142.5, 134.0, 129.7, 125.9, 125.8, 123.5, 120.0,
113.5, 112.6, 71.6, 71.5, 70.3, 70.3, 70.2, 70.2, 70.1, 70.1, 69.5, 69.0, 67.2, 66.8, 58.7,
58.6, 39.7, 14.8, 12.7, 11.4. HRMS (ESI) calcd for C56H91BF2N2O19Na [M+Na]+,
1167.6175; found, 1167.6182.
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Probe 5-A:

BODIPY dye 5.3a (800 mg, 1.18 mmol) and indolium derivative

5.4a (0.96 g, 4 eq.) were dissolved in 30 mL of EtOH, then pyrrolidine (0.1 mL) was
added to the solution. The reaction mixture was stirring at 86 oC for 40-60 min till
starting materials was consumed by TLC monitoring and then evaporated in vacuum. The
resulting solid was dissolved in CH2Cl2, and the organic layer was washed three times
with water, dried over anhydrous Na2SO4, and evaporated in vacuum. The residue was
purified by column chromatography on silica (DCM / MeOH, 90:0.5 v/v) and then was
further purified by TLC plate (Hexanes/DCM/EtoAc/EtOH, 5/3/1/0.5) to attain
compound 5-A (882 mg, 78 %) as dark purple oil. 1H NMR (400 MHz, CDCl3): δ 8.05
(d, J = 16.0 Hz, 1H), 7.63 (d, J = 7.6 Hz, 1H), 7.53 (d, J = 7.2 Hz, 1H), 7.49-7.40 (m,
2H), 6.94 (d, J = 4.4 Hz, 1H), 6.90 (d, J = 16.0 Hz, 1H), 6.18 (s, 1H), 4.55 (t, J = 6.8 Hz,
2H), 4.16 (t, J = 4.4 Hz, 2H), 4.06 (q, J = 4.4 Hz, 2H), 3.86 (t, J = 4.4 Hz, 2H), 3.73-3.59
(m, 8H), 3.52-3.31 (m, 13H), 3.25 (s, 3H), 2.78 (s, 3H), 2.56 (s, 3H), 1.95 (m, 2H), 1.76
(s, 3H), 1.75 (s, 3H), 1.74 (s, 3H), 1.53 (s, 3H), 1.00 (t, J = 7.2 Hz, 3H). 13C NMR (100
MHz, CDCl3): δ 180.7, 163.8, 162.0, 156.8, 155.6, 149.2, 146.1, 142.4, 141.1, 140.5,
139.2, 136.2, 132.1, 130.0, 129.8, 129.1, 125.0, 122.9, 115.1, 114.8, 108.4, 107.2, 101.0,
72.1, 72.0, 71.0, 70.9, 70.8, 70.7, 70.6, 70.5, 69.8, 69.3, 69.0, 68.0, 59.2, 59.1, 51.8, 49.5,
28.1, 21.8, 15.5, 15.0, 14.5, 13.4, 11.9. HRMS (FAB) calcd for C48H65O8N3F2B [M-I]+,
860.4833; found, 860.4830.
Probe 5-B:

Probe 5-B was prepared by BODIPY dye 5.3b and indolium

derivative 5.4a with the same synthesis procedure of probe 5-A. BODIPY dye 5.3b (240
mg, 0.21 mmol), indolium derivative 5.4a (170 mg, 4 eq.), 6 mL of EtOH, pyrrolidine
(18 PL), give compound 5-B (230 mg, 75 %) as dark purple oil. 1H NMR (400 MHz,
DMSO-d6): δ 8.10 (d, J = 15.6 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 7.85 (d, J = 7.6 Hz,
1H), 7.62-7.55 (m, 2H), 7.20 (d, J = 8.4 Hz), 7.19 (s, 1H), 7.00-6.92 (m, 2H), 6.50 (s,
1H), 4.50 (t, J = 6.4 Hz, 2H), 4.07 (d, J = 5.2 Hz, 2H), 4.00 (s, 2H), 3.57-3.33 (m, 56H),
3.21-3.18 (m, 12H), 2.82 (s, 3H), 2.57 (s, 3H), 1.86 (sex, 2H), 1.75 (s, 6H), 1.72 (s, 3H),
1.54 (s, 3H), 0.94 (t, J = 7.2 Hz, 3H).

13

C NMR (100 MHz, DMSO-d6): δ 181.0, 173.3,

162.2, 155.2, 153.0, 149.6, 149.5, 147.7, 145.2, 143.2, 142.8, 140.9, 139.9, 134.1, 130.7,
129.1, 128.9, 125.5, 125.2, 124.7, 123.0, 120.6, 114.8, 114.1, 113.3, 110.6, 71.3, 71.2,
70.0, 69.8, 69.8, 69.7, 69.6, 68.4, 67.1, 66.7, 58.0, 51.6, 47.4, 26.4, 21.3, 14.8, 14.6, 13.8,
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12.9, 10.9. HRMS (ESI) calcd for C70H109O18N3F2B [M-I]+, 1328.7767; found,
1328.7756.
Probe 5-C:

3UREH 5-C ZDV SUHSDUHG E\ %2',3< G\H E DQG LQGROLXP

GHULYDWLYHEZLWKWKHVDPHV\QWKHVLVSURFHGXUHRISUREH$%2',3<G\HE 
PJ  PPRO  LQGROLXP GHULYDWLYH E PJ  HT   P/ RI (W2+ S\UUROLGLQH
 P/  JLYH FRPSRXQG   PJ    DV GDUN SXUSOH RLO + 105  0+]
'062G į G- +]+  G- +]+  G- +]+ 
 P+  G- +]+  P+  G- +]+  V
+  W+  G- +]+  G- +]+  P+ 
 P+  V+  P+  TXLQ+  V+ 
V +   V +  & 105  0+] '062G  į    


    +506 (6,  FDOFG IRU &+%)1261D >01D@ 
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5.3.3

Optical Measurements

All the absorption and emission spectra were recorded by using standard 1 cm path
length quartz fluorescence cuvette at room temperature. The slit width of excitation and
emission were set to 3 nm and excitation wavelength is set at 470 nm for fluorescence
spectroscopy. 100 mM and 10 mM stock solution of sodium cyanide in water and 2.0
mM stock solution of probe 5-A, 5-B and 5-C in acetonitrile were prepared for spectra
titration studies. Quantitative amount of stock solution of probe (5-A, 5-B and 5-C) was
transferred into small vials by pipettor. After drying of acetonitrile in vials, probe 5-A, 5B and 5-C was then diluted to the corresponding concentration (20 PM) with mix
solution of CH3CN-Tris (10 mM, pH = 9.3, 9:1, v/v) or Tris buffer (10 mM, pH = 9.3).
Various sodium salts were used for anions selectivity measurements except for HSO4- for
which its potassium salt was used. Each absorption and fluorescence spectrum was
recorded after stirring the solution for 30 min at room temperature.
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5.3.4

Non-linear fitting of absorption titration data of probe 5-A

This reaction is almost irreversible and has thermodynamic equilibrium. We assume
1:1 reaction of probe 5-A and CN- which can be expressed by the equation:
ೌೞೞ

ͷǦ   ି  ሱۛሮ ͷ
ͷǦȂ 
7KLVUHDFWLRQZLOOJLYH
ൣͷǦȂେ൧

ܭ௦௦ ൌ ൣͷǦ൧ሾେషሿ«««« HT 
Where ൣͷ
ͷǦȂ ൧ , ൣͷ
ͷǦ൧ and ሾ ି ሿ is the equilibrium concentration of addition
product ͷǦ –CN, probe 5-A and cyanide ion in buffer solution, respectively.
Considering that ൣͷ
ͷǦ൧ ൌ ൣͷ
ͷǦ൧ െ ൣͷ
ͷǦȂ ൧ and ሾି ሿ ൌ ሾ ି ሿ െ ൣͷ
ͷǦȂ ൧ (ൣͷ
ͷǦ൧
and ሾ ି ሿ is the initial concentration of probe 5-A and cyanide ion respectively), the
following equation can be obtained:

ൣͷ
ͷǦȂ ൧ ൌ ܭ௦௦ ൈ ቀൣͷ
ͷǦ൧ െ ൣͷ
ͷǦȂ ൧ቁ ൫ሾ ି ሿ െ ൣͷ
ͷǦȂ ൧൯«««« HT 
6ROYHHTXDWLRQZLOOJLYH
ଵ

ͷǦȂ ൧ ൌ ଶ ቈ
ൣͷ

ଵ

ೌೞೞ

ටቀ

ଵ

ೌೞೞ

 ൣͷ
ͷǦ൧  ሾ ି ሿ െ
ଶ

 ൣͷ
ͷǦ൧  ሾ ି ሿ ቁ െ Ͷൣͷ
ͷǦ൧ ሾି ሿ   ൌ ࣠ ቀൣͷ
ͷǦ൧ ǡ ሾି ሿ ቁ««« HT 

)URP%HHU¶VODZWKHDEVRUEDQFHDWQPLVJLYHQE\IROORZ
 ܣൌ ߝଵ ݈ሾͷǦሿ  ߝଶ ݈ሾͷǦȂ ሿ
ܣ ൌ ߝଵ ݈ሾͷǦሿ
ܣ ൌ ߝଶ ݈ሾͷǦȂ ሿ 
ܣ LV WKH DEVRUEDQFH RI SUREH 5-A ZLWKRXW DGGLWLRQ RI F\DQLGH LRQ ܣ LV WKH
DEVRUEDQFHRISUREH5-AZLWKDGGLWLRQRIH[FHVVDPRXQWRIF\DQLGHLRQߝଵ DQGߝଶ LVWKH
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H[WLQFWLRQFRHIILFLHQWRI5-ADQG5-A&1UHVSHFWLYHO\7KHHTXDWLRQFDQEHUHSODFHG
DVIROORZV
ିబ
ሺି ሻೌೞೞ

 ሾ ି ሿ ൌ ൣͷ
ͷǦȂ ൧««« HT 

)URPHTXDWLRQ  DQG  WKHIROORZLQJHTXDWLRQFDQEHREWDLQHG

ܣൌ

 ೌೞೞ ቄ࣠ቀൣͷ
ͷǦ൧బ ǡሾେష ሿబ ቁିሾେష ሿబ ቅିబ
ೌೞೞ ቄ࣠ቀൣͷ
ͷǦ൧బ ǡሾେష ሿబ ቁିሾେష ሿబ ቅିଵ

««« HT 

7KHHTXDWLRQZDVXVHGIRUQRQOLQHDUILWWLQJRIDEVRUSWLRQWLWUDWLRQGDWDRISUREH5-A
ZLWKሾି ሿ 7KHSDUDPHWHUܭ௦௦ ZDVGHWHUPLQHGWREHܭ௦௦ ൌ ሺ͵Ǥ͵ േ ͲǤሻ ൈ ͳͲହ  ିଵ
5.3.5

Computational Methods

Results for the optimized structures and the relative electronic properties were
obtained at B3LYP and 6-311G(d,p) level of theory as implemented in Gaussian09. The
Continuum Polarizable Conductor Model (CPCM) was employed to consider the effect
of acetonitrile as the solvent used to experimentally determine the optical properties of
probe 5-A and 5-A-CN. For both the structures, TD-DFT calculations were performed to
investigate excitations to the first singlet excited state on the geometries as previously
optimized at DFT level.

5.4

Results and discussions

5.4.1 Optical properties
BODIPY dye 5.2a shows absorption and emission peaks at 504 nm and 513 nm,
respectively, and possesses high fluorescence quantum yield of 92% in methylene
chloride solution. 2-Formyl-BODIPY dye (5.3a) displays a lower fluorescence quantum
yield and shows a slight shift by 9 nm in absorption compared to BODIPY dye (5.2a)
(please see Figure C.21 in the Appendix C). Fluorescent probe 5-A exhibits two emission
peaks at 515 nm and 605 nm (see Table 5.1 and Figure C.22 in the Appendix C). The
formation of the emission peak at 515 nm likely arises from the steric hindrance between
methyl group of BODIPY core at 1,3-positions and vinylic protons, which makes them be
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slightly nonplanar and deconjugated, and thus causes appearance of emission peak of
BODIPY core at 515 nm. This steric hindrance is further confirmed by the broad
absorption peak of the probe (please see Figure C.22 in the Appendix C). Fluorescent
probes 5-B and 5-C display similar optical properties in Tris buffer (10 mM, pH 9.3) as
fluorescent probe 5-A (Table 5.1).
7DEOH  0D[LPXP DEVRUSWLRQ SHDNV HPLVVLRQ SHDNV DQG H[WLQFWLRQ FRHIILFLHQWV RI
SUREH$±&DQGWKHLU&1DGGXFWV

5-A
5-A-CN
5-B
5-B-CN
5-C
5-C-CN
5.4.2

Oabs (nm)
564
521

Oem (nm)
605
555

HPD[ (h
h104 M-1cm-1)
6.8
5.8

ACN-Tris buffer mix
ACN-Tris buffer mix

558
522

596
559

3.7
2.3

Tris buffer
Tris buffer

560
520

600
550

5.2
3.7

Tris buffer
Tris buffer

Solvent

Spectroscopic responses to cyanide ion and concentration dependency

We studied the concentration-dependent changes of fluorescence and absorption
spectra of probe 5-A in the absence and presence of different equivalents of cyanide ion
(Figures 5.1-5.3). Addition of sodium cyanide results in appearance of a new peak at 555
nm, and a drastic decrease in the peak at 605 nm. The new peak increases considerably
with gradual addition of cyanide ion and a well-defined isoemissive point shows up at
598 nm (Figure 5.1). 4.5 Equivalents of cyanide ion is sufficient to make the reaction
completed, showing that the probe is highly reactive to cyanide ions. There is an up to
17-fold increase in the fluorescence ratio (I555/I605) in the presence of 4.5 equivalents of
cyanide ion (Figure 5.1). The detection limit (S/N = 3) was calculated to be 0.5 μM with
a linear ratio response (I555/I605) of the fluorescence intensity at 555 nm and 605 nm to
cyanide concentration ranging from 5.0 μM to 50.0 μM (Figure 5.1, inset). The
nucleophilic addition of the cyanide anion toward the iminium ion causes breakage of the
indole conjugation to BODIPY core in the probe 5-A, resulting in significant dual color
and fluorescence changes. Fluorescent probe 5-C shows highly sensitive response to
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cyanide ion with lower detection limit of 0.1 μM, significant decrease of emission peak at
600 nm, and appearance of a new emission peak at 550 nm in 10 mM Tris buffer (pH 9.3)
(please see Figure C.34 in Appendix C). A very good linear ratio response (I550/I600) of
the fluorescence intensity at 550 nm and 600 nm to cyanide concentration was observed
ranging from 0.5 μM to 50.0 μM in 10 mM Tris buffer (pH 9.3) (Figure 5.2) which
indicates that the probe 5-C has potential useful application in the quantitative detection
of cyanide ion in aqueous solution. Addition of cyanide ion to the probe 5-B in Tris
buffer (pH 9.3) resulted in similar fluorescence ratio responses to cyanide ion with poor
linearship of the fluorescence ratio to cyanide concentration as the precipitation of the
reaction product was observed due to the lack of charge repulsion of the neutral reaction
product. These results indicate that propanesulfonate residue in probe 5-C plays a very
important role in enhancing water solubility of the reaction product of the fluorescent
probe with cyanide ion and preventing the dye aggregation via charge repulsion between
propansulfonate groups in order to achieve sensitive detection of cyanide ion.
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Figure 5.1.

Fluorescence spectra of the fluorescent probe 5-A (20 μM) in the absence

and presence of different amounts of cyanide ion in a mixed solution of CH3CN and Tris
buffer (10 mM, pH = 9.3) (9:1, v/v). Inset curve is plot of fluorescent intensity ratio
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change at 555 nm and 605 nm (I555/I605) of the fluorescent probe 5-A upon titration of
cyanide ion.
Figure 5.3 shows the absorption spectral changes of fluorescent probe 5-A on
addition of cyanide ion in a mixed solution of CH3CN-Tris buffer (10 mM pH = 9.3, 9 :
1, v/v). Gradual addition of cyanide ion to probe 5-A also causes emergence of a new
absorption band at 521 nm, and significant decreases of the absorption band at 564 nm,
which completely disappears with addition of 4.5 equivalents of cyanide ion (Figure 5.3).
A clean isosbestic point at 528 nm showed an interconversion into single distinct
chemical species during the titration. This 1:1 stoichiometry was further confirmed by a
good non-linear fitting of the titration data at 564 nm by assuming a 1:1 association
between probe 5-A and cyanide (Figure 5.3 inset). The apparent association constant was
determined to be 3.3×105 M–1. Probes 5-B and 5-C display similar absorption responses
to cyanide ion in 10 mM Tris buffer (pH 9.3) (Figures C.29 and C.35 in Appendix C).
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Figure 5.2. Fluorescent intensity ratio change at 550 nm and 600 nm (I550/I600) of the

fluorescent probe 5-C (20 PM) upon titration of cyanide ion in Tris buffer (10 mM, pH
9.3) solution.
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Figure 5.3. Absorption spectra of the probe 5-A (20 PM) in the absence and presence of
different amount of cyanide ion in a mixed solution of CH3CN-Tris buffer (10 mM pH =
9.3, 9 : 1, v/v). Inset: plot of absorbance change (A564) of probe 5-A upon addition of
cyanide ion, where the line is the non-linear fitting curve obtained assuming a 1:1
reaction of probe 5-A with cyanide ion.
5.4.3 Theoretical modeling
In order to shed light on the interesting absorption and emission feature of the
fluorescent probe 5-A and the reaction product 5-A-CN, we investigated their structures
by using density functional theory (DFT) and time-dependent DFT (TD-DFT)
computational approaches with the Gaussian 09 programs.21 Figure 5.4 shows the
optimized geometries for both structures. In the probe 5-A, the expected steric hindrance
is confirmed and it translates into a slightly non-planar arrangement of the structure
(Figure 5.4). The DFT and TD-DFT optimized structures of probe 5-A and the reaction
production 5-A-CN show that the probe 5-A possesses a conjugated sp2 hydridized
carbon bond between BODIPY core and indole group while a sp3 hybridized carbon in
the reaction product 1-CN is perpendicular to the BODIPY core (Figure 5.4). The
significant structure difference between the probe 5-A and the reaction product 5-A-CN
results in considerable difference in their S-conjugations. As a result, the electron
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densities of LUMO of 5-A-CN are only located on the BODIPY core while those of the
probe 5-A are spread over BODIPY core through the indole moiety. The fluorescence
enhancement of the reaction product 5-A-CN arises from the prevention of
intramolecular charge transfer (ICT) between BODIPY core and indole moiety because
of the conjugation disruption between the BODIPY core and indole group via the sp3
hybridized carbon. Detailed understanding regarding the absorption and emission blue
shift upon the formation of 5-A-CN can be obtained via TD-DFT calculation as well. The
lowest singlet electronic transitions of both probe 5-A and reaction product 5-A-CN are
mainly contributed by HOMO-LUMO transitions (Figure 5.4). The calculated energy gap
of probe 5-A is 2.25eV (551 nm) whereas the gap of 5-A-CN is 2.45eV (505 nm). This
energy gap difference gives a 44 nm blue shift in absorption bands which is in excellent
agreement with experimental data (43 nm).
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Probe 5-A

adduct 5-A-CN

Structure

HOMO

LUMO

Figure 5.4. Optimized structures Optimized structures of probe 5-A (left) and reaction
product 5-A-CN (right) and their electron distributions for the HOMO and LUMO levels
as obtained from TD-DFT calculations.
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5.4.4

NMR study and stoichiometry

We used 1H NMR and mass spectroscopy to investigate the potential interaction
mechanism of probe 5-A with cyanide ion. A FAB-MS spectrometric analysis of the
fluorescent probe treated with CN– in aqueous solution showed signals for the formation
of 1-CN adduct (m/z, 886.49). We also studied and compared the 1H NMR spectra of the
fluorescent probe 5-A in the absence and presence of cyanide anions. Addition of one
equivalent of cyanide ion to the fluorescent probe at room temperature causes significant
upfield shifts of several different proton peaks, which include changes of doublet peaks
corresponding to vinylic proton at a-position from G 8.10 ppm to G 6.75 ppm, doublet
peaks corresponding to vinylic proton at b-position from G 6.96 ppm to G 5.84 ppm,
singlet peak corresponding to proton at g-position from G 6.47 ppm to G 6.22 ppm,
doublet peaks corresponding to proton of indolium moiety at d-position from G 7.84 ppm
to G 7.07 ppm, and doublet peaks related to proton of indolium moiety at c-position from
G 7.89 ppm to G 6.67 ppm (Figure 5.5), indicating the formation of the 5-A-CN adduct.
These upfield chemical shifts arise from disappearance of a positive charge in the
fluorescent probe after the formation of the 5-A-CN adduct, and are consistent with the
formation of the cyanoindolium moiety by the nucleophilic attack of cyanide anion
toward iminium carbon. 1H NMR analysis implied that the cyanide anion functions as a
nucleophile in DMSO solution. Addition of more than one equivalent of cyanide doesn’t
cause further chemical shift, implying that that a 1:1 adduct between probe 1 and CN– is
formed. Job’s analysis for the addition reaction of the fluorescent probe with cyanide ion
also corroborated the 1:1 reaction stoichiometry (Figure 5.6).
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Figure 5.5. 1H NMR spectra of probe 5-A (10 mM) in the absence (a) and presence (b) of
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Figure 5.6. Job’s plot of probe 5-A (a) with cyanide ion in mixed solution of CH3CN and
Tris buffer (10 mM pH = 9.3, 9 : 1, v/v) and 5-C (b) with cyanide ion Tris buffer (10 mM
pH = 9.3). Total concentration of probe 5-A or probe 5-C and cyanide ion is 50 PM.
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5.4.5

Selectivity
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Figure. 5.7. The fluorescent ratiometric responses of probe 5-A (left) (20 PM) and probe
5-C (right) (20 PM) to different anions (100 PM) in the presence and presence of 60 PM
and 90 PM cyanide ion in mixed solution of CH3CN and Tris buffer (10 mM, pH = 9.3)
(9:1, v/v) and 100% Tris buffer (10 mM, pH = 9.3) respectively. Black bars show the
fluorescent responses of the probes to different anions while white bars display the
fluorescent responses of the probes to different anions in the presence of cyanide ion.
We used different anionic species such as F–, Cl–, Br–, I–, SCN–, NO3–, CHCOO–,
SO42–, HSO4–, and H2PO4– to study the selectivity of the probe 5-A in the absence and
presence of cyanide ions (Figures 5.7, left). Among these various anion species tested,
only cyanide ions responds to fluorescent probe 5-A with large blue shifts by 50 nm and
43 nm in emission and absorption spectra, respectively (Figures 6, left and Figure C.23C.24 in Appendix C), and causes a remarkable visible color change from purple to pink
(see Figure C.38 in Appendix C), and red to green in the absence and presence of a
transilluminator, respectively. The presence of other anions such as F–, Cl–, Br–, I–, SCN–
, NO3–, CHCOO–, SO42–, HSO4– or H2PO4– did not cause any significant change in
emission peak at 605 nm, but result in slight fluorescence enhancement at 515 nm, and
slight decrease in absorption peak at 564 nm. The fluorescence ratio data (I555/I605) reveal
that probe 5-A is highly selective toward cyanide over other common inorganic anions,
which is due to the fact that cyanide is more nucleophilic than other anions in aqueous
solution. These results indicate that fluorescent probe 5-A may have potential and
promising application in detection of cyanide ion in the presence of other different
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anions. The probes 5-B and 5-C display the same good selectivity to cyanide ion over
other anionic species as the probe 5-A (please see Appendix C and the Figure 5.7, right).

5.5

Conclusion

In summary, we have successfully prepared selective and sensitive BODIPY-based
probes for ratiometric fluorescent detection of cyanide ion. The highly water-soluble
fluorescent probe 5-C shows great potential application in detection of cyanide ion in
aqueous solution.
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Chapter 6. Highly Water-soluble BODIPY-based Fluorescent
Probes for Sensitive Fluorescent Sensing of Zinc (II)1
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6.1

Introduction
There are wide variety of essential metal ions such as copper, manganese, iron,

magnesium and zinc required for normal functioning of the living organisms. Zinc is an
essential trace element, and is necessary for the normal functioning of all living systems
including plants, animals, and even microorganisms.1 In the human body, zinc is the
second most abundant transition-metal ion and plays very important roles as structural
and catalytic cofactor of more than 300 metaloproteins associated with gene expression,
apoptosis, enzyme regulation, and neuronal transmission.1 There are pools of loosely
bound or chelatable zinc in some organs such as brain, pancreas and spermatozoa. Zinc
(II) plays numerous critical roles in cellular metabolism, gene expression, apoptosis, and
co-factors in metalloenzyme catalysis, and neurotransmission in biological systems.1-3
The pathology of neurological disorders such as Alzheimer's disease, cerebral ischemia
and epilepsy may also arise from the disruption of Zn(II) homeostasis. Zinc (II) is
reported to be in the micro- to millimolar range in synaptic vesicles of many excitatory
forebrain neurons.4 This vesicular zinc (II) is also released into synaptic space with
estimated concentration ranging from 10 μM to 30 μM.5-6 Therefore, effective in vivo
detection of Zn (II) with its concentration range from 10-10 M in the cytoplasm7-8 to 10-4
M in some vesicles4, 9 is very important in monitoring biological processes.10-13 As a
result, development of fluorescent sensors for zinc (II) ions has attracted significant
attention because of their high sensitivity and operational simplicity for real-time
analysis. Several studies focusing on improving and increasing the sensitivity and
selectivity of the fluorescent probes for zinc ions have been reported in literature.3-12
Among these incorporation of 2,2'-dipicolylamine residue into different fluorophores
such as 2-aryl benzimidazoles, benzoxazoles,14 indoles, benzofurans, quinoline,15 dansyl,
anthracene,16 coumarin,17-18 naphthalimide,19 fluorescein,20-25 Rhodamine,25-27 cyanine
dye,9 BODIPY dyes,28 and porphyrins29 for fluorescent detection of zinc (II) ions has
been widely reported due to its ease of introduction, high sensitivity, and selectivity.
These fluorescent probes respond to zinc (II) ions through photoinduced electron transfer,
internal charge transfer, excimer/exciplex formation and extinction, chelation-enhanced
fluorescence, or fluorescence resonance energy transfer.3-12 However, many fluorescent
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probes have poor solubility in water, especially those with longer wavelength emissions
at greater than 600 nm. The search for readily accessible fluorescent probes with
excellent water solubility, pH-independent response under physiological conditions, large
dynamic range, high specificity, ratiometric responses with significant ratio changes of
the two emission peaks, and long-wavelength absorption and emission region is still a
challenging task for intact in vivo detection of zinc (II) in living cells.
BODIPY (4,4’-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes with unique properties
such as relatively high absorption coefficients, fluorescence quantum yields, relatively
narrow absorption and emission bands, have been successfully applied as ion sensors
including zinc sensors. Zn2+ binding moieties were introduced to BODIPY dyes at the
meso or 3,5-positions, and most of these fluorescent probes are not completely soluble in
aqueous solution. As a result, development of new BODIPY-based fluorescent probes
with controlled number of binding sites for zinc (II) ions at 2,6-positions, and excellent
water solubility will enable them more suitable for biological and medical applications.
With these in mind, we introduced branched oligo(ethylene glycol)methyl ether residues
to the meso- or 1,7-positions to achieve excellent water solubility of BODIPY dyes with
different emission wavelengths, and incorporated zinc (II) chelator 2,2'-dipicolylamine
residues into BOIDPY dyes at 2- or 2,6-positions, obtaining three highly water-soluble
fluorescent probes (6-A, 6-B and 6-C) for zinc (II) ions with high solubility (minimum
solubility of 50 mg/mL in aqueous solution). Fluorescent probes 6-A, 6-B and 6-C
display weak fluorescence in the absence of zinc ions because of their photo-induced
electron transfer mechanism. However, the presence of zinc (II) ions significantly
enhances fluorescence of probes 6-A and 6-B with slight blue shifts in the emission
spectra because the binding of bis(pyridin-2-ylmethyl)amine moieties with zinc (II) ions
prevents the photo-induced electron transfer. The presence of different amounts of zinc
ions shows significant ratiometric responses of fluorescent probe 6-C to zinc (II) ions
with fluorescence increase at 521 nm and fluorescence quenching at 661 nm. This is
because binding of zinc (II) ions may prevents the photo-induced electron transfer and
may interrupt S-conjugation between two styryl groups at 1,7-positions and BODIPY
core. These fluorescent probes show excellent sensitivity and selectivity to zinc (II) ion in
HEPES buffer pH 7.0 while fluorescent probe 6-C may offer most promising application
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because of its ratiometric responses to zinc (II) ions. We also tested fluorescent probe 6C with cancer cell line (SW-620) to see its incorporation and also labeling of the cellular
zinc (II). These fluorescent probes may have potential applications in measuring zinc (II)
concentration in the micromolar ranges in synaptic vesicles and synaptic space. 4-6



Scheme 6.1. Chemical structures of BODIPY-based fluorescent probes for zinc (II) ions.

6.2

Experimental section

6.2.1

Instrumentation.

1

H NMR and

13

C NMR spectra were taken on a 400 MHz Varian Unity Inova

spectrophotometer instrument. Absorption spectra were taken on a Perkin Elmer Lambda
35 UV/VIS spectrometer. Fluorescence spectra were recorded on a Jobin Yvon
Fluoromax-4 spectrofluorometer with excitation wavelength of 470 nm. All the
absorption and emission spectra were recorded at room temperature.
6.2.2

Materials and synthesis

Unless otherwise indicated, all reagents and solvents were obtained from commercial
suppliers and used without further purification. Air- and moisture-sensitive reactions
were conducted in oven-dried glassware using a standard Schlenk line or drybox
techniques under an inert atmosphere of dry nitrogen. Aldehyde derivative (6.1) and
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highly water-soluble BODIPY dye (6.2) were prepared according to our reported
procedure. 30
Compound 6.3: A mixture of DMF (2.0 mL) and POCl3 (1.0 mL) was stirred on ice
for five minutes under argon atmosphere. The mixture was warmed to room temperature
and was stirred further for 30 minutes. After adding compound 6.2 (300 mg, 0.27 mmol)
in dichloroethane (50 mL) to the reaction mixture, the resulting mixture was stirred at 50
o

C for two hours. The reaction mixture was cooled down to room temperature and then

was slowly poured into saturated NaHCO3 aqueous solution at 0 oC on ice. The mixture
was warmed to room temperatureand was further stirred for 30 minutes and then washed
with water. The organic layers were combined, dried over anhydrous Na2SO4, and
concentrated under reduced pressure. The crude product was purified by using a mixed
mobile phase (hexane: CH2Cl2: EtOAc: MeOH= 5:3:1:0.5, V/V) to attain BODIPY 6.3
(275 mg, 89 %) as red oil. 1H NMR (400 MHz, CDCl3): δ 9.97 (s, 1H), 6.92 (d, J = 8.0
Hz, 1H), 6.60 (d, J = 8.4 Hz, 1H), 6.54 (s, 1H), 6.09 (s, 1H), 4.03 (d, J = 5.6 Hz, 2H),
3.94 (d, J = 5.2 Hz, 2H), 3.61-3.15 (m, 68H), 2.84 (s, 3H), 2.56 (s, 3H), 2.43-2.37 (m,
1H), 2.23-2.17 (m, 1H), 1.75 (s, 3H), 1.51 (s, 3H).

13

C NMR (100 For MHz, CDCl3): δ

186.1, 162.0, 161.0, 156.6, 156.0, 147.2, 142.3, 141.6, 135.0, 130.5, 129.6, 126.1, 123.6,
115.5, 106.6, 100.6, 72.1, 70.8, 70.8, 70.8, 70.7, 70.7, 70.6, 70.5, 69.5, 69.2, 69.1, 66.7,
66.4, 59.2, 40.2, 39.7, 15.2, 14.8, 13.1, 11.3. HRMS (FAB) calcd for C56H92BF2N2O19
[M+H]+, 1145.6355; found, 1145.6335.
Compound 6.5: BODIPY 6.5 was prepared using BODIPY dye 6.3 by a procedure
similar to that used for preparing BODIPY dye 3 but the mixture was stirred at a higher
temperature of 60 oC instead of 50 oC for five hours (82% of reaction yield). 1H NMR
(400 MHz, CDCl3): δ 10.04 (s, 2H), 6.93 (d, J = 8.4 Hz, 1H), 6.64 (dd, J = 8.8, 2.0 Hz,
1H), 6.59 (d, J = 2.0 Hz, 1H), 4.07 (d, J = 6.0 Hz, 2H), 3.97 (d, J = 5.2 Hz, 2H), 3.633.15 (m, 68H), 2.84 (s, 6H), 2.44-2.40 (m, 1H), 2.23-2.20 (m, 1H), 1.83 (s, 6H).

13

C

NMR (100 MHz, CDCl3): δ 186.0, 162.5, 160.2, 156.5, 148.1, 145.6, 132.7, 129.3, 127.9,
114.8, 107.0, 100.9, 72.1, 70.9, 70.8, 70.8, 70.7, 70.5, 69.5, 69.1, 66.8, 66.5, 59.3, 59.2,
40.2, 39.6, 13.9, 11.8. HRMS (FAB) calcd for C57H92BF2N2O20 [M+H]+, 1173.6305;
found, 1173.6310.
.
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Probe 6-A:

After 10 mL of dry ClCH2CH2Cl (10 mL) was added to a 50-mL

flask containing BODIPY dye 6.3 (110 mg, 0.1 mmol) and 2-pyridinyl-N-(2pyridinylmethyl)methanamine 6.4 (47 mg, 0.2 mmol), the mixture was stirred at 40 oC
for four hours. When NaBH(OAc)3 (40 mg, 0.18 mmol) and acetic acid (1 drop) were
added to the flask at room temperature, the mixture was stirred overnight at room
temperature, diluted with CH2Cl2 and washed with water and brine, respectively. The
organic layer was collected, dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by TLC plate (hexane/EtOAc/CH2Cl2/MeOH, 5/1/3/0.5, v/v) to
obtain BODIPY dye 6-A (97 mg, 74%) as red oil. 1H NMR (400 MHz, CDCl3): δ 8.43 (d,
J = 4.8 Hz, 2H), 7.59 (td, J = 7.6, 1.6 Hz, 2H), 7.36 (d, J = 7.6 Hz, 2H), 7.10-7.07 (m,
2H), 6.87 (d, J = 8.4 Hz, 1H), 6.54 (dd, J = 8.4, 2.0 Hz, 1H), 6.49 (d, J = 2.0 Hz, 1H),
5.87 (s, 1H), 4.01 (d, J = 5.6 Hz, 2H), 3.94-3.86 (m, 2H), 3.64-3.08 (m, 70H), 2.46 (s,
3H), 2.45 (s, 3H), 2.43-2.37 (m, 1H), 2.17-2.11 (m, 1H), 1.41 (s, 3H), 1.40 (s, 3H).

13

C

NMR (100 MHz, CDCl3): δ 161.5, 159.9, 156.7, 155.7, 154.2, 149.0, 142.4, 141.4, 139.2,
136.5, 132.1, 131.7, 129.9, 127.1, 123.3, 122.2, 120.6, 116.7, 106.3, 100.5, 72.1, 70.8,
70.7, 70.7, 70.5, 70.5, 69.6, 69.2, 69.1, 66.6, 66.4, 60.7, 59.2, 48.4, 40.2, 39.6, 14.7, 14.2,
13.0, 11.9. HRMS (FAB) calcd for C68H105BF2N5O18 [M+H]+, 1328.7516; found,
1328.7502.
Probe 6-B:

When 15 mL of dry ClCH2CH2Cl (15 mL) was added to a 50-mL

flask containing BODIPY dye 6.5 (100 mg, 0.085 mmol) and 2-pyridinyl-N-(2pyridinylmethyl)methanamine 6.4 (90 mg, 0.45 mmol), The mixture was stirred at 40 oC
for four hours. After NaBH(OAc)3 (80 mg, 0.36 mmol) and acetic acid (2 drop) were
added to the flask at room temperature, the mixture was stirred overnight at room
temperature, diluted with CH2Cl2 and washed with water and brine, respectively. The
organic layer was collected, dried over Na2SO4 and concentrated in vacuo. The crude
product

was

purified

by

TLC

plate

using

a

mixed

mobile

phase

(hexane/acetone/CH2Cl2/MeOH, 5/1/3/0.6, v/v) to obtain amino BODIPY dye 6-B (68
mg, 52%) as red oil. 1H NMR (400 MHz, CDCl3): δ 8.40 (d, J = 4.8 Hz, 4H), 7.55 (t, J =
7.6 Hz, 4H), 7.32 (d, J = 7.6 Hz, 4H), 7.06-7.03 (m, 4H), 6.81 (d, J = 8.0 Hz, 1H), 6.52
(d, J = 8.4 Hz, 1H), 6.46 (s, 1H), 4.00 (d, J = 5.2 Hz, 2H), 3.82 (d, J = 5.6 Hz, 2H), 3.613.01 (m, 72H), 2.43-2.35 (m, 7H), 2.06-2.03 (m, 1H), 1.35 (s, 6H). 13C NMR (100 MHz,
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CDCl3): δ 161.5, 159.9, 156.7, 155.1, 149.0, 141.1, 138.9, 136.5, 131.6, 129.9, 126.9,
123.3, 122.2, 116.9, 106.4, 100.5, 72.1, 72.0, 70.8, 70.8, 70.7, 70.6, 70.6, 70.4, 70.4, 69.6,
69.1, 66.6, 66.5, 60.5, 59.2, 59.1, 48.3, 40.2, 39.6, 12.9, 11.8. HRMS (FAB) calcd for
C81H118BF2N8O18 [M+H]+, 1539.8625; found, 1539.8622.

Probe 6-C:

A mixed solution of 6.8 (60 mg, 0.028 mmol) and 2-pyridinyl-N-

(2-pyridinylmethyl)methanamine 6.4 (33 mg, 0.168 mmol) in 10 mL of dry ClCH2CH2Cl
was stirred at 50 oC for four hours. When NaBH(OAc)3 (30 mg, 0.112 mmol) and acetic
acid (1 drop) were added to the flask at room temperature, the mixture was stirred
overnight at room temperature, diluted with CH2Cl2 and washed with water and brine,
respectively. The organic layer was collected, dried over Na2SO4 and concentrated in
vacuo. The crude product was purified by TLC plate (hexane/acetone/CH2Cl2/MeOH,
5/1/3/1, v/v) to obtain amino BODIPY dye 6-C (46 mg, 65%) as dark purple oil.

1

H

NMR (400 MHz, CDCl3): δ 8.43 (d, J = 5.2 Hz, 2H), 7.52 (t-like, J = 8.0Hz, 2H), 7.35 (d,
J = 8.0 Hz, 2H), 7.15 (d, J = 8.8 Hz ,2H), 7.05 (t-like, J = 6.0 Hz, 2H), 6.88 (d, J = 8.8
Hz, 2H), 6.77 (d, J = 16.0 Hz, 2H), 6.67 (d, J = 8.4 Hz, 2H), 6.50 (s, 2H), 6.44 (d, J = 8.4
Hz, 2H), 5.67 (d, J = 16.4 Hz, 2H), 3.98 (d, J = 5.6 Hz, 4H), 3.90 (d, J = 5.6 Hz, 4H),
3.73 (s, 3H), 3.62-3.44 (m, 108H), 3.34-3.31 (m, 28H), 2.51 (s, 6H), 2.43-2.36 (m, 4H).
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C NMR (100 MHz, CDCl3): δ 165.6, 164.6, 161.5, 153.6, 153.4, 146.5, 144.2, 140.1,

139.9, 137.9, 135.2, 134.7, 134.0, 128.4, 126.1, 125.7, 124.6, 122.4, 121.8, 116.9, 115.2,
114.0, 71.2, 71.1, 69.8, 69.7, 69.6, 69.6, 68.4, 58.6, 57.4, 57.3, 37.2, 37.1. HRMS
(MAIDL) calcd for C132H200BF2N8O37 [M+H]+, 2538.4076; found, 2538.7638.
6.2.3

Optical measurements and buffer conditions:

All buffer solutions were prepared by using deionized distilled water. Three different
buffers at concentration of 10 mM were used to evaluate effect of pH on the fluorescent
properties of fluorescent probes 6-A, 6-B and 6-C. These buffers are citric acid buffer
(acidic range), HEPES buffer (neutral range), tris buffer (basic range). No meaurable
changes of optical property of fluorescent probe 6-A, 6-B or 6-C were found when
differnent buffers (citric, HEPES or tris) were used at same pH values.
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Rhodamine 6G ()f = 0.95 in ethanol)31-32 was used as a reference standard to
determine the fluorescence quantum yields of BODIPY dye 6.3, 6.5 and probe 6-A, 6-B,
6-C. The corresponding fluorescence spectra of fluorescent probes 6-A, 6-B and 6-C
were collected at the excitation wavelength of 470 nm. Both the samples and references
were prepared fresh under identical conditions. The quantum yields were calculated using
the following equation:
ଶ
ሻ …… (eq. 6.1)
ߔଡ଼ ൌ ߔୱ୲ ሺ ଡ଼ Ȁ ୱ୲ ሻሺߟଡ଼ଶ Ȁߟୱ୲

Where the subscripts ‘st’ and ‘x’ stand for standard and test, respectively, Φ is the
fluorescence quantum yield, Grad represents the gradient from the plot of integrated
fluorescence intensity versus absorbance and η is the refractive index of the solvent.
6.2.4

Live cell imaging

SW 620 cells (ATCC® Catalog No. CCL-2277) were cultured in Dulbecco's
Modified Eagle's Medium/Nutrient Mixture F12 Ham's Liquid Media (DMEM/F-12)
supplemented with 10% fetal bovine serum (FBS, GIBCO), penicillin (100 U/mL) and
streptomycin (100 μg/mL) (1X PenStrep, GIBCO) at 37 °C in humidified incubator with
5% CO2. The cells were plated on 12-well culture plates at density of 1 X 105 cells/mL.
After 24 hr incubation, the media was removed and cells were rinsed with 1X PBS. Fresh
serum free media with/without 25 μM fluorescent probe C was added to cells and the
cells were incubated for 2 hours at 37 °C before rinsing again with 1X PBS. Fresh serumfree media containing 0, 50, 100, or 200 μM ZnCl2 and/or sodium pyrithione salt (1:1)
was added to the cells and then imaged after 30 min of incubation. The images were
acquired using fluorescence microscope (model AMF-4306; EVOSfl, AMG) using 40X
magnification objective. The exposure times for each fluorescence channel (green (GFP
light cube) or red (RFP light cube)) were kept constant for all samples. There was no
signal observed for blue channel (DAPI light cube) in any of the samples (results not
shown). To confirm effect of zinc on fluorescence of cells in presence of the fluorescent
probe C, zinc chelator N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) was
used. After acquiring the images for cells incubated with 100 μM each of zinc (II) and
pyrithione, cells were washed with PBS and 100 μM zinc chelator TPEN dissolved in
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serum-free media was added to the cells. The cells were incubated for 10 minutes before
taking fluorescence images using both green and red channels.

6.3

Results and discussions

6.3.1 Synthetic approaches
Recently, our group has reported a series of highly water-soluble neutral BODIPY
dyes with different emissions ranging from green to near-infrared regions by introducing
branched oligo(ethylene glycol)methyl ether residues to BODIPY dyes at all positions
such as the meso, 2,6-positions, 3-position, 3,5-positions, 1,7-positions, 1,3,5,7-positions
or 4,4-positions, and systematically studied their optical behaviors with controllable
fluorescence quantum yields in PBS solutions.30 In addition, we developed an approach
to prepare 2,6-diformyl-BODIPY dyes, employed formyl groups at 2- or 2,6-positions to
control Knoevenagel reaction sequence of methyl groups of 1,3,5,7-tetramethyl BODIPY
dyes,33 and obtained a series of unique 2,6-diformyl-BODIPY dyes with near-infrared
emissions. In this paper,33 we employed our unique approaches to prepare highly watersoluble BODIPY-based fluorescent probes for Zn2+ ions.
In order to prepare highly water-soluble BODIPY dyes for fluorescent sensing of
zinc (II) ions, we introduced branched oligo(ethylene glycol)methyl ether residues to
BODIPY dyes at the meso or 1,7-positions (Schemes 6.1 and 6.2) and incorporated zinc
(II) chelator bis(pyridin-2-ylmethyl)amine moiety into BODIPY dyes at 2- and 2,6positions. BODIPY dye bearing branched oligo(ethylene glycol)methyl ether at the meso
position (6.2) was prepared according to our reported procedure, starting from
benzaldehyde derivative (6.1) (Scheme 6.2).30

A formyl group was introduced to

BODIPY dye 6.2 at the 2-position via the Vilsmeier-Haack reaction, affording 2-formylBODIPY dye (6.3).33 BODIPY dye bearing dipicolylamine residue at 2-position (6-A)
was prepared by reductive amination of 2-formyl-BODIPY dye 6.3 with dipicolylamine
using sodium acetoxyborohydride in 74% yield (Scheme 2). BODIPY dye bearing two
dipicolylamine residues at 2,6-positions (6-B) was obtained in the same way to prepare
fluorescent probe 6-A by using 2,6-diformyl-BODIPY dye (6.5),33 which was prepared
by further conducting the Vilsmeier-Haack reaction of 2-formyl-BODIPY dye (6.3)
(Scheme 6.2).33 Fluorescent probes 6-A and 6-B are highly soluble in aqueous solution
133

with at least 50 mg/mL because of hydrophilic feature of branched oligo(ethylene
glycol)methyl ether residues at the meso positions.

Scheme 6.2. Synthetic route to fluorescent probes 6-A, 6-B and 6-C.
In order to tune fluorescence of BODIPY dye for longer emission wavelength, we
conducted the Knoevenagel condensation of 2,6-diformyl-BODIPY dye (6.6) with
benzaldehyde derivative (6.7), affording 2,6-diformyl-1,7-distyryl-BODIPY dye (6.8) as
the presence of formyl groups at 2,6-positions allows for initial Knoevenagel reactions of
methyl groups at 1,7-positions of 1,3,5,7-tetramethyl BODIPY dye (6.6) (Scheme 2).33
1,7-Distyryl-BODIPY dye bearing dipicolylamine residues at 2,6-positions (6-C) was
obtained with yield of 52% by reductive amination of 2,6-diformyl-BODIPY dye (6.8)
with dipicolylamine using sodium acetoxyborohydride (Scheme 6.2). Fluorescent probe
6-C also shows excellent solubility with at least 50 mg/mL in aqueous solution as
branched oligo(ethylene glycol)methyl ether residues at 1,7-positions facilitate the
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solubility of BODIPY dye in aqueous solution.

The excellent water solubility of

fluorescent probe 6-C may arise from bulky hydrophilic dipicolylamine moieties at 2,6positions that may prevent S-S stacking interactions between BODIPY cores in aqueous
solution.
6.3.2

Spectroscopic responses to zinc (II) and concentration dependency

The zinc (II)-binding behaviors of fluorescent probes 6-A, 6-B, and 6-C were
investigated by absorption and fluorescence spectroscopic studies in HEPES buffer
solution. Fluorescent probe 6-A displays weak fluorescence with fluorescence quantum
yield of 7.2% in HEPES buffer (pH 7.0). But this probe shows significant enhancement
of fluorescence upon the addition of zinc (II) (12 PM), which leads to a fluorescent
increase by 2-fold accompanying with a slightly blue shift in emission spectrum (Figure
6.1a). No significant changes were observed in the absorption spectra in the presence of
zinc (II) ions (Figure D.17 in Appendix D). The titration curve of fluorescent probe 6-A
to the concentration of zinc (II) ions (Figure 6.1a inset) showed that there are significant
increases in the fluorescence intensity with the increase in concentration of zinc (II) ions
from 0.5 μM to 5 μM, after that there is negligible increaes in fluorescent intensity at zinc
(II) ion concentration of 6 μM and higher (Figure 6.1a inset). This suggests that binding
of 6 μM zinc (II) ions to 2,2'-dipicolylamine residue (5 μM) is close to saturation, and
that fluorescent probe 6-A interacts with zinc (II) in equivalent molar ratio.
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Figure 6.1. Fluorescence spectra of 5 PM fluorescent probe 6-A (a) and probe 6-B (b) in
10 mM HEPES buffer (pH 7.0) in the absence and presence of different concentrations of
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ZnCl2. Inset: fluorescence response curves at 520 nm (probe 6-A) and 527 nm (probe 6B).
Fluorescent probe 6-B displays weaker fluorescence than the probe 6-A with
fluorescence quantum yield of 4.7% in HEPES buffer at pH 7.0. This is due to more
efficient fluorescence quenching by photoinduced electron transfer from two tertiary
amine groups of dipicolylamine moieties at 2,6-positions to the BODIPY core of the
probe 6-B compared with one tertiary amine group of the probe 6-A. It displays similar
responses to zinc (II) ions in its absorption and fluorescence spectra as fluorescent probe
6-A. Fluorescent probe 6-B shows increased blue shifts in absorption and emission
spectra compared to fluorescent probe 6-A and the addition of 24 mM zinc (II) ions to
fluorescent probe 6-B led to 15 nm blue shifts in emission spectrum (Figure 6.1b) and 6
nm blue shifts in the absorption spectrum (Figure D.18 in Appendix D). Compared with
probe 6-A, fluorescent probe 6-B has larger response range to the concentration of zinc
(II) ions (Figure 6.1b inset) with quasilinear sensing range from 0 mM to 10 mM zinc (II)
ion.
The obsereved weak fluorescence of fluorescent probe 6-C in HEPES buffer at pH
7.0 is also attributed to photo-induced electron transfer from tertiary amine groups of
dipicolylamine moieties at 2,6-positions to the BODIPY core. Fluorescent probe 6-C
displays ratiometric responses to zinc (II) ions and addition of zinc (II) ions to fluorescent
probe 6-C causes fluorescence enhancement at 521 nm and fluorescence quenching at
661 nm. The binding of zinc (II) ions to dipicolylamine moieties at 2,6-positions may
disrupt S-conjugation of distyryl groups at 1,7-positions with BODIPY core, resulting in
fluorescence quenching at 661 nm, and effectively stops the photo-induced electron
transfer from tertiary amine groups of dipicolylamine moieties at 2,6-positions to the
BODIPY core, leading to fluorescence enhancement of fluorescent probe 6-C at 521 nm
(Figure 6.2a). The fluorescent probe 6-C shows sensitive responses to zinc (II) ions with
the same response range as fluorescent probe 6-B (Figure 6.2b)
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Figure 6.2. Fluorescence spectra (a) and fluorescence retiometric response curve (521
nm / 661 nm) (b) of 5 PM fluorescent probe 6-C in 10 mM HEPES buffer (pH 7.0) in the
absence and presence of different concentrations of ZnCl2.
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6.3.3

Selectivity

The fluorescence response of fluorescent probes 6-A, 6-B, and 6-C to different metal
ions in 10 mM HEPES buffer (pH 7.0) were also investigated (Figures 6.3). No
significant response of fluorescent probe 6-A was observed in the presence of 40 mM
alkali-, alkaline-earth metal ions such as Na+, K+, Ca2+, Mg2+and Al3+ ions, and some
transitional metallic ions such as Mn2+ and Fe3+ ions (Figure 6.3a). The presence of 40
μM Ni2+, Co2+ or Cu2+ ions significantly quenches fluorescence of fluorescent probe 6-A
most likely due to metal-to-ligand electron transfer upon excitation; A mechanism similar
to previously reported for paramagnetic ions such as Ni2+, Co2+ or Cu2+ ions for
fluorescence quenching of fluorescein-based dyes for Zn2+ ions.20-25 Whereas, addition of
20 mM Zn2+ resulted in significant fluorescence enhancement of fluorescent probe 6-A
(Figure 6.3a). The presence of 40 μM alkali-, alkaline-earth metal ions such as Na+, K+,
Ca2+, Mg2+and Al3+ ions, and some transitional metal ions such as Mn2+, Fe3+, Ni2+, Co2+
or Cu2+ ions caused only slight changes in absorption spectra of fluorescent probe 6-A in
10 mM HEPES buffer (pH 7.0) (see Appendix D). A similar response to these alkali-,
alkaline-earth and transitional metallic ions was observed for fluorescent probe 6-B in 10
mM HEPES buffer at pH 7.0 (Figure 6.3).
Like probe 6-A and 6-B, fluorescent probe 6-C is insensitive to similar alkali-,
alkaline earth metal ions and some transitional metal ions like Mn2+ and Fe3+. (Figure
6.3c).

However, in the presence of 40 μM Ni2+, Co2+ or Cu2+ ions, significant

fluorescence quenching at both 661 nm and 521 nm due to the metal-to-ligand electron
transfer upon excitation because of the paramagnetic property of those ions. Whereas,
presence of 20 μM Zn2+ caused significant fluorescence enhancement of fluorescent
probe 6-C at 521 nm and significant fluorescence quenching at 661 nm (Figure 6.3c). It
was observed that the sensitivity and response ranges of fluorescent probes are
significantly dependent on their number of binding sites for Zn2+ ions. Fluorescent probes
6-B and 6-C with two binding sites at 2,6-positions show wider response range to Zn2+
ions than fluorescent probe 6-A with one binding site at 2-position.
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Figure 6.3. Fluorescent responses of 5 PM fluorescent probes 6-A (a), 6-B (b) and 6-C
(c) to different metal ions (20 PM Zn2+, all other ions at 40 PM) in 10 mM HEPES buffer
(pH 7.0), respectively.
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Figure 6.4. Fluorescence responses of 5 PM fluorescent probes 6-A (a), 6-B (b) and 6-C
(c) at different pHs in absence and presence of Zn2+ (6 PM of Zn2+ for the probes 6-A and
22 PM for probe 6-B and 6-C).
6.3.4

pH responses

Figures 6.4 shows the effect of pH on fluorescence of three fluorescent probes 6-A,
6-B and 6-C. The fluorescent probe 6-A undergoes a significant increase in fluorescence
intensity between pH 2.5 and 5.0 and a considerable descrease in fluorescence intensity at
pH greater than 5.0 (Figure 6.4a). In addition, the probe 6-A displays no responses to zinc
(II) between pH 2.5 and 5.0, which suggests that the tertiary amine of the probe 6-A is
almost completely protonated at pH 5.0 (Figure 6.4a). The tertiary amine quenches the
fluorescence by a photoinduced electron-transfer mechanism, and results in the reduced
emission at higher pH when it is not bound to a proton or a diamagnetic metal. The
fluorescent probes 6-B and 6-C display similar fluorescence responses to pH values but
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with completely different protonated pH ranges compared with the probe 6-A. The
fluorescent probe 6-B is completely protonated at pH 4.0 (Figure 6.4b) while the
fluorescent probe 6-C is almost completely protonated at pH 3.0 (Figure 6.4c). The
probes 6-B and 6-C show no response to zinc (II) at pHs 4.0 and 3.0, respectively.

6.3.5 Fluorescence responses of probe 6-C to zinc (II) in living cells
Fluorescent probe 6-C also shows very useful ratiometric responses to Zn2+ ions with
very good pH sensitivity and wide response range that may have promising application in
biological and biomedical applications. Zinc (II) is an essential micronutrient and plays
an important role in the cells such as ionic signaling, as cofactor for several proteins, and
its levels regulate several important metabolic functions.34-36 Therefore, any drastic
change in zinc (II) concentration inside the cell can cause injury and affect key cellular
processes leading to disease.37-39 Thus, having a fluorescent probe that can be used to
monitor the level of Zn2+ inside live cells can prove to be a valuable tool. In this study,
we tested fluorescent probe 6-C for zinc sensing in SW620 colorectal adenocarcinoma.
We used fluorescence microscopy to monitor and detect mobile Zn2+ ions in live cells
(Figures 6.5 and 6.6). SW 620 cells incubated with 25 μM probe 6-C for 2 hr at 37 °C
were washed with PBS before imaging to remove any free probe. Cells showed
fluorescence signal at longer wavelength (RFP light cube; emission in red region) but no
signal for shorter wavelength region (GFP light cube, emission in green region) (Figure
6.5B). It is expected that when probe 6-C enters the cells it will bind to free Zn2+ inside
the cell and give fluorescence signal at lower wavelength (green). However, in the
current experimental conditions, in presence of fluorescent probe 6-C alone, strong
fluorescence signal at the longer wavelength (red) region was observed (Figure 6.5B).
This may be either due to low concentration of Zn2+ ions in cytosol (zinc is present in
picomolar range inside cells) or due to unavailability of free zinc ions for dye binding.4041

SW620 cells having probe 6-C were further incubated with up to 200 μM Zn2+ ions for

30 min but did not show any noticeable difference in fluorescence compared to the cells
incubated with probe 6-C alone (Figure 6.5B and 6.5C). This is because the gated
channels on the cell membrane do not allow entry of excess Zn2+ inside the cells.42
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However, the cells incubated with 200 μM pyrithione only showed decrease in
fluorescence signal for longer wavelength (red region) and a noticeable increase in
fluorescence signal for shorter wavelength (green region) (Figure 6.5D). This is because
pyrithione is a Zn2+ ionophore and facilitates import of excess Zn2+ from the media inside
the cells, making more free zinc ions available for binding with the probe 6-C.43 When
200 μM of both Zn2+ and pyrithione were added (ratio 1:1) cells showed much higher
increase in fluorescence signal at lower wavelength (green region) whereas a drastic
decrease in fluorescence signal in the longer wavelength (red) region (Figure 6.5E). This
increase in fluorescence emission at the shorter wavelength (green region) after
incubation of cells with both Zn2+ and pyrithione is due to import of excess free Zn2+
inside the cells facilitated by pyrithione, hence more zinc availability for dye binding.
The fluorescence signal at lower wavelength (green region) increases as the concentration
of free Zn2+ and pyrithione increases from 50 μM to 200 μM (Figure 6.5E, and Figures
6.6C, 6.6D). There was no fluorescence signal observed in blue region (DAPI light cube)
for any of the cells incubation conditions (results not shown). Control wells containing
cells incubated only with Zn2+ ions and pyrithione but no fluorescent probe 6-C showed
no signal in any wavelength region (Figure 6.5A). When N,N,N',N'-tetrakis(2pyridylmethyl)ethylenediamine (TPEN), a cell permeable high-affinity heavy metal
chelator was added to the cells (cells already incubated with Zn2+ ions and pyrithione);44
the fluorescence signal for green channel decreased significantly and an increase in
fluorescence signal for red channel was observed due to chelation of zinc ions (Figure
6.6E). These results underscore the importance and usefulness of fluorescent probe 6-C
for monitoring changes in intracellular level of zinc ions.
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Figure 6.5. Fluorescence images of SW 620 cells with fluorescent probe 6-C.
(The cells incubated with 200 μM zinc and pyrithione but without probe 6-C imaged as
control (A), images of cells incubated with probe 6-C alone in serum-free media for 2 hr
(B), cells in (B) rinsed with PBS and then further incubated with 200 μM Zn2+ for 30min
before imaging (6-C), cells incubated with 200 μM pyrithione in presence of fluorescent
probe 6-C (D) and cells incubated with 200 μM each of Zn2+ and pyrithione in presence
of fluorescent probe 6-C (E). The bright field images were acquired at 40X magnification
with transmitted light and the fluorescence images were acquired using green (GFP) and
red (RFP) light cubes)
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Figure 6.6. Effect of zinc and pyrithione concentrations on fluorescence probe 6-C in
SW620 cells.
(The SW620 cells incubated with probe 6-C and indicated concentrations of zinc and
pyrithione before imaging (A-D). The cells imaged in (D) were further incubated with
100 μM of TPEN a zinc chelator for 10 min before re-imaging (E). The bright field
images were acquired at 40X magnification with transmitted light and the fluorescence
images were acquired using green (GFP) and red (RFP) light cubes)
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6.4

Conclusion
Three highly water-soluble BODIPY-based fluorescent probes (6-A, 6-B and 6-C)

have been prepared by incorporating zinc (II) chelator bis(pyridin-2-ylmethyl)amine
moiety into 2-formyl-BODIPY dye, 2,6-diformyl BODIPY dye, and 2,6-diformyl-1,7distyryl-BODIPYdye at 2-position and 2,6-positions. These probes exhibit excellent
sensitive and selective responses to zinc (II) ions. The ratiometric fluorescent probe 6-C
has been successfully applied in detection of intracellular zinc (II) in cancer cells because
of its unique ratiometric fluorescent responses to zinc (II).
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! &$ /RQJWHUP 3RWHQWLDWLRQ 5HTXLUHV 7UDQVORFDWLRQ RI 6\QDSWLFDOO\ 5HOHDVHG
=Q-1HXURVFL  



2XWWHQ & ( 2 +DOORUDQ 7 9 )HPWRPRODU 6HQVLWLYLW\ RI 0HWDOORUHJXODWRU\
3URWHLQV&RQWUROOLQJ=LQF+RPHRVWDVLV6FLHQFH  
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)LQQH\/$2 +DOORUDQ797UDQVLWLRQ0HWDO6SHFLDWLRQLQ7KH&HOO,QVLJKWV
IURP7KH&KHPLVWU\RI0HWDO,RQ5HFHSWRUV6FLHQFH  



.RPDWVX . .LNXFKL . .RMLPD + 8UDQR < 1DJDQR 7 6HOHFWLYH =LQF
6HQVRU 0ROHFXOHV ZLWK 9DULRXV $IILQLWLHV IRU =Q 5HYHDOLQJ '\QDPLFV DQG
5HJLRQDO 'LVWULEXWLRQ RI 6\QDSWLFDOO\ 5HOHDVHG =Q LQ +LSSRFDPSDO 6OLFHV
-RXUQDORIWKH$PHULFDQ&KHPLFDO6RFLHW\  



3DUN - * 4LQ < *DODWL ' ) 3DOPHU $ ( 1HZ 6HQVRUV IRU 4XDQWLWDWLYH
0HDVXUHPHQWRI0LWRFKRQGULDO=Q$&6&KHP%LRO  



'HDQ . 0 4LQ < 3DOPHU $ ( 9LVXDOL]LQJ 0HWDO ,RQV LQ &HOOV $Q
2YHUYLHZRI$QDO\WLFDO 7HFKQLTXHV$SSURDFKHVDQG3UREHV%LRFKLP%LRSK\V
$FWD0RO&HOO5HV  



'LWWPHU3-0LUDQGD-**RUVNL-$3DOPHU$(*HQHWLFDOO\(QFRGHG
6HQVRUV WR (OXFLGDWH 6SDWLDO 'LVWULEXWLRQ RI &HOOXODU =LQF - %LRO &KHP 
  



:DWQLFN 5 6 +HUULQJ 6 & 3DOPHU $ * *RWWHVPDQ 0 ( 7KH &DUER[\O
7HUPLQXV RI 3KDJH +. 1XQ ,QFOXGHV $ 1RYHO =LQF%LQGLQJ 0RWLI DQG $
7U\SWRSKDQ 5HTXLUHG IRU 7UDQVFULSWLRQ 7HUPLQDWLRQ *HQHV 'HY    




-LDQJ:)X4)DQ+:DQJ:$Q1%')OXRURSKRUHEDVHG6HQVLWLYHDQG
6HOHFWLYH)OXRUHVFHQW 3UREHIRU =LQF ,RQ &KHPLFDO &RPPXQLFDWLRQV   




=KDQJ < *XR ; 6L : -LD / 4LDQ ; 5DWLRPHWULF DQG :DWHUVROXEOH
)OXRUHVFHQW =LQF 6HQVRU RI &DUER[DPLGRTXLQROLQH ZLWK $Q $ONR[\HWK\ODPLQR
&KDLQDV5HFHSWRU2UJDQLF/HWWHUV  



+HQQULFK * 6RQQHQVFKHLQ + 5HVFK*HQJHU 8 5HGR[ 6ZLWFKDEOH
)OXRUHVFHQW3UREH6HOHFWLYHIRU(LWKHU+J ,, RU&G ,, DQG=Q ,, -RXUQDORIWKH
$PHULFDQ&KHPLFDO6RFLHW\  



.RPDWVX . 8UDQR < .RMLPD + 1DJDQR 7 'HYHORSPHQW RI $Q
,PLQRFRXPDULQEDVHG=LQF6HQVRU6XLWDEOHIRU5DWLRPHWULF)OXRUHVFHQFH,PDJLQJ
RI 1HXURQDO =LQF -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\    
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0L]XNDPL 6 2NDGD 6 .LPXUD 6 .LNXFKL . 'HVLJQ DQG 6\QWKHVLV RI
&RXPDULQ%DVHG=Q  3UREHVIRU5DWLRPHWULF)OXRUHVFHQFH,PDJLQJ,QRUJDQLF
&KHPLVWU\  



;X=4LDQ;&XL-=KDQJ5([SORLWLQJ7KH'HSURWRQDWLRQ0HFKDQLVPIRU
7KH 'HVLJQ RI 5DWLRPHWULF DQG &RORULPHWULF =Q   )OXRUHVFHQW &KHPRVHQVRU
ZLWK$/DUJH5HGVKLIWLQ(PLVVLRQ7HWUDKHGURQ  



1RODQ ( 0 %XUGHWWH 6 & +DUYH\ - + +LOGHUEUDQG 6 $ /LSSDUG 6 -
6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI =LQF 6HQVRUV %DVHG RQ $ 0RQRVXEVWLWXWHG
)OXRUHVFHLQ3ODWIRUP,QRUJDQLF&KHPLVWU\  



%XFFHOOD'+RURZLW]-$ /LSSDUG6-8QGHUVWDQGLQJ =LQF4XDQWLILFDWLRQ
ZLWK ([LVWLQJDQG $GYDQFHG'LWRSLF )OXRUHVFHQW =LQS\U6HQVRUV -RXUQDO RI WKH
$PHULFDQ&KHPLFDO6RFLHW\  



1RODQ(0-DZRUVNL-2NDPRWR.,+D\DVKL<6KHQJ0/LSSDUG6-
4=DQG4=5DSLG5HYHUVLEOH4XLQROLQHGHULYDWL]HG)OXRUHVFHLQVIRU6HQVLQJ
%LRORJLFDO =Q ,,  -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\    




1RODQ ( 0 -DZRUVNL - 5DFLQH 0 ( 6KHQJ 0 /LSSDUG 6 - 0LGUDQJH
$IILQLW\ )OXRUHVFHQW =Q ,,  6HQVRUV RI 7KH =LQS\U )DPLO\ 6\QWKHVHV
&KDUDFWHUL]DWLRQ DQG %LRORJLFDO ,PDJLQJ $SSOLFDWLRQV ,QRUJDQLF &KHPLVWU\
  



1RODQ(05\X-:-DZRUVNL-)HD]HOO536KHQJ0/LSSDUG6-
=LQVS\6HQVRUVZLWK (QKDQFHG'\QDPLF5DQJH IRU ,PDJLQJ1HXURQDO &HOO=LQF
8SWDNH DQG 0RELOL]DWLRQ -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\  
 



'X3/LSSDUG6-$+LJKO\6HOHFWLYH7XUQ2Q&RORULPHWULF5HG)OXRUHVFHQW
6HQVRUIRU'HWHFWLQJ0RELOH=LQFLQ/LYLQJ&HOOV,QRUJDQLF&KHPLVWU\
 



+DQ=;=KDQJ;%=KXR/*RQJ<-:X;<=KHQ-+H&0
-LDQ /; -LQJ = 6KHQ */ <X 54 (IILFLHQW )OXRUHVFHQFH 5HVRQDQFH
(QHUJ\ 7UDQVIHUEDVHG 5DWLRPHWULF )OXRUHVFHQW &HOOXODU ,PDJLQJ 3UREH IRU
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=Q  XVLQJ$5KRGDPLQH6SLURODFWDPDV$7ULJJHU$QDO\WLFDO&KHPLVWU\
  


7RUQDW(/LSSDUG6-5DWLRPHWULFDQG,QWHQVLW\EDVHG=LQF6HQVRUV%XLOWRQ
5KRGRO DQG 5KRGDPLQH 3ODWIRUPV ,QRUJDQLF &KHPLVWU\     




2MLGD$6DNDPRWR7,QRXH0D)XMLVKLPD6K/LSSHQV*+DPDFKL,
)OXRUHVFHQW%2',3<EDVHG=Q ,, &RPSOH[DV$0ROHFXODU3UREHIRU6HOHFWLYH
'HWHFWLRQ RI 1HXURILEULOODU\ 7DQJOHV LQ 7KH %UDLQV RI $O]KHLPHU V 'LVHDVH
3DWLHQWV-RXUQDORIWKH$PHULFDQ&KHPLFDO6RFLHW\  



;LDRDQ = /RYHMR\ . 6 -DVDQRII $ /LSSDUG 6 - :DWHU6ROXEOH
3RUSK\ULQV DV $ 'XDO)XQFWLRQ 0ROHFXODU ,PDJLQJ 3ODWIRUP IRU 05, DQG
)OXRUHVFHQFH=LQF6HQVLQJ3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHVRI
WKH8QLWHG6WDWHVRI$PHULFD  



=KX6=KDQJ-9HJHVQD*/XR)7*UHHQ6$/LX++LJKO\:DWHU
VROXEOH1HXWUDO%2',3<'\HVZLWK&RQWUROODEOH)OXRUHVFHQFH4XDQWXP<LHOGV
2UJDQLF/HWWHUV  



.XELQ5))OHWFKHU$1)OXRUHVFHQFH4XDQWXP<LHOGVRI6RPH5KRGDPLQH
'\HV-RXUQDORI/XPLQHVFHQFH  



'X+)XK5&$/L-=&RUNDQ/$/LQGVH\-63KRWRFKHPFDG$
&RPSXWHUDLGHG 'HVLJQ DQG 5HVHDUFK 7RRO LQ 3KRWRFKHPLVWU\ 3KRWRFKHPLVWU\
DQG3KRWRELRORJ\  



=KX6=KDQJ-9HJHVQD*7LZDUL$/XR)7=HOOHU0/XFN5/L
+ *UHHQ 6 /LX + &RQWUROOHG .QRHYHQDJHO 5HDFWLRQV RI 0HWK\O *URXSV RI
7HWUDPHWK\O%2',3<'\HVIRU8QLTXH%2',3<'\HV 56&$GY




9DOOHH % / )DOFKXN . + 7KH %LRFKHPLFDO %DVLV RI =LQF 3K\VLRORJ\
3K\VLRORJLFDO5HYLHZV  



2KDOORUDQ797UDQVLWLRQ0HWDOVLQ&RQWURORI*HQH([SUHVVLRQ6FLHQFH
  



.LQJ - & 6KDPHV ' 0 :RRGKRXVH / 5 =LQF +RPHRVWDVLV LQ +XPDQV
-RXUQDORI1XWULWLRQ  66
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)UHGHULFNVRQ&-.RK-<%XVK$,7KH1HXURELRORJ\RI=LQFLQ+HDOWK
DQG'LVHDVH1DWXUH5HYLHZV1HXURVFLHQFH  



+HGEHUJ . . %LUUHOO * % 0REOH\ 3 / *ULIILWK 2 + 7UDQVLWLRQ0HWDO
&KHODWRU73(1&RXQWHUDFWV3KRUERO(VWHULQGXFHG$FWLQ&\WRVNHOHWDO'LVUXSWLRQ
LQ&5DW*OLRPD&HOOVZLWKRXW,QKLELWLQJ$FWLYDWLRQRU7UDQVORFDWLRQRI3URWHLQ
.LQDVH&-&HOO3K\VLRO  



/LQN 7 $ 9RQMDJRZ * =LQF ,RQV ,QKLELW 7KH 4 3  &HQWHU RI %RYLQH +HDUW
0LWRFKRQGULDO%&  &RPSOH[E\%ORFNLQJ$3URWRQDWDEOH*URXS-%LRO&KHP
  



.UH]HO $ 0DUHW : =LQFEXIIHULQJ &DSDFLW\ RI $ (XNDU\RWLF &HOO DW
3K\VLRORJLFDOS=Q-%LRO,QRUJ&KHP  



%R]\P 5 $ 7KRPSVRQ 5 % 6WRGGDUG $ . )LHUNH & $ 0HDVXULQJ
3LFRPRODU ,QWUDFHOOXODU ([FKDQJHDEOH =LQF LQ 3& &HOOV XVLQJ $ 5DWLRPHWULF
)OXRUHVFHQFH%LRVHQVRU$&6&KHP%LRO  



0DULQ3,VUDHO0*ORZLQVNL-3UHPRQW-5RXWHVRI=LQF(QWU\LQ0RXVH
&RUWLFDO1HXURQV5ROHLQ=LQF,QGXFHG1HXURWR[LFLW\(XU-1HXURVFL
 



-DVLP 6 7MDOYH + (IIHFW RI 6RGLXP 3\ULGLQHWKLRQH RQ 7KH 8SWDNH DQG
'LVWULEXWLRQ RI 1LFNHO &DGPLXP DQG =LQF LQ 3UHJQDQW DQG 1RQSUHJQDQW 0LFH
7R[LFRORJ\  



0DWLDV & 0 6RXVD - 0 4XLQWD)HUUHLUD 0 ( $ULI 0 %XUURZV + '
9DOLGDWLRQ RI 73(1 DV $ =LQF &KHODWRU LQ )OXRUHVFHQFH 3URELQJ RI &DOFLXP LQ
&HOOVZLWK7KH,QGLFDWRU)XUD-RXUQDORI)OXRUHVFHQFH  
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Chapter 7. Near-infrared Fluorescent Probes Based on PiperazineFunctionalized BODIPY Dyes for Sensitive Detection of
Lysosomal pH1
Jingtuo Zhang,a Mu Yang,a Cong Li,a Nethaniah Dorh,a Fei Xie,a Fen-Tair
Luo,*b Ashutosh Tiwari*a and Haiying Liu*a
D

'HSDUWPHQWRI&KHPLVWU\0LFKLJDQ7HFKQRORJLFDO8QLYHUVLW\7RZQVHQG'ULYH

+RXJKWRQ0,86$
E

,QVWLWXWHRI&KHPLVWU\$FDGHPLD6LQLFD7DLSHL7DLZDQ5HSXEOLFRI&KLQD



7KHPDWHULDOLQFOXGHGLQWKLVFKDSWHUZDVSUHYLRXVO\SXEOLVKHGLQ>-RXUQDORI0DWHULDOV
&KHPLVWU\%  '2,&7%*3XEOLFDWLRQ'DWH :HE 
-DQ@5HSURGXFHGE\SHUPLVVLRQRI7KH5R\DO6RFLHW\RI&KHPLVWU\
KWWSSXEVUVFRUJHQFRQWHQWDUWLFOHODQGLQJWEFWEKGLY$EVWUDFW
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7.1

Introduction
Lysosomes, membrane-delimited, acidic organelles present in essentially all

eukaryotic cells, employ more than 70 hydrolytic enzymes to degrade biological
macromolecules taken up by endocytosis, phagocytosis and autophagy. 1-3 Significant
disruption in the lysosomal pH can cause lysosome malfunction and thus cause lysosomal
storage diseases.4 Therefore, it is very important to precisely detect lysosomal pH in
living cells in order to study cellular functions for insightful understanding of
physiological and pathological processes. Fluorescence spectroscopy employing pHsensitive fluorescent probes is becoming one of the most powerful tools for monitoring
intracellular pH, and possesses many technical and practical advantages over other
methods because it can detect the intracellular pH of intact cells and subcellular regions
with operational simplicity, high sensitivity, and excellent spatial and temporal
resolution.5-15 Only a few of them have been applied to detect lysosomal pH inside living
cells even though many fluorescent probes for pH have been prepared.16 Most fluorescent
probes are selectively accumulated in acidic lysosomes via lysosomotropism where their
tertiary amine residues are protonated in a cellular acidic environment.12 The protonation
of ionizable tertiary amine groups on the fluorophores in acidic lysosomes enhances the
probe fluorescence through the suppression of photo-induced electron transfer from the
tertiary amine to the probe fluorophores.9,

17-21

The potential drawback for these

fluorescent probes is their broad pH responses and relative high fluorescent background
at pH 7.4. Recent approach to address this high fluorescent background at pH 7.4 is to
use fluorescein and Rhodamine dyes by taking advantages of low fluorescence
background at pH 7.4 because of the ‘‘ring-closed’’ state of spirolactam rings in the
fluorophores at pH 7.4.6-7, 14, 22 However, most fluorescent probes are not soluble in
aqueous solution, and some of them can cause cell damage due to their short absorption
and emission wavelengths with less than 600 nm as a very few near-infrared fluorescent
probes for lysosomal pH in living cells were reported.23-25 In order to address these issues
of the high fluorescent background and potential cell damage, we reported Rhodamine
dye counterparts with near-infrared excitation and emission wavelengths as fluorescent
probes for lysosomal pH in living cells.26 We have demonstrated the feasibility of near152

infrared fluorescent probes with spirocyclic structures for sensitive detection of
lysosomal pH in living cells with advantages of excellent photostability, low cytotoxicity,
deep tissue light penetration and low autofluorescence background.26 Under neutral or
basic conditions, the fluorescent probes retain the spirocyclic form that is non-fluorescent
and colorless. Acidic environment effectively leads to ring opening of the spirocylic form
in fluorescent probes, and results in strong fluorescence. However, these fluorescent
probes are still insoluble in aqueous solution. 26
The search for readily accessible near-infrared fluorescent probes with excellent
water solubility, large dynamic range and high specificity is still a challenging task for
near-infrared imaging of lysosomal pH in living cells. In this paper, we design and
prepare near-infrared fluorescent probes (7-A, 7-B and 7-C) for lysosomal pH by using
piperazine residues to manipulate the fluorescent responses of the probes to pH via
modulation of intramolecular charge transfer effect of piperazine to BODIPY dyes at
different pH values. Piperazine residues were incorporated into BODIPY dyes at 3,5positions as parts of BODIPY cores while tri(ethylene glycol)methyl ether residues
attached to piperazine were used to enhance hydrophilic properties of the probes and
improve water solubility of the probes.

Fluorescent probes display very weak

fluorescence because of strong intramolecular charge transfer from piperazine residues to
BODIPY cores at neutral pH.

Decrease of pH significantly enhances fluorescence

intensity because the pronation of piperazine residues at acidic pH considerably reduces
intramolecular charge transfer effect of the piperazine residues to BODPY cores. These
fluorescent probes have advantages such as high photostability, sensitive and selective
near-infrared imaging of lysosomal pH in living cells with potential intact in vivo
imaging and deep tissue penetration without autofluorescence and unintended cellular
damage issues.
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Scheme 7.1. Chemical structures of near-infrared fluorescent probes and their responses
to pH.
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7.2

Experimental section

7.2.1

Instrumentations

1

H NMR and

13

C NMR spectra were collected by 400 MHz Varian Unity Inova

NMR spectrophotometer instrument. 1H and

13

C NMR spectra were recorded in CDCl3

and DMSO-d6. Chemical shifts (δ) are given in ppm relative to solvent residual peaks
(1H: δ 7.26 for CDCl3, δ 2.50 for DMSO-d6; 13C: δ 77.3 for CDCl3) as internal standard.
HRMS were measured with electrospray ionization (ESI) mass spectrometer and electron
impact ionization (EI) mass spectrometer. Absorption spectra were taken on a Perkin
Elmer Lambda 35 UV/VIS spectrometer. Fluorescence spectra were recorded on a Jobin
Yvon Fluoromax-4 spectrofluorometer.
7.2.2 Materials
Unless specific indicated, all reagents and solvents were obtained from commercial
suppliers and used without further purification. BODIPY dye (7.7) and BODIPY dye
(7.9) were prepared from compounds (7.6) and (7.8) respectively, according to our
previous reported procedures27-28 Compound 7.4 was prepared according the reported
literature/patent.29
4-(4-methylpiperazin-1-yl)benzaldehyde (7.3): 4-fluorobenzaldehyde (1 g, 8.0
mmol), 1-methylpiperazine (2.4 g, 24.0 mmol) and K2CO3 (3.3 g, 24 mmol) was added
into 18 mL DMF in a 50 mL round flask. The mixture was stirred for 14 hours at 80 oC
and then washed with water and extracted by 100 mL CH2Cl2. The organic layer was
collected and dried over anhydrous Na2SO4 and filtered. The filtrate was concentrated in
vacuum and the crude product was purified by column chromatograph with eluent
(CH2Cl2/EtOH, 9/0.8, v/v) to get compound 7.3 as yellow solid (1.41 g, 86%). 1H NMR
(400 MHz, CDCl3) G 9.76 (s, 1H), 7.73 (d, J = 8 Hz, 2H), 6.90 (d, J = 8 Hz, 2H), 3.40 (t,
J = 4.4 Hz, 4H), 2.54 (t, J = 4.4 Hz, 4H), 2.34 (s, 3H). 13C NMR (100 MHz, CDCl3) G
190.6, 155.2, 132.1, 127.4, 113.8, 54.9, 47.3, 46.3. HRMS (EI+) Calculated for
C12H16N2O [M]+ 204.1263, found 204.1262.
4-(4-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)piperazin-1-yl)benzaldehyde

(7.5):

4-

fluorobenzaldehyde (0.4 g, 3.2 mmol), compound 7.2 (1.2 g, 4.8 mmol) and K2CO3 (0.66
g, 4.8 mmol) was added into 7 mL DMF in a 25 mL round flask. The mixture was stirred
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for 12 hours at 80 oC and then washed with water and extracted by 100 mL CH2Cl2. The
organic layer was collected and dried over anhydrous Na2SO4 and filtered. The filtrate
was concentrated in vacuum and the crude product was purified by column
chromatograph with eluent (CH2Cl2/EtOH, 9/0.6, v/v) to get compound 7.5 as yellow oil
(0.60 g, 55%). 1H NMR (400 MHz, CDCl3) G 9.76 (s, 1H), 7.73 (d, J = 8 Hz, 2H), 6.89
(d, J = 8 Hz, 2H), 3.77 – 3.30 (m, 17H), 2.67 (brs, 6H).

13

C NMR (100 MHz, CDCl3)

G. HRMS (EI+)
Calculated for C18H28N2O4 [M]+ 336.2049, found 336.2045
General procedure to prepare fluorescent probes 7-A, 7-B and 7-C: When
BODIPY dye (1 eq.), compound 7.3 or 7.5 (6 eq.) were dissolved in benzene, a small
amount of piperidine and acetic acid were added into the solution and the reaction
mixture was refluxed for 10-16 hours at 100 oC. Any water formed during the reaction
was removed azeotropically by using a Dean-Stark apparatus. After the reaction was
quenched by water at room temperature, the mixture was concentrated under reduced
pressure and re-dissolved in 100 mL dichloromethane. It was sequentially washed with
water (2 x 100 mL) and brine (100 mL), dried over Na2SO4 and filtered. The filtrate was
concentrated under reduced pressure and the crude product was purified by column
chromatography with silica gel (32-63 microns, 230-400 mesh) by using CH2Cl2/MeOH
(7/1, v/v) as eluent to obtain fluorescent probe 7-A, 7-B or 7-C:
Fluorescent probe 7-A: According to the general procedure, fluorescent probe 7-A
was prepared from BODIPY dye 7.7 (50 mg, 0.077 mmol), compound 7.3 (95 mg, 0.465
mmol), benzene (8 mL), piperidine (0.1 mL, 1.012 mmol) and acetic acid (0.1 mL, 1.747
mmol). The mixture was refluxed for 10 hours. After work-up and purifying by column
chromatography with elute solution: (CH2Cl2/MeOH/Et3N, 7/1/0.01, v/v/v), the probe 7A was obtained as green solid (33 mg, 42%). 1H NMR (400 MHz, CDCl3) G 7.67 – 7.49
(m, 6H), 7.25 – 7.12 (m, 2H), 6.99 (d, J = 8 Hz, 1H), 6.95 – 6.87 (m, 5H), 6.84 (d, J = 8
Hz, 1H), 6.60 (br s, 2H), 4.22 (t, J = 4.8 Hz, 2H), 4.15 (t, J = 4.8 Hz, 2H), 3.92 (t, J = 4.8
Hz, 2H), 3.86 (t, J = 4.8 Hz, 2H), 3.81 – 3.49 (m, 16H), 3.42 – 3.30 (m, 14H), 2.68 (br
s, 8H), 2.43 (s, 6H), 1.51 (s, 6H);

13

C NMR (100 MHz, CDCl3) G 152.9, 151.4, 149.8,

149.7, 141.7, 136.1, 133.6, 129.2, 128.4, 128.3, 122.0, 117.6, 116.8, 115.7, 115.2, 114.7,
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72.2, 72.2, 71.2, 71.0, 70.9, 70.1, 70.0, 69.4, 69.0, 59.3, 54.9, 48.1, 46.0, 15.0. HRMS
(ESI): calculated for C57H75BF2N6O8 [M]+, 1020.5702; found, 1020.5736.
Fluorescent probe 7-B: According to the general procedure, fluorescent probe 7-B
was prepared from BODIPY dye 7.7 (50 mg, 0.077 mmol), compound 7.5 (157 mg,
0.467 mmol), benzene (10 mL), piperidine (0.1 mL, 1.012 mmol) and acetic acid (0.1
mL, 1.747 mmol). The mixture was refluxed for 10 hours. After work-up and purifying
by column chromatography with elute solution: (CH2Cl2/MeOH, 7/1, v/v), the probe 7-B
was obtained as green oil (51 mg, 52%). 1H NMR (400 MHz, CDCl3) G 7.60 – 7.47 (m,
6H), 7.16 (d, J = 16 Hz, 2H), 6.97 (d, J = 8 Hz, 1H), 6.91 – 6.85 (m, 5H), 6.81 (d, J = 8
Hz, 1H), 6.59 (s, 2H), 4.20 (t, J = 4.8 Hz, 2H), 4.12 (t, J = 4.8 Hz, 2H), 3.89 (t, J = 4.8
Hz, 2H), 3.84 (t, J = 4.8 Hz, 2H), 3.79 – 3.47 (m, 36H), 3.38 – 3.36 (m, 9H), 3.32 (s,
3H), 3.30 (br s, 8H), 2.75 – 2.64 (m, 12H), 1.49 (s, 6H); 13C NMR (100 MHz, CDCl3) G
152.8, 151.6, 149.7, 149.6, 142.8, 141.5, 137.1, 136.1, 133.5, 130.1, 129.0, 128.4, 127.9,
125.6, 121.9, 117.5, 116.5, 115.4, 115.2, 115.0, 114.6, 72.2, 72.1, 71.1, 70.9, 70.8, 70.7,
70.6, 70.0, 69.9, 69.3, 69.1, 68.9, 59.3, 59.2, 48.3, 47.9, 14.9. HRMS (ESI): calculated
for C69H99BF2N6O14 [M]+, 1284.7274; found, 1284.7261.
Fluorescent probe 7-C: According to the general procedure, fluorescent probe 7-C
was prepared from BODIPY dye 7.9 (50 mg, 0.045 mmol), compound 5 (90 mg, 0.268
mmol), benzene (8 mL), piperidine (0.1 mL, 1.012 mmol) and acetic acid (0.1 mL, 1.747
mmol). The mixture was refluxed for 16 hours. After work-up and purifying by column
chromatography with elute solution: (CH2Cl2/MeOH, 7/1, v/v).; The probe 7-C was
obtained as green oil (30 mg, 38%); 1H NMR (400 MHz, DMSO-d6) G 7.50 – 7.41 (m,
6H), 7.35 (d, J = 16 Hz, 2H), 7.13 (d, J = 8 Hz, 1H), 7.04 – 6.97 (m, 5H), 6.91 – 6.87 (m,
3H), 4.06 (d, J = 8 Hz, 2H), 4.01 (d, J = 8 Hz, 2H), 3.62 – 3.36 (m, 76H), 3.34 – 3.18
(m, 26H), 2.59 (br s, 12H), 2.31 (sextet, J = 5.6 Hz, 1H), 2.25 (sextet, J = 5.6 Hz, 1H)
1.50 (s, 6H);

13

C NMR (100 MHz, CDCl3) G 152.9, 151.5, 149.9, 149.8, 142.7, 141.7,

137.6, 136.0, 133.6, 130.1, 129.1, 128.3, 127.9, 121.5, 117.5, 116.7, 115.6, 114.3, 113.9,
72.2, 72.2, 71.1, 70.9, 70.9, 70.8, 70.7, 70.7, 69.7, 69.6, 67.8, 67.4, 59.3, 59.2, 57.9, 48.1,
32.2, 23.0, 15.1, 14.4. HRMS (ESI): calculated for C91H143BF2N6O24 [M]+, 1753.0209;
found, 1753.0194.
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7.2.3

Optical measurements

All the absorption and emission spectra were recorded by using standard 1 cm path
length quartz fluorescence cuvette at room temperature. The slit width of excitation and
emission were set to 3 nm and 5 nm respectively and the excitation wavelength is set at
620 nm for fluorescence spectroscopies. 1.0 mM DMSO solutions of probes 7-A and 7-B
and 1.0 mM aqueous solution of probe 7-C were used as stock solutions. All optical
spectra of probes 7-A, 7-B and 7-C were measured in the 50 mM citrate-phosphate buffer
solutions (contain 0.5% DMSO from stocks for probe 7-A and 7-B samples).
50 mM citrate-phosphate buffer was used for pH dependence and photostability
measurements of the fluorescent probes. Five times diluted citrate-phosphate buffer (10
mM, pH 7.4) was used for preparing the mixed solvent with different percentage of
ethanol for the study of solvent effects of the fluorescent probes. In order to avoid the
interference of metal-phosphate and metal-citrate binding interactions (forming
precipitate of divalent cation phosphate and forming complex of the metal-citrate), 10
mM KHP buffer (pH 4.5) and 10 mM HEPES (pH 7.4) buffer were used for selectivity
measurements of fluorescent probe 7-A, 7-B and 7-C.
The UV-Vis spectra of probes 7-A, 7-B and 7-C for pH dependency, selectivity,
photostability and solvent effect measurements were collected in the range of 300 – 850
nm with increments of 1 nm. Their corresponding fluorescence spectra were collected
with excitation wavelength of 620 nm with increments of 1 nm. The excitation and
emission slit widths were set up to 3 nm and 5 nm respectively. The concentration of the
dye in each sample is 5 PM. The fluorescence quantum of BODIPY dyes 7.7 and 7.9
were calculated by using fluorescein ()f = 0.95 in 01 N NaOH a.q. with excitation at 490
nm)30 as standard. Sulforhodamine 101 dye ()f = 95% with excitation wavelength at 577
nm in ethanol)31 was used as a reference standard to determine the fluorescence quantum
yields of fluorescent probes 7-A, 7-B, 7-C as well as their protonated derivatives in
dichloromethane, ethanol, DMSO and aqueous solutions. Both samples and references were
freshly prepared under identical conditions. The quantum yields were calculated using the
following equation:
ଶሻ
Ȱ ൌ Ȱ௦௧ ሺ݀ܽݎܩ Τ݀ܽݎܩ௦௧ ሻሺߟଶ Τߟ௦௧
…… (eq. 7.1)
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Where the subscripts ‘st’ and ‘X’ stand for standard and test, respectively, Φ is the
fluorescence quantum yield, “Grad” represents the gradient from the plot of integrated
fluorescence intensity versus absorbance and η is the refractive index of the solvent.
7.2.4

Determination of pKa by fluorometric titration

The constant Ka of fluorescent probes 7-A, 7-B or 7-C was determined in aqueous
buffered solution by fluorometric titration as a function of pH using the fluorescence
spectra. The expression of the steady-state fluorescence intensity F as a function of the
proton concentration has been extended for the case of a n: 1 complex between H+ and a
fluorescent probe, which expressed by the equation as below.32
ܨൌ

ிೌೣ ሾ శ ሿ ାி ೌ
ೌ ାሾ శ ሿ

………(eq. 7.2)

Fmax and Fmin stand for the fluorescence intensity at maximal and minimal H+
concentration, respectively, and n is apparent stoichiometry of H+ binding to the probe
that affect the fluorescent change. Nonlinear fitting of equation expressed above to the
fluorescence titration data recoded as a function of H+ concentration with Ka and n as free
adjustable parameter yields the estimated apparent constant of Ka.
7.2.5 Cell culture and fluorescence imaging
Breast cancer cells MDA-MB-231 and normal endothelial cells HUVEC-C (from
ATCC) were cultured as previously described.33 In brief, cells were plated on 12-well
culture plates at 1 x 105 cells/well and incubated at 37 oC in 5% CO2 incubator overnight.
Next day, the media was removed and cells were rinsed twice with 1 X PBS after which
fresh serum-free media was added and cells were incubated for 2 h at 37 0C in CO2
incubator. Following 2 h serum starvation, fresh serum free media with/without 2, 5, 10
μM probe 7-A or 5, 15, 25 μM probe 7-B or 7-C were added and incubated further with
cells for 2 h. Live cell images were acquired using an inverted fluorescence microscope
(AMF-4306, EVOSfl, AMG) with DAPI filter for Hoechst 33342 (Sigma-Aldich), GFP
filter for LysoSensor Green DND-189 (Invitrogen), and CY5 filter for fluorescent probes
7-A, 7-B, and 7-C. The fluorescence images were obtained at 40x and 60x magnification
for HUVEC-C and at 60x magnification for MDA-MB-231 cells. The exposure times for
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each filter were kept constant. Co-localization analysis based on Pearson’s coefficient
was done using JACoP plugin from ImageJ.34
Live cell fluorescence imaging at different intracellular pH: Normal endothelial
cells HUVEC-C (from ATCC) were cultured as previously described. In brief, cells were
plated on 12-well culture plates at 1 x 105 cells/well and incubated at 37 oC in 5% CO2
incubator overnight. Next day, the media was removed and cells were rinsed twice with 1
X PBS (pH 7.4) after which fresh serum free media with 5 μM probe 7-A or 15 μM
probe 7-B or 15 μM probe 7-C were added and incubated further with cells for 2 h. After
incubation, the medium was removed and cells were gently rinsed with PBS (pH 7.4)
three times. It was then treated with nigericin (5 μg/mL) in 2 mL potassium rich PBS at
different pH (5.0, 5.5, 6.5, and 7.5) and incubated further for 15 min. Live cell images
were acquired using an inverted fluorescence microscope (AMF-4306, EVOSfl, AMG)
with DAPI filter for Hoechst 33342 (Sigma-Aldich), GFP filter for LysoSensor Green
DND-189 (Invitrogen), and CY5 filter for fluorescent probes 7-A, 7-B, and 7-C. The
fluorescence images were obtained at 40x magnification. The exposure times for each
filter were kept constant.
7.2.6 Determination of cellular uptake efficiency
HUVEC-C cells were plated at a density of 1 × 104 cells/well on a 96-well cell
culture plate and incubated at 37 oC in 5% CO2 incubator overnight. Next day, the culture
medium was removed and cells were rinsed twice with PBS (pH 7.4). Fresh 100 μL
media with 2, 5, 10 μM of probe 7-A, or 5, 15, 25 μM of probe 7-B or 5, 15, 25 μM
probe 7-C were added to the wells in triplicate and incubated for 2 h. Controls and blanks
were also set in triplicate at the same time. Controls had culture media and dyes but no
cells. Blanks used for background subtraction had cells and media but no dyes. After 2 h
incubation the media (100 μL) was pipetted out from the plate and put in a fresh 96-well
plate. Each well was rinsed with 100 μL of fresh PBS (pH 7.4) and the solution was
added to the respective wells in the fresh 96-well plate. Then absorbance of wells was
measured using an ELISA plate reader (BioTek Instruments, Inc.) at 712 nm, 710 nm,
and 687 nm (absorbance peak of probes 7-A, 7-B, and 7-C, respectively). Values of
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respective blanks were subtracted from samples (Adye) and controls (Actrl). Cellular uptake
efficiency was calculated as [1- (Adye / Actrl)]×100%
7.2.7

MTS assay

MTS assay were performed with MDA-MB-231 cells (ATCC) as previously
described.35 Briefly, the cells were plated at a density of 5,000 cells/well on a 96-well cell
culture plate and incubated at 37 oC in 5% CO2 incubator overnight. After incubation, the
media was removed and the cells were washed with 1 X PBS. Fresh media with 0, 5, 15,
25, and 50 μM of fluorescent probes 7-A, 7-B, and 7-C dissolved in DMSO (with less
than <0.5% DMSO final concentration in media) were added to the wells and measured
in replicates of 6 for each dye concentration. Blanks that had everything else except the
cells were prepared at the same time. The plates were incubated at 37 oC in 5% CO2
incubator for 72 h. After the 72 h incubation, 20 μL of MTS solution (from CellTiter 96
Aqueous Non-Radioactive Cell proliferation Assay (MTS) kit, Promega) was added to
each well. The absorbance at 490 nm was acquired after 4 h incubation at 37 oC, using an
ELISA plate reader (BioTek Instruments, Inc.) Plots were normalized to control wells
containing media and cells only.

7.3

Results and discussions

7.3.1

Synthesis approach

In order to conjugate piperazine moiety into BODIPY dyes as parts of the
fluorophores to modulate intramolecular charge transfer from the piperazine moiety to
BODIPY cores (Scheme 7.2), we prepared 4-(4-methylpiperazin-1-yl)benzaldehyde (7.3)
and 4-(4-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)piperazin-1-yl)benzaldehyde (7.5) by
reacting 4-fluorobenzaldehyde (7.1) with 1-methylpiperazine (7.2) and 1-(2-(2-(2methoxyethoxy)ethoxy)ethyl)piperazine (7.4) in DMF solution under a basic condition at
80 oC, respectively. BODPY-based near-infrared fluorescent probe (7-A) was prepared
by incorporating

piperazine residues into BODIPY cores at 3,5-positions via the

Knoevenagel condensation reaction of our previous reported BODIPY dye 7 with 4-(4-
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Scheme 7.2. Synthetic route to near-infrared fluorescent probes 7-A, 7-B and 7-C.
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methylpiperazin-1-yl)benzaldehyde (7.3). In order to enhance hydrophilic feature and
further improve water solubility of the fluorescent probes, we prepared near-infrared
probe

(7-B

and

7-C)

by

using

methoxyethoxy)ethoxy)ethyl)piperazin-1-yl)benzaldehyde

hydrophilic
(7.5)

to

4-(4-(2-(2-(2conduct

the

Knoevenagel condensation reaction with BODIPY dye 7.7 and our previously reported
water-soluble BODIPY dye 7.9, respectively. The probes 7-A and 7-B are slightly
soluble in aqueous solution. However, the probe 7-C shows excellent water solubility
because of its numerous hydrophilic oligo(ethylene glycol)methyl ether residues at mesoand 3,5-positions which significantly facilitate the strong enthalpic interactions with
water.
7.3.2 Optical properties of fluorescent probes
The absorption properties of BODIPY dye (7.7) in ethanol is characterized by a
strong S0ÆS1 (S-S*) transition at 499 nm and a weaker broad band around 350 nm
attributed to the S0ÆS2 (S-S*) transition. It shows fluorescent peak at 509 nm in ethanol
solution. Fluorescent probe 7-A displays significant red shifts in absorption and emission
in ethanol solution with absorption and emission peaks at 668 nm and 715 nm,
respectively because of significantly enhanced π-conjugation and intramolecular charge
transfer effect from piperazine moieties at 3,5-positions to the BODIPY core compared
with BODIPY dye 7.7. The similar spectroscopic properties of probe 7-A was obtained
in dichloromethane and DMSO solution. However, in aqueous solution the
intramolecular charge transfer effect of the probe 7-A becomes more significant because
of polar solvent effect and potential aggregation may occur, which results in very low
fluorescence and further red shifts absorption and emission of probe 7-A with absorption
and emission peaks at 712 nm and 770 nm in buffer (pH 7.4), respectively (Table 7.1).
Fluorescent probe 7-B exhibits similar optical properties to those of the probe 7-A in
organic solvents. But the absorption peak (710 nm) and emission peak (755 nm) of probe
7-B in buffer solution (pH 7.4) were found slightly blue shifted compared with probe 7-A
(Table 7.1). This may be attributed to the reduced aggregation in aqueous solution with
introduction of hydrophilic oligo(ethylene glycol)methyl ether on each of piperazine
moiety at 3,5-positions. Highly water-soluble BODIPY dye (7.9) displays absorption and
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emission peaks at 500 nm and 509 nm in aqueous solution. Fluorescent probe 7-C shows
considerable red shifts in absorption and emission with absorption peaks at 669 nm and
687 nm, and emission peaks at 720 nm and 750 nm in ethanol and buffer solution (pH
7.4), respectively (Table 7.1) because of its significant extended π-conjugation and
intramolecular charge transfer effect from piperazine moieties at 3,5-positions to the
BODIPY core compared with those of its precursor BODIPY dye 7.9. Compared with the
properties of probes 7-A and 7-B, the highly water-soluble character of probe 7-C may
further reduce its self-aggregation effect in buffer solution as it shows the shortest
absorption and emission wavelength among three probes in buffer solution (pH 7.4).
7.3.3 Optical responses of fluorescent probes to pH
We investigated pH effect on optical properties of fluorescent probes and their
BODIPY precursors (7.7, 7.9) in buffer solutions to verify our hypothesis that
incorporation of piperazine moieties into BODIPY dyes at 3,5-positions as parts of the
fluorophores can effectively modulate sensitive optical responses of BODIPY dyes to pH.
BODIPY dyes (7.7 and 7.9) display no responses to pH in absorption and emission in
buffer solution, which are usual optical properties of typical BODIPY dyes (see
Appendix E). However, fluorescent probes 7-A, 7-B and 7-C display very sensitive
responses to pH in both absorption and emission (Figure 7.1). Decreases of pH values
from 9.98 to 2.20 cause significant increases in fluorescent intensities at 715 nm of
fluorescent probes 7-A, 7-B and 7-C with 75, 88 and 102-fold increases, respectively
(Figure 7.1). In addition, there are significant blue shifts of 55 nm, 41 nm and 35 nm in
emission spectra of the probes 7-A, 7-B and 7-C, respectively, because of significantly
reduced intramolecular charge transfer effect from piperazine moieties to BODIPY cores
through protonation of nitrogen atoms in piperazine moieties in acidic conditions
(Scheme 7.1), which is further confirmed by significant blue shifts of 46 nm, 53 nm and
23 nm in absorption spectra of probes 7-A, 7-B and 7-C when pH values of the buffer
were changed from 9.98 to 2.20.
Figure 7.2 shows more detailed fluorescent intensity change at 715 nm of probes 7A, 7-B and 7-C at different pH conditions in buffer solution. From basic to neutral
condition, all probes show very weak fluorescence without any obvious change. Their
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fluorescence intensities gradually increase when pH decreases from 7.0 to 2.2. The pKa
values of probes 7-A, 7-B and 7-C are 2.91, 3.19 and 3.57 respectively. Obviously, probe
7-C exhibits highest fluorescence responses with highest pKa value among all three
probes. This indicates that the highly water-soluble probe 7-C has less aggregation and it
is protonated much more easily in aqueous solution which gives the higher sensitivity to
pH than probes 7-A and 7-B. In the pH window between physiological pH and lysosomal
pH (pH 7.4 to pH 4.2), very good linear fluorescence responses were found for all probes
in which probe 7-C gives highest sensitivity (Figure 7.2 inset). From pH 7.4 to pH 4.2,
the fluorescence intensities increased by 7, 17 and 22 folds for probes 7-A, 7-B and 7-C,
respectively and their fluorescence quantum yields (pH 4.5) also significantly increase
compared with those in neutral condition (pH 7.4) (Table 7.1). These linear, high
dynamic range and sensitive responses to pH indicate the feasibility of intracellular pH
(pHi) detection by using these probes. Further decreases of pH values from 2.20 to 1.5
results in significant fluorescence quenching of the probes (Figure 7.2). We have
eliminated the possibility of decomposition of the probes as the probes display stable
reversible responses to pH between 1.5 and 10. However, the fluorescence quenching
mechanism of the probes at extremely low pH needs further study.
In addition, we investigated the optical properties of the probes after protonation in
organic solvents. After adding two equivalents of trifluoroacetic acid, the absorption and
emission spectra of probe 7-A immediately changed in ethanol and dichloromethane
solution. The dramatic blue shifts both on absorption and emission were present with new
absorption and emission peaks at 652 nm and 685 nm in ethanol, and 658 nm and 690 nm
in dichloromethane solution, respectively. The fluorescence quantum yield of probe 7-A
is also enhanced by 2.71 fold in ethanol and 2.67 fold in dichloromethane solution. The
disappearance of original peaks and presence of new blue shifted peaks indicate that
probe 7-A were fully protonated and the intramolecular charge transfer from nitrogen to
BODIPY core was prohibited which enhanced the fluorescence. Probe 7-B and probe 7-C
exhibit similar change after protonation in ethanol and dichloromethane. Surprisingly,
there is no change after adding trifluoroacetic acid in DMSO solution of probes. It may
be due to the relative high pKa value of trifluoroacetic acid in DMSO (pKa = 3.45).36
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Figure 7.1. Emission (upper row) and absorption (lower row) spectra of probes 7-A, 7-B
and 7-C (5 PM) in buffer solution at different pH values.
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Figure 7.2. Fluorescent responses of probes 7-A, 7-B and 7-C to different pH values in
buffer solution. Inset: zoomed fluorescence intensity responses of probes 7-A, 7-B and 7C to pH in the window between cytoplasm pH to lysosome pH.
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7.3.4

NMR study

D
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Figure 7.3. NMR spectra of probe 7-B before and after addition of two equivalents of
trifluoroacetic acid in CD3OD solution.
In order to further study intramolecular charge transfer effect of piperazine moieties
to BODIPY cores, we chose probe 7-B and use 1H NMR to investigate the structure
change before and after protonation of the probe. Figure 7.3 shows the comparison of 1H
NMR spectra of probe 7-B before and after its protonation in deuterated methanol
(CD3OD) solution. Broad peaks were observed on the spectra of probe 7-B due to the fast
relaxation from its high polarity character and potential hydrogen bonding on the nitrogen
atoms of piperazine moiety. After adding two equivalents of trifluoroacetic acid, the
spectra of the probe immediately changed. All peaks turned to be very sharp shape and
protons j and k significantly shifted to down-filed (from 2.53 to 3.38 ppm) which
indicates the protonation of the lower nitrogen on piperazine moiety as it has more lonepair availability to be protonated than the upper nitrogen which conjugated with
fluorophore. The neighboring proton i also down-field shifted after protonation but with
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smaller change of 0.35 ppm (3.14 to 3.49 ppm). In addition, the aromatic protons f and b
also undergo down-field shifts after protonation and these protons did not further shift
with addition of more equivalents of acid source. These results further confirm our
previous hypothesis that the proton is transferred or delocalized between the two
nitrogens of the piperazine moiety after protonation of the probes, which significantly
reduces the electron donation ability of conjugated nitrogen atoms to the fluorophore.
7.3.5 Solvent effect
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Figure 7.4. Emission (upper row) and absorption (lower row) spectra of probes 7-A, 7-B
and 7-C (5 PM) in mixed solvent (ethanol/buffer pH 7.4) with different percentage of
ethanol.
Considering the nature of the intramolecular charge transfer (ICT) and potential selfaggregations on fluorophores, we investigated the solvent polarity dependence of
fluorescent probes 7-A, 7-B and 7-C (Figure 7.4). Optical properties of probes are highly
dependent on solvent polarity and they exhibit the same changing patterns in their
absorption and emission spectra in different polarity environments. Decreases of the
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solvent polarity by raising the percentage of ethanol in buffer solutions result in slight
blue shifts of the fluorescent peaks, and large fluorescence intensity enhancements of the
probes. These changes may result from the reduced self-aggregation effect causing
fluorescence quenching, and more importantly from reduced intramolecular charge
transfer (ICT) excited states of the fluorophores by nonpolar character of alcohol
compared with water which recovers fluorescence given by more dominant local excited
(LE) states of the probes. Similar blue shifts in absorption spectra of the probes 7-A, 7-B
and 7-C were observed with increase percentage of alcohol in the mixed buffer.
However, the probes 7-A and 7-B show more blue shifts (44 nm and 40 nm) in their
absorption peaks compared with probe 7-C which only gives an 18-nm shift. The more
blue shifts in their absorption spectra indicate that the probes 7-A and 7-B undergo
potential aggregation in aqueous solution while the probe 7-C has much weaker
aggregation effect because of its highly water-soluble character as the bulky and
hydrophilic branched oligo(ethylene glycol)methyl ether chains on the fluorophore could
effectively prevent aggregation between BODIPY cores in aqueous solution.

Figure 7.5. Fluorescence responses of probe 7-A, 7-B and 7-C (5 PM) to different
cations in pH 4.5 and 7.4 buffer solution.

7.3.6

Selectivity

We studied effect of different metal ions on fluorescent responses of fluorescent
probes to pH and investigated potential coordination of fluorescent probes with heavy,
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transition, and main group metal ions. The fluorescent probes display high selectivity to
pH over these alkali, alkaline-earth metal ions, and transitional metal ions because
fluorescent probes 7-A, 7-B and 7-C display no responses to 200 μM alkali and alkalineearth metal ions as such Na+, Mg2+ and Ca2+, as well as some transitional metal ions (200
μM) such as Zn2+, Cu2+, Co2+, Ni2+, Mn2+ and Fe2+, at pH 7.4 and 4.5 (Figure 7.5).
7.3.7

Photostability

The photostability measurement was carried in buffer solution at pH 4.5. Fluorescent
probes were excited continuously at 620 nm for 5 hours and fluorescence intensity was
measured every 5 minutes. The result clearly showed that there was no significant
decrease of the fluorescence intensity under 5-hour excitation for all three probes (Figure
7.6). The fluorescence intensities of probes 7-A and 7-B increased by 20% and 7% in
first 80 and 30 minutes respectively, and keep almost constant level after that. These
increases may arise from the slow protonation of probes 7-A and 7-B because of their
relative low solubility in aqueous solution. Probe 7-C exhibited very stable fluorescent
emission in first 2 hours under excitation and only 2% of fluorescence intensity decreased
after 5-hour excitation.
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Figure 7.6. Fluorescence intensities at 715 nm of probe 7-A, 7-B and 7-C (5 μM) as
function of time in 5 hours under excitation (620 nm) in citrate-phosphate buffer (pH
4.5).
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7.3.8 Fluorescence responses in living cells
To find out if probes 7-A, 7-B, and 7-C could selectively stain lysosomes or acidic
organelles in cells, all three probes were compared with commercial probe LysoSensor
Green DND-189, a known lysosome probe that specifically fluorescently stains acidic
organelles in cells. Live cell imaging in varying concentrations of probe 7-A, 7-B, and 7C were conducted using two cell lines: breast cancer cell line MDA-MB-231 and normal
endothelial cell line HUVEC-C (Figure 7.7 and 7.8). In both cell types, probes 7-A and 7B showed very strong fluorescence signals and probe 7-C showed weak fluorescence
signal inside the cell. The area in the cell stained with probe 7-A, 7-B and C matched
those stained with LysoSensor Green DND-189. This suggests that these new probes are
able to target lysosomes or other acidic cellular compartments in cells in a manner similar
to probe DND-189 and distinguish between different regions inside cells based on pH.
Co-localization analysis based on the Pearson’s coefficient showed value of 0.85 or
higher for probes 7-A, 7-B, and 7-C with LysoSensor Green DND-189 indicating
presence of both probes in the same cellular compartment (Figure E.32 in Appendix E).
Probe 7-A showed the highest fluorescent intensity among all three probes and displayed
good signal even at 2 μM concentration (Figure E.24, E.27 in Appendix E). The
fluorescent signals from probe 7-B was not as strong as probe 7-A, but it showed
measurable signal at 5 μM concentration and at higher concentrations (Figure E.25, S28
in Appendix E). However, probe 7-C, the most water-soluble compound among the three
probes, showed poor fluorescent signal even at high concentration of 25 μM (Figure
E.26, E.29 in Appendix E). The possible explanation for this difference could be that
probe 7-A and 7-B are more hydrophobic and less steric hindered than probe 7-C, so they
could easier bind or interact with lipophilic structures like micelles, lipososomes,
membranes in lysosomes which further activate the fluorescence by depressing ICT
effect of the fluorophores. 37 The enlarged 60x magnification images from both cell lines
(Figure E.30-E.31 in Appendix E) show high fluorescent area localized in the perinuclear
region, which is in line with a previous report that shows lysosomes localized in the
perinuclear region in clusters after serum starvation.26, 38

172

3UREHV
3UREH
$
/\VR
*UHHQ
3UREH
%
/\VR
*UHHQ
3UREH
&
/\VR
*UHHQ

Figure 7.7. Fluorescence images of MDA-MB-231 cells incubated with fluorescent
probes 7-A, 7-B, and 7-C. (Cells incubated with 5 μM of respective probes for 2 h, post
serum starvation (2 h) and imaged for co-localization with 1 μM LysoSensor Green and
(1 μg/mL) Hoechst 33342 stains. All images were acquired at 60x magnification using
inverted fluorescence microscope (AMF-4306, EVOSfl, AMG))
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Figure 7.8. Fluorescence images of HUV-EC-C cells incubated with fluorescent probes
7-A, 7-B, and 7-C. (HUV-EC-C cells were incubated with 5 μM of respective probes for
2 h, post serum starvation (2 h) and imaged for co-localization with 1 μM LysoSensor
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Green and (1 μg/mL) Hoechst 33342 stains. Images were acquired using the using
inverted fluorescence microscope (AMF-4306, EVOSfl, AMG) at 40X magnification)
It should be noted that the intensity of fluorescence in living cells is also dependent
on the cellular uptake. Therefore, we further investigated the cellular uptake of HUVECC cells with different incubation concentrations of probes 7-A, 7-B and 7-C (Figure 7.9).
The cellular uptake efficiency was calculated as the percentage of probe taken up by cells
out of total amount of probe in initial incubation solution. The results showed probe 7-A
has much higher cellular uptake (more than 30%) at all three incubation concentrations
compared with probes 7-B and 7-C. Probe 7-B has moderate cellular uptake efficiency of
18% at incubation concentration of 5 μM but higher concentrations of 15 μM and 25 μM
only give 8% and 4% uptake efficiency, respectively. Probe 7-C showed the lowest
cellular uptake efficiency with 10%, 3% and 3% for incubation concentration of 5 μM, 15
μM and 25 μM, respectively. This low cellular uptake of probe 7-C could be the main
reason for its relatively weak signals of the fluorescence images in living cells compared
with probes 7-A and 7-B.
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Figure 7.9. The HUVEC-C cells cellular uptake efficiency of probes A, B and C at
different concentrations after two hour incubations. The cellular uptake efficiency was
calculated as the percentage of probe taken up by cells out of total amount of probe in
initial incubation solution. Cell density = 1 × 104 cells/well.
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Figure 7.10. Fluorescence images of HUVEC-C cells incubated with 15 μM probes 7-C
at different pH values. 1 μM LysoSensor Green and 1 μg/mL Hoechst 33342 were used
as co-stains. Images were acquired using the using inverted fluorescence microscope
(AMF-4306, EVOSfl, AMG) at 40X magnification.
In order to examine the pH dependency of the probes inside the living cells, we
conducted live cell fluorescence imaging at different intracellular pH values. In this
study, HUVEC-C cells were incubated with 5 μM probe 7-A, 15 μM probe 7-B or 15 μM
probe 7-C, respectively, and then with nigericin (5 μg mL-1) in buffer solution at different
pH values (pH 5.0, 5.5, 6.0 and 7.5) to equilibrate the intracellular and extracellular pH.
This is a standard approach that has been widely used to calibrate the intracellular pH
(pHi). The probe 7-C displayed very weak fluorescence in cells near physiological pH
(pH 7.5) while its fluorescence intensity was significantly enhanced as pH decreased
from 7.5 to 5.0 (Figure 7.10).37, 39-41 This turn-on response of probe 7-C to acidic pHi is in
line with the trend of its pH response in buffer solution, which indicates that probe 7-C is
sensitive to pH not only in buffer solution, but also inside the living cells because of
reduced ICT effect and potential photo-induced electron transfer effect from piperazine
moiety to BODIPY core through protonation. Compared with probe 7-C, commercial
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probe LysoSensor Green did not display any obvious change of fluorescence at different
pHi values. Probes 7-A and 7-B exhibited similar response to different pHi as probe 7-C,
but with smaller fluorescence enhancements when pHi decreased from 7.5 to 5.0 (See
Figure. E.36-E.37 in Appendix E). This difference may be due to the fact that probe 7-C
has higher pKa value and better water solubility than probes 7-A and 7-B.
MTS assay were performed to investigate the toxicity of these probes to cells (Figure
7.9). Incubating the cells with the probes for 72 h shows that probe 7-A has the highest
cytotoxicity among the three probes with ~50% viability observed for cells incubated
with 5 μM that dropped down to less than 10% viability at 15 μM and higher probe
concentration (Figure 7.11). In comparison, probe 7-B and 7-C showed very mild toxicity
with greater than 70% cell viability even at 50 μM concentration (Figure 7.9).
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Figure 7.11. Cytotoxicity and cell proliferation effect of probes 7-A, 7-B and 7-C tested
by MTS assay. (The MDA-MB-231 cells were incubated with 5, 15, 25, and 50 μM of
probes 7-A, 7-B and 7-C for 72 h and cell viability was measured by adding MTS reagent
and measuring the formation of formazon at 490 nm. Cell viability is directly
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proportional to the absorbance measured at 490 nm and was normalized to control cells
(no probe dded). The error bars indicate ± S.D. from six replicates)

7.4

Conclusion
We have prepared three BODIPY-based near-infrared fluorescent probes for pH (7-

A-C). The response mechanism of the fluorescent probes to pH value relies on
modulation of intramolecular charge transfer of piperazine moieties to BODIPY cores.
These probes displays extremely low fluorescent at neutral pH because of intramolecular
charge transfer from piperazine moieties to BOBIDPY cores, and become highly
fluorescent at low pH due to the significantly reduced intramolecular charge transfer
effect. The fluorescent probes 7-A, 7-B and 7-C are cell-permeable and provide selective
and sensitive labeling of lysosomes for potential non-invasive monitoring of lysosomal
pH changes during physiological and pathological processes.
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Chapter 8. Highly Water-soluble, Near-infrared Emissive
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8.1.

Introduction.
Fluorescence-based optical imaging offers a convenient approach to monitor

multiple biological processes simultaneously and in real time with high sensitivity, low
tissue autoabsorption and autofluorescence, low light scattering, operational simplicity,
relatively low cost, potential miniaturization and mobility.1-4 The demand for nearinfrared (NIR) fluorescent dyes for noninvasive and simple diagnostic techniques such as
in vivo imaging has been drastically growing as NIR dyes with emission wavelengths in
the region between 700 nm and 900 nm can propagate through several centimeters of
living tissues and may enable deep tissue imaging.1-4 Functional bio-conjugated quantum
dots (CdSe) could lead to a new generation of nanoparticle imaging probes for in vivo
tumor imaging at high sensitivity and specificity,5 but their limited tissue penetration,
lack of spatial resolution in tumor depth and potential toxicity concerns still restrict their
clinical application. As a result, it is very important to develop a novel, highly watersoluble, near-infrared emissive agent with low cost, good biocompatibility, high intensity
and photostability. In addition, high specificity for tumor cells, and tissue penetration and
quantitative visualization for real time, in vivo detection of tumor will be highly desirable
features in such a fluorescent dye. Numerous long-wavelength fluorophores such as 4,4’difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes,6 rhodamine,7 squaraine,8 or
cyanine dyes9 have been recently reported. BODIPY dyes have received renewed interest
for promising applications as imaging agents because of their many distinctive and
desirable properties such as high absorption coefficients, narrow absorption bands, sharp
emissions,

high

fluorescence

quantum

yields,

and

excellent

chemical

and

photostabilities.6 Functionalization of BODIPY dyes by the number and nature of the
substituents at different positions has been used to tune to near-infrared emission.
However, most reported studies have focused on small molecules of BODIPY dyes and
only a few reported near-infrared emissive BODIPY dyes are soluble in aqueous
solution.6, 10-11 Very recently, we and other groups reported some deep-red and nearinfrared emissive polymeric BODIPY dyes.12-16 However, all these BODIPY polymeric
dyes are insoluble in aqueous solution.12-16
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In this paper, we report a facile, convenient and versatile approach to prepare highly
water-soluble, near-infrared emissive BODIPY polymeric dye bearing RGD cancerhoming peptide residues for cancer imaging application (Figure 8.1). We prepared highly
water-soluble BODIPY polymeric dye (polymer 8-A) through the palladium-catalyzed
Suzuki polymerization of highly water-soluble 2,6-diiodo-3,5-distyryl-BODIPY dye
bearing bromide residue at the meso-position with benzene-1,4-diboronic acid because
this polymer is expected to display the relatively weak S-S stacking interactions among
different

polymer

backbones.

Incorporation

of

new

branched

oligo(ethylene

glycol)methyl ether residues to distyryl units of BODIPY core at 3,5-positions effectively
enhances enthalpic interactions of BODIPY dye with water, significantly increases water
solubility of BODIPY polymeric dyes and prevents potential non-specific interactions of
BODIPY dyes with other proteins through intermolecular interactions. RGD cancerhoming peptide residues were covalently attached to BODIPY cores at the meso positions
through tetra(ethylene glycol) tethered spacers. This BODIPY polymeric dye functions as
intrinsic near-infrared fluorophore with high water solubility, good photostability,
biocompatibility and resistance to nonspecific interactions to biomolecules, targeting
efficacy to tumor cells and easy-to-use during imaging detection.
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Figure 8.1. Chemical structures of highly water-soluble, near-infrared polymeric
BODIPY dyes.
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8.2.

Experimental section

8.2.1

Instrumentation

1

H NMR and

13

C NMR spectra were taken on a 400 MHz Varian Unity Inova

spectrophotometer instrument. 1H and

13

C NMR spectra were recorded in CDCl3,

chemical shifts (δ) are given in ppm relative to solvent peaks (1H: δ 7.26; 13C: δ 77.3) as
internal standard. Absorption spectra were taken on a Perkin Elmer Lambda 35 UV-Vis
spectrometer. Fluorescence spectra were recorded on a Jobin Yvon Fluoromax-4
spectrofluorometer. The excitation and emission slit width was set to 1 nm and all the

samples were scanned with an increment of 1 nm. Fluorescence lifetimes were measured
on GL-3300 Nitrogen Laser laserstrobe, PTI instrument and analyzed using FeliX32
software. Fluorescein dye (In = 85% in 0.1 N NaOH aqueous solution) was used as a
standard to determine the fluorescence quantum yields of BODIPY dye 8.4 and 8.5.17
Sulforhodamine 101 dye (In = 95% with excitation wavelength at 577 nm in ethanol) was
used as fluorescence standard to determine fluorescence quantum yields of BODIPY dye
8.7, 8.A and polymers 8-A and 8-B.18 Both samples and reference dye were prepared
under identical conditions and the absorption, excitation and emission spectra were
acquired under same experimental conditions. The areas for all emission spectra were
calculated by integration of peak. Each plot of integrated area versus absorbance
contained the corresponding reference data at that wavelength as well as the data for the
test sample. A linear fit was then employed to determine the slope of the line (gradient)
for the reference and the sample. The fluorescence quantum yield of each sample was
obtained by using the following equation: 18
Φx = Φst (Gradx/Gradst) (ηx2/ηst2) …… (eq. 8.1)
Where the subscripts ‘st’ and ‘x’ represent standard and test samples, respectively, )
is the fluorescence quantum yield, Grad stands for the gradient from the plot of
integrated fluorescence intensity versus absorbance, and K is the refractive index of the
solvent.
Molecular weights of the polymers were determined by gel permeation
chromatography (GPC) by using a Waters Associates Model 6000A liquid
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chromatograph. Mobile phase was HPLC grade THF which was filtered and degassed by
vacuum filtration through a 0.5 Pm Fluoropore filter prior to use. The polymer was
detected by a Waters Model 2410 refractive index detector. Molecular weight was
measured relative to polystyrene standards.
8.2.2

Materials and synthesis

Unless otherwise indicated, all reagents and solvents were obtained from commercial
suppliers (Aldrich, Sigma, Fluka, Acros Organics, Fisher Scientific, Lancaster) and used
without further purification. Air- and moisture-sensitive reactions were conducted in
oven-dried glassware using a standard Schlenk line or drybox techniques under an inert
atmosphere of dry nitrogen.
BODIPY dye 8.4. The aldehyde 8.3 (2.0 g, 5.56 mmol) and 2,4-dimethylpyrrole
(1.16 g, 12.23 mmol) were dissolved in 1000 mL of dry CH2Cl2 in a 2000-mL three-neck
flask. Five drops of trifluoroacetic acid (TFA) were added to the reaction mixture, and the
resulting mixture was stirred in the dark for 12 h under a nitrogen atmosphere at room
temperature. After the complete consumption of aldehyde 3 (which was monitored by
TLC), DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) (1.26 g, 5.56 mmol) was
added to the reaction mixture. When the mixture was stirred for 40 min, 15 mL of
diisopropylethylamine (DIPEA) and 15 mL of BF3·OEt2 were added to the mixture. After
the mixture was further stirred for 40 min, it was concentrated to 200 mL and filtered.
The filtrate was washed twice with water and brine solution, dried over anhydrous
MgSO4, and concentrated under reduced pressure. The crude product was purified by
column chromatography to obtain 8.4 as a red-orange oil (1.35 g, 42%). 1H NMR (400
MHz, CDCl3): δ 7.12 (d, J = 8.8 Hz, 2H), 6.99 (d, J = 8.8 Hz, 2H), 5.94 (s, 2H), 4.16 (t, J
= 4.4 Hz, 2H), 3.88 (t, J = 4.8 Hz, 2H), 3.1-3.65 (m, 10H), 3.45 (t, J = 6.4 Hz, 2H), 2.52
(s, 6H), 1.39 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 159.6, 155.4, 143.4, 142.0, 132.0,
129.4, 127.4, 121.3, 115.4, 71.4, 71.1, 70.9, 70.8, 70.7, 69.9, 67.7, 30.5, 14.8. IR (cm-1):
2867, 1609, 1542, 1508, 1468, 1409, 1363, 1304, 1285, 1245, 1191, 1155, 1106, 1083,
1047, 973, 833, 810, 764, 704. HRMS(FAB) calcd for C27H34BBrF2N2O4 [M]+,
578.1763; found, 578.1757.
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2,6-Diiodo-BODIPY dye (8.5). When iodic acid (0.54 g, 3.065 mmol) in 3 mL of
water was added dropwise (30 mins) to the ethanol solution (20 mL) containing
compound 8.4 (896 mg, 1.55 mmol) and iodine (0.43 g, 3.36 mmol), the mixture was
stirred for 4 h. After the completion of the reaction, the mixture was concentrated under
reduced pressure, dissolved in CH2Cl2, and washed twice with water and saturated saline
solution. The organic layer was collected, dried over anhydrous Na2SO4, and
concentrated under reduced pressure. The crude product was purified by column
chromatography to yield 5 as red crystals (1.20 g, 93%). 1H NMR (400 MHz, CDCl3): δ
7.11 (d, J = 8.8 Hz, 2H), 7.02 (d, J = 8.8 Hz, 2H), 4.18 (t, J = 4.4 Hz, 2H), 3.91 (t, J = 4.8
Hz, 2H), 3.81 (t, J = 6.4 Hz, 2H), 3.77-3.68 (m, 8H), 3.46 (t, J = 6.4 Hz, 2H), 2.62 (s,
6H), 1.42 (s, 6H).

13

C NMR (100 MHz, CDCl3): δ 160.0, 156.8, 145.6, 141.8, 131.9,

129.3, 127.1, 115.7, 71.4, 71.1, 70.9, 70.8, 70.7, 69.9, 67.8, 30.5, 17.4, 16.2. IR (cm-1):
2862, 1607, 1522, 1454, 1396, 1342, 1304, 1247, 1173, 1114, 1091, 1059, 994, 961, 913,
834, 763, 704. HRMS(FAB) calcd for C27H32BBrF2I2N2O4 [M]+, 829.9696; found,
829.9690.
2,5-Diiodo-3,5-distyryl BODIPY dye (8.7). 2,6-Diiodo-BODIPY dye 8.5 (1.66 g,
2.0 mmol), and compound 8.6 (5.4 g, 6.0 mmol) were refluxed in a mixture of benzene
(150 mL), piperidine (3.5 mL) and AcOH (3.2 mL). Any water formed during the
reaction, was removed azeotropically by heating the mixture in a Dean-Stark apparatus.
After 2.5 h, the mixture was concentrated in vacuo, diluted with EtOAc, and then washed
with water and brine, respectively. The organic phase was dried over Na2SO4 and
concentrated in vacuo. The crude product was simply purified by silica gel column
chromatography

(hexane/EtOAc/CH2Cl2/EtOH,

5/1/3/0.5,

v/v

to

hexane/EtOAc/CH2Cl2/EtOH, 5/1/3/1, v/v) to obtain distyryl BODIPY 7 (1.23 g, 24%) as
green oil. 1H NMR (400 MHz, CDCl3): δ 8.00 (d, J = 16.8 Hz, 2H), 7.46 (d, J = 16.4 Hz,
2H), 7.25 (d, J = 5.6 Hz, 2H), 7.10 (d, J = 8.4 Hz, 2H), 7.02 (s, 2H), 6.99 (d, J = 5.2 Hz,
4H), 6.87 (d, J = 8.4 Hz, 2H), 4.17 (t, J = 4.4 Hz, 2H), 4.04 (t, J = 5.6 Hz, 6H), 3.88 (t, J
= 5.6 Hz, 2H), 3.77 (t, J = 6.4 Hz, 2H), 3.73-3.41 (m, 104H), 3.32-3.29 (s× 8CH3, 24H),
2.42-2.36 (m, 4H), 1.45 (s, 6H).

13

C NMR (100 MHz, CDCl3): δ 160.0, 150.6, 150.5,

149.2, 145.8, 139.7, 138.7, 133.5, 130.0, 129.8, 127.6, 120.5, 117.0, 115.6, 113.9, 113.7,
83.3, 77.5, 72.1, 71.4, 71.1, 70.9, 70.8, 70.8, 70.7, 70.7, 70.6, 69.9, 69.5, 69.4, 67.8, 67.3,
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67.1, 63.7, 59.2, 41.4, 40.2, 30.5, 17.9. IR (cm-1): 2867, 1594, 1509, 1463, 1409, 1350,
1265, 1250, 1178, 1095, 1012, 958, 849, 806, 769, 711. HRMS(MAIDL) calcd for
C113H184BBrF2I2N2O40 [M+Na]+, 2613.9656; found, 2613.9688.
BODIPY dye 8.A. 2,5-Diiodo-3,5-distyryl BODIPY dye 8.7 (80 mg, 0.03 mmol),
phenylboronic acid (12.2 mg, 0.1 mmol), Pd(dppf)2Cl2 (1.1 mg) and Na2CO3 (32 mg,
0.30 mmol) were added to a 50-mL flask under a nitrogen atmosphere. When toluene (6
mL), EtOH (4 mL) and H2O (3 mL) were added to the flask, the mixture was stirred at 80
o

C under a nitrogen atmosphere overnight. After removal of the solvent, the residue was

dissolved in ethyl acetate and washed with water twice. The organic layer was collected,
dried over anhydrous Na2SO4, and filtered. The filtrate was concentrated under reduced
pressure and purified using TLC plate (hexanes/CH2Cl2/EtOAc/MeOH, 5/3/1/0.7, v/v) to
attain BODIPY dye 8.A as green oil (74 mg, 83%). 1H NMR (400 MHz, CDCl3): δ 7.52
(d, J = 16.4 Hz, 2H), 7.41-7.33 (m, 6H), 7.24-7.21 (m, 6H), 7.03 (dd, J = 8.4, 1.6 Hz,
2H), 6.99 (d, J = 8.8 Hz, 2H), 6.79 (d, J = 8.4 Hz, 2H), 6.48 (d, J = 1.6Hz, 2H), 6.42 (d, J
= 16.4 Hz, 2H), 4.14 (t, J = 4.4 Hz, 2H), 3.98 (d, J = 5.6 Hz, 4H), 3.91 (d, J = 5.6 Hz,
4H), 3.85 (t, J = 4.4 Hz, 2H), 3.76 (t, J = 6.0 Hz, 2H), 3.72-3.47 (m, 120H), 3.42 (t, J =
6.0 Hz, 2H, -CH2Br), 3.33-3.32 (s, 8CH3, 24H), 2.38-2.34 (m, 4H), 1.24 (s, 6H).

13

C

NMR (100 MHz, CDCl3): δ 159.6, 150.3, 150.2, 149.0, 139.6, 138.9, 138.5, 135.6, 133.8,
133.7, 131.4, 130.7, 130.4, 129.9, 128.9, 128.5, 128.4, 128.2, 127.6, 120.0, 117.3, 115.4,
114.0, 113.6, 77.5, 72.1, 71.4, 71.1, 70.9, 70.8, 70.7, 70.6, 69.9, 69.5, 67.7, 67.3, 67.1,
59.2, 40.2, 40.2, 30.5, 12.9. IR (cm-1): 2868, 1594, 1576, 1509, 1449, 1398, 1364, 1348,
1268, 1246, 1185, 1090, 1029, 1009, 996, 964, 849, 808, 707. ESI MS(m/z): 1248.0 (M
+ 2H+).
Polymer 8-A. 2,6-Diiodo3,5-distyryl BODIPY dye 7 (600 mg, 0.23 mmol),
benzene-1,4-diboronic acid (42 mg, 0.253 mmol), Pd(dppf)2Cl2 (19.0 mg, 0.023 mmol)
and Na2CO3 (244 mg, 2.3 mmol) were added to a 50 mL flask under a nitrogen
atmosphere. When toluene (40 mL), EtOH (10 mL) and H2O (20 mL) were added to the
flask, the mixture was stirred at 80 oC under a nitrogen atmosphere for 2 days. After
removal of the solvent by under vacuum, the residue was dissolved in ethyl acetate and
washed with water twice. The organic layer was collected, dried over anhydrous Na2SO4,
and filtered. The filtrate was concentrated under reduced pressure and purified using TLC
189

plate (hexanes/CH2Cl2/EtOAc/MeOH, 5/3/1/1, v/v) to attain polymer 8-A as green oil
(426 mg). 1H NMR (400 MHz, CDCl3): δ 7.55 (d, J = 14.4, 2H), 7.32-7.23 (m, 6H), 7.05
(br, 2H), 6.91 (br, 2H), 6.75 (br, 2H), 6.63 (s, 2H), 6.60-6.56 (m, 2H), 4.18 (br, 2H), 4.07
(br, 2H), 3.98 (br, 4H), 3.89 (br, 4H), 3.78-3.24 (m, 148H), 2.42-2.34 (m, 4H), 1.23 (s,
6H). IR (cm-1): 2867, 1594, 1575, 1506, 1447, 1416, 1362, 1349, 1268, 1247, 1180,
1087, 1021, 1006, 962, 841, 808, 770, 709. Gel Permeation Chromatograph (GPC):
(THF, polystyrene standard), Mn: 38,700 g/mol; polydispersity: 2.1.
Polymer 8-B: Polymer 8-A (20 mg, 0.00865 mmol, repeated unit), c(RGDfC) (5 mg,
0.00865 mmol) and Na2CO3 (9 mg, 0.0865 mmol) dissolved in absolute solvents of DMF
(3 mL) and H2O (0.5 mL). After the mixture was stirred at room temperature under
nitrogen atmosphere for 2 days, the solvents were removed under reduced pressure. The
residue was dissolved in CH2Cl2 and filtered. The filtrate was concentrated under a
reduce pressure and precipitated by using Et2O and CH2Cl2. The solid was collected and
dried under reduced pressure to attain polymer 8-B as green solid (7 mg). IR (cm-1):
3304 (N-H), 2869, 1747 (C=O), 1594, 1509, 1449, 1414, 1362, 1349, 1268, 1248, 1183,
1024, 964, 842, 770, 709. Elem. Anal. Found: N, 6.77; S, 0.96. Functionalization degree
with RGD peptide residues is ~ 20 % according to elemental analysis of nitrogen and
sulfur atoms.
8.2.3

Cell Culture and Fluorescence Imaging

MDA-MB-231 and HUVEC-C cell lines were procured from ATCC®. MDA-MB231 cells were cultured in Dulbecco's Modified Eagle's Medium/Nutrient Mixture F12
Ham's Liquid Media (DMEM/F-12) supplemented with 10% fetal bovine serum (FBS,
GIBCO), penicillin (100 U/ml) and streptomycin (100 μg/ml) (1X PenStrep, GIBCO),
and HUVEC cells were cultured in medium 199 with 2mM L-glutamine, 10% FBS,
heparin (100 μg/ml), endothelial cell growth supplements (50 μg/ml) and 1X PenStrep at
37 °C in humidified incubator with 5% CO2. The cells were plated on 12-well culture
plates at a density of 1 X 105 cells/ ml for live cell imaging. After 24-hour incubation at
37 °C, 5% CO2 incubator, the media was removed and rinsed with 1X PBS and fresh
serum free media with polymer A or polymer B was added at 50 μg/ml concentration.
Polymer 8-A (or polymer 8-B) were incubated with cells for 4 hours and then washed
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with 1X PBS before imaging. The cell imaging was performed with fluorescence
microscope (Zeiss Axiovert 200) using DAPI and Cy5 filters for Hoechst stain and
polymer A/B dye respectively. The fluorescence images were obtained with 20X
magnification objective and the exposure times for each filter were kept constant for each
image series.
8.2.4 Photostability experiment
To test the photostability (bleaching) of polymer Bin cell culture media polymer 8-B
was dissolved at a concentration of 0.5 and 200 μg/mL in 1 mL media and placed on an
inverted microscope (NIKON TE 2000U). In a 96 well plate, a 200 μL aliquot of each of
the concentrations was dispensed with the control being a 200 μL aliquot of media
solution. Each concentration was tested one at a time using the Nikon CY5 LP filter to
excite the polymer in solution. Fluorescence intensity of the polymer was then quantified.
The intensity was then measured (x20 objective) up to 60 minutes without switching off
the excitation light with an exposure time of 30 sec. Images were captured using a cooled
CCD camera (Coolsnap HQ2, Roper Scientific) and post processed using imaging
software (NIKON Elements, Melville, NY). ImageJ software (NIH) was used to
determine the average pixel intensity, representing the fluorescence emission brightness,
of each fluorescent image. The light intensity used is comparable to that used in
microscopy for cancer imaging. The absorbance of the polymer solution is between 0
and 0.3.

8.3.

Results and discussions

8.3.1 Synthesis of BODIPY Polymeric Dyes
We employed a simple, convenient, versatile post-polymerization functionalization
method to prepare BODIPY copolymeric dye bearing RGD cancer-homing peptide
residues as we have demonstrated its feasibility to functionalize bromide-bearing
conjugated fluorescent polymers such as polythiophenes and fluorene-based conjugated
polymers with thiol-functionalized carbohydrates through via thioether bonds under a
mild basic condition with almost 100% degree post-polymerization functionalization of
the bromide groups with the thiol groups.19-21 In order to introduce a bromide group
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through tetra(ethylene glycol) spacer to BODIPY dye at the meso position, we prepared
bromide-functionalized aldehyde derivative (8.3) by reaction of 1-bromo-2-(2-(2bromoethoxy)ethoxy)ethoxy)ethane (8.2) with 4-hydroxybenzaldehyde (8.1) in DMF
under a basic condition (Scheme 8.1). BODIPY dye bearing bromide group through a
tetra(ethylene glycol) tethered spacer at the meso position (8.4) was prepared through the
condensation of the benzaldehyde derivative (8.3) with 2,4-dimethylpyrrole in the
presence of a catalytic amount of trifluoroacetic acid (TFA), followed by oxidation with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and chelation with BF3-etherate in
the presence of N,N-diisopropylethylamine (DIPEA).11 2,6-Diiodo-BODIPY dye (8.5)
was prepared by iodination of BODIPY dye 8.4 at 2,6-positions. In order to prepare
highly water-soluble 2,6-diiodo-3,5-distyryl-BODIPY monomeric dye with longer
emission (8.7), we incorporated branched oligo(ethylene glycol)methyl etoher into
distyryl groups at 3,5-positions by the Knoevenagel condensation of methyl groups of
2,6-diiodo-BODIPY dye (8.5) at 3,5-positions with aldehyde derivative (8.6).11,

22

In

order to confirm the feasibility to prepare distyryl 2,6-diiodo-3,5-distyryl-BODIPY dye
(8.7) bearing a bromide group through a tetra(ethylene glycol) tethered spacer at the meso
position via the Knoevenagel reaction, we prepared BODIPY dye bearing bromide group
through tetra(ethylene glycol) at the meso position (8.A) by the palladium-catalyzed
Suzuki coupling of 2,6-diiodo-3,5-distyryl-BODIPY dye (7) with 1-phenylboronic acid
(Scheme 8.1). This is because the proton peak of methylene protons adjacent to bromide
group in 2,6-diiodo-3,5-distyryl-BODIPY dye 7 was expected to overlap with those
proton peaks from branched oligo(ethylene glycol)ether methyl groups in 1H NMR
spectrum. Comparison to 1H NMR spectra and high-resolution MS data of BODIPY dyes
8.5, 8.7 and 8.A clearly indicate that bromide group of 2,6-diiodo-BODIPY dye 8.5
remains intact during the Knoevenagel reaction in the presence of piperidine and AcOH
in benzene solution under a reflux condition (Figure F.1 in Appendix F). Triplet peaks
corresponding to methylene protons adjacent to bromide group were observed at 3.46
ppm in 2,6-diiodo-BODIPY dye 8.5 (Figure F.1 in Appendix F). After the Knoevenagel
reaction, those peaks corresponding to methylene protons adjacent to bromide group were
overlapped with proton peaks of branched oligo(ethylene glycol)methyl ether in 2,6diiodo-3,5-distyryl-BODIPY dye 8.7.
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Scheme 8.1. Synthetic route to polymers 8-A and 8-B.
However, after the palladium-catalyzed Suzuki coupling of 2,6-diiodo-3,5-distyrylBODIPY dye (8.7) with 1-phenylboronic acid, triplet peaks corresponding to methylene
protons adjacent to bromide group show up at 3.43 ppm in BODIPY dye A (Figure F.1 in
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Appendix F), which indicates that the bromide groups in BODIPY dyes 8.5 and 8.7 are
intact during the Knoevenagel condensation reaction and the palladium-catalyzed Suzuki
coupling reaction. Highly water-soluble, near-infrared emissive BODIPY polymeric dye
bearing bromide groups (polymer 8-A) was prepared by the palladium-catalyzed Suzuki
polymerization of 2,6-diiodo-3,5- distyryl-BODIPY dye 8.7 with benzene-1,4-diboronic
acid. Highly water-soluble, near-infrared emissive BODIPY polymeric dye bearing RGD
peptide residues (polymer 8-B) was prepared by postpolymerization functionalization of
polymer 8-A with thiol-functionalized RGD peptide through thioether bonds under a mild
basic condition. The post-polymerization functionalization degree of polymer 8-A with
thiol-functionalized RGD peptide was estimated as 20% according to the elemental
analysis (sulfur and nitrogen atoms) of polymer 8-B.
8.3.2

Optical properties of BODIPY-based polymeric dyes
BODIPY dye (8.4) in methylene chloride shows two absorption peaks which are

attributed to a strong S0ÆS1 (S-S*) transition at 501 nm and a weaker broad band around
350 nm resulting from the S0ÆS2 (S-S*) transition (Table 8.1). Introduction of 2,6-diiodo
substituents to the BODIPY dye 8.4 to give BODIPY dye 8.5 causes large red shifts (32
nm and 36 nm) in both the absorption and fluorescence maxima, respectively, because
2,6-diiodo substituents serve as auxochromes (Table 8.1). 2,6-Diiodo-3,5-distyrylBODIPY dye 8.7 shows absorption and emission peaks at 675 nm and 706 nm,
respectively, because of its significantly extended S-conjugation compared with 2,6diiodo-BODIPY dye 8.5. It shows slightly red shifts by 8 nm and 9 nm in absorption and
emission spectra from methylene chloride to aqueous solution, respectively. BODIPY
dye A exhibits absorption and emission peaks at 665 nm and 702 nm, respectively,
indicating that two phenyl units and BODIPY core are not coplanar because of steric
hindrance among phenyl protons with vinyl protons at 3,5-positions and methyl protons
at 1,7-positions. Polymer 8-A displays slightly red shifts by only 22 nm and 8 nm in
absorption and emission spectra in aqueous solution compared with BODIPY dye 8.A
(Table 8.1), indicating that phenyl units and BODIPY cores in the polymer backbone are
not coplanar because of the same kind of steric hindrance as BODIPY dye 8.A. The lack
of significant shifts in emission spectra of polymer 8-A and BODIPY dye 8.A could be
194

due to phenylene moiety itself without any donor groups such as OMe or NMe2.
However, the weak S-conjugation of polymer A significantly enhances solubility of the
polymer in aqueous solution by preventing potential S-S stacking interactions among
polymer backbones. Polymer 8-B shows slightly red shifts by 2 nm and 1 nm in
absorption and emission spectra in aqueous solution compared with polymer 8-A.
BODIPY dye 8.A, and polymers 8-A and 8-B are highly soluble with at least 20 mg/mL
in aqueous solution (Figure 8.2).
7DEOH  $EVRUSWLRQ DQG HPLVVLRQ SHDNV IOXRUHVFHQFH TXDQWXP \LHOGV DQG
IOXRUHVFHQFHOLIHWLPHRI%2',3<PRQRPHULFDQGSRO\PHULFG\HVLQPHWK\OHQHFKORULGH
DQGDTXHRXVVROXWLRQ
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Figure 8.3 shows the fluorescence intensity plot of the polymer at different
concentrations. As expected, the average pixel value significantly depends on the
different polymer concentration. The measurement of average pixel value was conducted
at different times as 5 minutes, 30 minutes, and 60 minutes. The percent change seen
among the three time points is less than 5%. The results show that the polymer exhibits
very good photostability without any significant decline in intensity due to
photobleaching.
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Figure 8.2. Normalized absorption and Emission spectra of BODIPY dyes (8.4, 8.5, 8.7,
8.A) and polymers 8-A and 8-B in methylene chloride solution.
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Figure 8.3. Average light intensity versus time of different concentrations of polymer 8B in media under light illumination.
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8.3.3 Application of BODIPY polymeric dye bearing cancer-homing RGD peptides
in near-infrared imaging of cancer cells
The specificity of RGD-bearing polymeric BODIPY dye (polymer 8-B) was
evaluated for tumor cell targeting using MDA-MB-231 breast cancer cell lines and
compared with polymer 8-A (lacking RGD peptide). The normal endothelial cells
(HUVEC) were used as control cells. We observed a strong fluorescence signal with
polymer 8-B at 100 μg/mL concentration (Figure 8.4) as well as at 50 μg/mL (Figure
F.21 in Appendix F) in MDA-MB-231 cells. The fluorescence signal was very poor with
polymer 8-A in both MDA-MB-231 and HUVEC cells, suggesting very little or no
incorporation of free polymer A in these cells. Whereas, polymer 8-B showed increased
fluorescence signal for MDA-MB-231 cells in the peri-nuclear region (Figure 8.4 and
Figure F.22 in Appendix F), indicating that RGD-receptor mediated specific transport
and incorporation of polymer B to the breast tumor cells through DVE3 integrins that are
overexpressed in MDA-MB-231 cells but are known to be expressed at very low
concentrations on normal cells such as the HUVEC-C cells23. The sensitivity of the RGD
peptide-bearing BODIPY polymeric dye for targeting MDA-MB-231 cells is 40 μg/mL
(Figure F.23 in Appendix F). The high affinity and selectivity of the polymer 8-B arise
from the cyclic RGD peptides that bind DVE3 integrins that are over-expressed in MDAMB-231 breast cells.23

8.4

Conclusion
Conjugation of cancer-homing cyclic RGD peptide to BODIPY polymeric dye not

only further enhances water solubility of the polymer, but also significantly increases
binding affinity and specificity of the polymer to breast cancer cells via specific
cooperative bindings of RGD peptide residues to αvβ3 integrins on cancer cells.
Combination of BODIPY polymeric dye with other specific caner-homing peptides such
as NGR, GFE, F3, and LyP-1 instead of RGD peptide is expected to significantly extend
this application in in vitro and in vivo detection of different cancer cells and tissues.
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Figure 8.4. Bright-field and fluorescence images of HUVEC-C cells (A) and (C), and
MDA-MB-231 cells (B) and (D) after incubation with 100 μg/ml of polymer 8-A (control
BODIPY dye) or polymer 8-B (RGD-bearing polymeric BODIPY dye) for 4 hours and
then washing the cells with PBS before imaging.
(The bright-field images were acquired at 20X magnification with transmitted light and
fluorescence images were acquired using DAPI (for Hoechst stain) and Cy5 filters (for
polymers 8-A or 8-B). Hoechst stain was used for nuclear localization and is shown in the
middle panel (blue). Fluorescence overlay (Hoechst and polymer 8-A or 8-B) and merged
all (Brightfield + fluorescence overlay) shows peri-nuclear localization of polymer 8-B in
MDA-MB-231 cells with little or no incorporation in HUVEC cells. Please see detailed
close-up image of panels C and D in Appendix F, Figure F.22.)
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-RXUQDORI)OXRUHVFHQFH  



;XH&+'RQXUX955/LX+<)DFLOH9HUVDWLOH3UHSRO\PHUL]DWLRQDQG
3RVWSRO\PHUL]DWLRQ )XQFWLRQDOL]DWLRQ $SSURDFKHV IRU :HOO'HILQHG )OXRUHVFHQW
&RQMXJDWHG )OXRUHQHEDVHG *O\FRSRO\PHUV 0DFURPROHFXOHV    
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;XH & + /XR ) 7 /LX + < 3RVWSRO\PHUL]DWLRQ )XQFWLRQDOL]DWLRQ
$SSURDFK IRU +LJKO\ :DWHUVROXEOH :HOOGHILQHG 5HJLRUHJXODU +HDG7R7DOO
*O\FRSRO\WKLRSKHQHV0DFURPROHFXOHV  



;XH&9HOD\XGKDP6-RKQVRQ66DKD56PLWK$%UHZHU:0XUWK\
3 %DJOH\ 6 7 /LX + +LJKO\ :DWHUVROXEOH )OXRUHVFHQW &RQMXJDWHG
)OXRUHQHEDVHG *O\FRSRO\PHUV ZLWK 3RO\ HWK\OHQH JO\FRO WHWKHUHG 6SDFHUV IRU
6HQVLWLYH'HWHFWLRQRI(VFKHULFKLDFROL&KHPLVWU\D(XURSHDQ-RXUQDO
 



=KX6/=KDQJ-79HJHVQD*.3DQGH\5/XR)7*UHHQ6$/LX
+<2QHSRW(IILFLHQW6\QWKHVLVRI'LPHULF7ULPHULFDQG7HWUDPHULF%2',3<
'\HV IRU 3DQFKURPDWLF $EVRUSWLRQ &KHPLFDO &RPPXQLFDWLRQV    




'HVJURVHOOLHU-6&KHUHVK'$,QWHJULQVLQ&DQFHU %LRORJLFDO ,PSOLFDWLRQV
DQG7KHUDSHXWLF2SSRUWXQLWLHV1DWXUH5HYLHZV&DQFHU  
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Summary and Perspectives
In this thesis, we chose BODIPY as the skeleton for further modifications and probe
design because of its excellent chemical and photophysical properties and great potential
it has shown for fluorescence sensing applications.
In the beginning of this research, our aims are to enhance the hydrophilicity of
BODIPY dye and tune its main spectra wavelength to red, deep red and near infrared
(NIR) regions. In order to achieve these goals, we first incorporated oligo(ethylene
glycol) methyl ether moieties and our original branched oligo(ethylene glycol) methyl
ether moieties to BODIPY dyes at different positions including meso-, 2-, 3-, 4-, 5-, 6positions. A series of highly water-soluble BODIPY dyes with different emission
wavelengths and controllable fluorescence quantum yields have been synthesized based
on this modification strategy. Then we have employed formal groups to BODIPY dyes at
2, and/or 6-positions to activate the condensation reactions at 1,3,5,7-positions, resulting
in facile syntheses of 1,7-di-, 1,3,7-tri- and 1,3,5,7-tetra-styryl BODIPY dyes whose
absorption and emission wavelengths were tuned to deep red, and NIR regions.
Based on the foundation of the strategies of hydrophilicity enhancement and
wavelength tuning (chapter 3 and 4), we have designed and developed a series of
BODIPY-based fluorescent probes for various analytes. We have designed three hybrid
BODIPY-based fluorescent probes by incorporating indolium moiety at 6-position of
BODIPY core for sensitive detection of cyanide ions which is a highly toxic substance
and is very harmful to human health. These probes were fully characterized by UVvis/fluorescence spectroscopies, NMR and theoretical calculations. They showed highly
sensitive and ratiometric responses (555 nm and 600 nm) to cyanide ions in the
concentration range of (0-70 PM) of cyanide ions with detection limit down to 0.5 PM of
cyanide ions. In addition, one of these three probes is highly water-soluble and displayed
potential application in the detection of cyanide ions in aqueous solution.
Later on, we moved to our target analytes to important ion species in biological
system like Zn (II) ions and protons (lysosomal pH). In Chapter 6, we have designed and
synthesized three highly water-soluble BODIPY fluorescent probes (6-A, 6-B and 6-C)
by attaching Zn (II) chelator, di-2-picolylamine moiety (DPA), to 2-formyal, 2,6202

diformyal and 2,6-diformyal-1,7-distyryl-BODIPY dyes at 2, and 2,6- positions. All three
probes exhibited turn-on fluorescence responses to the increased Zn (II) concentrations in
aqueous solutions because chelation of Zn (II) ions to the receptors significantly reduced
the photoinduced electron transfer (PET) effect which occur from electron rich DPA
moieties to the BODIPY core and cause fluorescence quenching. Probes 6-A and 6-B
showed excellent sensitivities and selectivities to Zn (II) ions with more than 2-fold
enhancement of fluorescence intensity at 520 nm and 527 nm, respectively. Probe 6-C
absorbs and emits longer wavelengths and it has ratiometric responses to Zn (II) ions with
fluorescence increase at 521 nm and decrease at 661 nm upon addition of Zn (II) ions.
Probe 6-C has been successfully applied in detection of intracellular Znic (II) in human
breast cancer cells.
In order to detect intracellular pH (especially lysosomal pH) by using fluorescent
probe, we have incorporated tertiaryaimne-contained piperazine moieties onto BODIPY
dyes at 3,5-position as parts of distyryl-conjugation to manipulate the fluorescent
responses of the probes to pH via modulation of intramolecular charge transfer (ICT)
effect of piperazine moieties to BODIPY dyes at different pH, yielding three NIR
emissive (>700 nm) probes 7-A, 7-B and 7-C. Probes 7-A and 7-B are hydrophobic with
low water solubility while probe 7-C is highly water-soluble because it contains most
number of hydrophilic chains (oligo(ethylene glycol) methyl ether residues). All three
probes are pH-sensitive and showed high fluorescence in acidic condition and extreme
low fluorescence in neutral and basic conditions. All three probes have been applied to
live cell fluorescence imaging. The bright NIR fluorescence in lysosome areas indicated
probes are cell permeable and sensitively turn-on responsive to lysosomal pH, which
demonstrates the great potential for the applications of non-invasive lysosomal labeling
and intracellular pH monitoring by using these probes.
At the end, we aimed our analyte to cancer cells. In order to enhance the sensitivity
by using multivalent interactions and to tune the emission wavelength to NIR region, we
have synthesized polymeric BODIPY dye (polymer 8-B) bearing numbers of cancer
homing peptide (cRGD) by Suzuki cross coupling reaction of water-soluble, 2,6-diiodo3,5-distyryl BODIPY monomer with benzene-1,4-diboronic acid. Polymer 8-B is highly
water-soluble and it absorbs and emits light at 689 and 712 nm with excellent
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photostability under excitation. Incubating of polymer 8-B with normal cells showed
almost no fluorescence while bright NIR fluorescence was observed in cancer cells with
same incubation condition. The high specificity and sensitivity of polymer 8-B to tumor
cells is due to the specific cooperative bindings effect of cRGD peptide residues to αvβ3
integrins which is over expressed on the surface of cancer cells. This specificity was also
confirmed by the comparison of live cell fluorescence imaging results using polymer 8-B
and its analog polymer 8-A that does not contain cRGD peptide reside, in which polymer
8-A did not display fluorescence with cancer cells while polymer 8-B did.
Although we have developed several BODIPY-based fluorescent probes for various
types of analytes and they all have showed excited sensing results and have been
successfully applied to in vitro fluorescence sensing and imaging in living cells, there are
still plenty of space and challenges about research on the BODIPY-based fluorescent
probes. So, in perspective, it might useful to apply BODIPY dyes to the photodynamic
therapy applications. Because halogenated BODIPY dyes are considered as a type of
good sensitizers that generates high yield of singlet oxygen, modifications of this type of
BODIPY dyes with other functional bio-receptors like cancer homing peptides could
afford novel highly specific photosensitizer to realize the “target-see-and-treat” therapy.
It also might useful to incorporate single or multiple cyclodextrin moieties on BODIPY
dye to increase the aqueous solubility of the dye. These cyclodextrin moieties also can
function as anchor groups so that adamantine-modified receptors, functional moieties and
fluorophores can be easily conjugated with BODIPY dyes through self-assembly via
host-guest interactions in aqueous solutions to form multifunctional fluorescent probes or
energy transfer cassette.
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Supporting Information for Chapter 3

H NMR spectrum of compound 3.4 in CDCl3 solution.

C NMR spectrum of compound 3.4 in CDCl3 solution.
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H NMR spectrum of compound 3.5 in CDCl3 solution.

C NMR spectrum of compound 3.5 in CDCl3 solution.
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H NMR spectrum of compound 3.7 in CDCl3 solution.

C NMR spectrum of compound 3.7 in CDCl3 solution.
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H NMR spectrum of BODIPY dye 3-A in CDCl3 solution.

C NMR spectrum of BODIPY dye 3-A in CDCl3 solution.
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)LJXUH$ Absorption and fluorescence spectra of BODIPY dye 3-A in
dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right) ), Oex = 470 nm.

)LJXUH$ 1H NMR spectrum of BODIPY dye 3-B in CDCl3 solution.
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C NMR spectrum of BODIPY dye 3-B in CDCl3 solution.
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)LJXUH$ Absorption and fluorescence spectra of BODIPY dye 3-B

in

dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right) ), Oex = 470 nm.
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)LJXUH$ 1H NMR spectrum of BODIPY dye 3-C in CDCl3 solution.

)LJXUH$
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C NMR spectrum of BODIPY dye 3-C in CDCl3 solution.
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)LJXUH$ Absorption and fluorescence spectra of BODIPY dye 3-C in
dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right) ), Oex = 470 nm.

)LJXUH$ 1H NMR spectrum of BODIPY dye 3-D in CDCl3 solution.
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C NMR spectrum of BODIPY dye 3-D in CDCl3 solution.
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)LJXUH$ Absorption and fluorescence spectra of BODIPY dye 3-D in
dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right) ), Oex = 470 nm.
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)LJXUH$ 1H NMR spectrum of BODIPY dye 3-E in CDCl3 solution.
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C NMR spectrum of BODIPY dye 3-E in CDCl3 solution.
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)LJXUH$ Absorption and fluorescence spectra of BODIPY dye 3-E

in

dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right) ), Oex = 470 nm.

)LJXUH$ 1H NMR spectrum of compound 3.10 in CDCl3 solution.
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C NMR spectrum of compound 3.10 in CDCl3 solution.

)LJXUH$ 1H NMR spectrum of BODIPY dye 3-F in CDCl3 solution.
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C NMR spectrum of BODIPY dye 3-F in CDCl3 solution.
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)LJXUH$ Absorption and fluorescence spectra of

BODIPY dye

3-F

in

dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right) ), Oex = 470 nm.
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)LJXUH$ 1H NMR spectrum of BODIPY dye 3-G in CDCl3 solution.
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C NMR spectrum of BODIPY dye 3-G in CDCl3 solution.
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)LJXUH$ Absorption and fluorescence spectra of BODIPY dye 3-G in
dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right) ), Oex = 470 nm.

)LJXUH$ 1H NMR spectrum of BODIPY dye 3-H in CDCl3 solution.
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C NMR spectrum of BODIPY dye 3-H in CDCl3 solution.
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)LJXUH$ Absorption and fluorescence spectra of BODIPY dye 3-H in
dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right) ), Oex = 470 nm.
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)LJXUH$ 1H NMR spectrum of compound 3.12 in CDCl3 solution.
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C NMR spectrum of compound 3.12 in CDCl3 solution.
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)LJXUH$ 1H NMR spectrum of compound 3.13 in CDCl3 solution.
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C NMR spectrum of compound 3.13 in CDCl3 solution.
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)LJXUH$ 1H NMR spectrum of compound 3.14 in CDCl3 solution.
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C NMR spectrum of compound 3.14 in CDCl3 solution.
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)LJXUH$ 1H NMR spectrum of BODIPY dye 3-I in CDCl3 solution.
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C NMR spectrum of BODIPY dye 3-I in CDCl3 solution.
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and

fluorescence

spectra

of

BODIPY

dye

3-I

in

dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right) ), Oex = 470 nm.

)LJXUH$ 1H NMR spectrum of BODIPY dye 3-J in CDCl3 solution.
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C NMR spectrum of BODIPY dye 3-J in CDCl3 solution.
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fluorescence spectra of

BODIPY

dye

3-J

in

dichloromethane solution (left) and in 0.5 M PBS buffer (pH = 7.4) aqueous solution
(right), Oex = 470 nm.
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)LJXUH% Comparison of 1H spectra of BODIPY dye 4.4, 4-A, 4-B and 4-C.
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H 105 spectrum of BODIPY dye 4 in CDCl3 solution.

C NMR spectrum of BODIPY dye 4 in CDCl3 solution.
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H NMR spectrum of BODIPY dye 4-A in CDCl3 solution.

C NMR spectrum of BODIPY dye 4-A in CDCl3 solution.
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H 105 spectrum of BODIPY dye 4-B in CDCl3 solution.

C 105 spectrum of BODIPY dye 4-B in CDCl3 solution.
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H NMR spectrum of BODIPY dye 4-C in CDCl3 solution.

C NMR spectrum of BODIPY dye 4-C in CDCl3 solution.
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)LJXUH% 1H 105 spectrum of BODIPY dye 6 in CDCl3 solution.
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C NMR spectrum of BODIPY dye 6 in CDCl3 solution.
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)LJXUH% 1H NMR spectrum of BODIPY dye 4-Da in CDCl3 solution.
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C NMR spectrum of BODIPY dye 4-Da in CDCl3 solution.
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)LJXUH% 1H 105 spectrum of BODIPY dye 4-Ea in CDCl3 solution.
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C 105 spectrum of BODIPY dye 4-Ea in CDCl3 solution.
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)LJXUH% 1H 105 spectrum of BODIPY dye 4-Fa in CDCl3 solution.
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C 105 spectrum of BODIPY dye 4-Fa in CDCl3 solution.
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)LJXUH% 1H 105 spectrum of BODIPY dye 4-Ga in CDCl3 solution.
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C 105 spectrum of BODIPY dye 4-Ga in CDCl3 solution.
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)LJXUH% 1H 105 spectrum of BODIPY dye 4-Eb in CDCl3 solution.
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C 105 spectrum of BODIPY dye 4-Eb in CDCl3 solution.
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)LJXUH% H NMR VSHFWUXP of BODIPY dye 4-Gb in CDCl3 solution.
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C NMR VSHFWUXP of BODIPY dye 4-Gb in CDCl3 solution.
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)LJXUH% 1RUPDOL]HG DEVRUSWLRQ DQG HPLVVLRQ VSHFWUD RI %2',3< G\H *D LQ
PHWK\OHQHFKORULGHVROXWLRQ OH[ QP 
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)LJXUH% 9LVXDOL]HG ,PDJHV RI %2',3< G\H (E  0  LQ 0 3%6 EXIIHU
S+  LQ WKH DEVHQFH DQG SUHVHQFH RI /F\VWHLQH  P0  DW GLIIHUHQW WLPHV ,PDJHV
ZHUHWDNHQXQGHUDWUDQVLOOXPLQDWRU OH[ QP 


)LJXUH% 9LVXDOL]HG LPDJHV RI %2',3< G\H *E  0  LQ 0 3%6 EXIIHU
S+  LQ WKH DEVHQFH DQG SUHVHQFH RI /F\VWHLQH  P0  DW GLIIHUHQW WLPHV ,PDJHV
ZHUHWDNHQXQGHUDWUDQVLOOXPLQDWRU OH[ QP 
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)LJXUH% 1RUPDOL]HGDEVRUSWLRQVSHFWUDRI%2',3<G\H *E P0 LQ0
3%6EXIIHUS+LQWKHDEVHQFHDQGSUHVHQFHRI/F\VWHLQH P0 DWGLIIHUHQWWLPHV

1RUPDOL]HG)OXRUHVFHQFH,QWHQVLW\



%ODQN
PLQ
PLQ
PLQ
PLQ
PLQ
PLQ
PLQ

























:DYHOHQJWK QP


)LJXUH% 1RUPDOL]HGIOXRUHVFHQFHVSHFWUDRI%2',3<G\H*E P0 LQ0
3%6EXIIHUS+LQWKHDEVHQFHDQGSUHVHQFHRI/F\VWHLQH P0 DWGLIIHUHQWWLPHV
OH[ QP 
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)LJXUH% Absorption (a) and Emission (b) spectra of BODIPY dye 4-Gb (10PM) in
the absence and presence of YDULRXV amino acids (5 mM). (Oex=620 nm).
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Appendix C

Supporting Information for Chapter 5



)LJXUH&

1

H NMR spectrum of BODIPY dye 5.2a in CDCl3 solution.


)LJXUH&

13

C NMR spectrum of BODIPY dye 5.2a in CDCl3 solution.
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)LJXUH&

1

H NMR spectrum of BODIPY dye 5.3a in CDCl3 solution.



)LJXUH&

13

C NMR spectrum of BODIPY dye 5.3a in CDCl3 solution.
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)LJXUH&

1

H NMR spectrum of BODIPY dye 5.3b in CDCl3 solution.



)LJXUH&

13

C NMR spectrum of BODIPY dye 5.3b in CDCl3 solution.
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)LJXUH&

1

H NMR spectrum of probe 5-A in CDCl3 solution.



)LJXUH&

13

C NMR spectrum of probe 5-A in CDCl3 solution.
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)LJXUH&

1

H NMR spectrum of probe 5-A in DMSO-d6 solution.


)LJXUH& 1H NMR spectrum of 5-A-CN adduct in DMSO-d6 solution.
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)LJXUH& 1H NMR spectrum of probe 5-B in DMSO-d6 solution.


)LJXUH&

13

C NMR spectrum of probe 5-B in DMSO-d6 solution.
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)LJXUH& 1H NMR spectrum of probe 5-C in DMSO-d6 solution.


)LJXUH&

13

C NMR spectrum of probe 5-C in DMSO-d6 solution.
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)LJXUH& The HRMS (FAB) of probe 5-A.
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)LJXUH& The HRMS (FAB) of 5-A-CN adduct.
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)LJXUH& The LRMS(top) and HRMS(bottom) (ESI) of probe 5-B.
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)LJXUH& The LRMS(top) and HRMS(bottom) (ESI) of 5-B-CN.
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)LJXUH& The LRMS(top) and HRMS(bottom) (ESI) of probe 5-C.
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)LJXUH& The LRMS(top) and HRMS(bottom) (ESI) of 5-C-CN
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)LJXUH& Normalized absorption and emission spectra of BODIPY dye 5.3a in
acetonitrile solution. (excitation wavelength = 470 nm)
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)LJXUH& Normalized absorption and emission spectra of fluorescent probe 5-A in
acetonitrile solution. (excitation wavelength = 470 nm)
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)LJXUH& Absorption spectra of probe 5-A in the presence of different anions (100
PM) in a mixed solution of CH3CN and Tris·HCl buffer (10 mM, pH = 9.3) (9:1, v/v).
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)LJXUH& The fluorescent spectra of probe 5-A to different anions (100 PM) in
mixed solution of CH3CN and Tris buffer (10 mM, pH = 9.3) (9:1, v/v).
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1RUPDOL]HG)OXRUHVFHQFH,QWHQVLW\





)LJXUH& Normalized absorption and emission spectra of fluorescent probe 5-B in
Tris buffer solution (10 mM, pH 9.3). (excitation wavelength = 470 nm)
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:DYHOHQJWK QP

)LJXUH& Fluorescence spectra of the fluorescent probe 5-B (20 PM) in the absence
and presence of different amounts of cyanide ion in Tris buffer (10 mM, pH 9.3) solution.
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)LJXUH& Fluorescent intensity ratio change at 558 nm and 597 nm (I558/I597) of the
fluorescent probe 5-B (20 PM) upon titration of cyanide ions (range 0-100 PM)in Tris
buffer (10 mM, pH 9.3) solution.
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)LJXUH& Fluorescent intensity ratio change at 558 nm and 597 nm (I558/I597) of the
fluorescent probe 5-B (20 PM) upon titration of cyanide ions (range 0-30 PM)in Tris
buffer (10 mM, pH 9.3) solution.
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)LJXUH& Absorption spectra of the probe 5-B (20 PM) in the absence and presence
of different amount of cyanide ion in Tris buffer (10 mM, pH 9.3) solution.
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:DYHOHQJWK QP

)LJXUH& Emission spectra of probe 5-B in the presence of different anions (100
PM) in Tris buffer (10 mM, pH 9.3) solution.
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)LJXUH& Absorption spectra of probe 5-B in the presence of different anions (100
PM) in Tris buffer (10 mM, pH 9.3) solution.
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)LJXUH& The fluorescent ratiometric responses of probe 5-B to different anions
(100 PM) in Tris buffer solution (10 mM, pH 9.3) in the presence and presence of 70
PM cyanide ion. Black bars show the fluorescent responses of the probe 5-B to
different anions while white bars display the fluorescent responses of the probe to
different anions in the presence of cyanide ion.
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)LJXUH& Normalized absorption and emission spectra of fluorescent probe 5-C in
Tris buffer solution (10 mM, pH 9.3)
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)LJXUH& Fluorescence spectra of the fluorescent probe 5-C (20 μM) in the absence
and presence of different amounts of cyanide ion in Tris buffer (10 mM, pH 9.3) solution.
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)LJXUH& Absorption spectra of the probe 5-C (20 PM) in the absence and presence
of different amount of cyanide ion Tris buffer (10 mM, pH 9.3) solution.
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)LJXUH& Emission spectra of probe 5-C in the presence of different anions (100
PM) in Tris buffer (10 mM, pH 9.3) solution.
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)LJXUH& Absorption spectra of probe 5-C in the presence of different anions (100
PM) in Tris buffer (10 mM, pH 9.3) solution.
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)LJXUH& Comparison of visible color (a) and luminescence color (b) of probe 5-A
in absence and presence of cyanide ions.
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Appendix D

Supporting Information for Chapter 6

Figure D.1. Comparing of 1H spectra of BODIPY dyes 6.6, and 6.8 and compound 6.7
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Figure D.2. 1H NMR spectrum of BODIPY dye 6.3 in CDCl3 solution.

Figure D.3.

13

C NMR spectrum of BODIPY dye 6.3 in CDCl3 solution.
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Figure D.4. 1H NMR spectrum of BODIPY dye 6.5 in CDCl3 solution.

Figure D.5.

13

C NMR spectrum of BODIPY dye 6.5 in CDCl3 solution.
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Figure D.6. 1H NMR spectrum of fluorescent probe 6-A in CDCl3 solution.

Figure D.7.

13

C NMR spectrum of fluorescent probe 6-A in CDCl3 solution.
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Figure D.8. 1H NMR spectrum of fluorescent probe 6-B in CDCl3 solution.

Figure D.9.

13

H NMR spectrum of fluorescent probe 6-B in CDCl3 solution.
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Figure D.10. 1H NMR spectrum of fluorescent probe 6-C in CDCl3 solution.

Figure D.11.

13

C NMR spectrum of fluorescent probe 6-C in CDCl3 solution.
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Figure D.12. Normalized absorption and emission spectra of BODIPY dye 6.3 in 10 mM
HEPES buffer solution pH 7.0.

1RUPDOL]HG$EVRUEDQFH



$EVRUSWLRQ
(PLVVLRQ

































1RUPDOL]HG)OXRUHVFHQFH,QWHQVLW\





:DYHOHQJWK QP

Figure D.13. Normalized absorption and emission spectra of BODIPY dye 6.5 in 10 mM
HEPES buffer solution pH 7.0.
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Figure D.14. Normalized absorption and emission spectra of fluorescent probe 6-A in 10
mM HEPES buffer solution pH 7.0.
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Figure D.15. Normalized absorption and emission spectra of fluorescent probe 6-B in 10
mM HEPES buffer solution pH 7.0.
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Figure D.16. Normalized absorption and emission spectra of fluorescent probe 6-C in 10
mM HEPES buffer solution pH 7.0.
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Figure D.17. Absorption spectra of fluorescent probe 6-A upon addition of different
amount of ZnCl2 in 10 mM HEPES buffer pH 7.0.
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Figure D.18. Absorption spectra of fluorescent probe 6-B upon addition of different
amount of ZnCl2 in 10 mM HEPES buffer pH 7.0.
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Figure D.19. Absorption spectra of fluorescent probe 6-C upon addition of different
amount of ZnCl2 in 10 mM HEPES buffer pH 7.0.
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Figure D.20. Absorption spectra of fluorescent probe 6-A upon addition of different
cations (20 PM Zn2+, other ions at 40 PM) in 10 mM HEPES buffer pH 7.0.
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Figure D.21. Absorption spectra of fluorescent probe 6-B upon addition of different
cations (20 PM Zn2+, other ions at 40 PM) in 10 mM HEPES buffer pH 7.0.
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Figure D.22. Absorption spectra of fluorescent probe 6-C upon addition of different
cations (20 PM Zn2+, other ions at 40 PM) in 10 mM HEPES buffer pH 7.0.
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Appendix E

)LJXUH(

1

)LJXUH(

13

Supporting Information for Chapter 7

H NMR spectrum of compound 7.3 in CDCl3 solution.

C NMR spectrum of compound 7.3 in CDCl3 solution.
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)LJXUH(

1

)LJXUH(

13

H NMR spectrum of compound 7.5 in CDCl3 solution.

C NMR spectrum of compound 7.5 in CDCl3 solution.
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)LJXUH(

1

)LJXUH(

13

H NMR spectrum of fluorescent probe 7-A in CDCl3 solution.

C NMR spectrum of fluorescent probe 7-A in CDCl3 solution
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)LJXUH(

1

)LJXUH(

13

H NMR spectrum of fluorescent probe 7-B in CDCl3 solution.

C NMR spectrum of fluorescent probe 7-B in CDCl3 solution.
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)LJXUH(

1

H NMR spectrum of fluorescent probe 7-C in CDCl3 solution.

)LJXUH( 1H NMR spectrum of fluorescent probe 7-C in DMSO-d6 solution.
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)LJXUH(

13

C NMR spectrum of fluorescent probe 7-C in CDCl3 solution
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)LJXUH( Normalized absorption and emission spectra of Probe 7-A in
dichloromethane solution.
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)LJXUH( Normalized absorption and emission spectra of Probe 7-A in DMSO
solution.
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)LJXUH( Normalized absorption and emission spectra of Probe 7-A in ethanol
solution.
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)LJXUH( Normalized absorption and emission spectra of Probe 7-B
dichloromethane solution.
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)LJXUH( Normalized absorption and emission spectra of Probe 7-B in DMSO
solution.
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)LJXUH( Normalized absorption and emission spectra of Probe 7-B in ethanol
solution.
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)LJXUH( Normalized absorption and emission spectra of Probe 7-C in
dichloromethane solution.
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)LJXUH( Normalized absorption and emission spectra of Probe 7-C in DMSO
solution.
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)LJXUH( Normalized absorption and emission spectra of Probe 7-C in ethanol
solution.
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)LJXUH( Left: Fluorescence spectra of BODIPY dye 7.7 (5 PM) under different pH
conditions. Right: fluorescence intensity responses of BODIPY dye 7.7 (5 PM) to
different pH values.
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S+

)LJXUH( Left: Fluorescence spectra of BODIPY dye 7.9 (5 PM) under different pH
conditions. Right: fluorescence intensity responses of BODIPY dye 7.9 (5 PM) to pH.
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:DYHOHQJWK QP

)LJXUH( Absorption spectra of BODIPY dye 7.7 (left) and BODIPY dye 7.9 (right)
at different pH conditions in buffer solutions.
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3UREH$
P
P0

P
P0

P
P0

)LJXUH( Fluorescent images of MDA-MB-231 cell incubates with different
concentration of probe 7-A. (After 2h serum starvation, cells were incubated with 2, 5, 10
μM of fluorescent probe 7-A for 2 h and imaged for co-localization with lysosomal stain
LysoSensor Green (1 μM). 1 μg/ml of Hoechst were used to stain the nuclear. All images
were acquired at 60x magnification using inverted fluorescence microscope (AMF-4306,
EVOSfl, AMG))
3UREH%
P
P0

P
P0

P
P0

)LJXUH( Fluorescent images of MDA-MB-231 cell incubates with different
concentration of probe 7-B. (After 2h serum starvation, cells were incubated with 5, 15,
25 μM of fluorescent probe 7-B for 2 h and imaged for co-localization with lysosomal
stain LysoSensor Green (1 μM). 1 μg/ml of Hoechst were used to stain the nuclear. All
images were acquired at 60x magnification using inverted fluorescence microscope
(AMF-4306, EVOSfl, AMG).)
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3UREH&
P
P0

P
P0

P
P0

)LJXUH( Fluorescent images of MDA-MB-231 cell incubates with different
concentration of probe 7-C. (After 2h serum starvation, cells were incubated with 5, 15,
25 μM of fluorescent probe 7-C for 2 h and imaged for co-localization with lysosomal
stain LysoSensor Green (1 μM). 1 μg/ml of Hoechst were used to stain the nuclear. All
images were acquired at 60x magnification using inverted fluorescence microscope
(AMF-4306, EVOSfl, AMG).)
3UREH$

P
P0

P
P0

P
P0

)LJXUH( Fluorescence images of HUV-EC-C cells incubated with fluorescent probe
7-A at 2, 5 and 10 μM. (HUV-EC-C cells were incubated with probe 7-A for 2 hrs, post
serum starvation (2 hrs) and imaged for co-localization with (1 μM) LysoSensor Green
and (1 μg/ml) Hoechst 33342 stains. Images were acquired using the EVOS-FL inverted
fluorescence microscope at 40X magnification.)
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3UREH %
P
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P
P0

P
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)LJXUH( Fluorescence images of HUV-EC-C cells incubated with fluorescent probe
7-B. (HUV-EC-C cells were incubated with 5, 15 or 25 μM of probe 7-B for 2 hrs, post
serum starvation (2 hrs) and imaged for co-localization with 1 μM LysoSensor Green and
(1 μg/ml) Hoechst 33342 stains. Images were acquired using the EVOS-FL inverted
fluorescence microscope at 40X magnification.)
3UREH&
P
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P
P0

P
P0

)LJXUH( Fluorescence images of HUV-EC-C cells incubated with fluorescent probe
7-C. (HUV-EC-C cells were incubated with 5, 15 or 25 μM of probe 7-C for 2 hrs, post
serum starvation (2 hrs) and imaged for co-localization with (1 μM) LysoSensor Green
and (1 μg/ml) Hoechst 33342 stains. Images were acquired using the EVOS-FL inverted
fluorescence microscope at 40X magnification.)
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3UREHV
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$

3UREH
%

3UREH
&

)LJXUH( Enlarged images of MDA-MB-231 cells with fluorescent probes (7-A/7B/7-C) (Images were taken at 60X magnification showing colocalization of probes with
LysoSensor green in lysosomes. The probe 7-A shows a much stronger signal compared
to probes 7-B/7-C. The lysosomes are mostly perinuclear in cells as they were serum
starved for 2 hours before staining.)
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)LJXUH( Enlarged images of HUVEC-C cells with fluorescent probes (7-A/7-B/7C) taken at 60X magnification showing colocalization of probes with LysoSensor green
in lysosomes. (The probe 7-A shows a much stronger signal compared to probes 7-B/7-C.
Probe 7-B shows punctate staining under merged image while probe 7-C shows very
faint staining. The lysosomes are mostly perinuclear in cells as they were serum starved
for 2 hours before staining)

0'$0%
+89(&&



3HDUVRQ VFRHIILFLHQW




















3UREH$
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)LJXUH( Pearson’s co-localization coefficient of Probes 7-A, 7-B and 7-C with
LysoSensor Green. (The co-localization of probes 7-A, 7-B and 7-C with LysoSensor
Green were quantified by Perason’s coefficient (mean ± SD, n=6). Methods: Pearson’s
coefficient was quantified using JACoP plug in from imageJ. (Bolte and Cordelieres,
2006, Journal of microscopy, 224, 213-232))
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)LJXUH( Dynamic light scattering measurement result of aqueous solution (pH 7.4)
of probe 7-A (5 PM).

)LJXUH( Dynamic light scattering measurement result of aqueous solution (pH 7.4)
of probe 7-B (5 PM).
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)LJXUH( Dynamic light scattering measurement result of aqueous solution (pH 7.4)
of probe 7-C (5 PM).
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3UREH$

)LJXUH( Fluorescence images of HUVEC-C cells incubated with 5 μM probes 7-A
at different pH values. 1 μM LysoSensor Green and 1 μg/mL Hoechst 33342 were used
as co-stains. Images were acquired using the using inverted fluorescence microscope
(AMF-4306, EVOSfl, AMG) at 40X magnification.
3UREH%

)LJXUH( Fluorescence images of HUVEC-C cells incubated with 15 μM probes 7B at different pH values. 1 μM LysoSensor Green and 1 μg/mL Hoechst 33342 were used
as co-stains. Images were acquired using the using inverted fluorescence microscope
(AMF-4306, EVOSfl, AMG) at 40X magnification.
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Appendix F

Supporting Information for Chapter 8

Figure F.1 shows the comparisons of 1H NMR spectra of BODIPY dyes 8.5, 8.7, 8.A
and polymer 8-A. Doublet peaks at 8.00 ppm corresponding to vinyl protons at 3’,5’positions in 2,6-diiodo-3,5-distyryl-BODIPY dye 8.7 shift upfield to 6.42 ppm in
BODIPY dye 8.A (Figure F.1). This is because the vinyl protons in BOIDPY dye 8.A are
in the shielding zone of the phenyl substituents at 2,6-positions and experience a
shielding by 1.58 ppm. Peaks at 7.02 ppm corresponding to phenyl protons at c-positions
in 2,6-diiodo-3,5-distyryl-BODIPY dye 8.7 also shift upfield to 6.48 ppm in BODIPY
dye 8.A because the phenyl protons at c-positions in BODIPY dye 8.A are in the
shielding zone of the phenyl substituents at 2,6-positions (Figure F.1).
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)LJXUH)

Comparison of 1H NMR spectra of BODIPY dyes 8.5, 8.7, 8.A and

polymer 8-A.
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)LJXUH)

1

H NMR spectrum of BODIPY dye 8.4 in CDCl3 solution.


)LJXUH)

13

C NMR spectrum of BODIPY dye 8.4 in CDCl3 solution.
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)LJXUH)

1

)LJXUH)

13

H NMR spectrum of BODIPY dye 8.5 in CDCl3 solution.

C NMR spectrum of BODIPY dye 8.5 in CDCl3 solution.
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)LJXUH)

1

)LJXUH)

13

H NMR spectrum of BODIPY dye 8.7 in CDCl3 solution.

C NMR spectrum of BODIPY dye 8.7 in CDCl3 solution.
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)LJXUH)

1

)LJXUH)

13

H NMR spectrum of BODIPY dye 8.A in CDCl3 solution.

C NMR spectrum of BODIPY dye 8.A in CDCl3 solution.
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)LJXUH) 1H NMR spectrum of Polymer 8-A in CDCl3 solution.
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)LJXUH) Absorption and emission spectra of BODIPY dye 8.4 in methylene
chloride solution OH[ 470 nm).
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)LJXUH) Absorption and emission spectra of BODIPY dye 8.5 in methylene
chloride solution OH[ 515 nm).
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)LJXUH) Absorption and emission spectra of BODIPY dye 8.7 in methylene
chloride solution OH[  610 nm).
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)LJXUH) Absorption and emission spectra of BODIPY dye 8.7 in aqueous solution
OH[ 620 nm).
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)LJXUH) Absorption and emission spectra of BODIPY dye 8.A in methylene
chloride solution OH[ 610 nm).
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)LJXUH) Absorption and emission spectra of BODIPY dye 8.A in aqueous solution
OH[ 620 nm).
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)LJXUH) Absorption and emission spectra of polymer 8-A in methylene chloride
solution OH[ 610 nm).
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)LJXUH) Absorption and emission spectra of polymer 8-A in aqueous solution OH[
620 nm).

315

1RUPDOL]HG$EVRUEDQFH





$EVRUSWLRQ
(PLVVLRQ































1RUPDOL]HG)OXRUHVFHQFH,QWHQVLW\





:DYHOHQJWK QP


)LJXUH) Absorption and emission spectra of polymer 8-B in methylene chloride
solution (excitation wavelength = 610 nm).
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)LJXUH) Absorption and emission spectra of polymer 8-B in aqueous solution OH[
630 nm).
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Brightfield

Hoechst

Polymer 8-A or 8-B
HUVEC
with
Polymer 8A
(50 Pg/mL)

MDA-MB
-231
Polymer 8A
(50 Pg/mL)

HUVEC
with
Polymer 8B
(50 Pg/mL)

MDA-MB
-231
Polymer 8B
(50 Pg/mL)


)LJXUH) Brightfield and fluorescence images of HUVEC-C cells (A) and (C), and
MDA-MB-231 cells (B) and (D) after incubation with 50 μg/ml of polymer 8-A (control
BODIPY dye) or polymer 8-B (RGD-bearing polymeric BODIPY dye) for 4 hours and
then washing the cells with PBS before imaging.
(The bright-field images were acquired at 20X magnification with transmitted light and
fluorescence images were acquired using DAPI (for Hoechst stain) and Cy5 filters (for
polymers 8-A or 8-B). Hoechst stain was used for nuclear localization and is shown in the
middle panel (blue))
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HUVEC Cells with
Polymer 8-B (100 Pg/mL)

MDA-MB-231 with
Polymer 8-B (100 Pg/mL)

Brightfield

Hoechst

Polymer
8-B

Overlay

)LJXUH) Brightfield (panel A) and fluorescence images (panels B and C) of
HUVEC-C cells and MDA-MB-231 cells after incubation with 100 μg/ml of polymer 8B (RGD-bearing polymeric BODIPY dye) for 4 hours and then washing the cells with
PBS before imaging (adapted from Figure 4).
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(The bright-field images were acquired at 20X magnification with transmitted light and
fluorescence images were acquired using DAPI (for Hoechst stain; panel C) and Cy5
filters (for polymer 8-B). Hoechst stain was used for nuclear localization and is shown in
the middle panel (blue). Fluorescence overlay (Hoechst and Polymer 8-B) shows perinuclear localization of polymer 8-B in MDA-MB-231 cells (Panel D) with little or no
incorporation in HUVEC cells)











)LJXUH) Images of brightfield (upper panels) and fluorescence (lower panels) of
MDA-MB-231 breast cancer cells after 4-hour incubation of 80 μg/mL (left panels) and
40 μg/mL (right panels) polymer 8-B, respectively.
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