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Facile functionalization of a fully fluorescent perfluorophenyl BODIPY:

photostable thiol and amine conjugatesw
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Selective nucleophilic substitution on a perfluorophenyl unit

comprising a BODIPY fluorophore using an alkanethiol or a

primary amine offers a quantitative fluorophore labelling strategy,

while retaining high photostability and emission quantum yields

approaching unity.

Photostable fluorescent dyes and labels are widely used in imaging

and various microscopies, different types of families being suited

to specific excitation wavelengths. Among these fluorophores,

dipyrrometheneboron difluoride dyes (commonly referred to

as BODIPY) have emerged as a popular choice of fluorophore

for different applications including implementation in biological

media due to high absorption cross-section, intense emission,

as well as specific membrane incorporation.1 While a large range

of chromophores exhibiting different photophysical properties

are known, the number of strategies for ad hoc introduction of

fluorescent labels on substrates is rather limited.2 Herein we

report the use of the specific chemistry of perfluorinated rings

to allow efficient labelling of versatile fluorescent synthon 1

(Scheme 1) with biologically relevant functional groups, in

both organic solvents and aqueous mixtures, whilst typically

retaining a quantum yield approaching unity, thus allowing

studies down to the single molecule level. It is noteworthy that

the methyl groups on the pyrrole rings provide an orthogonal

reaction site,3 as demonstrated in a structurally related fluorous

intermediate which should extend the scope of such synthons

in NIR emitter tag development. Indeed a range of chemical

reactions for colour tuning BODIPYs have been reported which

are a priori compatible with the current synthon. Harnessing

the current functionalisation approach with orthogonal reactions

holds promise for applications in materials development, e.g.

fluorescent focal points in dendrimer synthesis.

Perfluorinated BODIPY 1 was obtained in a straight-

forward three step, one-pot reaction (see ESIw for detailed

procedure). Commercial perfluorobenzaldehyde was first reacted

with 2,4-dimethylpyrrole to afford a dipyrromethane inter-

mediate which was oxidized by p-chloranil to a dipyrromethene

intermediate. This was then reacted with BF3 to yield 1 in 33%

overall yield via a standard procedure.1a,c,4 Single crystals

suitable for X-ray diffraction were obtained from chloroform

(recently reported in acetonitrile).3a The crystallographic

structure shows the planar BODIPY moiety and the out-

of-plane perfluorinated phenyl substituent. Importantly for

high fluorescence, the phenyl ring plane presents a 90.01 angle

to the BODIPY plane in the solid state due to steric hindrance

induced partly by the methyl groups. On comparing with a

related hydrocarbon analogue, the fluorine atoms can also be

seen to be responsible for this behaviour. For example replacing

the pentafluorophenyl ring with a para-bromophenyl, such

that ortho protons replace fluorines resulted in a decreased angle

of 78.91 between planes; while that comprising a dimethylamino

group was 87.61.5

Perfluorinated rings are known to be susceptible to nucleophilic

substitution reactions, offering an effective reaction pathway

to C–C, C–S and C–N bond formation.6 This would thus offer

a high-yielding straightforward alternative to metal-catalysed

SN2 reactions on the BODIPY meso-phenyl ring.7 While the

Lewis acid boron centre is susceptible to such an attack from

aryl Grignards, acetylide anions or alkoxides,1a,8 it was anti-

cipated to be so less than the electron poor aromatic. Thus

under appropriately mild conditions selective F-displacement

reactions on the ring could be effected. Nucleophilic aromatic

substitution reactions on the perfluorinated ring were tested

with substrate 1 using thiol and amine compounds, as represented

in Scheme 1. 1 reacted smoothly at room temperature with

Scheme 1 Synthesis of 2–4 with quantitative conversion for 2 and 3.
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ethanethiol in the presence of K2CO3, HPLC analysis showing

full disappearance of 1 after 40 minutes concomitant with the

appearance of a new band with a longer retention time (6.3 cf.

7.7min, eluting with 96 :4, cyclohexane/ethyl acetate, v/v). 19F-NMR

analysis of the crude product showed a clean substitution of the

fluorine in the 4-position giving 2, as denoted by resonances of the

aromatic fluorine atoms at �134.1 and �143.6 ppm compared

with those of 1 at �161.9, �153.0 and �143.5 ppm (see ESIw),
while the quadruplet associated with boron-bound fluorines

remained similar at �146.7 ppm in both compounds.

Reaction with a primary amine was carried out in DMF at

room temperature using an 8-fold excess of butylamine. Only one

newHPLC signal for substitution product 3 could be observed as

the starting material was consumed, with 19F-NMR resonances

of the aromatic fluorines at �147.6 and �161.6 ppm confirming

that substitution in the 4-position had occurred. Secondary

amine diethylamine did not react with 1 at room temperature

despite using a large excess (40 eq.) of amine. 4 could be obtained

on heating the reaction mixture to 120 1C, however the formation

of side products was also observed.

Concerning relative reactivities, Fig. 1 shows the progres-

sion of the reaction of 1 with primary and secondary amines

and thiols, as judged by integrated peak areas in the HPLC

trace. The reaction with the thiol was found to be much more

rapid, in the presence of base, than the analogous reaction

with a primary amine. Simultaneously introducing thiol (5 eq.)

and primary amine (8 eq.) to a solution of 1 (24 mM) resulted

in the quasi-exclusive formation of 2. Indeed, integrated peak

areas corresponding to products 2 and 3 showed circa 99%

conversion to 2 after only 5 minutes. Thus the selectivity and

high reactivity for thiols with the perfluorophenyl moiety under

mild conditions is clearly demonstrated. In the absence of base

the reaction of 1 with ethanethiol is much more sluggish, with

only 54% conversion after 5 days. Importantly, in an aqueous

DMF mixture (1 : 1, v/v) the thiol reaction proved equally

efficient and a similar selectivity toward thiol vs. amine conjugate

formation was obtained (see ESIw). Indeed in this protic environ-

ment the amine proved unreactive under these mild conditions.

Parent BODIPY 1 and derivatives 2, 3 and 4 showed strong

absorption and intense emission, with a small Stokes shift as

shown by data regrouped in Table 1 (see spectra in Fig.

S12–S15 (ESIw)). Molar extinction coefficients for the lowest

energy visible absorption band are similarly high in all cases,

and the maximum absorption wavelength is almost unchanging,

being almost coincident with popular argon ion laser, which

emits at 514 nm, and shows that remote substitution has a

negligible effect on absorption properties. Relatively few

fluorophores are perfectly adapted for this wavelength, one

example being expensive sulfonated rhodamine derivatives

(Alexa Fluor 514s). Importantly, the quantum yield which

is essentially unity for parent 1 remains high (Z 90%) in all

cases although the substituted species are slightly lower than

the parent.9 The strongly allowed nature of the S1 ’ S0
transition, as denoted by the strong molar extinction coeffi-

cients allows estimation of the excited-state lifetime using a

Strickler–Berg analysis (see ESIw).10 Estimated fluorescence

lifetimes (tcalc, Table 1) on the nanosecond scale are in good

agreement with the measured values. This suggests that the

excited parent and derivatives are all structurally reminiscent

to that of the respective ground-state species and that solvent

interactions are unchanging.

It is noteworthy that similarly high quantum yield values

were obtained for 1 and 2 in an H2O :DMFmixture (75 : 25, v/v)

at 91% (t = 6.6 ns) and 93% (t = 6.6 ns), respectively.

Meanwhile the amine-conjugate 3 exhibited a drastically

reduced value at 1%, presumably partly due to hydrogen-

bonding enhanced vibrational quenching. The photostability

of molecules 1–3 was evaluated on irradiation in air-equilibrated

solution. The quantum yields for photodegradation (Fbleach)

were estimated to be 2.7 � 10�5, 4.1 � 10�5 and 2.7 � 10�5,

respectively, somewhat lower than the 7.5 � 10�5 measured

for fluorescein isocyanate (which is on the same order of

magnitude as a literature value in deoxygenated EtOH).11

Picosecond transient absorption (Fig. S16, ESIw) spectro-

scopy was employed to follow the evolution of excited 1, a

representative member of the series, and notably to elucidate

the presence of any dark-states which may have been intro-

duced, could not be detected by fluorescence, and would

represent an unwanted alternative non-emissive deexcitation/

degradation pathway. A qualitatively similar excited-state

absorption spectrum to that of a multicomponent BODIPY

containing supermolecule, with positive absorption features at

350 nm and 420 nm and a band close to the ground state

absorption wavelength allows us to conclude that no significant

population of states other than the emissive S1 state occurs.
12

High quantum yield, no apparent population of dark states

and relatively high photostability for 1make this label potentially

suitable as a single molecule emitter. 1 was dispersed into a

PMMA matrix and evaluated using confocal fluorescence

microscopy under deoxygenated conditions (for more details,

see ref. 13 and ESIw). In preliminary studies, a linearly polarized

laser excitation at a standard wavelength of 488 nm with a

power of 1.5 kW cm�2 was used.14 Emission trajectories on single

molecules show the typical blinking of the fluorescence (Fig. 2a),

due to the reversible conversion between singlet ON states and
Fig. 1 Progression of nucleophilic substitution reaction of 1 with

different substrates at room temperature, based on HPLC analysis.

Table 1 Spectroscopic data for 1–4 in air-equilibrated THF

Sample lmax/nm e/M�1 cm�1 lem/nm Ff tcalc/ns t/ns

1 516 78 600 527 0.98 5.8 6.1
2 516 77 000 527 0.90 5.4 5.9
3 514 78 700 525 0.93 6.1 5.7
4 515 77 200 523 0.96 6.0 5.7
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OFF states. For 50% of 82 molecules of 1 the peak emission

intensity reflecting the brightness reached at least 5.3 � 103

photons s�1 detected, and up to 2.9 � 104 photons s�1. These

values are in agreement with a maximum theoretical upper

limit of 2.9 � 105 photons s�1 emitted,15,16 but lower due to

losses resulting from the random orientation of the molecules

relative to the excitation beam polarization and the instrumental

detection efficiency. From 50% of the molecules, we have

detected at least 2.1 � 104 photons and in the best case up to

2.4 � 105 photons before photobleaching (Fig. S19 in ESIw).
Considering the same limitations as above, this reflects the

measured 1/Fbleach = 3.7 � 104 photons in solution and is in

agreement with known organic emitters.16 This emission occurs

within 11 seconds for 50% of the molecules and the duration

can reach 1 minute (Fig. 2b). The distribution of decay times

of 1 is represented in the bar chart in Fig. 2c, peaking around

4.9 ns and displaying some longer values around 6.8 ns. The

average decay time is 5.1 ns, with a standard deviation of 0.9 ns,

and is thus only slightly shorter than in THF solutions. This

could result from an enhanced non-radiative deactivation of

the excited states in the polymer environment.

Interestingly, a small population of molecules shows longer

decay times and emits a higher average total amount of photons

(Fig. 2d). In a previous study of single molecules in PMMA,17

two populations of emitters were also observed and the minor

one was attributed to molecules embedded in the more rigid

micro-environments of PMMA. 1 shows thus some sensitivity to

the environment while preserving suitable emissive properties.

In conclusion, perfluorophenyl rings can be readily and

selectively functionalised through C–N and C–S bond formation,

for example in a BODIPY chromophore derivative. These

conjugates are extremely photostable with high absorption

and emission in an organic solvent. In aqueous mixtures, high

selectivity for thiol vs. amine (Z100-fold) conjugate formation

conspires with the 90-fold higher quantum yield to make the

thiol conjugate label particularly attractive. Applications in

labelling and staining are thus envisaged, which can in prin-

ciple similarly be applied to other fluorophores encompassing

the perfluorophenyl motif.
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P. Hägglöf, R. Wortmann, T. Ny and L. B.-Å. Johansson,
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