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ABSTRACT: A colorimetric and ratiometric fluorescent thiol
probe was devised with diketopyrrolopyrrole (DPP) fluo-
rophore. The probe gives absorption and emission at 523 and
666 nm, respectively. In the presence of thiols, such as
cysteine, the absorption and emission band shifted to 479 and
540 nm, respectively. Correspondingly, the color of the probe
solution changed from purple to yellow, and the fluorescence
changed from red to yellow. The emission intensity at 540 nm
was enhanced by 140-fold. The Stokes shift of probe 1 (107
nm) is much larger than the unsubstituted DPP fluorophore
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(56 nm). Mass spectral analysis demonstrated that besides the expected Michael addition of thiols to the C=C bonds, the CN
groups of the malonitrile moieties also react with thiols to form 4,5-dihydrothiazole structure. Probe 1 was used for fluorescence
imaging of intracellular thiols. In the presence of thiols, both the green and red channel of the microscopy are active. With
removal of the intracellular thiols, signal can only be detected through the red channel; thus, ratiometric bioimaging of
intracellular thiols was achieved. The ratiometric response of probe 1 was rationalized by DFT calculations. Our complementary
experimental and theoretical studies will be useful for design of ratiometric/colorimetric molecular probes.

1. INTRODUCTION

Thiols such as cysteine (Cys), homocysteine, glutathione,
peptides, and proteins are important for biological science;
thus, selective detection of thiols is important." Fluorescence
molecular probes have been developed for this purpose because
of the high sensitivity and high temporal and spatial resolution
of this method.'™"* Several factors are crucial for successful
molecular probe design, such as the appropriate binding site
(recognition site), the fluorophore, and the fluorescence
transduction mechanism, etc.'"'~'* Various fluorophores have
been used for fluorescence thiol sensors,’ such as rhodamine,*®
ﬂuorescein,16 and BODIPY, etc.*>'"'® The typical fluorescence
transduction mechanism is photoinduced electron transfer
(PET)." However, we noticed some challenges for the
development of fluorescent thiols probes." (1) Most of the
thiols probes show a fluorescent OFF—ON switching effect.
However, ratiometric or colorimetric probes are more desired
in order to eliminate the influence of probe concentration on
quantification.'” (2) The fluorophores used for thiol probes are
limited to coumarin, fluorescein, rhodamine, or BODIPY.!
Probes based on other fluorophores were rarely reported. On
the other hand, diketopyrrolopyrrole (DPP) is a robust
chromophore®®™® and has been widely used in electromaterials
such as organic semiconductors,*’ photovoltaics,?‘sf32 and two-
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photon absorption materials,>*** but its application in
fluorescent molecular probes is very rare.*>*® (3) Some new
sensing mechanisms for thiol probes, such as Michael addition,
have been developed, but most of these probes use coumarin as
the fluorophore;>”~*° thus, much room is left to fully explore
this new sensing mechanism with other fluorophores to
improve the photophysical properties of the probes, such as
achieving longer emission wavelength, etc. Furthermore, all of
the thiol probes based on Michael addition are colorimetric or
fluorescence OFF—ON probes,"*'¥***! and no thiol probes
have been developed to combine the ratiometric and
colorimetric fluorescence transductions.

In order to address the above limitations, herein we use DPP
as the fluorophore for thiol probes. In order to design the
ratiometric/colorimetric probe, we devised probe 1 (Scheme
1), in which DPP was used as the fluorophore and the
malononitrile moiety was introduced. Previously, DPP was only
used as the fluorophore for F~ anion and pH sensors.*>*® To
the best of our knowledge, this is the first molecular probe with
DPP as the fluorophore to recognize bioactive small organic
molecules. The probe is red-emitting. In the presence of thiols,
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Scheme 1. Synthesis of the Thiol Probe 1
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“Key: (i) Na, FeCl,, tert-amyl alcohol, 100 °C, 24 h, 80%; (ii) potassium tert-butoxide, 1-bromobutane, DMF, 60 °C, 12 h, 40%; (iii) THF, 2 M HC,

60 °C, 2 h 75%; (iv) malononitrile, Al,O,;, CH,Cl,, rt, 30 min, 78%.

such as Cys, yellow emission was observed and the emission
intensity was greatly intensified. Furthermore, the solution
color of the probe changed from purple to yellow. Thus, the
probe simultaneously displays the colorimetric and ratiometric
signal transduction. The probe is highly selective toward thiols,
and the sensing mechanism, ie, multiaddition of the thiol
molecules to the C=C double bond and the —CN group, was
demonstrated by mass spectral analysis. The photophysical
properties of the probe, such as UV—vis absorption and
fluorescence emission, as well as the ratiometric and the
colorimetric signal transduction, were fully rationalized by DFT
calculations on the excited states of the fluorophores. We found
that the phenyl substituent is in 7-conjugation with the DPP
fluorophore core; this finding will be useful for future design of
molecular probes based on DPPs.

2. RESULTS AND DISCUSSION

2.1. Design and Synthesis of Probe 1 Based on DPP
Fluorophore. To the best of our knowledge, DPP has rarely
been used as a fluorophore for fluorescent molecular
probes. 35,36 Recently, it was shown that the DPP-based
chromophore can be used for detection of fluoride anions.>
Inspired by elegant development of the thiol probes based on
Michael addition,"'®"® herein we devised probe 1 (Scheme 1),
with the intention of obtaining a ratiometric probe because
addition of thiols to the C=C double bonds will reduce the
electron withdrawal effect of the malonitrile moiety; thus, the
UV—vis absorption and emission of chromophore may move to
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Figure 1. UV—vis absorption spectra of probe 1 and the unsubstituted
fluorophore DPP (1.0 X 10~ mol dm™). In CH;CN/H,0 mixed
solvent (4/1, v/v), 25 °C.

a shorter wavelength. 4-Cyanobenzaldehyde was used as the
starting material for the preparation, with the aldehyde group
protected by ethylene glycol. Deprotection by HCl leads to the
intermediate with biformyl structure. Condensation with
malonitrile, under the catalysis of Al,O; gave the probe 1,

which was obtained in satisfying yield (78%) (Scheme 1). It
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Figure 2. Emission spectra and excitation spectra of probe 1 and DPP.
1.0 X 10~° mol dm™ of the compounds in CH;CN/H,0 (v/v=4/1),
25 °C.

should be pointed out that Al,O; is an efficient catalyst for the
condensation reaction.

2.2. Electronic Spectroscopy of the Probe. The UV—
vis absorption spectra of the probe and the unsubstituted
fluorophore DPP were compared (Figure 1). DPP shows
absorption at 461 nm (¢ = 16100 M~ cm™). For probe 1,
however, the absorption band is red-shifted to 523 nm (& =
13500 M~ cm™"). The red-shift of the absorption band is due
to the extended 7-conjugation framework of probe 1 vs DPP.
The absorption band in the visible region is due to the 7—n*
transition localized on DPP fluorophore. This assignment is
supported by the theoretical calculation based on the density
functional theory (DFT, see the later section).

The emission and excitation of the compounds were studied
(Figure 2). DPP shows an excitation peak at 467 nm and an
emission band at 523 nm, respectively. Interestingly, probe 1
shows much red-shifted excitation and emission bands at 559
and 666 nm, respectively. The emission quantum yield of probe
1 (@ = 1.5%, in CH;CN/H,O (4:1, v/v)) is much smaller
than that of DPP (® = 75% in CH;CN/H,O (4:1, v/v)), but
the emission of probe 1 is much stronger in ether (@ = 65%).

Probe 1
|Probe 1 I + Cys

1.0- :
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Figure 4. UV—vis absorption of probe 1 before and after addition of
Cys. In mixed solvent of CH;CN/H,O (4:1, v/v). ¢ (probe 1) = 1.0 X
1075 mol dm™, ¢ (Cys) = 2.0 X 107> mol dm™, 37 °C.

The Stokes shift of probe 1 is 107 nm, much larger than the
Stokes shift of DPP (56 nm).

It is known that the emission wavelength of a D—7—A
chromophore is sensitive to the polarity of the solvent; i.e., the
emission wavelength will show a red-shift in more polar
solvents.’ Such a polarity-dependent emission wavelength is
detrimental to the application of ratiometric fluorescence
probes in vivo, for which the polarity of the microenvironment
is uncontrollable. Thus, the absorption and the emission of
probe 1 in solvents with different polarity were studied (Figure
3). The UV—vis absorption spectra show minor variations in
different solvents (Figure 3a). For the fluorescence spectra,
generally the emission intensity decreased in polar solvents;°
however, the emission band did not show any shift. The UV—
vis absorption and the fluorescence of the fluorophore DPP
were also studied, and similar results were observed (Figure
$10, Supporting Information). This solvent polarity-independ-
ent emission wavelength will be ideal for construction of
ratiometric fluorescent molecular probes.

2.3. Spectroscopic Response of Probe 1 to Thiols.
The change of the UV—vis absorption of probe 1 in the
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Figure 3. UV—vis absorption and fluorescence spectra of probe 1 in different solvents: (a) UV—vis absorption and (b) fluorescence spectra of 1 (4,

= 496 nm). ¢ (probe 1) = 1.0 X 10~ mol dm™, 25 °C.
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Figure 5. Fluorescence emission spectra of probe 1 in the presence of thiols in different solvents: (a) emission of probe of 1 before and after addition
of Cys (4 = 490 nm). In mixed solvent of CH;CN/H,O (4:1, v/v). (b) emission spectra (4, = 490 nm) of probe 1 before and after addition of 3-
mercaptopropionic acid (MPA). In CH;CN. ¢ (Probe 1) = 1.0 X 10> mol dm™, ¢ (Cys or 3-mercaptopropionic acid) = 2.0 X 107> mol dm™3, 37
°C.

Table 1. Photophysical Parameters of the Probe 1 upon
Reaction with Cys

Aabs Aex @

(nm)  e/M'em™' (nm) (nm) ®* 7 (ns)
1 523 1.35 x 10* 559 666 0.015 625
1+ Cys 479 1.22 x 10* 515 540 0177 437

“Quantum yield of fluorescence in CH;CN/H,O (4:1, v/v), with
quinine sulfate as the standard (® = 0.54 in 0.05 M H,SO,).
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Figure 6. Ratiometric response of probe 1 to different analytes with
emission intensiy ratio at 540 and 666 nm. In mixed solvent of
CH,CN/H,0 (4:1, v/v). ¢ (probe 1) = 1.0 X 10™° mol dm™, 37 °C.
Inset: recognition kinetics of the probe in the presence of Cys.

presence of Cys was studied (Figure 4). In the presence of Cys,
the absorption band at 523 nm decreased and a new absorption
band at 479 nm developed. Moreover, the absorption band of
probe 1 at 337 nm decreased, and a new band at 275 nm
developed. The blue-shift of the absorption bands are attributed
tentatively to the addition reaction of Cys to the C=C bond of
the probe, thus reducing of the z-conjugation framework.
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Along with the change of absorptions, the color of probe 1
solution was changed from purple to yellow. Compound 1 can
be described as a colorimetric probe. A similar response was
found for mercaptopropanoic acid and homocysteine (Figure
S11, Supporting Information). No response was found for 1
toward nonthiol substrates, such as glutamic acid and ascorbic
acid, etc.

The emission changes of the probe in the presence of Cys
were studied (Figure Sa). Probe 1 gives weak red emission at
666 nm. In the presence of Cys, a new emission band at 540
nm developed, and the emission intensity at 540 nm was
enhanced by 140-fold. Correspondingly, the emission color of
the solution changed from deep red to light-yellow. Thus, 1 is a
ratiometric probe. To the best of our knowledge, thiol probes
that show the simultaneous ratiometric and colorimetric spectral
changes are rarely reported,® and this is the first ratiometric
fluorescent thiol probe that is based on fluorophore other than
coumarin. Recently, ratiometric thiol probes based on coumarin
chromophore were reported, but the emission band was at blue
region."”**  Although colorimetric thiol probes based on
coumarin fluorophore were reported,®”*® the probe showed a
fluorescence OFF—ON effect, not ratiometric fluorescence
changes. Probe 1 shows two emission bands in the presence of
Cys (Figure Sa), which is proposed on the basis of the reaction
product with thiol (for the putative mechanism, see Figure 7).

We noticed that the red emission of probe 1 in protic
solvents is weak, but the emission in the presence of Cys is
much stronger (Figure Sa). However, we propose that this
result does not necessarily mean that the probe can not be used
in biological media because the probe may enter the nonprotic
hydrophobic micropocket, and then the red-emission and the
yellow emission may become more balanced. Balanced
emission at two different wavelengths is useful for the
ratiometric sensing. Therefore, as a proof of concept, we
studied the recognition of thiols with probe 1 in nonprotic
solvents (acetonitrile, 3-mercaptopropionic acid was used in
stead of Cys, due to the low solubility of Cys in CH;CN)
(Figure Sb). More balanced emission at 558 and 663 nm was
observed.

The change of the photophysical properties of probe 1 in the
presence of Cys were presented in Table 1. It was found the

dx.doi.org/10.1021/j0201487m1J. Org. Chem. 2011, 76, 9294—9304
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Figure 7. Proposed recognition mechanism of probe 1 toward thiols. (a) Addition of thiols to the probe, demonstrated by Cys. The molecular
structures were derived from the mass spectral analysis of the reaction mixtures. (b) TOF-HRMS of 1 upon addition of Cys after 360 min. In
CH,CN/H,0 (4:1,v/v). c(probe 1) = 1.0 X 107> mol dm™, ¢(Cys) = 2.0 X 107> mol dm™, 37 °C. C1 (1 + 4Cys), [(C4sHs,N30,,S, — 2H)*7/2]
caled 500.1193, found 500.1183; C2 (1 + 3Cys), (C43H,3N,04S;7) caled 881.2335, found 881.2283; C3 (1 + 2Cys), [(C4eH36NgOS, — H) 7] caled

calcd 760.2138, found 760.2109.

fluorescence quantum yield was increased by 11-fold in the
presence of Cys. The blue shift of the emission band is up to
126 nm, which leads to vivid color change of the emission.
The ratiometric responses of the probe toward different
analytes are summarized in Figure 6. Probe 1 gives a strong
response toward small thiol molecules, such as Cys,
mercaptopropionic acid, and homocysteine. No significant
responses were found for other analytes. For example, the
fluorescence enhancement of probe 1 in the presence of
cysteine is ca. 140-fold. The ratiometric response (Issonm/Lssenm
values, where Iy, and I¢4,, are the emission intension at 540
and 666 nm in the presence of thiols) is up to 6.8 for Cys. For
other biologically related molecules, such as alanine, etc., the
response is much smaller (Figure 6). Remarkable responses
were observed in the presence of thiols such as 3-
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mercaptopropionic acid or homocysteine. The detection limit
of probe 1 for Cys is determined as 6.02 X 10~ mol dm™.

2.4. Sensing Mechanism of Probe 1 Toward Thiols.
Initially, we anticipated the normal Michael addition reaction of
thiols with probe 1, ie, addition of the thiols to the C=C
double bonds.*’~* However, mass spectral analysis of the
reaction mixture of the probes with Cys reveals a rather
complicated mixture (Figure 7). On the basis of the mass
spectra, we propose that up to four Cys molecules can be added
to the probe molecule; thus, we propose that the CN group
also reacts with Cys. A similar reaction was observed for a
polythiophene thiol probe.*’

2.5. Rationalization of the Colorimetric and Ratio-
metric Fluorescence Response of Probe 1 toward
Thiols. Recently, theoretical calculations have been used for

dx.doi.org/10.1021/j0201487m1J. Org. Chem. 2011, 76, 9294—9304
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Table 2. Selected Parameters for the Vertical Excitation (UV—vis Absorptions) and the Fluorescence Emission of Probe 1

TDDFT//B3LYP/6-31G(d)

. e b
electronic transitions

excitation energy (eV)

absorption So—S; 1.88 (660 nm)
So—S, 3.39 (366 nm)
emission” $—=S 1.45 (852 nm)

f compositiond CI°
0.8781 H-L 0.7082
0.9568 H-6->L 0.1193

H4->L 0.3613

H2-L 0.4753

H-1->L+1 0.1157

1.1787 L->H 0.7101

“Electronic excitation energies (eV) and oscillator strengths (f), configurations of the low-lying excited states of the probe 1. Based on the optimized
geometries of the ground state and singlet excited state (S;). Acetonitrile was used as solvent in all of the calculations. Calculated by TDDFT at the

B3LYP/6-31G(d) level

Only selected excited states were considered. The numbers in parentheses are the excitation energy in wavelength.

“Oscillator strength. 9H stands for HOMO and L stands for LUMO Only the main configurations are presented. “Coefficient of the wave function
for each excitations. The CI coefficients are in absolute values. Note the calculation of the emission by TDDFT methods gives the information for

the S;— S, transition.

-3.66 eV
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Figure 8. Frontier molecular orbitals (MOs) involved in the vertical
excitation (i.e, UV—vis absorption, the left two columns) and the
emission (right column) of probe 1. Acetonitrile was used as solvent
for the calculations. The vertical excitation are based on the optimized
ground-state geometry (S, state, Franck—Condon principle) and the
emission-related calculations were based on the optimized excited state
(S, state, Kasha’s rule) at the B3LYP/6-31G(d)/level using Gaussian
09W. Note the energy levels of the HOMO and LUMO at the S, state
are different from that at the S, state. IC stands for internal conversion,
and CT stands for conformation transformation. Excitation and
radiative processes are marked as solid lines, and the nonradiative
processes are marked by dotted lines. Only selected MOs of the
transitions are presented; for details, see Table 2.

the study of molecular probes.*””**~* Previously, we used
density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations for study of the fluorescence trans-
duction of molecular probes.*””***® In principle, the new
concept we developed is to use excited state, rather than the
molecular orbitals, to study the absorption/emission properties
of the molecular probes. Herein we used DFT and TDDFT
methods for study of the spectral transduction of probe 1 upon
recognition of thiols, i.e, the colorimetric and the ratiometric
fluorescence response of the probes in presence of thiols. We
found that the blue-shift of UV—vis absorption and the
fluorescence in the presence of thiols can be predicted by the
TDDFT calculations, based on the ground-state and the
excited-state geometries of the compounds, respectively.

9299

Furthermore, we found that the biphenyl moieties in the
probe are in 7-conjugation with the DPP core.

First, the ground-state geometry of probe 1 was optimized.
The phenyl ring is tilted by about 29° toward the DPP core.
The malonitrile moiety is coplanar with the phenyl moiety. The
UV—vis absorption of probe 1 was calculated with the TDDFT
method based on the optimized S, state geometry. The
calculated absorption of probe 1 is at 659 nm, and HOMO—
LUMO is the main component of the S;—S, transition (Table
2). HOMO is localized on the DPP core, and the LUMO is
more distributed on the malonitrile moiety. Thus, the S;—S;
transition can be described as an intramolecular charge-transfer
(ICT) process. The discrepancy between the calculated
absorption wavelength and the experimental results is in line
with the known fact that the DFT calculations usually
underestimate the excitation energy for the transitions with
remarkable ICT character.**°

In order to study the emission of probe 1, the geometry of
the lowest lying singlet excited state (S; state, which is
responsible for fluorescence, Kasha’s rule) was optimized. The
HOMO/LUMO at the S; geometry were presented (Figure 8;
note that the MOs will change at different geometries). We
found that there is geometry relaxation at the S, state compared
to the S, state geometry. For example, the dihedral angle
between the DPP core and the peripheral phenyl ring is 29° at
the S, state. At the S, state, however, the dihedral angle
decreased to 21°. Furthermore, the LUMO energy level at the
S, state is much lower than that at the S state, and the HOMO
energy level at the S, state is higher than that at S, state
geometry. The emission transition is basically a CT process;
thus, the discrepancy between the calculated emission wave-
length (852 nm) and the experimental observations (666 nm)
is within expectations.*>

Similarly, the molecular geometry, the UV—vis absorption
and fluorescence emission of the adduct of the probe with Cys
were studied (Figure 9 and Table 3). The peripheral phenyl
ring of the adduct takes a similar dihedral angle toward the DPP
core of 31°. The calculated absorption wavelength of the probe
1-Cys adduct is at 497 nm, which is very close to the
experimentally observed 479 nm (Figure 2). We found that
compared to the probe, the Sy— S, transition of the thiol adduct
is more localized on the DPP chromophore core.

The geometry of the S, state of the probe 1—Cys adduct was
optimized, and we found a geometry relaxation at the S, state;
i.e,, the dihedral angle between the phenyl ring and the DPP
core decreased from 31° (ground state) to 19°. Thus, the

dx.doi.org/10.1021/j0201487m1J. Org. Chem. 2011, 76, 9294—9304
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Figure 9. Frontier molecular orbitals (MOs) involved in the vertical excitation (i.e., UV—vis absorption, the left two columns) and emission (right
column) of the 1-Cys adduct (C-1 in Figure 7, R groups are simplified as H to reduce computation time). Acetonitrile was used as the solvent. The
vertical excitation related calculations were based on the optimized ground-state geometry (S, state, Franck—Condon principle); the emission related
calculations were based on the optimized excited state (S, state, Kasha’s rule); IC stands for internal conversion and CT stands for conformation
transformation. Excitation and radiative processes are marked as solid lines and the nonradiative processes are marked by dotted lines. Only selected
MOs are presented; for details see Table 3. All calculations were carried out at the B3LYP/6-31G(d) level using Gaussian 09W.

Table 3. Selected Parameters for the Vertical Excitation (UV—vis Absorptions) and the Fluorescence Emission of the Probe 1—
Cys Adduct”

TDDFT//B3LYP/6-31G(d)

electronic transitions” excitation energy (eV) f compositiond Cr°
absorption So—S) 2.50 (497 nm) 0.6605 H-L 0.7071
So—=S1o 4.55 (273 nm) 0.4790 H-10 - L 0.1218
H-5 - L+1 0.1604
H - L+6 0.4519
H - L+8 0.4565
emission © S,—S, 1.97 (628 nm) 0.8456 L->H 0.7105

“Electronic excitation energies (eV) and oscillator strengths o, configurations of the low-lying excited states. Calculated by TDDFT//B3LYP/6-
31G(d), based on the optimized ground-state geometries and the optimized singlet excited state (S,). Acetonitrile was employed as solvent in all of
the calculatlons Only selected excited states were considered. The numbers in parentheses are the excitation energy in wavelength. “Oscillator
strength. “H stands for HOMO and L stands for LUMO Only the main configurations are presented. “Coefficient of the wave function for each
excitations. The CI coefficients are in absolute values.”Note that the calculation of the emission by TDDFT methods gives the information of S,—§,
transition.

molecular backbone is more coplanar at the excited state. The also studied the absorption and the fluorescence emission
calculated emission wavelength is 628 nm. Despite the properties of the unsubstituted fluorophore DPP (Figure 10
discrepancy between the theoretically predicted value and the and Table 4). The theoretically predicted absorption band at
experimental result, the trend is clear; that is, with addition of 477 nm is in good agreement with the experimental observation
Cys to the probe, the UV—vis absorption and emission were at 461 nm. The calculated emission band at 600 nm is red-
predicted to move to the higher energy region of the spectrum, shifted by ca. 80 nm compared to the experimental results.
in line with the experimental results. Furthermore, the frontier Despite of the discrepancy between the calculation and the
molecular orbitals indicate that the phenyl groups are in 7- experimental results, the DFT/TDDFT calculations clearly
conjugation with the DPP chromophore. These results may be predicted the blue shift of the absorption and fluorescence of
helpful for design ratiometric fluorescent molecular probes and probe 1 upon interaction with thiols, i.e., the colorimetric and
probes or fluorescent dyes based on DPP core. ratiometric fluorescence changes. Previously, the fluorescence
In order to validate the DFT calculations on the UV—vis OFF—ON switching effect was predicted by DFT/TDDFT
absorption and the fluorescence of the probe 1—Cys adduct, we calculations.*””***! To the best of our knowledge, however,
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Figure 10. Frontier molecular orbitals (MOs) involved in the vertical
excitation (i.e., UV—vis absorption, the left two columns) and emission
of diphenyl diketopyrrolopyrrole (DPP) (right column). Acetonitrile
was used as the solvent for the calculations. The vertical excitation
related calculations were based on the optimized ground-state
geometry (S, state, Franck-Condon principle), and the emission
related calculations were based on the optimized excited state (S, state,
Kasha’s rule). Note that the energy levels of the HOMO and LUMO
at S, state are different from that at the S, state. IC stands for internal
conversion, and CT stands for conformation transformation.
Excitation and radiative processes are marked as solid lines, and the
nonradiative processes are marked by dotted lines. Only selected MOs
are presented; for details, see Table 4. Calculations were carried out at
the B3LYP/6-31G(d)/ level using Gaussian 09W.

this is the first time that the colorimetric and the ratiometric
fluorescence transduction of the molecular probes were studied
by the DFT/TDDFT calculations.

The probe 1 was used for fluorescent bioimaging of
intracellular thiols (Figure 11). We found that with incubation
of MDA-231 cells with probe 1, both the green channel (Figure
11e) and the red channel (Figure 11f) of the microscope are

active, and a yellow image was observed (Figure 11h). With
removal of the intracellular thiols by N-methylmaleimide, only
the red channel is active (Figure 11j) and red emission was
detected (Figure 11i). It should be pointed out that ratiometric
fluorescent thiol probes are rarely reported.'”** The known
ratiometric thiol probes gives emission change at shorter
wavelength range than probe 1. For example, emission changed
from green to blue color in the presence of thiols."”**

2.6. Conclusions. A colorimetric and ratiometric fluores-
cent thiol probe was designed with diketopyrrolopyrrole (DPP)
as the fluorophore, which shows absorption at 523 nm and a
deep red emission at 666 nm. The Stokes shift of the probe
(107 nm) is larger than that of the diphenyl DPP fluorophore
core (56 nm). In the presence of thiols, the absorption and the
emission peaks show 44 and 126 nm blue-shift, respectively.
The emission intensity at 540 nm was enhanced by 140-fold in
the presence of Cys. Correspondingly, the color of the probe
solution changed from purple to yellow, and the fluorescence
changed from deep red to yellow upon interaction with thiols.
Mass spectra analysis demonstrated that the recognition is
based on the Michael addition of thiols to the C=C bond, as
well as the —CN groups. To the best of our knowledge, this is
the first DPP-based molecular probe to recognize small
bioactive organic molecules, and this is also the first thiol
probe based on the malonitrile/Michael addition mechanism
that show the simultaneous colorimetric and the ratiometric
fluorescence changes. The colorimetric and the ratiometric
fluorescence changes of the probe 1 upon reaction with thiols
were fully rationalized by DFT/TDDFT calculations, based on
optimized ground-state (S,) and excited-state (S;) geometries
(calculation of the absorption and emission wavelengths).
Furthermore, we found the emission wavelength of DPP
fluorophore is independent of the solvent polarity, which is
ideal for fluorophore to construct ratiometric fluorescent
molecular probes. The probe was used for fluorescence imaging
of intracellular thiols. Both green and red channels can be used
for detection of intracellular cells. Without intracellular thiols,
only red channel is active. Our complementary experimental
and theoretical study will be useful for design of ratiometric and
colorimetric molecular probes.

Table 4. Selected Parameters for the Vertical Excitation (UV—vis Absorptions) and the Fluorescence Emission of Diphenyl

Diketopyrrolopyrrole (DPP). ¢

TDDFT//B3LYP/6-31G(d)

electronic transitions” excitation energy (eV) f compositiond CI¢

absorption So—S; 2.60 (477 nm) 0.4710 H -L 0.7079
So—Sg 4.11 (302 nm) 0.3862 H-6 - L 0.5602

H4 - L 0.2922

H2->L 0.2640

H - L+4 0.1586

So—=S1, 4.82 (257 nm) 0.3567 H6 - L 0.1053

H-1 - L+1 02178

H - L+4 0.6747

emission S, =S, 2.07 (600 nm) L—-H 0.7109

“Electronic excitation energies (eV) and oscillator strengths (f), configurations of the low-lying excited states of DPP, based on the optimized
ground-state and the singlet excited-state geometries. Acetonitrile was employed as solvent in all the calculations). Calculated at TDDFT//B3LYP/
6-31G(d) level with Gaussian 09W. hOnly selected excited states were considered. The numbers in parentheses are the excitation energy in
wavelength. “Oscillator strength. 9H stands for HOMO, and L stands for LUMO. Only the main configurations are presented. “Coefficient of the
wave function for each excitations. The CI coefficients are in absolute values. "Note the calculation of the emission by TDDFT methods gives the

information of §y—S§, transition.
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Figure 11. DIC and fluorescence images of living MDA-231 cells. Top panel (a—d): images of the cells without the probe 1. (a) Fluorescence image
of MDA-231 cells from the green channel; (b) fluorescence image of MDA-231 cells from the red channel; (c) DIC image of MDA-231 cells; (d)
overlay of images a, b and c. Middle panel (e—h): fluorescence imaging of the intracellular thiols with probe 1, MDA-231 cells incubated with 10 yM
probe 1 for 60 min at 37 °C. (e) Fluorescence image from the green channel after incubation; (f) fluorescence image from the red channel after
incubation; (g) DIC image of cells after incubation; (h) overlay of images e—g. Bottom panel (i—1): fluorescence images of the MDA-231 cells
pretreated with 1 mM N-methylmaleimide for 60 min at 37 °C and then incubated with 10 M probe 1 for 60 min at 37 °C. (i) Fluorescence image
from the green channel; (j) fluorescence image of from the red channel; (k) DIC image and (1) overlay of images i—k.

3. EXPERIMENTAL SECTION

3.1. General Methods. NMR spectra were recorded on a Bruker
400 MHz spectrometer (CDCI, as solvents, TMS as standard, 5 = 0.00
ppm). High-resolution mass spectra (HRMS) were determined on a
LC/Q-TOF MS system. Melting points were measured on an X-4
microscopic melting point meter. Fluorescence spectra were measured
on a RF5301 PC spectrofluorometer. Fluorescence lifetimes were
measured with a OB920 phosphorescence/fluorescence lifetime
spectrometer. Absorption spectra were recorded on a UV2550 UV/
vis spectrophotometer and an Agilent 8453 UV/vis near-IR
spectrophotometer.

3.2. 3,6-Bis[4-1,3-dioxolan-2-ylphenyl]pyrrolo[3,4-clpyrrole-
1,4-dione (4).°>2 Under argon atmosphere, sodium (1.10 g 48.0
mmol), FeCl; (0.0S g), and dry tert-amyl alcohol (24 mL) were mixed.
The mixture was heated to 100 °C until the sodium disappeared
completely. Then 4-(1,3-dioxolan-2-yl)benzonitrile (4.2 g, 24 mmol)
was added. A solution of diisopropyl succinate (1.94 g, 9.6 mmol) in
dry tert-amyl alcohol (10 mL) was added dropwise during 1 h at 100
°C. After the solution was allowed to stand for 24 h at 100 °C, acetic
acid (10 mL) was added. After the mixture was allowed to stand for 1
h, the precipitate was filtered and washed with hot water and hot
methanol. The red solid was dried under vacuum: yield 4.15 g, 80%;
mp 161.5—162.7 °C. EI-HRMS (C,,H,(N,0¢") calcd 432.1321, found
432.1324. No 'H NMR spectrum was measured due to the poor
solubility of the compound in common organic solvents.

3.2. 2,5-Dibutyl-3,6-bis[4-1,3-dioxolan-2-ylphenyl]lpyrrolo-
[3,4-clpyrrole-1,4-dione (3).>> A mixture of 4 (2.8 g, 6.5 mmol),
potassium tert-butoxide (1.6 g, 13.9 mmol), and dry DMF (80 mL)
was heated to 60 °C, 1-bromobutane (6.5 g, 48 mmol) in DMF (20
mL) was added slowly, and the mixture was stirred at 60 °C for 12 h.
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After the mixture was cooled to room temperature, dichloromethane
(DCM) was added, and then the mixture was washed with water. The
organic layer was dried over anhydrous Na,SO,, and the solvent was
removed under reduced pressure. The product was purified by column
chromatography (silica gel; DCM/ethylacetate, 10/1, v/v) to give 3 as
an orange solid (1.4 g 40%): mp 217.7-219.1 °C; 'H NMR (400
MHz, CDCL,) & 7.82 (d, 4H, ] = 8.0 Hz), 7.64 (d, 4H, ] = 8.0 Hz),
5.89 (s, 2H), 4.06—4.17 (m, 8H), 3.74 (t, 4H, ] = 7.6 Hz), 1.52—1.60
(m, 4H), 1.20—1.30 (m, 4H), 0.84 (t, 6H, J = 7.2 Hz); EI-HRMS
(CyHyeN,04") caled 544.2573, found 544.2571.

3.3. Synthesis of 2,5-Dibutyl-3,6-bis(4-formylphenyl)-
pyrrolo[3,4-c]pyrrole-1,4-dione (2).>> A mixture of 3 (1.2 g 22
mmol), THF (20 mL), and HCI (2 M, 10 mL) was stirred for 2 h at
60 °C. After being cooled to room temperature, DCM (60 mL) was
added, and the mixture was washed with water and dried over Na,SO,.
After filtration, the solvent was removed under reduced pressure, and
the crude product was purified by column chromatography (silica gel;
DCM/ethyl acetate, 10/1, v/v) to give compound 2 (0.75 g, 75%): mp
184.4—186.1 °C; '"H NMR (400 MHz, CDCl,) § 10.10 (s, 2H), 8.03
(d, 4H, J = 8.0 Hz), 7.97 (d, 4H, ] = 8.0 Hz), 3.78 (t, 4H, ] = 7.6 Hz),
1.51-1.59 (m, 4H), 1.21-1.31 (m, 4H), 0.84 (t, 6H, J = 7.2 Hz); EI-
HRMS (CyHsN,0,*) caled 456.2049, found 456.2052.

3.4. Synthesis of 2,5-Dibutyl-3,6-bis(4-malonitrilephenyl)-
pyrrolo[3,4-clpyrrole-1,4-dione (Probe 1). Compound 2 (75 mg,
0.16 mmol), malonitrile (32.5 mg, 0.49 mmol), aluminum oxide
(Catalyst. 80 mg), and dry DCM (10 mL) were mixed. The mixture
was stirred at room temperature for 30 min. After filtration, the solvent
was evaporated, and the crude product was purified by column
chromatography (silica gel; DCM/ethylacetate, 15/1, v/v) to give
probe 1 as a purple solid (68.9 mg, 78%): mp 279.5-281.1 °C; 'H
NMR (400 M Hz, CDCl;) 6 8.07 (d, 4H, ] = 8.4 Hz), 8.00 (d, 4H, ] =

dx.doi.org/10.1021/j0201487m1J. Org. Chem. 2011, 76, 9294—9304
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8.4 Hz), 7.81 (s, 2H), 3.79 (t, 4H, ] = 7.2 Hz), 1.58—1.60 (m, 4H),
1.26—1.31 (m, 4H), 0.87 (t, 6H, J = 7.2 Hz); *C NMR (100 MHz,
CDCl,) 6 162.4, 158.1, 147.3, 133.3, 133.1, 131.3, 129.8, 113.5, 112.5,
111.9, 84.8, 42.3, 31.8, 20.2, 13.8; EI-HRMS (C3,H,sN¢O,") calcd
552.2274, found 552.2267. Anal. Calcd for C3,H,gN,O, (0.25H,0):
C, 73.30; H, 5.15; N, 15.08. Found: C, 73.39; H, 5.003; N, 15.05.

3.5. Theoretical Calculations. All of the calculations were based
on density functional theory (DFT) with B3LYP functional and 6-
31G(d) basis set. Acetonitrile was used as solvent in all calculations
(PCM model). The UV—vis absorption of the compounds (vertical
excitation) were calculated with the TDDFT method based on the
optimized ground-state geometry (S, state, Franck—Condon princi-
ple). For the fluorescence emission, the emission wavelength were
calculated based on the optimized excited states geometry (S, state,
Kasha’s rule) by the TDDFT method. All of the calculations were
performed with Gaussian 09W.>

3.6. Fluorescence Microscopy and Cell-Uptake Studies.
MDA-231 cells were grown in RPMI-1640 medium in an atmosphere
of 5% CO,, 95% air at 37 °C. Cells were incubated on 96-well plate
and allowed to adhere for 24 h. After 24 h, the cells were washed with
PBS (phosphate buffered saline) and then incubated at 37 °C in the
presence of probe 1 (10 M, PBS, pH 7.4) for 60 min. For the control
experiment, the MDA-231 cells were pretreated with 1 mM N-
methylmaleimide in PBS solution (pH 7.4) at 37 °C for 60 min to
eliminate all of the free thiols within the cells. After the cells were
washed with PBS buffer three times, the maleimide-pretreated cells
were incubated at 37 °C in the presence of probe 1 (10 uM, PBS, pH
7.4) for 60 min. Luminescence imaging was performed after the cells
were washed three times with PBS buffer. The luminescence images
were obtained using a Nikon ECLIPSE-Ti confocal laser scanning
microscopy with a 20X objective lens. Green and red luminescence
was excited at 488 nm argon laser. The differential interference
contrast (DIC) and the fluorescence was captured, digitized and
processed with the EZ-C1 Image Examiner software. The images for
the thiol-dependent activation and corresponding maleimide controls
were taken with identical settings. The wavelength range of the filters
used for the microcopy are 515—560 nm for the green channel and
605—680 nm for the red channel, respectively.
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