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Introduction

The development of functional dyes that absorb and emit in
the red visible or near-infrared (NIR) region of the optical
spectrum has received increasing attention in the last
decade. Although there has been considerable interest in
NIR dyes since the early/middle of the last century,[1] from
advances in photography[2] through attempts at optical data
storage[3] and lasing[4] to novel low-noise detection techni-
ques in various analytical methods such as electrophoresis[5]

or immunoassays,[6] research in this area showed a real boost
only with the technological advances in NIR imaging instru-
mentation. Thus, nowadays NIR dyes play a prominent role
in many fields of medicinal chemistry and biotechnology,
ranging from tomography[7] through endoscopic imaging[8]

and tumor diagnostics[9] to drug discovery[10] and nucleic
acid detection.[11] Traditionally, cyanine dyes such as Cy3 or
Cy5 are the most widely used chromophores in these appli-
cations (Scheme 1). However, whereas their absorption
characteristics are very favorable (high molar absorptivi-
ties),[1] their fluorescence quantum yields often do not
exceed moderate values (5–15%). This is basically due to
the flexible (poly)methine chain between the two terminal
moieties that allows photoisomerization in the excited state
to a substantial degree.[12] The synthesis of more-rigid cya-
nines, however, is synthetically demanding[13] and such dyes
occupy only a niche in the above-mentioned applications.

As a promising alternative, borondipyrromethene (BDP)
derivatives have gained strong popularity in these fields
(Scheme 1). BDP dyes can be seen as rigid, cross-conjugated
cyanines (see below) and the majority of BDPs have been
developed to complement or substitute classic fluorophores
such as fluorescein and certain rhodamines, that is, fluoro-
phores of the visible range.[14] Accordingly, many different
examples of BDPs as fluorescent probes, labels, or indicators
have been reported recently.[15,16] BDPs are also frequently
used as building blocks in molecular optoelectronic devices,
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energy-transfer cascades, or multimode switches.[17,18] The
simple BDP core absorbs and emits in the 480–540-nm
region. As the BDP core principally combines the advanta-
geous cyanine properties of high molar absorptivity and
narrow band shapes with high fluorescence yields (typically
>50%), various research groups have strived to obtain
BDP derivatives for the wavelength range beyond
600 nm.[19–22] On the basis of our efforts in this direction,[20–22]

we present herein the synthesis and characteristics of the
newly designed borondipyrromethene (BDP) and borondiin-
domethene (BDI) dyes 1–4, for which the chromophoric
p system is elongated by either one or two (dimethylami-
no)styryl groups (Scheme 2). Dyes 1–4 are further equipped
with different functional groups in the meso position, hence
allowing us not only to study the spectroscopic characteris-
tics of the chromophoric cores themselves but also to obtain
additional insight into selected aspects of signaling chemis-
try. The dyes collected in Scheme 3 were employed as model
compounds at various stages of the work.

Results and Discussion

Synthesis

Compounds 1–4 were prepared by condensation of 4-dime-
thylaminobenzaldehyde with borondipyrromethenes 6,[18]

7,[23] or 10[20] (Scheme 3), in the presence of piperidinium
acetate as a catalyst.[21] Interestingly, condensation of 4-di-
methylaminobenzaldehyde with 7 gave products 2 and 3 si-
multaneously. After short reaction times (e.g. 15 h) the
asymmetric compound 2 was separated as the main product;
when the reaction time was extended to 1 week, compound
3 was dominant. Notably, under reflux conditions the
bicycloACHTUNGTRENNUNG[2.2.2]octadiene group in 10 was converted into a
benzene ring through a retro-Diels–Alder reaction and gave
conjugated compound 4 as the primary product.

Crystal Structure of 1

Cell parameters and refinement details for compound 1 are
summarized in Table 1. Figure 1 shows a perspective view of
the molecular conformation of 1. The average bond lengths
for B�N and B�F and the average N�B�N and F�B�F
angles indicate a tetrahedral BF2N2 configuration and are in
good agreement with previously published data.[20,24] The
bond length C16�C17 is 1.332(3) Q, indicating a double
bond in the trans conformation. The C10–C15 aryl ring is
virtually perpendicular to the indacene plane (dihedral
angle of 82.58). The C18–C23 aryl ring and the C16=C17
bond are essentially coplanar (dihedral angle is 0.678). The
styryl group is also only slightly twisted by 58 out of the
plane of the main BDP core, suggesting efficient conjuga-
tion within the entire chromophore. The nitrogen atoms of
both dimethylamino groups show only negligible pyramidali-
zation, and the sum of the dihedral angles at N3 and N4 is
3548. The lone pairs of electrons are thus in conjugation
with the short N3�C13 and N4�C21 bonds (average value:

Abstract in Chinese:

Scheme 2. Long-wave absorbing and emitting dyes studied in this work.

Scheme 1. Chemical structures of the popular cyanine labels Cy3 and
Cy5 and the BDP core.
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1.322(3) Q) of the aryl and
styryl groups, respectively.
There are no p–p stacking in-
teractions between the asym-
metrical molecules in com-
pound 1.

Absorption and Fluorescence
Spectroscopy of 1–4

To gain insight into their photo-
physical properties, the red and
NIR emitting dyes 1–4 were in-
vestigated by absorption as well
as steady-state and time-re-
solved fluorescence spectrosco-
py in a variety of solvents of
different polarity (Table 2). The
solvatochromism and/or solva-
tokinetics of model compounds
5, 6, 8, and 9 were previously
studied by us,[20,21,25] and the rel-
evant data are included in the
Supporting Information for a
better comparison. The spectro-
scopic properties of the other
model compounds have been
determined in selected solvents
and for specific comparisons.

The absorption maxima of
the mono(dimethylamino)sty ACHTUNGTRENNUNGryl-substituted BDPs 1 and 2
are centered at approximately 600 nm, about 100 nm further
to the red than simple BDP dyes such as 5, and show only a

Scheme 3. Model compounds used in the work.

Table 1. Crystallographic data and structure refinement for 1.

Formula C30H33BF2N4

FW 498.41
T [K] 293 (2)
Crystal system Monoclinic
Space group P21/c
a [Q] 19.299(4)
b [Q] 6.5714(14)
c [Q] 21.040(5)
a [8] 90
b [8] 97.179(5)
g [8] 90
V [Q3] 2647.4(10)
Z 4
1calcd [g cm�3] 1.250
F (000) 1056
Crystal size [mm] 0.24R0.26R0.30
m [cm�1] 0.084
l [Q] 0.71073
2qmax [8] 26.0
Reflections collected 5173
Reflections observed/ACHTUNGTRENNUNG[I>2s (I)] 3258
Parameters 339
R1 (on F) [I>2s (I)] 0.043
wR (all) 0.1301
Goodness of fit 0.991
Largest difference peak and hole [eQ�3] 0.17 and �0.20

Figure 1. ORTEP plot of 1 with thermal ellipsoids drawn at the 30%
probability level. Selected bond lengths (Q) and angles (8): F1–B1
1.356(3), F2–B1 1.351(3), N1–B1 1.471(3), N2–B1 1.483(4), N1–C1
1.266(3), N2–C9 1.284(3), N1–C4 1.348(3), N2–C6 1.338(3), C16–C17
1.332(3); N1–B1–N2 106.4(2), F1–B1–F2 108.9(2).
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slight red shift with increasing solvent polarity (Figure 2).
Similar features have been found for the BDI chromophore.
For instance, 4 absorbs at 689 nm in diethyl ether, whereas
the band maximum of 9 is found at 598 nm in that solvent.
Upon introduction of the second (dimethylamino)styryl arm
from 2 to 3, the absorption maxima are further displaced by
about 100 nm to the red (Figures 2 and 3). Besides these
spectral characteristics, a broadening of the lowest-energy
absorption band as a function of solvent polarity is noticed
for 1–4 (Figures 2 and 3). For instance, the width at half

maximum (fwhm) increases
from 960/1010/910/960 cm�1 to
1780/1950/1710/1500 cm�1 for
1–4 upon going from hexane to
acetonitrile. However, regard-
less of solvent polarity and
spectral broadening, the poly-
methine nature of the BDP and
BDI chromophores is manifest-
ed in the molecular C�C frame
vibration of about 1300 cm�1

that is typical for cyanine
dyes.[26] Furthermore, although
the width of the spectrum in-
creases with solvent polarity,
the concomitant reduction in
molar absorptivity (Table 2)
leads to virtually unchanged in-
tegrals of the lowest-energy ab-
sorption bands or oscillator
strengths. The nature of the
states involved in the absorp-
tion process thus does not
change with solvent polarity.
The bathochromic shifts men-
tioned above are reminiscent of
the “vinylene shift” of polyme-
thine dyes[12] and indicate the
extension of the auxochrome.

The generally preserved shape and the polarity-induced
broadening further suggest that charge-transfer character is
admixed to the polymethine nature.

Whereas the shifts in absorption are on the order of
�5 nm, the fluorescence bands show a more pronounced
solvatochromism, entailing differences between hexane and
acetonitrile D~nem

max ACHTUNGTRENNUNG(hex�MeCN) of about 2850 cm�1 for 1
and 2, 1650 cm�1 for 3, and 920 cm�1 for 4. At the same
time, the Stokes shift increases for all the dyes with solvent
polarity (Table 2). Figure 2 shows that, especially for 1 and

Figure 2. Absorption (A) and fluorescence (F) spectra of 1 (top) and 2
(bottom) in acetonitrile (c) and hexane (a) at 298 K.

Figure 3. Absorption (A) and fluorescence (F) spectra of 3 (top) in aceto-
nitrile (c) and hexane (a) and 4 (bottom) in acetonitrile (c) and
diethyl ether (a) at 298 K.

Table 2. Spectroscopic and photophysical properties of 1–4 in various solvents at 298 K.

Solvent labs log emax lem D~nabs�em Ff tf kr knr

[nm] [nm] ACHTUNGTRENNUNG[cm�1] [ns] ACHTUNGTRENNUNG[108 s�1] ACHTUNGTRENNUNG[108 s�1]

1 MeOH 594 4.83 699 2700 0.10 0.62 1.6 14.5
MeCN 595 4.84 719 3080 0.05 0.33 1.5 28.8
CH2Cl2 601 4.89 672 1920 0.68 3.40 2.0 0.9
THF 597 4.95 661 1810 0.65 3.22 2.0 1.1
Et2O 591 4.96 632 1270 0.78 3.62 2.2 0.6
Bu2O 593 4.98 623 850 0.84 3.67 2.3 0.4
hexane 590 n.d.[a] 604 380 0.78 3.56 2.2 0.6

2 MeOH 608 4.77 738 3100 0.04 0.27 1.5 35.6
MeCN 609 4.79 758 3420 0.05 0.33 1.4 28.9
CH2Cl2 618 4.79 711 2240 0.45 2.61 1.7 2.1
THF 612 4.83 700 2190 0.43 2.42 1.8 2.4
Et2O 605 4.88 666 1640 0.52 2.93 1.8 1.6
Bu2O 608 4.89 650 1150 0.64 2.95 2.2 1.2
hexane 606 n.d.[a] 627 600 0.28 1.50 1.9 4.8

3 MeOH 705 4.82 791 1640 0.07 0.60 1.2 15.4
MeCN 711 4.82 807 1690 0.10 0.83 1.2 10.9
CH2Cl2 718 4.86 784 1240 0.29 1.58 1.8 4.5
THF 709 4.93 762 1040 0.29 1.62 1.8 4.4
Et2O 697 4.97 736 810 0.36 2.20 1.6 2.9
Bu2O 699 4.96 732 650 0.50 2.38 2.1 2.1
hexane 693 n.d.[a] 712 410 0.45 2.68 1.7 2.1

4 MeOH 691 4.85 732 850 0.20 1.63 1.2 4.9
MeCN 693 4.84 741 980 0.24 2.20 1.1 3.5
CHon 703 4.89 739 740 0.28 2.20 1.3 3.3
THF 697 4.90 726 620 0.30 2.37 1.3 2.9
Et2O 688 4.97 709 480 0.39 2.81 1.4 2.2
Bu2O 690 4.96 709 410 0.45 2.88 1.6 1.9
hexane 685 n.d.[a] 697 250 0.35 3.30 1.1 2.0

[a] Not determined due to low solubility. THF= tetrahydrofuran, CHon=cyclohexanone.
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2, the typical mirror-image relationship of BDP absorption
and emission is lost as a function of solvent polarity. In ac-
cordance with our recent findings on 8,[21] these observations
can be attributed to the activation of an excited-state intra-
molecular charge-transfer (ICT) process. However, the ICT
in the title dyes is rather moderate when compared to those
of the related merocyanine or styryl dyes such as DCM or
BTC (Scheme 3), which have a strong ICT character (D~nem

max-
ACHTUNGTRENNUNG(hex�MeCN)=4350 and 6070 cm�1, respectively). Conse-
quently, application of the Lippert–Mataga[27] formalism to a
correlation of Stokes shift versus solvent polarity function
f(e)�f(n2) yields a change in dipole moment of 16.5, 16.9,
11.4, and 9.3 D for 1–4,[28] respectively, which is considerably
smaller than those found for the classic ICT dyes BTC
(19.7 D)[29] and DCM (20.2 D).[30] Moreover, the second di-
methylamino group in 3 does not increase the ICT charac-
ter, but the step from an asymmetric to a symmetric p sy-
stem reinforces the polymethine character.

The fluorescence quantum yields of 1–4 in medium and
nonpolar solvents are considerably high; those of the NIR-
emitting dyes 3 and 4 are lower than those of 1 and 2
(Table 2). Furthermore, the fluorescence yield for 1 and 2
decreases about tenfold upon changing from dichlorome-
thane to acetonitrile. For 3, this effect is less pronounced,
and is almost absent for 4. These trends are reflected by the
rates of nonradiative decay, knr= (1�Ff)/tf : a change from
dibutyl ether to acetonitrile leads to a two- and fivefold in-
crease for 4 and 3, yet 24- and 72-fold for 2 and 1 (Table 2).
The table also reveals that the radiative rate constants, kr=

Ff/tf, decrease slightly for all the dyes when the emission
band maximum undergoes a red shift. The latter can be ex-
plained by the dependence of kr on the emission band posi-
tion, and the reduced radiative rate constants kf differ only
statistically for 1–4 in the solvents studied.[31] The nature of
the emitting state thus does not change upon altering sol-
vent polarity, suggesting that an emitting ICT state is direct-
ly populated after initial relaxation of the Franck–Condon
state and no other emitting states play a major role.

Analysis of the dependence of knr on the emission energy
provides information on the solvatokinetic features. Accord-
ing to the energy gap law,[32] the rate constant of internal
conversion kic is enhanced as the energy gap between the
ground and first excited singlet state decreases. Figure 4

shows such a plot for 1 and 4 as an example, and similar re-
sults were obtained for 2 and 3 in medium and nonpolar sol-
vents. From these correlations it is evident that the positive
solvatokinetic behavior of 3 and 4 is due to enhanced inter-
nal conversion. In 1 and 2, a further process leads to the
jump in knr upon changing from CH2Cl2 to MeCN and
MeOH. On the basis of the similarity of the spectral fea-
tures of model compounds 8 and 1 (Table 2 and Table S1 in
the Supporting Information), the behavior of 1 in highly
polar solvents can be ascribed to the activation of a compet-
itive non-emitting process, most probably a second charge
transfer (CT2) (Scheme 4). Owing to the perpendicular ar-

rangement of the meso donor and the BDP core acceptor,
this CT2 is largely forbidden and hence proceeds through a
nonradiative pathway.[20,33] The driving force for this process
can be calculated from the photophysical parameters of 1
and 8 under the assumption that no other process is in-
volved in the radiationless deactivation according to k=
(tf)

�1�ACHTUNGTRENNUNG(tf
ref)�1 ((tf)

�1 and (tf
ref)�1 are the reciprocal fluores-

cence lifetimes of quenched 1 and unquenched model 8, re-
spectively). With (tf

ref)�1=10.6R108 s�1 and (tf)
�1=30.3R

108 s�1, k=2 ns�1 for 1 in MeCN.[34] This quenching process
is more than two orders of magnitude slower than in 6

Figure 4. Plot of knr versus ~nem for 1 (&) and 4 (*). The fits contain all the
data points for 4, but excludes MeCN for 1; the respective correlation co-
efficients are r=0.996 for 4 and 0.937 for 1. The slopes of both fits are
virtually identical with �3.05R10�4 for 4 and �3.04R10�4 for 1.

Scheme 4. Possible and competing charge transfer processes in 1, 8, and
6. CT1 in the planar conjugated chromophore is responsible for the
bright emission; CT2 between the virtually decoupled chromophore and
the meso substituent is of a non-emitting nature. CT states such as those
of CT2 are usually characterized by a negligible oscillator strength (f=
0.0000 in the present case, from the AM1 calculations), full charge sepa-
ration, and an extremely high dipole moment (30 D in the present case)
so that they are significantly stabilized in highly polar solvents and can
be lower lying than the CT1 state in solvents such as MeCN. For a de-
tailed discussion of such competing processes in related compounds, see
reference [53].
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(330 ns�1)[25] because the HOMO located on the BDP frag-
ment becomes distinctly more positive (0.31 eV) when the
chromophore system is extended by the (dimethylamino)-
ACHTUNGTRENNUNGstyryl group, whereas the energy of the MO located on the
meso fragment increases to a smaller extent (Table 3).[20,21]

The more-efficient quenching of 1 than of 2 in highly
polar solvents is related to the electron-donor strength of
the meso substituent. Whereas 2 shows oxidation potentials
of EP ACHTUNGTRENNUNG(ox, 8-hq)=1020 mV (8-hq=8-hydroxyquinoline) and
EP ACHTUNGTRENNUNG(ox, BDP)=739 mV, the dimethylaniline group in 1 is oxi-
dized much more readily (E1/2(ox)=492 mV; EPACHTUNGTRENNUNG(ox, BDP)=
748 mV).[35] Comparison of the oxidation waves with those
of the 8-hq unit in 7 (EP(ox)=1027 mV) and the dimethyla-
niline group in 6 (E1/2(ox)=528 mV) further indicates that
the introduction of a 3-(dimethylamino)styryl group has vir-
tually no effect on the electron-donating strength of the
meso substituent, supporting the MO considerations in the
previous paragraph.[36–38]

Before presenting the pH-dependent spectroscopic prop-
erties of some of the dyes, it should be noted that especially
the fused BDI dye 4 displays another advantageous aspect
in terms of fluorescence applications. Whereas many NIR
dyes with a longer polymethine chain in the chromophore
(e.g. styryl dyes) suffer from rather high anisotropies (�
0.05), 4 shows a considerably low fluorescence anisotropy
(e.g. r=0.03 in methanol). For comparison, r=0.07 for 3 in
the same solvent. Low anisotropies of the unperturbed dye
in solution are favorable factors when such molecules are
used as markers for biological superstructures in which the
anisotropy is often strongly altered, that is, increased upon
incorporation of the label in the restricted environment of a
biomolecule.

pH-Dependent Absorption and Fluorescence
Spectroscopy of Selected Dyes

Detailed protonation experiments were carried out in aque-
ous solution for 1, 4, 6, and 8. All four dyes are sufficiently
soluble in water and carry one or two dimethylamino groups
so that, in principle, they can be employed as pH indicators
(acidic range) in the red/NIR spectral region. Table 4 col-
lects the spectroscopic properties of the four dyes in the
fully protonated and unprotonated state.

For all four dyes, the absorption band in water undergoes
a red shift relative to that in methanol or acetonitrile (com-

pare spectra of 1 in Figures 2 and 5). At the same time, the
molar absorptivity of the S1

!S0 absorption band is de-
creased to about 50% of that in MeCN, and the width of
the band is roughly doubled, yielding comparable oscillator
strengths. We have observed such hypsochromic and broad-
ening effects before for a 1,3,5,7-tetramethyl-BDP derivative
upon changing from organic solvents to water, and these ef-

fects can be attributed to the strong solvation tendency of
water.[39] Besides the model compound 6, which behaves
very similarly to the BDP dye in reference [39], that is,
shows dual fluorescence in water (Figure 5), the other three
dyes are very weakly (1, Figure 5) or virtually nonfluores-
cent in neutral aqueous solution (4 and 8, Table 4). Appa-
rently, the strong interaction of water molecules with the ni-
trogen atom of the 4-(dimethylamino)styryl group leads to a
very efficient radiationless dissipation of the excitation
energy. The dual fluorescence in the case of 6 can also be
understood on the basis of strong hydrogen bonding, this
time solely at the 8-dimethylanilino group. In water, the

Table 3. Energy properties of the frontier molecular orbitals (MOs) of S0

geometry-optimized 1, 6, and 7 (AM1, AMPAC V6.55).

MOmeso
[a] HOMO[b] LUMO[b]

[eV] [eV] [eV]

1 �8.58 (HOMO-2) �7.58 �1.54
7 �9.04 (HOMO-2) �7.90 �1.54
6 �8.78 (HOMO-1) �7.89 �1.48
D1�6 0.20 0.31 �0.06
D7�6 �0.26 �0.01 �0.06

[a] Molecular orbital located on the substituent in the meso position.
[b] Both located on the BDP fragment.

Table 4. Spectroscopic and photophysical properties of neat and fully
protonated 1, 4, 6, and 8 in water at 298 K.

labs lem Ff tf

[nm] [nm] [ns]

1 578 (622)[a] 758 9R10�4 <0.01
1-2H+ 557 565 0.55 3.56
4 722 n.d.[b] n.d.[b] n.d.[b]

4-H+ 664 675 0.27 2.51
6 499 (517)[a] 509/644[c] 0.02[c] 0.09/1.32[c]

6-H+ 498 511 0.58 3.68
8 578 (637)[a] n.d.[b] n.d.[b] n.d.[b]

8-H+ 555 561 0.65 3.60

[a] Intense shoulder on the low-energy side. [b] Too weak to be reliably
detectable. [c] Dual fluorescence with similar features as reported for the
title dye in reference [39] with a Ff

CT/Ff
LE ratio of 11.6; see text for ex-

planation.

Figure 5. Absorption and fluorescence spectra of 6 (top) and 1 (bottom)
in water at pH 6.4 (c) and pH 1.0 (a) at 298 K. The emission spec-
trum of unprotonated 6 is magnified by a factor of 10; the fluorescence
spectra of 1 and 1-2H+ (for the nature of this species, see text) were nor-
malized for better comparison; for corresponding data, see Table 4.
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electron-donating strength of that group decreases dramati-
cally, so that the efficient charge-transfer process CT2

(Scheme 4) is slowed down, and the fluorescence according-
ly turned moderately on. The overall fluorescence Ff is 0.02
with 8% contribution from the BDP-localized or locally ex-
cited (LE) and 92% from the CT fluorescence. The fluores-
cence lifetime measurements performed for 6 in water sup-
port the CT features of dual fluorescence, as a precursor–
successor relationship was found for LE and CT states (for
a detailed description and formalism, see referen-
ces [20, 25,39]).

Subjecting the dyes to a pH titration leads to a different
picture. In this case, the behavior of 4 and 8 is straightfor-
ward. Gradual acidification of the solution leads to the ap-
pearance of blue-shifted absorption spectra that show typi-
cal BDP features, such as narrow bands and a vibronic
shoulder on the high-energy side. Accordingly, excitation of
this species yields the characteristic, mirror-image resonant
fluorescence band (Table 4; the spectral shapes are very sim-
ilar to the dotted spectra in Figure 5). The fluorescence
quantum yields and decay times, and hence kr and knr, of the
protonated species are very similar to those of the dyes in
nonpolar solvents (Tables 4 versus 2). Protonation of the (di-
methylamino)styryl group apparently switches off the CT1

characteristics and transforms 4 and 8 into highly emitting
dyes with entirely BDP-localized photophysical properties.
The pKS of 4 (1.97�0.03) and 8 (1.16�0.02) have been de-
termined both photo- and fluorometrically, and the results
of the two methods are in good agreement.[40]

Although the endpoint spectra (Figure 5) and data
(Table 4) of 1 and 6 suggest a very similar behavior, remark-
able observations were made especially for 1 during a pH ti-
tration. Compound 1 bears two potential protonation sites—
the two dimethylamino groups, which differ slightly in basic-
ity. Semiempirical calculations at the AM1 level and consid-
eration of the resulting charge densities under assumptions
detailed in reference [41] revealed that the charge on the di-
methylamino group QDMA is larger for the 8-(dimethylami-
no)phenyl than for the 3-(dimethylamino)styryl moiety
(0.012 versus 0.037). Consequently, protonation at the virtu-
ally decoupled group is expected to occur first and should
be spectroscopically manifested in a reduction of the charac-
teristic absorption band for the aniline group at 265 nm,
with unaltered features in the other parts of the spectrum.
Protonation at the other site should then entail the spectro-
scopic modulations described above for 4 and 8.[42]

However, a pH titration of 1 in water showed an unusual
course. The absorption decreases dramatically over the
entire wavelength range (200–800 nm) between pH 5.5–2.5,
and the blue solution discolored almost completely. At the
same time, a blue precipitate is formed at the teflon stirrer
bar, and flakes of the precipitate float on the surface of the
titration solution. The addition of more acid to the solution
gradually redissolves the precipitate, yet the solution be-
comes increasingly pink instead of blue. Figure 6 summariz-
es the observations in terms of a spectrophotometric titra-
tion curve at 540 nm. Clearly, two points of inflection are

distinguished and allow the determination of the corre-
sponding pKS values to be 3.88�0.03 and 1.63�0.02. The
results are reproducible, and fluorescence titration curves
support these unusual findings (Figure 6). A strong increase
in emission is only noticed in the very acidic pH range, and
the corresponding pKS value amounts to 1.79�0.01. All
these features suggest that protonation occurs first at the
meso (dimethylamino)phenyl group. The color of the com-
pound/precipitate stays blue, and the fluorescence remains
strongly quenched as one would expect only from protona-
tion at the decoupled dimethylaniline group.[43] (Note that
model 8 also shows no fluorescence at such pH values,
Table 4.) Only in the second phase, below pH 2.5, does the
pink color and strong fluorescence appear, which indicate
the inhibition of the second CT1 process from the (dimeth-
ACHTUNGTRENNUNGylamino)styryl site (similar to 8).

To verify the nature of the blue precipitate by a more
direct method, we recorded IR spectra of neat 1, the precip-
itate (monoprotonated 1-H+), and doubly protonated pink
1-2H+ . In the case of 1, only the absorptions for C�H
stretching (peaks at 2803, 2857, 2917, and 2952 cm�1 for the
aliphatic CH groups and three weaker bands at 3034, 3068,
and 3093 cm�1 for alkenyl or aromatic CH groups) were ob-
served between 2800–4000 cm�1. For the blue precipitate,
the spectra showed slight changes in the C�H stretching
peaks and, most prominently, an additional band at
3295 cm�1, indicative of the presence of the NH+ group. In
contrast, the doubly protonated pink species is very hygro-
scopic, and a broad band due to water was observed at
�3500 cm�1, strongly overlapping with a band at 3295 cm�1,
which indicates the presence of the NH+ groups in 1-2H+ .
It thus seems that single protonation of 1 does not primarily
affect the spectroscopic properties, but literally switches the
lipophilicity of the dye. Despite the fact that an additional
charge is introduced to an internally zwitterionic molecule,
1-H+ is distinctly more lipophilic than 1 or 1-2H+ . The pH
titrations of 6 in water support these findings, as the absorp-
tion spectrum also decreases over the entire wavelength
range upon addition of acid. However, in this case, the fluo-
rescence shows a concomitant increase in the BDP-localized
band and a decrease in the CT band, and analysis of both
types of data yields pKS=3.11�0.01.

Figure 6. The pH titration curves of 1 in water. Black symbols represent
absorption data and dashed and solid lines indicate the fits of both pKS;
white circles and dotted line represent data and fit of the fluorescence
data.
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Cation-Binding Features of 2 and 3

Since we are interested in the rational design of BDP/BDI-
based probe molecules, in particular those derivatives with
an analyte-responsive group in the meso position, which
often show exceptional fluorescence switching features as an
indication mode, we became intrigued by a report of Moon
et al. on the signaling features of 7.[23] In contrast to most of
the probes that carry an electron-rich group in the meso po-
sition,[16,25,33, 44] 7 is equipped with an 8-hq moiety, which is
neither a strong electron donor nor acceptor (see above).
Accordingly, 7 shows reasonable fluorescence in solvents
ranging from hexane to acetonitrile. However, metal-ion
binding at the 8-hq site is transduced by strong fluorescence
quenching. Moon et al. attributed the quenching of the BDP
fluorescence in the complex 7–Hg2+ to the heavy atom
effect of Hg2+ as well as to a photoinduced electron transfer
(PET) from the 8-hq moiety in the phenolate state. Both as-
sumptions, however, do not explain the distinct chromogenic
response that these authors also found for 7–Hg2+ .[23] We
thus equipped 2 and 3 with the same receptor to investigate
the mechanism of the complexation reaction of a positively
charged species at a relatively electroneutral receptor group
such as a 8-hydroxyquinoline moiety in the meso position.

The modulations of the spectroscopic properties of 2, 3,
and model compound 7 were recorded as a function of the
concentration of Hg2+ and/or Al3+ in acetonitrile and/or
methanol. Since the fluorescence of neat 2 and 3 is already
largely quenched in water, we relied on organic solvents for
the present purposes. Al3+ was chosen as a representative
metal ion that is readily complexed by the 8-hydroxyquino-
line receptor but induces no heavy-atom effect.

Figure 7 combines selected effects of Hg2+ , Al3+ , and
base on the absorption spectra of 2 and 7. In all the cases,
the cation induces a batho- and hypsochromic shift in ab-
sorption. Furthermore, whether Al3+ or Hg2+ is employed,
none of the complexes formed show a measurable emission.
The latter findings together with panels A and B in Figure 7
clearly show that the nature of the metal ion does not play a
major role in fluorescence quenching. Both Hg2+ and Al3+

induce comparable spectral effects and lead to fluorescence
quenching.[45] Moreover, a PET process from an anionic,
phenolate-type 8-hq moiety to the BDP chromophore is
also less likely to be responsible because abstraction of the
proton of the 8-hq unit leads to slight hypsochromic shifts in
absorption (Figure 7D), conceivable with an increase in
electron density at the meso position of the BDP and BDI
core.[20] Deprotonation of the 8-hq group converts this group
from a weak to a stronger donor, entailing slightly blue-
shifted absorption bands (607 for the anion versus 612 nm
for the neutral dye, see Figure 7D). As the base-induced
changes are distinctly different from the cation-induced
changes, a PET can be ruled out as the cause of the lower
fluorescence of the complexes. A similar yet more pro-
nounced trend as shown for 2 in Figure 7D is found for 3
upon deprotonation in MeOH/H2O (1:1 v/v): a hypsochro-
mic shift from 716 to 705 nm.

The electronic changes that occur upon complexation of
the 8-hq moiety can be interpreted by employing quantum
chemical calculations at the semiempirical level. As the
metal ions employed in this case are often not sufficiently
well parameterized in quantum chemical programs, we com-
pared the neutral dyes 2, 3, and 7 with the corresponding
structures in which the nitrogen atom of the 8-hq moiety is
protonated. The results presented in the following section
thus reflect only the expected trends.

For all three compounds, the lowest-energy oscillator-
strong transition that is localized on the BDP core is a
HOMO–LUMO transition in the unprotonated, yet a
HOMO–LUMO+1 transition in the protonated dyes
(Table 5). In the neat dyes, the LUMO+1 is then located

on the 8-hq fragment. Thus, protonation (and most probably
also complexation with a di- or even trivalent metal ion) of
the nitrogen atom of the quinoline group leads to a reversal
of the LUMO and LUMO+1 energy levels. Consequently,
when an electron is excited from the HOMO to the
LUMO+1 in the protonated or complexed dyes, it can be
rapidly transferred to the empty orbital localized on the
meso substituent. The quenching process therefore involves
an ET from the BDP to the protonated/complexed 8-hq
group. Accordingly, a light metal ion such as Al3+ and a

Figure 7. Absorption spectra: A) 7 (c) and 7-Al3+ (a) in MeCN;
B) 7 (c) and 7-Hg2+ (a) in MeOH; C) 2 (c) and 2-Hg2+ (a) in
MeCN; D) 2 (c) and 2 in the presence of triethylamine (4 mm) (a)
in MeOH/H2O (1:1 v/v).

Table 5. Energy properties of the frontier molecular orbitals (MOs) of S0

geometry-optimized 2, 3, and 7 and their corresponding analogues with
an 8-hq group that is protonated at the quinolino nitrogen atom (AM1,
AMPAC V6.55).

HOMO[a] LUMO LUMO+1 ES0�S1
[c]

[eV] [eV] [eV] ACHTUNGTRENNUNG[cm�1]

2 �7.61 �1.63[a] �0.78[b] 19490
2-H+ �9.50 �5.16[b] �4.48[a] 16990
3 �7.40 �1.69[a] �0.74[b] 18450
3-H+ �9.17 �5.04[b] �4.37[a] 15400
7 �7.90 �1.54[a] �0.79[b] 20830
7-H+ �10.67 �5.39[b] �4.70[a] 20240

[a] Localized on BDP. [b] Localized on 8-hq. [c] Energy of the lowest os-
cillator-strong transition localized on the BDP core.
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heavy metal ion such as Hg2+ induce similar modulations.
The spectral shifts in absorption can again be understood on
the basis of the electron-density redistribution that occurs
upon excitation (see above). The protonated or complexed
8-hq group represents a strong electron acceptor, and the
dyes thus display pronounced bathochromic shifts in absorp-
tion (Table 5). As this modulation of the electronic proper-
ties of the compounds is independent of the auxochrome
and occurs similarly in 2, 3, and 7, these findings are an es-
sential rule that has to be considered in the design of meso-
substituted BDP probes.

Conclusions

In conclusion, we have presented various novel BDP and
BDI dyes that absorb in the red visible and emit in the NIR
spectral range. Solvatochromic and solvatokinetic data have
identified all the four fluorophores as principally very
potent emitters in this advantageous wavelength range. By
using only styryl extensions on the pyrromethene core, the
syntheses are straightforward. In the case of a BDI core the
fluorophore exhibits a favorably low fluorescence anisotropy
while still displaying fluorescence lifetimes of several nano-
seconds. Moreover, the attachment of different addressable
substituents to the meso position provided insight into the
signaling processes of such long-wave fluorophores and clas-
sic BDP dyes. Dye 1 showed the most remarkable behavior
as its lipophilicity could be switched by protonation. Fur-
thermore, 4 presents a red-visible/NIR pH indicator with
bright fluorescence. In contrast, 2 and 3 helped to identify
the mechanisms at play when a considerably electroneutral
receptor is attached to the core at the meso position, and
binding of metal ions leads to rather pronounced shifts in
absorption and strong quenching of the fluorescence. Pre-
liminary studies also suggest that for, for example, meso-
phenyl derivative of 3 might be an equally potent pH indica-
tor as 4. The unique features of the BDP and BDI chromo-
phores further guarantee that despite the role that internal
conversion naturally plays in this wavelength range, strongly
emitting dyes can be developed. At least in the case of
styryl groups, the presence of flexible single and double
bonds does not induce quenching processes such as excited-
state trans–cis photoisomerization or twisted intramolecular
charge-transfer (TICT) reactions that can lead to additional
nonradiative losses, as is the case with many UV/Vis chro-
mophores.[46] We thus anticipate that NIR BDP and BDI
dyes will be powerful competitors of cyanine dyes in the
future.

Experimental Section

General

All syntheses were carried out under an inert atmosphere. Unless other-
wise noted, all chemicals and solvents were of commercial reagent grade
and used without further purification. Dry dichloromethane was freshly

distilled over CaH2 under nitrogen. Triethylamine was obtained by
simple distillation. Dry toluene was distilled from sodium/benzophenone
under an inert atmosphere. Column chromatography and TLC were per-
formed on C-200 (Wakogel) and Kieselgel 60F254 (Merck), respectively.
Elemental analyses for C, H, and N were performed on a Perkin–Elmer
240 C elemental analyzer. The IR spectra were recorded on a VECTOR
22 spectrophotometer with KBr discs in the 4000–400 cm�1 region.
1H NMR spectra were recorded in CDCl3 on a Bruker ARX500 spec-
trometer at ambient temperature. NMR chemical shifts are expressed rel-
ative to TMS as the internal standard. MALDI-TOF MS and HRMS
(FAB) measurements were carried out at Ehime University, Matsuyama,
Japan.

All the solvents employed for the spectroscopic measurements were of
UV spectroscopic grade (Aldrich). Metal perchlorates purchased from
Merck, Acros, and Aldrich were of the highest purity available and were
dried as described previously.[29] DCM was purchased from Lambda
Physik GmbH, Gçttingen, Germany.

Syntheses

1: Indacene 6 (73 mg, 0.2 mmol)[18] and 4-dimethylaminobenzaldehyde
(45 mg, 0.3 mmol) were heated at reflux for 48 h in a mixed solution of
toluene (5 mL), glacial acetic acid (0.15 mL), and piperidine (0.18 mL) in
the presence of a small amount of activated 4-Q molecular sieves.[21] The
mixture was cooled to room temperature, the solvents were removed
under vacuum, and the crude product was purified by column chromatog-
raphy on silica gel by elution with ethyl acetate/petroleum ether (20%).
The blue fraction was collected and recrystallized from chloroform/meth-
anol to give 1 as brown shining needles (15%). M.p.>250 8C; IR
(KBr):ñ=1593, 1530 (C=C, C=N), 1164 cm�1 (B-F); 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.54–7.50 (m, 3H), 7.23–7.20 (m, 1H), 7.13–7.11
(m, 2H), 6.82–6.70 (m, 4H), 6.61 (s, 1H), 5.99 (s, 1H), 3.05 (s, 12H), 2.61
(s, 3H), 1.55 (s, 3H), 1.51 ppm (s, 3H); 13C NMR (100 MHz, CDCl3) d=

153.8, 150.5, 150.2, 138.5, 137.8, 137.2, 136.5, 133.2, 132.9, 132.0, 129.4,
128.8, 128.6, 127.8, 125.7, 122.9, 114.4, 112.3, 40.1, 30.9, 29.8, 14.2 ppm;
MS (MALDI-TOF): calcd for C30H33BF2N4: 498.28; found: 498.91; ele-
mental analysis: calcd (%) for C30H33BF2N4: C 72.29, H 6.67, N 11.24;
found: C 72.46, H 6.59, N 11.42.

2 : 4-Dimethylaminobenzaldehyde (39 mg, 0.26 mmol) and 7 (78 mg,
0.2 mmol) were heated at reflux for 15 h in a mixed solution of dry tolu-
ene (20 mL), glacial acetic acid (0.7 mL), and piperidine (0.8 mL) in the
presence of a small amount of activated 4-Q molecular sieves.[21] The re-
action was monitored by TLC (eluent ethyl acetate/petroleum ether
(20%)). The mixture was cooled to room temperature, the solvents were
removed under vacuum, and the crude product was placed on a silica
column and eluted with ethyl acetate/petroleum ether (20%). The blue
fraction was collected and recrystallized from chloroform/methanol to
give 2 as a blue powder (17%). M.p.>250 8C; 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=8.33 (d, J=8.4 Hz, 1H), 8.11 (s, 1H), 7.60–7.54
(m, 6H), 7.46 (d, J=8.4 Hz, 1H), 7.27 (d, J=7.3, 1H), 6.75 (s, 2H), 6.64
(s, 1H), 6.01 (s, 1H), 3.06 (s, 6H), 2.64 (s, 3H), 1.28 (s, 3H), 1.24 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=155.8, 152.5, 152.2, 142.2, 140.0,
138.5, 137.8, 137.2, 135.5, 133.2, 130.9, 129.4, 128.8, 127.8, 122.9, 120.6,
118.0, 117.9, 114.4, 112.9, 112.3, 110.9, 40.3, 30.9, 29.7, 14.3 ppm; MS
(MALDI-TOF): calcd for C31H29BF2N4O: 522.4; found: 522.20; elemental
analysis: calcd (%) for C31H29BF2N4O: C 71.27, H 5.60, N 10.72; found:
C 71.46, H 5.49, N 10.52.

3 : 4-Dimethylaminobenzaldehyde (39 mg, 0.26 mmol) and 7 (78 mg,
0.2 mmol) were heated at reflux for 7 days in a mixed solution of dry tol-
uene (20 mL), glacial acetic acid (0.7 mL), and piperidine (0.8 mL) in the
presence of a small amount of activated 4-Q molecular sieves.[21] The re-
action was monitored by TLC (eluent ethyl acetate/petroleum ether
(50%)). The mixture was cooled to room temperature, the solvents were
removed under vacuum, and the crude product was purified by column
chromatography on silica gel eluted with ethyl acetate/petroleum ether
(50%). The green fraction was collected and recrystallized from chloro-
form/methanol to give 3 as a metallic, shiny solid (25%). M.p.>250 8C;
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=8.32 (d, J=8.4 Hz, 1H),
8.15 (s, 1H), 7.62–7.57 (m, 8H), 7.46 (d, J=8.4 Hz, 1H), 7.30–7.22 (m,
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3H), 6.77–6.64 (m, 6H), 3.07 (s, 12H), 1.28 ppm (s, 6H); 13C NMR
(100 MHz, CDCl3): d=155.8, 152.5, 142.2, 140.0, 138.5, 137.2, 135.5,
133.2, 130.9, 129.4, 128.8, 127.8, 122.9, 120.6, 118.0, 117.9, 114.4, 112.9,
112.3, 110.9, 40.4, 30.9 ppm; MS (MALDI-TOF): calcd for
C40H38BF2N5O: 653.31; found: 653.48; elemental analysis: calcd (%) for
C40H38BF2N5O: C 73.51, H 5.86, N 10.72; found: C 73.46, H 5.69, N 10.62.

4 : Compound 10 (66 mg, 0.1 mmol)[20] and 4-dimethylaminobenzaldehyde
(20 mg, 0.13 mmol) were heated at reflux for 26 h in a mixed solution of
dry toluene (5 mL), glacial acetic acid (0.1 mL), and piperidine (0.1 mL)
in the presence of a small amount of activated 4-Q molecular sieves.[21]

The solution was cooled to room temperature, and the mixture was puri-
fied by column chromatography on silica gel eluted with dichlorome-
thane/methanol (10%). The blue fraction was collected and recrystallized
from chloroform/methanol to give 4 as a blue powder (17%). M.p.>
250 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=8.14–8.12 (d, J=
8.3 Hz, 1H), 7.98–7.87 (m, 1H), 7.70–7.60 (m, 4H), 7.22–7.21 (m, 2H),
7.13–6.99 (m, 5H), 6.79–6.74 (m, 2H), 6.41–6.39 (m, 1H), 6.36–6.33 (m,
1H), 4.31 (m, 2H), 4.09–4.04 (m, 4H), 3.87–3.80 (m, 10H), 3.06 (s, 6H),
2.95 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=151.0, 150.9, 150.3,
149.6, 149.5, 137.7, 137.2, 129.0, 129.0, 128.9, 128.6, 128.2, 127.9, 125.6,
124.9, 124.8, 123.8, 123.5, 123.5, 122.3, 121.9, 121.8, 121.7, 121.6, 121.5,
113.7, 113.5, 112.2, 112.1, 71.1, 70.9, 70.2, 70.1, 69.4, 69.1, 68.6, 68.4, 40.4,
29.8 ppm; HRMS (FAB): calcd for C42H42BF2N3O5: 717.3184; found:
717.3191; elemental analysis: calcd (%) for C42H42BF2N3O5·H2O: C 68.57,
H 6.03, N 5.71; found: C 68.74, H 6.16, N 5.60.

5, 6, 8–10, and BTC were synthesized as reported previously,[20, 21, 25, 29] and
7 was prepared by a route adopted from reference [23].

Crystal-Structure Determination

A single crystal of compound 1 was selected under a microscope and
mounted on a glass fiber. The unit-cell parameters and data were collect-
ed on a Bruker Smart Apex CCD diffractometer with graphite mono-
chromated MoKa radiation (l=0.71073 Q) in the w�2q scan mode. The
data were corrected for Lorenz and polarization effects. The structure
was solved by direct methods and refined on F2 by full-matrix least-
squares methods with the SHELXTL-2000 program package.[47] CCDC-
281155 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.ac.uk).

Steady-State Absorption and Fluorescence Spectroscopy

Steady-state absorption, fluorescence measurements, and fluorescence ti-
trations were carried out on a Cary 5000 UV/Vis–NIR spectrophotome-
ter, a Spectronics Instrument 8100 spectrofluorometer, and a Perkin–
Elmer LS50B spectrofluorometer, respectively. For all measurements, the
temperature was kept constant at 298�2 K. Unless otherwise noted, only
dilute solutions with an absorbance of less then 0.1 at the absorption
maximum were used. Fluorescence experiments were performed with a
908 standard geometry, with polarizers set at 54.78 for emission and 08
for excitation. The fluorescence quantum yields (Ff) of 6 and 7 have
either been reported previously[23,25] or were determined relative to fluo-
rescein 27 in NaOH (0.1n) (Ff=0.90�0.03).[48] For 5, data additional to
those reported in reference [21] were determined relative to Rhoda-
mine 101 in ethanol (Ff=1.00�0.02).[49] The latter dye was also used to
construct a chain of transfer standards to the NIR region, to account for
inconsistencies in fluorescence quantum-yield data reported in the litera-
ture so far. For this purpose, cresyl violet in methanol, oxazine 1 in etha-
nol, and cryptocyanine in ethanol were used as the chemical transfer
standards. By employing the traceably characterized Spectronics Instru-
ment 8100 spectrofluorometer,[50] the fluorescence quantum yield of cryp-
tocyanine, for instance, was determined to 0.013�0.001 instead of 0.007
as published previously.[51] These red/NIR dyes were then used in the ap-
propriate wavelength range as relative standards for 1–4. All the fluores-
cence spectra presented herein were spectrally corrected.[50] The uncer-

tainties of the measurements were determined to be �5% (for Ff>0.2),
�10% (for 0.2>Ff>0.02), and �20% (for 0.02>Ff).

Time-Resolved Fluorescence Spectroscopy

Fluorescence lifetimes (tf) were determined by a unique customized laser
impulse fluorometer with picosecond time resolution which we described
in earlier publications.[20,52] The fluorescence was collected at right angles
(polarizer set at 54.78 ; monochromator with spectral bandwidths of 4, 8,
and 16 nm), and the fluorescence decays were recorded with a modular
single-photon timing unit.[20] At typical instrumental response functions
of fwhm�25–30 ps, the time division was 4.8 pschannel�1, and the experi-
mental accuracy amounted to �3 ps. The laser beam was attenuated by
using a double prism attenuator from LTB, and typical excitation ener-
gies were in the nanowatt to microwatt range (average laser power). The
fluorescence lifetime profiles were analyzed by using the software pack-
age Global Unlimited V2.2 (Laboratory for Fluorescence Dynamics, Uni-
versity of Illinois). The goodness of the fit of the single decays as judged
by reduced chi-squared (cR

2) and the autocorrelation function C(j) of the
residuals was always below cR

2<1.2. For all the dyes, decays were record-
ed at three different emission wavelengths over the BDP-type emission
spectrum and analyzed globally. Such a global analysis of decays record-
ed at different emission wavelengths implies that the decay times of the
species are linked, while the program varies the preexponential factors
and lifetimes until the changes in the error surface (c2 surface) are mini-
mal, that is, convergence is reached. The fitting results are judged for
every single decay (local cR

2) and for all the decays (global cR
2). The

errors for all the global analytical results presented herein were below a
global cR

2=1.2.

Measurements of pH Values

For every step of the pH titration, small amounts of HClO4 (11.2m, 70%
by weight) were added (microliter pipette, Eppendorf) to a solution
(50 mL) containing the dye (�2 mm). The latter was added in small
amounts (typically 1–2 vol% of the stock solution in acetonitrile). The
mixture was stirred for 3 min, and an aliquot of the solution (3 mL) was
transferred to a 10-mm quartz cuvette and stirred for a further 1 min.
The pH value was monitored with a digital pH meter (WTW pH 537)
equipped with a glass electrode (Mettler Toledo InLab 423). Calibration
of the instrument was performed with standard aqueous solutions of
pH 1.68, 4.01, 6.86, and 9.18 from WTW.

IR Spectroscopy

With respect to the elucidation of the nature of the blue precipitate
formed under mildly acidic conditions during a pH titration of 1 in water,
a KBr pellet with 1 was prepared and measured on a Bruker IF66v FT-
IR spectrometer with vacuum in transmission mode. For the preparation
of the sample 1-H+ , an aqueous solution of 1 was acidified with HClO4

until a blue precipitate appeared and the solution turned colorless. The
blue precipitate formed on the magnetic stirrer bar was prepared further
for measurements by simply allowing the stirrer to dry in a normal at-
mosphere. The precipitate was removed from the stirrer bar with a spatu-
la and then directly measured under a microscope coupled to a Bruker
Equinox 55 (IR-Scope II) FTIR spectrometer in transmission mode, with
a KBr window. Blank teflon was also measured to account for possible
artifacts. 1-2H+ was prepared by dissolving 1 in CH2Cl2 in an extraction
funnel and subsequently adding an aqueous solution of HClO4. After the
two phases were mixed, the color changed from blue to pink in solution
in dichloromethane. The organic phase was separated, and dichlorome-
thane was evaporated. The IR spectra of the pink solid were then ob-
tained with the microscope used for 1-H+ .

Electrochemistry

Selected redox properties were studied by cyclic voltammetry in TBAP
(tetra-n-butylammonium perchlorate) (0.1m) in acetonitrile on a Perkin–
Elmer electrochemical analysis system model 283 with a platinum disk as
the working electrode, Ag/AgCl as the quasi-reference electrode, and a
platinum wire as the counterelectrode. Redox potentials were referenced
internally against ferrocenium/ferrocene (Fc+/Fc). All measurements
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were performed under an inert atmosphere with a scan rate of
250 mVs�1 at room temperature.
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