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Introduction

An increase in global energy demand and fading natural re-
sources has lead scientists to focus their attention on the de-

velopment of environmentally clean alternative energy re-
sources.[1,2] Specific emphasis has been placed on solar-
energy harvesting, for which photocatalysis for the produc-
tion of clean fuels by mimicking the natural photosynthesis[3]

using electron donor–acceptor based molecular/supramolec-
ular assemblies are often targeted.[4–9] In building such as-
semblies, exploration of new electron-donor and electron-ac-
ceptor molecules with absorption covering different parts of
the electromagnetic spectrum (wide-band capture) and well-
tuned redox states are realized to be key factors. Proper
matching of spectral and redox states are expected to result
in fast and efficient electron-transfer events. In addition, the
presence of multiple photoactive entities covering absorp-
tion in different parts of the spectrum is expected to provide
excitation-wavelength-dependent, photochemical events,
useful for building wide-band light-energy-harvesting and
optoelectronic devices.[10]

Among the newly established sensitizers, BF2-chelated
azadipyrromethene (abbreviated as ADP or aza-ACHTUNGTRENNUNGBODIPY),[11] a structural analogue of BF2-chelated dipyrro-ACHTUNGTRENNUNGmethene (BODIPY),[12] has recently gained much attention
for its photochemical properties. ADP absorbs in the 300–
700 nm region with very high molar absorptivities, and desir-
able emission in the red region (660–700 nm) with quantum
yields exceeding 40 %.[13] Interestingly, the facile reduction
of ADP makes it a rarely encountered electron-acceptor
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photosensitizer molecule.[14] Other electron-acceptor photo-
sensitizers include fullerene and perylene diimide or naph-
thalene diimide derived compounds.[4–9] However, none of
these emit in the near-IR region with high fluorescence
quantum yields, thus making ADP a novel type of electron-
deficient photosensitizer.

In an attempt to explore the novel features of ADP in
photoinduced events related to light-energy conversion, re-
cently, we reported the synthesis and characterization of a
few donor–acceptor dyads and triads. Briefly, when ADP
was connected to ferrocene, efficient photoinduced electron
transfer from ferrocene to singlet-excited ADP was ob-
served.[14] Alternatively, when C60 was covalently linked to
ADP, the formation of ADPC+-C60C

� was observed.[15] Excita-
tion transfer was observed when either chlorophyll deriva-
tives or BODIPY was covalently linked to ADP.[16] Interest-
ingly, when a bisporphyrin was covalently linked to ADP,
the resulting “molecular clip” supramolecularly assembled
C60 through metal–ligand coordination. In this supramolecu-
lar assembly, control over energy- and electron-transfer
events was accomplished.[17a] Furthermore, by using a combi-
nation of zinc porphyrin, BODIPY, and azaBODIPY, a
novel broad-band, capturing and emitting, supramolecular
triad useful for energy harvesting and building optoelectron-
ic devices, was recently reported.[17b] Supramolecular donor–
acceptor hybrids of zinc–phthalocyanine–ADP and zinc–
naphthalocyanine–ADP, that is, near-IR-absorbing entities,
were recently constructed to
observe photoinduced electron
transfer in the near-IR re-
gion.[17c]

In our continued effort to un-
ravel the electron and energy
donor and acceptor behavior of
ADP-derived higher analogue
supramolecular systems, we
have designed novel tetrads
featuring bisferrocene, ADP,
and fullerene entities, posi-
tioned at different distances, as
shown in Figure 1. Here, the
near-IR emitting BF2-chelated
azadipyrromethane acts as a
photosensitizing electron ac-
ceptor along with fullerene,
while the ferrocene entities act
as electron donors. Compounds
1 and 2 in Figure 1 represent
the first set of tetrads derived
from the near-IR-emitting ADP
sensitizer to-date. This sensitiz-
er could take important role in
harvesting light energy of the
red-region of the spectrum.
Femtosecond transient absorp-
tion spectroscopy among other
methods has been employed to

unravel excitation-wavelength-dependent, ultrafast, elec-
tron-transfer events in these tetrads.

Results and Discussion

Synthesis of the tetrads : Scheme 1 summarizes the syntheses
of tetrad, 1, details of the syntheses are given in the experi-
mental section. The multistep synthesis of 1 involved first,

Figure 1. Structure of the newly synthesized distantly and closely spaced
bisferrocene–ADP–fullerene molecular tetrads.

Scheme 1. Synthetic methodology developed for tetrad, 1.
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synthesis of 3-(4-hydroxyphenyl)-1-phenylprop-2-en-1-one
from a reaction of the corresponding 4-hydroxybenzalde-
hyde, acetophenone, and potassium hydroxide. This was sub-
sequently reacted with nitromethane and diethylamine in
dry ethanol to obtain 3-(4-hydroxyphenyl)-4-nitro-1-phenyl-
butan-1-one. The 4-{2-[3-(4-hydroxyphenyl)-5-phenyl-1H-
pyrrolylimino]-5-phenyl-2H-pyrrol-3-yl}phenol (1 a) was syn-
thesized by reacting it with ammonium acetate in ethanol.
Next, BF2-chelated 4-{2-[3-(4-hydroxyphenyl)-5-phenyl-1H-
pyrrol-2ylimino]-5-phenyl-2H-pyrrol-3-yl}phenol (1 b), was
formed from 1 a, by treating it with diisopropylethylamine
and boron trifluoride diethyl etherate in dry CH2Cl2. The
bisferrocene–ADP triad, 1 c was obtained by reactions of 1 b
with appropriate amounts of 4-ferrocenyl benzoic acid in
the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodi-ACHTUNGTRENNUNGimide (EDCI) followed by chromatographic purification.
This compound was further reacted with 3,4-dihydroxy ACHTUNGTRENNUNGbenz-ACHTUNGTRENNUNGaldehyde in the presence of AlCl3 to obtain the formyl
phenyl dioxyboron derivative, 1 d. Finally, fullerene was ap-
pended by reacting 1 d with fullerene and N-methylglycine
in toluene to obtain tetrad, 1.

The synthesis of tetrad 2 is shown in Scheme 2, while de-
tails are given in the Experimental Section. The structural
integrity of the newly synthesized compounds was establish-
ed from 1H NMR spectroscopy, MALDI-TOF MS, and opti-
cal techniques.

X-ray structural studies : In the present study, we have also
been able to solve the structures of two of the precursor
compounds involved in the complex syntheses of the tetrads,
namely, the free-base versions of (3,5-diphenyl-1H-pyrrol-2-
yl)(3,5-diphenylpyrrol-2-ylidene)amine (1 a and 2 a without

hydroxyl groups) and BF2-chelated [5-(4-hydroxyphenyl)-3-
phenyl-1H-pyrrol-2-yl]-[5-(4-hydroxyphenyl)-3-phenylpyr-
rol-2-ylidene] amine (2 b).

The X-ray structure of the former compound is shown in
Figure 2. The molecule crystallized in the triclinic crystal
system.[18] The macrocycle assumed the position suitable for
subsequent boron chelation, perhaps facilitated by the N�
H···N intramolecular hydrogen bond. No notable intermo-
lecular interactions between the molecules in the crystal
packing were observed. The crystal packing diagram (Fig-

ure S1), atomic coordinates and
anisotropic displacement pa-
rameters (Tables S1, S3 and
S4), bond lengths, angles, and
hydrogen bonds (Tables S2 and
S5) are given in the Supporting
Information.

The X-ray structure of 2 b is
shown in Figure 3. The mole-
cule crystallized in the ortho-
rhombic crystal system.[19] The
boron assumes a tetrahedral ge-
ometry with the two ring nitro-
gen atoms and two fluorine
atoms. Some intermolecular in-
teractions were also observed in
the crystal packing. The crystal
packing diagram (Figure S2),
atomic coordinates and aniso-
tropic displacement parameters
(Tables S6, S8 and S9), bond
lengths, angles, and hydrogen
bonds (Tables S7 and S10) are
given in the Supporting Infor-
mation.Scheme 2. Synthetic methodology developed for tetrad, 2.

Figure 2. Projection diagram of (3,5-diphenyl-1H-pyrrol-2-yl)(3,5-di ACHTUNGTRENNUNGphen-ACHTUNGTRENNUNGylpyrrol-2-ylidene)amine with 50% thermal ellipsoids. Dashed line shows
intramolecular N�H···N hydrogen bond.
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Absorption and emission studies : Absorption spectra of the
tetrads 1 (Figure 4 a) and 2 (Figure 4 c) revealed optical fea-
tures involving all of the three entities. Bands corresponding
to ADP were recorded at 300, 475, and 635 nm. The ferro-
cene peak was overlapped with the 300 nm band of ADP,
while the fullerene peak also overlapped with this band,

along with a sharp peak at 432 nm characteristic of fullero-
pyrrolidine. Importantly, the ADP peaks were found to be
blue-shifted by 15–20 nm corresponding to their controls
(1 b, 1 c, 2 b, and 2 c) as a result introducing ferrocene and
fullerene entities. Additionally, conversion of the BF2 func-
tionality of 1 c and 2 c into BO2 in 1 and 2 contributed to
this cause. The ADP emission of 1 b and 2 b was observed at
720 and 735 nm, respectively (see Figure 4 b and d). The two
hydroxyl groups of 1 b and 2 b redshifted the emission
maxima from the original emission peak of ADP (without
�OH groups) at 682 nm in benzonitrile.[14] Presence of
either ferrocene or fullerene or both of these entities in 1
and 2 quantitatively quenched the ADP emission indicating
occurrence of photochemical events.[20]

Electrochemistry and energy levels : To establish the energy
levels, electrochemical studies using cyclic voltammetry
(CV) were performed on both the tetrads (Figure 5). The
site of electron transfer was arrived using control com-
pounds of monomeric species, namely, phenyl ferrocene,
ADP, and fulleropyrrolidine. The cyclic voltammogram of 1
revealed reduction peaks at E1/2 =�0.37, �0.63, and �1.02 V
vs. Ag/AgCl (Figure 5 a). By comparison, the first reversible
reduction has been attributed to the reduction of ADP mac-
rocycle, while the second reduction to the reduction of full-
erene spheroid. The third reduction wave was an overlap of

Figure 3. Projection diagram of 2b with 50 % thermal ellipsoids. Disor-
dered part of the molecule (C22B···C26B) is omitted for clarity.

Figure 4. Optical absorption (a and c) and fluorescence emission (b and d) spectra of the indicated compounds in benzonitrile (see Scheme 1 for struc-
tures). lex =671 nm for 1 and 699 nm for 2.
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the second reduction of ADP and fullerene entities. In
agreement with our previous report,[15] the easy reduction of
ADP compared to fullerene was evident from these studies.
During oxidation, reversible processes at E1/2 = 0.49 V vs.
Ag/AgCl corresponding to ferrocene oxidation and one or
more irreversible oxidations beyond 1.14 V corresponding
to ADP oxidation were observed. The current for ferrocene
oxidation was twice as that of C60 reduction. Similar obser-
vations were also made for tetrad 2 (Figure 5 b). The data of
redox potentials are summarized in Table 1.

The structure of the tetrads was visualized by performing
computational calculations at the B3LYP/3-21G(*)
level.[21,22] Figure 6 shows optimized structures on the Born–
Oppenheimer potential-energy surface for both tetrads. For

tetrad 1 with distinctly positioned entities, the length of the
molecule measured as the carbon–carbon distance of fur-
thest ferrocene and fullerene entities was about 32.2 �,
while this distance for tetrad 2 with closely positioned enti-
ties was about 21.7 �, that is, over 10 � increase in length
for the former tetrad. The center-to-center distances be-
tween B�Fe, B�C60, and Fe�C60 were 16.7, 11.1, and 27.9 �
for 1 and 13.9, 11.5, and 8.2 � for 2. In case of 2, the ferro-
cene carbon atom was as close as 3.9 � from the nearby lo-
cated fullerene carbon atom, suggesting some intramolecu-
lar interactions. However, no such intramolecular interac-
tions were apparent in 1.

The energies of the charge-separated states were calculat-
ed by using the redox, geometric, and optical data, accord-
ing to the Weller approach.[23,24] By comparing the energy
levels of the charge-separated states with the energy levels
of the excited states, the driving forces of charge separation
(�DGCS) were also evaluated. The generation of Fc+

–ADPC�–C60 (�DGCS =0.92 eV for 1 and 0.94 eV for 2) and
Fc+–ADP–C60C

� (�DGCS =0.63 eV for 1 and 0.67 eV for 2)
was found to be exergonic via the singlet excited state of
ADP in benzonitrile. Based on the redox potential measure-
ments, the formation of ADPC�-C60C

+ (ca. 1.8 eV) is exclud-
ed, because of its higher energy compared with the 1ADP*
(1.78 eV for 1 and 1.73 eV for 2) and 1C60* (1.75 eV) excited
states.[14,15]

Photodynamics probed by femtosecond transient spectrosco-
py: The photodynamics of the tetrads and the control com-
pounds via the singlet ADP was examined by femtosecond
transient measurements by using the excitation at 400 nm
for the fullerene moiety, as shown in Figure 7. The transient
spectra of both 1 and 2 exhibited bands at 1000 nm corre-
sponding to C60C

�, suggesting formation of Fc+–ADP–C60C
�

radical–ion pair as charge-separated states. These spectral
features were different from the control compounds, 1 c and
2 c, given in Figure S3 and S4 in the Supporting Information.
The rate constants of charge separation (kCS) measured
from the decay of the 1ADP* were determined to be 3.2 �
1011 and 3.8 � 1011 s�1 for 1 and 2, respectively, indicating oc-
currence of efficient electron transfer from Fc to 1C60* and
yielding the charge-separated states Fc+–ADP–C60C

� (see
Figures S5 and S6 in the Supporting Information for decay
profiles); however, it should be kept in mind that the CS
from ADP to 1C60* is energetically unfavorable [DG ca.
+0.05 eV obtained from the one-electron reduction and oxi-
dation potentials of C60 and ADP (vide supra)]. It should
also be noted that the absorption bands of Fc+ were not de-
tected in Figure 5 due to its low extinction coefficient. The
rate constants of charge recombination (kCR) were deter-
mined to be 1.1 �1010 and 8.4 �1010 s�1 (lifetime: 88 and
12 ps) for 1 and 2, respectively. The charge recombination in
the charge-separated state of 1 and 2 may proceed by means
of electron transfer from C60C

� to ADP, followed by rapid
electron transfer from ADPC� to Fc+ (vide infra). However,
the much shorter lifetime of the charge-separated state of 2
suggests the occurrence of direct back-electron transfer

Figure 5. Cyclic voltammograms of tetrads a) 1 and b) 2 in benzonitrile
containing 0.1 m (TBA)ClO4. The potentials are referenced to Ag/AgCl.
Scan rate= 100 mV s�1.

Table 1. Redox potentials (V vs. Ag/AgCl) of 1 and 2 in deaerated
PhCN containing (TBA)ClO4 (0.1 m).

C60
2�/C60C

�

ADP2�/ADPC�
C60C

�/C60 ADPC�/ADP Fc+/Fc ADPC+/ADP

1 �1.02 �0.63 �0.37 0.49 1.14[a]

2 �1.04 �0.64 �0.36 0.44 1.12[a]

[a] Peak potential with the scan rate of 100 mV s�1.

Figure 6. B3LYP/3-21G(*) optimized structures and cartoons showing tall
(distant) and short (close) versions of tetrads 1 and 2.
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from C60C
� to Fc+ owing to the shorter distance between Fc

and C60 in 2 as compared with 1 (Figure 5).[25] The comple-
mentary nanosecond transient spectra (see Figure S7 in the
Supporting Information) showed extremely weak absorption
of the triplet ADP in the 500–600 nm region. This observa-
tion suggests that 1) the charge recombination takes place
to populate the ground state and/or 2) the charge recombi-
nation takes place to populate the triplet ADP (ca. 1 eV),
which is rapidly quenched by the low-lying triplet Fc.[26] The
proposed energy diagram for photochemical events occur-
ring upon excitation of the C60 moiety is summarized in
Scheme 3.

In contrast, when the ADP entity was excited at 480 nm
by femtosecond laser flash photolysis, no absorption band
due to C60C

� was observed at 1000 nm as shown in Figure 8.
The transient absorption bands at 620 and 800–1200 nm ob-
served at 1 ps are assigned to the singlet excited state of
ADP. The decay rate constants were determined to be 5.5 �
1010 and 9.0 � 1010 s�1 for 1 and 2, respectively (see Figure S8
in the Supporting Information). 1ADP* is efficiently

quenched by the Fc moiety by electron transfer from Fc to
1ADP*. However, no charge-separated state was observed
because the rate of charge recombination bound for the
ground state seems to be faster than that of photoinduced
electron transfer. In addition, no clear evidence of energy
transfer from the singlet excited ADP to fullerene was ob-
served. The proposed energy diagram for photochemical
events occurring upon excitation of the ADP moiety is sum-
marized in Scheme 4.

Figure 7. Femtosecond transient absorption spectra of a) 1 and b) 2 in
deaerated benzonitrile. lex =400 nm.

Scheme 3. Energy diagram of Fc–ADP–C60 for the excitation of the C60

moiety.

Figure 8. Femtosecond transient absorption spectra of 1 (top panel) and 2
(bottom panel) in deaerated benzonitrile. lex =480 nm.
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Conclusion

Tetrads featuring near-IR-emitting ADP as an electron-ac-
ceptor sensitizer, ferrocene as the primary electron donor,
and fullerene as a second electron acceptor have been de-
signed and synthesized. The positions of different entities
are controlled such a way that two tetrads are obtained, one
in which the ferrocene and fullerene entites are in close
proximity and the other in which they are far apart. As ex-
pected from the free-energy calculations involving redox po-
tentials and geometry parameters, excitation-wavelength-de-
pendent, ultrafast, photoinduced electron transfer events
have been witnessed. That is, when C60 was excited, forma-
tion of an Fc+–ADP–C60C

� radical–ion pair was evidenced,
for which the spatial separation of the entities played a sig-
nificant role in governing the kinetics of electron transfer.
Interestingly, excitation of the near-IR probe, ADP, in the
tetrads resulted in ultrafast charge separation and recombi-
nation involving ferrocene but not C60. Further studies, re-
placing the electron-donor ferrocene with other well-known
electron donors, to visualize the novel wavelength-depend-
ent photochemical events of tetrads featuring near-IR-emit-
ting ADP electron-acceptor sensitizer and the associated
mechanistic details are in progress.

Experimental Section

Chemicals : Buckminsterfullerene, C60 (+ 99.95 %) was from SES Re-
search, (Houston, TX). All the reagents were from Aldrich Chemicals
(Milwaukee, WI) while the bulk solvents utilized in the syntheses were
from Fischer Chemicals. The tetra-n-butylammonium perchlorate
[(TBA)ClO4] used in electrochemical studies was from Fluka Chemicals.

Procedure for synthesis of Fc2–azaBODIPY–C60 (1)

3-(4-Hydroxyphenyl)-1-phenylprop-2-en-1-one: 4-Hydroxybenzaldehyde
(5 g, 4� 10�2 mol), acetophenone (4.91 g, 4� 10�2 mol) and potassium hy-
droxide (0.07 g, 1.2� 10�3 mol) were dissolved in ethanol/water (85:15 v/v,
100 cm3) and stirred at room temperature for a period of 24 h. The reac-
tion mixture was allowed to cool in ice–water bath, during which the

product precipitated. Filtration of the reaction mixture gave a pale white
solid product. Yield: 3.60 g (40 %).

3-(4-Hydroxyphenyl)-4-nitro-1-phenylbutan-1-one : 3-(4-Hydroxyphenyl)-
1-phenylprop-2-en-1-one (3.6 g, 1.6� 10�2 mol), nitromethane (9.79 g,
0.160 mol), and diethylamine (5.87 g, 0.08 mol) were dissolved in dry
ethanol (54 cm3) and heated under reflux for 24 h. The solution was
cooled, acidified with 1.0m HCl to precipitate the compound. Yield: 2 g
(44 %).

4-{2-[3-(4-hydroxyphenyl)-5-phenyl-1 H-pyrrol-2-ylimino]-5-phenyl-2H-
pyrrol-3-yl}phenol (1 a): A solution of 3-(4-hydroxyphenyl)-4-nitro-1-
phen ACHTUNGTRENNUNGylbutan-1-one (2 g, 7.01 � 10�3 mol) and ammonium acetate (18.92 g,
0.25 mol) in ethanol (80 cm3) was heated under reflux for 24 h. During
the course of the reaction, the product precipitated as blue-black solid.
The reaction was allowed to cool to room temperature and solid was fil-
tered and washed with ethanol to give the product: Yield: 0.5 g (15 %);
1H NMR (400 MHz, CDCl3): d= 8.00–7.78 (m, 6H), 7.36–7.50 (m, 8H),
7.02–7.06 (s, 2H), 6.74–6.84 ppm (d, J =16 Hz, 4 H).

BF2 chelate of 4-{2-[3-(4-hydroxyphenyl)-5-phenyl-1H-pyrrol-2ylimino]-
5-phenyl-2H-pyrrol-3-yl}phenol (1 b): Compound 1 a (0.5 g, 1.03 �
10�3 mol) was dissolved in dry CH2Cl2 (200 cm3). Diisopropylethylamine
(1.36 g, 0.01 mol) and boron trifluoride diethyl etherate (2.66 g,
0.0187 mol) were added and the mixture was stirred at room temperature
under N2 for 24 h. The mixture was washed with water and the organic
layer was separated, dried over Na2SO4, and evaporated to dryness. The
residue was purified by column chromatography on silica gel with
CH2Cl2/ethyl acetate 4:1 to give metallic red solid: Yield: 0.3 g (54 %);
1H NMR (400 MHz, CDCl3): d= 8.04–8.00 (m, 8H), 7.46–7.50 (m, 6H),
6.94–6.96 (s, 2 H), 6.90–6.93 ppm (t, J =8 Hz, 4 H); MS(MALDI-TOF);
m/z calcd for C32H22BF2N3O2: 529.18; found: 528.12; UV/Vis: lmax =

671 nm.

Fc2–azaBODIPY (1 c): 4-Ferrocenylbenzoic acid (333.6 mg, 1.08 mmol)
was dissolved in DMF (20 cm3), to which EDCI (250.70 mg, 1.3 mmol)
was added at 0 8C under N2, followed by the addition of compound 1b
(115.38 mg, 0.2 mmol), after which the mixture was stirred for 24 h. Then
the solvent was removed under reduced pressure. The residue was dis-
solved in CH2Cl2 and the mixture was washed with water. The organic
layer was separated, dried over Na2SO4 and solvent was evaporated. The
residue was purified by column chromatography on silica gel with
CH2Cl2/hexanes (1:1) to give compound 1c. Yield: 15 mg (6 %); 1H NMR
(400 MHz, CDCl3): d=8.20–8.10 (m, 8H), 8.12–7.90 (d, J =8 Hz, 4H),
7.60–7.46 (d, J =8 Hz, 8 H), 7.40–7.30 (m, 6H), 7.10–7.00 (s, 2H), 4.88–
4.70 (t, J=4 Hz, 4 H), 4.50–4.60 (t, J =4 Hz, 4H), 4.20–4.00 ppm (m,
10H); UV/Vis: lmax =655 nm.

Fc2–azaBODIPY–aldehyde (1 d): Compound 1c (0.1 g, 0.10 mmol) was
dissolved in dry CH2Cl2 (20 cm3) and stirred under argon for 10 min.
Then AlCl3 (18 mg, 0.135 mmol) was added and the solution was further
stirred for 15 min before addition of 3,4-dihydroxybenzaldehyde
(18.7 mg, 0.135 mmol). The mixture was stirred for 20 min and the sol-
vent was evaporated under reduced pressure. The crude product was pu-
rified by column chromatography (deactivated basic alumina) with
CH2Cl2/hexanes 3:1 to give the product. Yield: 0.050 g (41 %); 1H NMR
(400 MHz, CDCl3): d=9.60–9.54 (s, 1H), d= 8.20–8.10 (m, 8H), d =8.12–
7.90 (d, J =8 Hz, 4H), 7.60–7.48 (d, J =16 Hz, 6 H), 7.46–7.30 (m, 8H),
7.00–6.84 (m, 3H), 6.90–6.80 (s, 2H), 4.88–4.70 (t, J=4 Hz, 4H), 4.50–
4.60 (t, J=4 Hz, 4H), 4.20–4.00 ppm (m, 10 H).

Fc2–azaBODIPY–C60, (1): Sarcosine (0.018 g, 2.07 � 10�4 mmol) and com-
pound 1d (0.050 g, 4.15 � 10�5 mmol) were added to a solution of C60

(0.89 g, 1.24 � 10�4 mmol), in dry toluene (100 cm3). The solution mixture
was refluxed for 24 h and the solvent was removed under vacuum. The
residue was purified by column chromatography (silica) with 1:4 ethyl
acetate/CH2Cl2 as eluent to give the product. Yield: 0.030 g (42 %);
1H NMR (400 MHz, CDCl3): d =8.20–8.04 (m, 12 H), 7.60–7.50 (m, 4H),
7.40–7.30 (m, 9 H), 6.94–6.99 (s, 2H), 6.86–6.76 (m, 4 H), 4.90–4.82 (d, J=

7 Hz, 1H), 4.80–4.70 (t, J= 8 Hz, 4 H), 4.50–4.60 (s, 1 H), 4.50–4.40 (t, J=

8 Hz, 4 H), 4.30–4.20 (s, 1H), 4.18–4.10 (m, 10 H), 2.60–2.48 ppm (s, 3 H);
UV/Vis lmax =640 nm; MALDI-TOF-MS (dithranol): m/z calcd for
C135H55BFe2N4O6: 1951.29; found: 1951.30 (see Figure S6 in the Support-
ing Information).

Scheme 4. Energy diagram of Fc–ADP–C60 for the excitation of the ADP
moiety.
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Procedure for synthesis of Fc2–azaBODIPY–C60 tetrad (2)

1-(4-Hydroxyphenyl)-3-phenylpropenone : Benzaldehyde (2.1 g, 2�
10�2 mol) 4-hydroxy acetophenone (2.69 g, 2 � 10�2 mol) and potassium
hydroxide (0.03 g, 6� 10�4 mol) were dissolved in ethanol/water (85:15
v/v, 100 cm3) and stirred at room temperature for a period of 24 h. The
reaction mixture was allowed to cool in ice–water bath during which the
product precipitated. Filtration of the reaction mixture gave a pale white
solid product. Yield: 3.81 g (85 %); 1H NMR (400 MHz, CDCl3): d=7.99
(m, 2 H), 7.77 (m, 1 H), 7.60, (m, 2 H), 7.5 (m, 1 H), 7.39 (m, 3 H), 6.9 ppm
(m, 2 H).

1-(4-Hydroxyphenyl)-4-nitro-3-phenylbutan-1-one : 1-(4-Hydroxyphen ACHTUNGTRENNUNGyl)-
3-phenyl propenone (5.0 g, 2.2� 10�2 mol), nitromethane (13.61 g,
0.223 mol), and diethylamine (8.12 g, 0.111 mol) were dissolved in dry
ethanol (35 cm3) and heated under reflux for 24 h. The solution was
cooled, acidified with 1 m HCl to precipitate the compound. Yield: 4.58 g
(72 %); 1H NMR (400 MHz, CDCl3): d=7.82 (d, J= 8 Hz, 2H), 7.2 (m,
5H), 6.8 (d, J=7 Hz, 2 H), 4.8 (m, 1H), 4.62 (m, 1H), 4.15 (m, 1H),
3.35 ppm (m, 2 H).

[5-(4-Hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-hydroxyphenyl)-3-
phenylpyrrol-2-ylidene]amine (2 a): A solution of 1-(4-hydroxyphenyl)-4-
nitro-3-phenylbutan-1-one (5 g, 1.8� 10�2 mol) and ammonium acetate
(47.31 g, 0.61 mol) in ethanol (125 cm3) was heated under reflux for 24 h.
During the course of the reaction, the product precipitated as blue-black
solid. The reaction was allowed to cool to room temperature and solid
was filtered and washed with ethanol to give the product. Yield: 2.16 g
(51 %); 1H NMR (400 MHz, CDCl3): d=8.04 (d, J=8 Hz, 4H), 7.84 (d,
J =7 Hz, 4 H), 7.32 (m, 6 H), 7.12 (s, 2H), 6.98 ppm (d, J=8 Hz, 4H).

BF2 chelate of [5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-[5-(4-hy-
droxyphenyl)-3-phenylpyrrol-2-ylidene]amine (2 b): Compound 2 a (1 g,
2.07 mmol) was dissolved in dry CH2Cl2 (100 cm3). Diisopropylethyl-ACHTUNGTRENNUNGamine (2.71 g, 2.1 � 10�2 mol) and boron trifluoride diethyl etherate
(5.32 g, 0.037 mol) were added and the mixture was stirred at room tem-
perature under N2 for 24 h. The mixture was washed with water and the
organic layer was separated, dried over Na2SO4 and evaporated to dry-
ness. The residue was purified by column chromatography on silica gel
with CH2Cl2/ethyl acetate 4:1 to give metallic red solid. Yield: 0.76 g
(69 %); 1H NMR (400 MHz, CDCl3): d=8.1 (m, 8H), 7.35 (m, 6 H), 7.18
(s, 2H), 6.9 ppm (m, 4H) ppm; MS(MALDI-TOF): m/z calcd for
C32H22BF2N3O2: 529.18; found: 529.39; UV/Vis: lmax =699 nm.

Fc2–azaBODIPY (2 c): 4-Ferrocenylbenzoic acid (289.17 mg, 0.94 mmol)
was dissolved in DMF (20 cm3), to which EDCI (217.28 mg, 1.13 mmol)
was added at 0 8C under N2, followed by the addition of compound 2b
(100 mg, 0.2 mmol), after which the mixture was stirred for 24 h. Then
the solvent was removed under reduced pressure. The residue was dis-
solved in CH2Cl2 and the mixture was washed with water. The organic
layer was separated and dried over Na2SO4 and the solvent was evaporat-
ed. The residue was purified by column chromatography on silica gel
with CH2Cl2/hexanes (1:1) to give compound 2c. Yield: 50 mg ( 50%);
1H NMR (400 MHz, CDCl3): d =8.20–8.04 (m, 12 H), 7.60–7.50 (m, 4H),
7.50–7.40 (m, 6H), 7.42–7.30 (d, J=6 Hz, 4 H) 7.10–7.00 (s, 2H), 4.80–
4.70 (t, J =1.6 Hz, 4H), 4.50–4.40 (t, J= 3.2 Hz, 4H), 4.18–4.10 (m, 10H);
UV/Vis: lmax =670 nm.

Fc2–azaBODIPY–aldehyde (2 d): Compound 2c (0.1 g, 0.10 mmol) was
dissolved in dry CH2Cl2 (20 cm3) and stirred under argon for 10 min.
Then AlCl3 (0.018 g, 0.135 mmol) was added and the solution was further
stirred for 15 min before addition of 3,4-dihydroxybenzaldehyde (0.018 g,
0.135 mmol). The mixture was stirred for 20 min and the solvent was
evaporated under reduced pressure. The crude product was purified by
column chromatography (deactivated basic alumina) with CH2Cl2/hex-
anes 3:1 to give the product. Yield: 0.077 g (64 %); 1H NMR (400 MHz,
CDCl3): d=9.65–9.70 (s, 1H), 8.15–8.06 (m, 8H), 8.02–7.98 (d, J =8 Hz,
4H), 7.58–7.52 (m, J =8 Hz, 4 H), 7.50–7.43 (m, 6 H), 7.38–7.32 (d, J=

8 Hz, 4 H), 6.86–6.78 (m, 3H), 6.68–6.62 (d, J =4 Hz, 1 H), 6.32–6.28 (d,
J =8 Hz, 1H), 4.78–4.70 (m, J =7 Hz, 4 H), 4.44–4.38 (t, J=4 Hz, 4H),
4.00–4.06 (s, 10H).

Fc2–azaBODIPY–C60 (2): Sarcosine (0.005 g, 6.2� 10�5 mmol) and com-
pound 2 d (0.015 g, 1.2� 10�5 mmol) were added to a solution of C60

(0.026 g, 3.7 � 10�5 mmol), in dry toluene (100 cm3). The solution mixture

was refluxed for 24 h and the solvent was removed under vacuum. The
residue was purified by column chromatography (silica) with 1:4 ethyl
acetate/CH2Cl2 as eluent to give the product. Yield: 0.014 g (70 %);
1H NMR (400 MHz, CDCl3) d =8.02–8.12 (m, 8 H), 8.00–7.86 (d, J =

12 Hz, 4H), 7.56–7.52 (d, J =8 Hz, 4H), 7.50–7.48 (m, 6 H), 7.38–7.32 (d,
J =7 Hz, 4H), 6.85–6.71 (m, 3H), 6.68–6.64 (d, J=8 Hz, 1 H), 6.34–6.28
(d, J =9 Hz, 1H), 4.90–4.86 (d, J=8 Hz, 1H), 4.80–4.70 (m, J =4 Hz,
4H), 4.72–4.64 (s, 1 H), 4.48–4.38 (m, J =8 Hz, 4H), 4.14–4.10 (d, J=

8 Hz, 1H), 4.10–4.00 (m, 10H), 2.70–2.60 (s, 3 H); UV/Vis: lmax =650 nm;
MALDI-TOF-MS (dithranol): m/z calcd for C135H55BFe2N4O6: 1951.29;
found: 1951.30 (see Figure S6 in the Supporting Information).

Instruments : The UV/Vis spectral measurements were carried out with a
Shimadzu Model 2550 double monochromator UV/Vis spectrophotome-
ter. The fluorescence emission was monitored by using a Varian Eclipse
spectrometer. A right-angle detection method was used. The 1H NMR
studies were carried out on a Varian 400 MHz spectrometer. Tetra ACHTUNGTRENNUNGmeth-ACHTUNGTRENNUNGylsilane (TMS) was used as an internal standard.

Crystal structure determination for compounds like 1 a/2a and 2b was
carried out using a Bruker SMATR APEX2 CCD-based X-ray diffrac-
tometer equipped with a low temperature device and Mo-target X-ray
tube (wavelength =0.71073 �). Measurements were taken at 100(2) and
200 K, respectively.

Cyclic voltammograms were recorded on an EG&G PARSTAT electro-
chemical analyzer using a three-electrode system. A platinum button
electrode was used as the working electrode, a platinum wire served as
the counter electrode, and an Ag/AgCl electrode was used as the refer-
ence electrode. Ferrocene/ferrocenium redox couple was used as an inter-
nal standard. All the solutions were purged prior to electrochemical and
spectral measurements using argon gas. MALDI-TOF spectra of the tet-
rads were recorded in dichloromethane with an Applied Biosystems Voy-
ager-DE-STR using dithranol as a matrix (Supporting Information, Fig-
ure S9). The computational calculations were performed by DFT B3LYP/
3–21G* methods with GAUSSIAN 09 software package[21] on high speed
PCs.

Laser flash photolysis : The studied compounds were excited by a Panther
OPO pumped by Nd:YAG laser (Continuum, SLII-10, 4–6 ns fwhm) with
the powers of 1.5 and 3.0 mJ per pulse. The transient absorption meas-
urements were performed using a continuous xenon lamp (150 W) and
an InGaAs-PIN photodiode (Hamamatsu 2949) as a probe light and a de-
tector, respectively. The output from the photodiodes and a photomulti-
plier tube was recorded with a digitizing oscilloscope (Tektronix,
TDS3032, 300 MHz).

Femtosecond transient absorption spectroscopy experiments were con-
ducted using an ultrafast source: Integra-C (Quantronix Corp.), an opti-
cal parametric amplifier: TOPAS (Light Conversion Ltd.) and a commer-
cially available optical detection system: Helios provided by Ultrafast
Systems LLC. The source for the pump and probe pulses were derived
from the fundamental output of Integra-C (780 nm, 2 mJ per pulse and
fwhm =130 fs) at a repetition rate of 1 kHz. 75% of the fundamental
output of the laser was introduced into TOPAS, which has optical fre-
quency mixers resulting in tunable range from 285–1660 nm, while the
rest of the output was used for white light generation. Typically, 2500 ex-
citation pulses were averaged for 5 s to obtain the transient spectrum at a
set delay time. Kinetic traces at appropriate wavelengths were assembled
from the time-resolved spectral data. All measurements were conducted
at 295 K.
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