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Photoinduced Electron Transfer in Branched Bis(ferrocenylacetylene)-Cg
Systems: Influence of the Nature of Conjugation
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Four new branched 3,4- and 3,5-bis(ferrocenylacetylene)-
phenyl-Cg, molcules, in which the bis-ferrocene donor moie-
ties and Cgo acceptor moiety are covalently linked with phen-
ylacetylene linkage through pyrrolidino and pyrazolino rings
on the Cgy moiety, as abbreviated to be (Fc),=Ph-NMPCgq
(o- and m-) and (Fc),=Ph-PzCgq, (0- and m-), respectively,
have been prepared in multistep procedures using micro-
wave irradiation, as source of energy. The HOMO-LUMO
gaps smaller than 1.25 eV were experimentally determined
by cyclic voltammetry (CV) and Osteryoung square-wave
voltammetry (OSWYV) for (Fc),=Ph-PzC4, and (Fc),=Ph-
NMPCg. In both polar and non-polar solvents, a photoin-

duced charge-separation (CS) process efficiently takes place
in (Fc),=Ph-NMPCg, and (Fc),=Ph-PzCgq from the singlet
excited state of Cgy (*Cgo*), as confirmed by picosecond-
time-resolved emission spectroscopy. The CS states were
confirmed by nanosecond-transient absorption spectroscopy.
The lifetimes of the CS states were evaluated to be ca. 10 ns,
which are shorter than those of the similar dyads with phen-
ylenevinylene linkage, suggesting higher electron-hole con-
ductivity through the phenylacetylene linkage.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

A topic of high interest in terms of artificial photosyn-
thesis and optoelectronic devices concerns 7 systems having
electron-acceptor ability substituted with electron-donor
groups.[!l In many of such assemblies, Cg, has been proven
to be a good electron-acceptor due to the spherically delo-
calized m-electron system accompanying by its interesting
electrochemical and electronic propertiest’) and has been
combined with many electron-donors including porphy-
rins,?] phthalocyanines, transition metal complexes,
TTFI® or ferrocene. Ferrocene is particularly appealing as
donor because ferrocene combines chemical versatility with
high thermal stability. Moreover, several examples of ef-
ficient photoinduced electron transfer in ferrocene—fuller-
ene systems have been reported confirming that ferrocene
is an excellent electron donor.[”]

[a] Facultad de Ciencias del Medio Ambiente, Universidad de
Castilla-La Mancha,
45071 Toledo, Spain
Fax: +34-925-268-840
E-mail: Fernando.LPuente@uclm.es

[b] Institute of Multidisciplinary Research for Advanced Materials,
Tohoku University,
Katahira, Sendai 980-8577, Japan
E-mail: ito@tagen.tohoku.ac.jp

[c] Department of Chemistry, Graduate School of Science, Jahan-
girnagar University,
Savar, Dhaka 1342, Bangladesh

Supporting information for this article is available on the
WWW under http://www.eurjoc.org or from the author.

Eur. J. Org. Chem. 2008, 3535-3543

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

One important point is to enhance the light-harvesting
ability of the molecules, in which an array of branched elec-
tron-donors, acting as peripheral chromophores, transfers
the collected energy to a fullerene Cg, core, as have recently
been reported by several groups.®! We have recently de-
scribed the synthesis of new branched systems with ferro-
cene units on their periphery where phenylvinylene (PV)
bridges connected the ferrocenes to a pyrrolidinofullerene
(Fc), = Ph-NMPC¢, 1 (Scheme 1).°1 The nanosecond tran-
sient absorption spectral studies revealed efficient photoin-
duced charge separation even in toluene as solvent, which
is prospective for wide applications in non-polar media such
as polymer films. Interestingly, when the same donor moiety
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is connected to a pyrazolinofullerene (Fc), = Ph-PzCq, 2
(Scheme 1) the lifetime of the radical ion pair is three times
longer.[']

It has been expected that the nature of the central -
bridges can significantly affect the electron-hole transfer
rates in addition to the electronic and photophysical prop-
erties on ferrocene and Cg,['! but the effects caused by
the conjugation pattern of the n-bridges are far from being
understood. Most attention has been so far devoted to the
PV bridges!'?! but phenylacetylene (PA) units have only re-
cently received some interests as highly conductive molecu-
lar wire.['3]

As a part of these researches, we now report the synthesis
of several Cgq derivatives bearing 3,4- and 3,5-bis(ferrocenyl-
acetylene)phenyl moieties as a donor-bridge set where the
donor-bridge unit and the fullerene are linked by both pyr-
rolidino [(Fc),=Ph-NMPCg,, 4a,b] and pyrazolino ring
[(Fc),=Ph-PzCg,, 6a,b] via a phenyl group as shown in
Scheme 2.

.. 6.

4a,b 6a,b

a: ortho-; b: meta- a: ortho-; b: meta-

Scheme 2. New branched bis(ferrocenylacetylene)-Cqo Systems
(4a,b and 6a,b).

Results and Discussion

Synthesis

The preparation of the bis(ferrocenylacetylene)benzalde-
hydes 3a.b is depicted in Scheme 3. Afterwards, the formed
ZIE isomers mixture reacted with n-butyllithium according
to a modification of the reported procedure.['¥ Compounds
3a,b were prepared by the palladium-catalyzed Sonogashira
alkynylation reaction!!! of acetyleneferrocene with 3,4- and
3,5-dibromobenzaldehyde using PdCl,(PPhs),/Cul as cata-
lyst and triethylamine as solvent. These reactions require
long reaction times, and microwave irradiation has shown
to be very efficient in Sonogashira coupling reactions;!'®l
accordingly, the synthesis of 3a, using a standard CEM Dis-
cover microwave reactor (200 W, 1.5 h), was performed!!”]
to give 3a in 93% yield. Using analogous conditions
(200 W, 2 h), 3b was prepared in 98 % yield.

The target pyrrolidinofullerenes 4a,b were prepared by
1,3-dipolar cycloaddition of the aldehydes 3a,b, N-methyl-
glycine and Cg according to the Prato method!'®! in toluene
3536
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Scheme 3. Synthesis of aldehydes 3a,b.

(reaction time 5-8 h) in 36% and 37% yield, respectively.
The effectiveness of microwave irradiation in cycloaddition
reactions!'” and in fullerene chemistry®” has been widely
documented and by using this technique (CEM Discover,
200 W, reaction time 1.5 and 2 h in that order) 4a,b were
obtained in 39% and 41% yield, respectively (Scheme 4).

CHO
=
| CH3NHCH,COOH
Z N ~ ma o
Q/ N Cep, Toluene
MW
Fe Fe
F d
RS 3ab
a: ortho-
b: meta- 4a,b

a: ortho- (39%)
b: meta- (41%)

p-nitrophenylhydrazine
EtOH / AcOH, A

1) NCS, pyr, CHCl3

2) Cgp, Et3N, Toluene, MW

6a,b
a: ortho- (27%)
b: meta- (25%)

Scheme 4. Synthesis of (Fc),=Ph-NMPCg, (4a,b) and (Fc),=Ph—
PzCy, (6a,b) systems.

Finally, to prepare the goal pyrazolinofullerenes 6a,b
(Scheme 2), it was necessary to obtain the intermediate hy-
drazones 5a,b by reaction of aldehydes 3a,b with 4-ni-
trophenylhydrazine in refluxing ethanol (yields 83% and
90%, respectively). Treatment of hydrazones Sa,b with N-
chlorosuccinimide (NCS) and pyridine in CHCl; at 0 °C,
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followed by reaction with triethylamine afforded the inter-
mediate nitrile imines which were reacted in situ, by 1,3-
dipolar cycloaddition,?!! with C¢, under microwave irradia-
tion at 200 W (1.0-1.5 h). Compounds 6a,b were obtained
in 27% and 25% yield, respectively, after purification by
column chromatography.

The structures of fullerene derivatives 4a,b and 6a,b were
confirmed by their analytical and spectroscopic data (UV/
Vis, FTIR, 'TH NMR, '3C NMR and MALDI mass spectra)
although the low solubility of compounds 6a,b prevented
to record the '3C spectra with good quality. The 'H NMR
spectra are consistent with the proposed structures. As a
representative example, the presence of the ferrocene moiety
is revealed by the signals between J = 4.2 and 4.6 ppm, and
the fingerprint of the pyrrolidine ring appears as two dou-
blets and one singlet between 0 = 4.3 and 5.0 ppm. In fullero-
pyrrolidines 4a,b, the signals of the ortho-hydrogen atoms
of the phenyl group contiguous to the pyrrolidine ring ap-
pear as broad signals at room temperature due to the
known free rotation of the phenyl group in phenylpyrrolidi-
nofullerenes.”?? This effect was not observed in pyrazolines
6a,b due to the conjugation of the phenyl group with the
C=N group of the pyrazoline ring. The structures of 4a,b
were also confirmed by their MALDI-TOF mass spectra
which show the expected M™* peak at m/z = 1269.0 (4a,b)
and m/z = 1375.14 (6a,b) matching the calculated molecular
weights.

Electrochemical Measurements

The electrochemical properties of fullerene derivatives
4a,b and 6a,b were examined using cyclic voltammetry (CV)
and Osteryoung square-wave voltammetry (OSWYV) at
room temperature in 0o-DCB/CH;CN (4:1 v/v) as a solvent
with nBuyNClO, as a supporting electrolyte. The redox po-
tentials measured by OSWYV vs. Ag/AgINO; with a scan rate
at 100 mV s! are collected in Table 1.

Table 1. Redox potentials (in V) of compounds 4a,b, 6a,b, C, and
ferrocene determined by OSWVI and free-energy changes for
charge recombination (AGcg, in eV) and charge separation via
IC(,O* (AGSCS in CV)

Elox Elrcd E3rcd E3rcd
Ceo - ~0.97 ~1.39 ~1.87
Fc +0.09 - - -
4a +0.07 -1.14 -1.53 —2.06
4b +0.12 -1.12 -1.51 -2.11
6a +0.02 -0.96 ~1.53 (-1.78)®! -2.13
6b +0.01 -0.97 ~1.47 (-1.80)®! —2.04

[a] Experimental conditions: V vs. Ag/AgNOs; glassy carbon elec-
trode as a working electrode; 0.1 M nBuyNClOy; scan rate: 100 mV
s !. Measured in o-DCB/CH;CN (4:1 v/v) at room temperature. [b]
Correspond to the irreversible reduction of the nitro group.

As representative example, the cyclic voltammogram for
4b is shown in Figure 1, in which a reversible sharp peak
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appears in the positive potential, whereas, three reversible
sharp peaks appear in the negative potential region up to
-2.5V.
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Figure 1. Cyclic voltammogram of compound 4b in o-DCB/
CH;CN (4:1 v/v) (o-DCB = o-dichlorobenzene); potential (V) vs.
Ag/AgNO; in the presence of nBuyNClO,.

As a general feature, 4a,b and 6a,b gave rise, in the obser-
vation window, to three reversible one-electron reduction
waves in the cathodic region; these are attributed to the first
three reduction potentials (E",.q) of the Cgq cage. In 6a,b,
another irreversible reduction wave between the second and
the third reduction potentials of the Cg, cage (as a shoulder
in a case of 6a) was observed; this is assigned to the p-
nitrophenyl group by comparison with related com-
pounds.[>31 It should be remarked that the first reduction
potential of 6a,b shows an anodic shift relative to 4a.,b, as
observed previously for other Pz-based derivatives due to
the —/ effect of the N atom directly linked to the Cgq cage.*#
In the anodic region, a reversible oxidation process (E'.y)
was observed corresponding to the ferrocene moiety.

Based on the electrochemical data, the HOMO-LUMO
gap, which is defined as a difference between the E',, value
and the E'..4 value, was evaluated to be 1.0-1.25 eV, which
is approximately corresponding to the energy of the radical
ion pair. From the assignments of E',, to Fc moiety and
E'..q to the Cq, cage, radical cation is located on the Fc
moiety and radical anion is located on the Cg, cage in the
most stable radical ion pair. The free-energy changes for
charge recombination (AGcr) were evaluated from the
HOMO-LUMO gap with considering the electrostatic
terms. The free-energy changes of charge separation
(AGScs) via 'Cgp* were calculated as difference between the
excited energy of the Cq, cage and AGcr as added to
Table 2. Comparing 4 with 6, the AGcgr values of 6 are less
negative, suggesting the stable radical ion pair of 6 due to
the pyrazoline ring effect. Compared a with b, the position
of the (Fc),=Ph- slightly affects the E',, values: 50 mV
shift for 4a— 4b, but —10 mV shift for 6a— 6b.

Compared with the PV bridge dyads (1 and 2), the AGcr
values of 4 and 6 in PhCN are more negative suggesting
that the PV bridge stabilizes the radical ion pair more than
phenylacetylene (PA) bridge does.
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Table 2. Free energy changes for charge recombination (AGcg, in
eV) and charge-separation via 'Cg* (AGScg in €V).

Solvent -A GCR -A GSCS[a]

4a PhCN 1.18 0.54
toluene 1.63 0.09

4b PhCN 1.21 0.51
toluene 1.66 0.06

6a PhCN 0.94 0.76
toluene 1.54 0.16

6b PhCN 0.94 0.76
toluene 1.55 0.15

[a] The ~AGScs values were calculated according to equations;
7AGSCS = AEOO — e (on + Ered) — AGs, where AE()O is the 0-0
transition energy (1.70 eV for 'Cyy*). AG refers to the static energy
calculated according to ~AGs = —[e*/(4mey)] ({1/(2Ry) + 1/2R) —
(1/Rco)es — [1/(2R4) + 1/(2R)]/er}), where eg and &g refer to sol-
vent dielectric constants for electrochemistry and electron-transfer,
respectively. R, and R_ are radii of the radical cation and radical
anion; they are 7.2 and 4.2 A for 4a,b and 7.4 and 4.2 A for 6a,b,
respectively, as cited from the optimized structures of 1 and 2 (see
Supporting Information, Figure S25). Rcc is center-to-center dis-
tance estimated to be 15.0 A for 4a.b and, 16.0 A for 6a and 16.5 A
for 6b, respectively.

Steady-State Absorption Spectra

Figure 2 shows absorption spectra of compounds 4a,b
and 6a,b in dichloromethane. These compounds exhibit the
huge absorption bands in the UV region (near 255 and
300 nm), in addition to broad weak absorption in the Vis
region. For 4a,b, sharp peaks at 430 nm are characteristic
of fulleropyrrodine moiety, in addition 700 nm peaks ap-
peared. In the case of 6a,b, stronger broad absorption
bands in the 350-450 nm region suggest the stronger inter-
action of m-system of Cgy moiety and pyrazoline ring.
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Figure 2. Steady-state absorption spectra of compounds 4a,b and
6a,b in CH,Cl, (5% 10°°wm). Inset: magnified steady-state absorp-
tion spectra of 4a (5X 107> M) in PhCN.

Steady-State Fluorescence Measurement

Figure 3 (top) shows the steady-state fluorescence spectra
of 4a,b and NMPCs,, in which the fluorescence peak at
715 nm was attributed due to the Cgy moiety. The fluores-
cence intensity of 4a,b in toluene was found to be decreased
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very much compared with that of NMPCg,, when the ab-
sorbance at the excitation wavelength (430 nm) was
matched. In polar solvents such as PhCN, the fluorescence
intensity of 4a,b was also found to be quenched more mark-
edly compared with that in toluene, supporting the charge-
separation process via the 'Cgy* is more efficient in polar
solvent. For 6a-b (Figure 3, bottom), appreciable fluores-
cence quenching of the moiety was observed in toluene
compared with PzCgp; in PhCN, almost complete quench-
ing was observed, which supports the efficient charge-sepa-
ration process via the 'Cg* moiety in polar solvent.

=1 ' ' I
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Figure 3. Steady-state fluorescence spectra of (top) 4a (inset 4b)
and (bottom) 6a (inset 6b) in toluene and PhCN with the corre-
sponding reference compounds, NMPCgy, and PzCg in toluene; A,
= 430 nm.

Picosecond Fluorescence Time-Profile Measurements

The fluorescence time-profiles of 4a and NMPCyg, are
shown in Figure 4, which indicates that the fluorescence de-
cay of the 'Cqy* moiety is faster in 4a compared with that
in NMPCg,. The fluorescence time-profile decays with bi-
exponential function with lifetimes [(Tf)sample] as 233 ps
(74%) and 1300 ps (26%) in toluene. The shortening of the
fluorescence lifetime compared with NMPCgy [(To)rer =
1300 ps] indicates charge separation from the Fc donor
moieties to the Cgy moiety in 4a. A minor fraction with
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lifetime same as NMPCg, was attributed to the dissociated
Cyo derivatives, probably generated by the laser light irradi-
ation during the lifetime measurements. In PhCN, a similar
fluorescence time profile was observed, from which (z¢)sumpie
was evaluated to be 160 ps, indicating faster charge sepa-
ration (CS) in a polar solvent. For other compounds, for
instance 4b and 6a,b, the evaluated (7¢)sample are summa-
rized in Table 3.

_1or NMPCg, ]
(:é 0.8- 4a i.n toluene |
> 4ain PhCN
@ 06r 1
c ¢
i} i
04 ]
0.2+ i E
0.04
0

Figure 4. Fluorescence decays at 680-740 nm for 4a in toluene and
PhCN and the reference compound NMPCy, in toluene; Ao, =
400 nm.

Table 3. Fluorescence lifetimes (zg)®! of 'Cgo*, rate constants (kS¢s)
and quantum yields (@5cg) of charge-separation via 'Cyy* of 4a,b
and 6a.b.

Compound  Solvent 7/ps (fraction) KkScg/s! DS
4a toluene 233 (74%) 3.6X10° 0.83
PhCN 164 (78 %) 6.4%x10° 0.88
4b toluene 180 (80%) 4.8x10° 0.86
PhCN 132 (82%) 6.9 X 10° 0.90
6a toluene 195 (83%) 4.5%10° 0.87
PhCN 68 (87%) 1.4 X100 0.95
6b toluene 78 (88%) 1.2 X 10" 0.94
PhCN 48 (90%) 2.0x 10" 0.96

[a] Goodness-of-fit parameters (y?) were 1.00-1.17.

The charge-separation rate (kScg) and quantum yield
(DS¢s) via the 'Cg* moiety were evaluated from the short
(Tp)sample cOmponents of 4a,b and 6a,b according to Equa-
tions (1) and (2):134-7¢]

(I/Tf)rcf (1)

kSCS = (I/Tf)samplc -

(DSCS = [(”Tf)sample - (”Tf)ref]/(l/‘[f)sample (2)

The calculated values are listed in Table 3; for example,
the kS~g and @S- for 4a were found to be 6.4 X 10° s™' and
0.88 in PhCN, respectively, which indicates the occurrence
of more efficient charge separation than that in toluene
(kKScs =3.6X10° s7! and @S¢ = 0.83). For 4b, slightly more
efficient charge separation was proved compared with 4a in
both solvents. Furthermore, the charge separation process
for 6a,b is rapid and efficient more than 4a-b in both polar
solvents and non-polar solvents, indicating that the Pz moi-
ety enhances the charge separation ability compared with
the NMP moiety. For both, 4a,b and 6a.b, the meta deriva-
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tives (b) show more efficient charge-separation than the or-
tho derivatives (a) do, which can be attributed to the confor-
mational reasons, because thermodynamic properties are
the same. Furthermore, the solvent polarity affects to in-
crease the kScg and @S values.

From the negative AGScg values listed in Table 1, the ob-
served charge-separation processes via 'Cg* for both 4a,b
and 6a,b are exothermic in polar solvent; i.e., the more
negative AGS¢g values for 6a,b indicate that the charge-sep-
aration process is more favourable in 6a,b than in 4a,b. The
AGScg values in the range of 0.5 — 0.9 ¢V in PhCN sug-
gest that the charge-separation process is almost the top
region of the Marcus parabola,® because the reorganiza-
tion energies for the Cg, derivatives are reported to be 0.5—
0.6 eV.” In toluene, although it is difficult to evaluate the
AGS values, the observed efficient fluorescence quenching
of the 'Cg* moiety suggests that the AGScg values are
negative even in nonpolar solvent for all 4a,b, which is more
negative than for 6a,b. The AGS<g values are in the range of
ca. —0.2 eV in toluene suggesting that the charge-separation
process is at the foot of the normal region of the Marcus
parabola.

On comparing with Fc-Cg, dyads with the phenylvinyl
(PV) linkage, the charge-separation efficiencies of phenyl-
acetylene (PA) linkage are almost the same, suggesting that
both linkages are similar molecular bridge for the charge-
separation process via the 'Cgy* moiety.['"]

Nanosecond Transient Absorption Studies

Nanosecond transient spectra of 4b observed with
532 nm laser light excitation in deaerated toluene are shown
in Figure 5. Immediately after the laser light pulse (6 ns),
the transient absorption bands were observed at 700 nm
and 1000 nm; the former band persisting longer than a
microsecond was attributed to the 3Cg* moiety, whereas
the latter band at 1000 nm was assigned to the Cq, moiety
decaying quickly within 25 ns. Although the transient ab-
sorption band of Fc'* was not found in Figure 5 because of
weak absorbance due to the small molar absorption coeffi-
cients, the radical ion pair like as (Fc), "=Ph-PzC¢,~ can
be presumed to be generated. From the curve-fitting with a
single exponential function, the first-order rate constant
was evaluated to be ca. 1 X 10% s, which can be attributed
the charge-recombination rate constant (kcg). In polar
PhCN, on the other hand, a more rapid decay within the
6 ns laser pulse duration was observed, suggesting kcg >
1 X108 s7!. For other 4a and 6a,b, rapid decays within the
6 ns laser pulse were observed, suggesting kcg > 1 X 103 57!
in toluene and PhCN.

These lifetimes of the charge-separated states of the Fc—
Cgo dyads with the phenylacetylene (PA) linkage are quite
shorter than those of the phenylvinylene (PV) linkage, sug-
gesting that the phenylacetylene (PA) linkage is better mo-
lecular conducting wire for charge-recombination of elec-
tron-hole pair on the Cg, and Fc, respectively.

3539

WWW.eurjoc.org



FULL PAPER

O. Ito, F. Langa et al.

0.020 : . ; ; ;
0.020— —
S 0.015f 1020 nm
0.015} < i
£ o010t
@ 7
e o)
© <€ 0.005}
Ke)
5 0.010f
8 0.000L% . '
< 0 100 200 300
Time / ns
0.005
—&— 10 ns
b —— 25ns
0.000 ——250ns 2 O6-5 -8 3

1000 1100

700 800 900
Wavelength / nm

Figure 5. Transient absorption spectra obtained by 532 nm laser
light photolysis of 4b in Ar-saturated toluene.

Energy Diagram

From Table 1, the energy diagram can be schematically
illustrated as shown in Figure 6. From the (Fc),=Ph-
NMP!Cgy* and (Fc),=Ph-Pz'C¢,*, the exothermic charge
separation is possible to generate (Fc), "*=Ph-NMPCg,~
and (Fc),*=Ph-PzCy,~ in toluene and PhCN. Since the
energy level of (Fc), "=Ph-NMPCg,~ in toluene is higher
than the triplet state (Fc),=Ph-NMP3Cg*, rapid charge
recombination is anticipated. On the other hand, the energy
level of (Fc),'=Ph-PzCg,~ in toluene is only slightly higher
than (Fc),=Ph-Pz3C¢,*, charge recombination goes to the
lower triplet state 3(Fc),*=Ph-PzCg,l>’! which may be at
the foot of the normal region of the Marcus parabola,
which anticipates the slower charge-recombination than
those for (Fc), *=Ph-NMPCg, .

(Fc),=Ph-NMP!C*

(FOFPh-P2'Cop* s (Fe);*=Ph-NMPCqy™

-_'\CS‘ tOIuene (Fc)2.+EPZC60'_
— toluene
/
_—3 kCR
(FC)2=Ph-NMP CBO* PhCN
= 3
(Fc),=Ph-Pz°Cgo* N
\___\ﬁ—J
hv kCR

(F¢),=Ph-NMP!Cgy*  (Fc),=Ph-Pz'Cg*

Figure 6. Energy diagram.

Conclusions

For four newly synthesized 3,4- and 3,5-bis(ferrocenyl-
acetylene)phenyl-Cg, systems in which the ferrocene and
Ceo are covalently linked with acetylene linkage through
pyrrolidino and pyrazolino rings on the Cg, moiety,
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(Fc),=Ph-NMPCg, (0- and m-) and (Fc),=Ph-PzCg,, pho-
toinduced charge-separation processes via the singlet ex-
cited state of Cgo (1Cgo*) were confirmed from the fluores-
cence quenching measurements, which was further con-
firmed by the transient absorption spectra. Compared with
(Fc),=Ph-NMPCq, (4a,b), (Fc),=Ph-PzC¢, (6a,b) are
higher efficient charge-separation. The lifetimes of the
charge-separated states of the phenylacetylene bridge sys-
tems were evaluated to be ca. 10 ns, which is shorter than
those of (Fc), = Ph—-NMPCy, and (Fc), = Ph—PzCg, prob-
ably because of higher electron-hole conductivity of the
acetylene bridge than the vinylene bridge.

Experimental Section

General Remarks: Cg (99.9%) was purchased from MER Corpora-
tion (Tucson, AZ). Microwave irradiations were performed in a Mi-
crowave Synthesis workstation (CEM). '"H NMR and '*C NMR
spectra were recorded on a Varian Mercury 200 and a Varian Inova
500 spectrometers. FT-IR spectra were recorded on a Nicolet Im-
pact 410 spectrophotometer using KBr disks. MALDI-TOF mass
spectra were obtained on an Applied Biosystems Voyager-DE™
STR spectrometer.

Measurements. Electrochemical Measurements: Reduction poten-
tials E".q and oxidation potentials E",, were measured by cyclic
voltammetry (CV) and Osteryoung square wave voltammetry
(OSWYV) with a potentiostat BAS CV50W in a conventional three-
electrode cell equipped with Pt-working and counter-electrodes
with an Ag/AgNO; reference electrode at scan rate of 100 mV/s.
The E.q and E,, were expressed vs. Ag/AgNO;. In each case, a
solution containing 0.2 mm of a sample with 0.05 M of nBuyNCIO,
(Fluka, purest quality) was deaerated with argon bubbling before
measurements.

Steady-State Measurements: Steady-state absorption spectra in the
visible and near-IR regions were measured on a JASCO V570 DS
spectrophotometer. Steady-state fluorescence spectra were mea-
sured on a Shimadzu RF-5300 PC spectrofluorophotometer
equipped with photomultiplier tube having high sensitivity in the
700-800 nm region.

Time-Resolved Fluorescence Measurements: The time-resolved fluo-
rescence spectra were measured by the single-photon counting
method using a streak-scope (Hamamatsu Photonics, C4334-01) as
a detector and the laser light second harmonic generation SHG,
400 nm of a Ti:sapphire laser (Spectra-Physics, Tsunami 3950-L2S,
fwhm = 1.5 ps) as an excitation source. Lifetimes were evaluated
with software provided with the equipment.

Nanosecond Transient Absorption Measurements: Nanosecond tran-
sient absorption measurements were carried out using the SHG
(532 nm) of an Nd:YAG laser (Spectra Physics, Quanta-Ray GCR-
130, fwhm 6 ns) as excitation source. For the transient absorption
spectra in the near-IR region (6001600 nm), the monitoring light
from a pulsed xenon lamp was detected with a Ge-avalanche pho-
todiode (Hamamatsu Photonics, B2834).

Synthesis: Acetyleneferrocene was prepared from ferrocenecarbal-
dehyde according to the procedure described by Rodriguez.!*8]

General Procedure for the Synthesis of Bis(ferrocenylacetylene)benz-
aldehydes 3a,b: After argon had been bubbled through triethyl-
amine (125 mL) as solvent for 3 h, the aldehyde (1 equiv.), the cata-
lysts PACl,(PPhj3), (0.025 equiv.) and Cul (0.05 equiv.) and acetyl-
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eneferrocene (6 equiv.) were added in this order. The reaction mix-
ture was microwave-irradiated under argon in a microwave reactor
focalized at 200 W during the indicated reaction time. After the
irradiation, the orange-colored solution had completely turned
brown. The solvent was removed under vacuum and the residue
was purified by column chromatography on silica gel using toluene/
hexane (7:3).

3,4-Bis(ferrocenylacetylene)benzaldehyde (3a): From 3,4-dibro-
mobenzaldehyde, (100 mg, 0.38 mmol, 1 equiv.), PdCl,(PPhjs),
(6.6 mg, 9.45pumol, 0.025equiv.), Cul (3.6 mg, 0.019 mmol,
0.05 equiv.) and ethynylferrocene (475 mg, 2.27 mmol, 6 equiv.).
Reaction time 1.5 h, yield 93% (175 mg). IR-FT (KBr): ¥ = 2922,
2200, 1696, 1207, 813 cm™'. '"H NMR (200 MHz, CDCI;): 6 = 10.00
(s, 1 H),7.99 (s, 1 H), 7.76 (d, J = 8.0 Hz, 1 H), 7.63 (d, J = 8.0 Hz,
1 H), 4.61 (s, 4 H), 4.33 (s, 4 H), 4.28 (s, 10 H) ppm. '3C NMR
(50 MHz, CDCl;): 0 = 191.0, 134.6, 133.2, 132.1, 131.8, 127.5,
127.4, 126.8, 126.7, 97.5, 94.1, 84.8, 83.8, 71.8, 71.7, 70.3, 70.2,
69.5, 69.2, 64.5, 64.2 ppm. UV/Vis (CH,Cly): Ay /nm (log &) =
256.0 (4.43), 302.0 (4.39). C3;H,Fe,O (522.2): caled. C 71.26, H
4.24; found C 71.06, H 4.25. MALDI-TOF MS, m/z calculated for
C;3,H,,0Fe, 522.04 (M™"), found 521.90 (M™).

3,5-Bis(ferrocenylacetylene)benzaldehyde (3b): From 3,5-dibro-
mobenzaldehyde, (100 mg, 0.38 mmol, 1 equiv.), PdCl,(PPhs),
(6.6 mg, 9.45pumol, 0.025equiv.), Cul (3.6 mg, 0.019 mmol,
0.05 equiv.) and ethynylferrocene (475 mg, 2.27 mmol, 6 equiv.).
Reaction time 2 h, yield 184 mg (98%). IR-FT (KBr): v = 2921,
2213, 1707, 1591, 1198, 802 cm™'. 'TH NMR (200 MHz, CDCl,): 6
=10.00 (s, 1 H), 7.90 (s, 2 H), 7.84 (s, 1 H), 4.54 (s, 4 H), 4.28 (s,
14 H) ppm. *C NMR (50 MHz, CDCl;): 6 = 191.1, 139.0, 136.6,
131.0, 129.0, 128.2, 125.5, 91.0, 83.8, 71.6, 70.1, 69.2, 64.2 ppm.
UV/Vis (CH,CL): Apa/nm (log &) = 256.0 (4.46), 308.0 (4.37).
MALDI-TOF MS, m/z calculated for C3;H,,0OFe, 522.04 (M™),
found 521.74 (M™). C3;H,,0Fe, (522.2): C 71.26, H 4.24; found C
70.87, H 4.01.

General Procedure for the Synthesis of Pyrrolidino[60]fullerenes
4a,b. Method A: A mixture of Cgy (1 equiv.), the corresponding
aldehyde 3a,b (2.5 equiv.) and N-methylglycine (5 equiv.) in dry tol-
uene (250-300 mL for each mmol of Cg,) was refluxed under argon
during the indicated time. After cooling to room temperature, the
crude product mixture was purified by column chromatography on
silica gel using toluene/hexane (7:3). Method B: See method A, but
use microwave irradiation (200 W) as source of energy.

2'-|3,4-Bis(ferrocenylacetylene)phenyl]-1'-methylpyrrolidino|3',4":1,2]-
[60]fullerene (4a). Method A: Reaction time 5 h, yield 36%. Method
B: Reaction time 1.5 h, yield 39%. IR-FT (KBr): ¥ = 2780, 2375,
2213, 1607, 1107, 839, 527 cm™'. '"H NMR (200 MHz, CDCl;): §
=772 (m, 1 H), 7.58 (m, 1 H), 7.54 (m, 1 H), 5.41 (d, J/ = 9.4 Hz,
1 H), 492 (s, 1 H), 4.58 (s, 2 H) 4.56 (s, 2 H), 4.27 (s, 4 H), 4.26
(s, 10 H), 2.83 (s, 3 H) ppm. 3C NMR (50 MHz, CDCl5): 6 =
156.2, 154.0, 153.4, 153.0, 147.5, 146.8, 146.5, 146.4, 146.2, 145.8,
145.7, 145.5, 144.8, 144.6, 143.3, 143.2, 142.8, 142.3, 142.2, 141.9,
141.2, 140.4, 139.9, 137.2, 136.7, 136.1, 135.9, 132.4, 128.5, 126.3,
110.8, 93.3, 85.0, 84.9, 83.3, 82.6, 77.8, 71.8, 70.3, 69.3, 65.2, 62.0,
40.3 ppm. MALDI-TOF MS, m/z calculated for Cy3H,;Fe,N
1269.08 (M™*), found 1269.00 (M™), 720 (Cg). UV/Vis (CH,Cl,):
Jmax/nm (log &) = 255.0 (5.17), 431.0 (3.87).

2'-|3,5-Bis(ferrocenylacetylene)phenyl]-1’-methylpyrrolidino[3',4':1,2]-
[60]fullerene (4b). Method A: Reaction time 8 h, yield 37%. Method
B: Reaction time 2 h, yield 41%. IR (KBr): ¥ = 3101, 2927, 2903,
2780, 2213, 2201, 1531, 2374, 1078, 781, 692, 527 cm™'. '"H NMR
(400 MHz, CDCl;): 6 = 7.85 (broad s, 2 H), 7.59 (t, J = 1.6 Hz, 1
H), 5.01 (d, J =9.6Hz, 1 H), 4.89 (s, 1 H), 4.51 (t, / = 1.6 Hz, 4
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H), 4.28 (d, J = 9.5Hz, 1 H), 4.24 (m, 14 H), 2.84 (s, 3 H) ppm.
13C NMR (50 MHz, CDCl5): 6 = 156.2, 154.0, 153.3, 152.9, 147.5,
146.5, 146.4, 146.1, 146.0, 145.7, 145.5, 144.6, 142.8, 142.3, 142.2,
140.4, 137.8, 136.7, 135.9, 134.4, 131.4, 128.4, 124.8, 118.8, 89.8,
85.2, 83.2, 71.7, 70.2, 69.2, 64.9, 49.10 40.35 ppm. MALDI-TOF
MS, m/z calculated for CosH,,Fe>N 1269.08 (M™), found 1269.00
(M™), 720 (Cgp). UV/Vis (CH,Cl,): Apa/nm (log €) = 255.0 (5.09),
431.0 (3.77).

General Procedure for the Synthesis of Hydrazones 5a,b: A solution
containing 1 equiv. of the aldehyde, 1 equiv. of p-nitrophenylhydra-
zine and two drops of acetic acid in EtOH (150 mL for 1 mmol of
aldehyde) was refluxed for the time indicated in each case. The
mixture was then cooled to room temperature and then at 0 °C
during 12 h. The solid was filtered and purified by recrystallization
in EtOH.

3,4-Bis(ferrocenylacetylene)benzaldehyde p-Nitrophenylhydrazone
(5a): Following the described procedure, from 3a (100 mg,
0.19 mmol, I equiv.) and p-nitrophenylhydrazine (29.4 mg,
0.19 mmol, 1 equiv.). Reaction time 1 h, yield 112 mg (90%), m.p.
>200 °C. IR-FT (KBr): ¥ = 3298, 2199, 1599, 1490, 1343, 1281,
1107 em™. '"H NMR (200 MHz, CDCl5): 6 = 8.20 (d, J = 9.0 Hz,
3 H), 7.75 (s, 2 H), 7.60 (d, J = 8.0 Hz, 1 H), 7.52 (d, J = 8.0 Hz,
1 H), 7.16 (d, J = 9.0 Hz, 2 H), 4.60 (s, 4 H), 4.31 (s, 4 H), 4.27 (s,
10 H) ppm. *C NMR (50 MHz, CDCl;): 6 = 149.4, 140.9, 140.2,
133.3, 132.3, 130.1, 127.1, 126.7, 126.4, 125.4, 112.1, 94.9, 93.3,
85.2, 84.7, 71.8, 70.4, 69.4, 69.3, 65.1, 65.0, 29.9 ppm. UV/Vis
(CH,Cly): Apax/nm (log &) = 301.0 (4.39), 410.0 (4.66). MALDI-
TOF MS, m/z calculated for Cs;H,;N30,Fe, 657.08 (M™), found
656.83 (M™"). C3;H,7N;0,Fe; (657.32): C 67.57, H 4.14, N 6.39;
found C 67.23, H 4.35, N 6.28.

3,5-Bis(ferrocenylacetylene)benzaldehyde p-Nitrophenylhydrazone
(5b): Following the described procedure, from 3b (100 mg,
0.19 mmol, 1 equiv.) and p-nitrophenylhydrazine (29.4 mg,
0.19 mmol, 1 equiv.). Reaction time 0.5 h, yield 104 mg (83 %), m.p.
163 °C. IR-FT (KBr): ¥ = 3278, 2215, 1595, 1498, 1343, 1262, 1107
cm . 'TH NMR (200 MHz, CDCl,): 6 = 8.22 (d, J = 9.0 Hz, 2 H),
811 (s, 1 H), 7.71 (s, 2 H), 7.61 (s, . H), 7.49 (s, 1 H), 7.19 (d, J =
9.0 Hz, 2 H), 4.54 (s, 4 H), 4.27 (s, 14 H) ppm. '3C NMR
(125 MHz, [Dg]DMSO): 6 = 150.4, 139.9, 138.7, 135.9, 133.4,
127.9, 126.1, 124.1, 111.7, 90.1, 84.3, 71.3, 69.9, 69.2, 63.9 ppm.
UV/Vis (CH,Cly): Apax/nm (log ¢) = 306.0 (4.50), 394.0 (4.53).
MALDI-TOF MS, m/z calculated for C3;H,;N30,Fe, 657.08 (M™),
found 656.63 (M*). C;,H»;N30,Fe, (657.32): C 67.57, H 4.14, N
6.39; found C 66.89, H 4.28, N 6.10.

General Procedure for the Preparation of 2-Pyrazolino[60]fullerenes
6a,b. Method A: To a solution containing 0.06 mmol of the corre-
sponding hydrazone in 10 mL of dry CHCIl; under argon was
added 0.005 mL of anhydrous pyridine. The mixture was then co-
oled to 0°C and 0.12 mmol of N-chlorosuccinimide (NCS) were
added. After stirring for 30 min at 0 °C and 60 min at room tem-
perature, a solution containing 0.06 mmol of Cg, and 0.15 mmol
of triethylamine in 45 mL of dry toluene was added. The mixture
was stirred at room temperature during the specified reaction time.
The crude product was purified by flash column chromatography
over silica gel using toluene/hexane (7:3). Method B: See method
A, but use microwave irradiation (200 W) as source of energy.

2'-|3,4-Bis(ferrocenylacetylene)phenyl]-1'-(p-nitrophenyl)-2-pyrazolino-
[4',5":1,2][60]fullerene (6a): Method A: Reaction time 3 h, yield
27%. Method B: Reaction time 1 h, yield 27%. IR (KBr): ¥ = 3090,
2202, 1589, 1543, 1511, 1381, 1042, 526 cm™!. 'H NMR (200 MHz,
CDCls): 0 = 8.38 (s, 1 H), 8.36 (d, J/ = 9.0Hz, 2 H), 829 (d, J =
9.0Hz 2 H), 8.11 (d, J = 8.2 Hz, 1 H), 7.62 (d, J = 8.2 Hz, 1 H),
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4.59 (s, 4 H), 4.30 (s, 4 H), 4.25 (s, 10 H) ppm. MALDI-TOF MS,
mlz calculated for Co,H,5N3;0,Fe, 1375.10 (M™), found 1375.14
(M™), 720 (Cgp). UV/Vis (CH,Cl): Apa/nm (log &) = 255.0 (5.15),
320.0 (4.84).

2'-[3,5-Bis(ferrocenylacetylene)phenyl]-1'-(p-nitrophenyl)-2-pyrazolino-
|4',5':1,2]|60]fullerene (6b). Method A: Reaction time 3 h, yield
17%. Method B: Reaction time 1.5 h, yield 25%. IR (KBr): ¥ =
3094, 2917, 2213, 1590, 1512, 1314, 852, 527 cm™'. 'H NMR
(400 MHz, CDCl;): 6 = 8.36 (d, J = 9.2Hz, 2 H), 828 (d, J =
9.2 Hz, 2 H), 8.21 (d, J = 1.4 Hz, 2 H), 7.74 (t, J = 1.6 Hz, 1 H),
451 (t, J = 1.6 Hz, 4 H), 4.26 (t, J = 1.8 Hz, 4 H), 4.23 (s, 10 H)
ppm. MALDI-TOF MS, m/z calculated for Cy;H,sN;O,Fe,
1375.07, found 1375.14 (M™), 720 (Cg). UV/Vis (CH,CL): Apa/
nm (log &) = 255.0 (5.14), 316.0 (4.78).

Supporting Information (see also the footnote on the first page of
this article): The characterization data including IR-FT, '"H NMR,
13C NMR, and MALDITOF-MS of new compounds.
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