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Abstract — Two types of triads based on pyrazolino[60]fullerenes with fluorenyl
and fluorinated phenyl substituents have been synthesized via the [3+2] dipolar
cycloaddition reaction between Cgy and corresponding hydrazones in good yields.
Photophysical properties of these triads have also been systematically investigated,
and their weak emissions indicated fluorescent quenching induced by
intramolecular charge transfer may occur between the donor and acceptor parts of

these systems.

INTRODUCTION

Since the disclosure of novel and unique electronic properties of fullerene in the past decades, it has

1-3,7

become a burgeoning interest in the areas of organic photovoltaics, traditional organic synthesis,*®

and nanotechnology.®*” In recent years, the application of Cg fullerene derivatives'®'' in the field of

- - - . 12-17
optoelectronic devices has received great attention,

and there is an urgent need to improve and
optimize the synthetic methods of optoelectronic active Cg fullerene derivatives.
Our previous works have shown the efficient synthesis of fluorophore substituted pyrazolino[60]fullerene

18,19
derivatives,

and these studies were limited to single type of heterocyclic products, we are anxious to
make innovation on the design of the product structures. Considering about good fluorescence properties
of fluorene derivatives and special electronic effect of fluorine benzene, we decided to introduce fluorene
and fluorinated phenyl to fullerene Cgp. Our continued interest promotes us to extend our research to

multiple substituted pyrazolino[60]fullerene derivatives by using asymmetric 1,3-dipole hydrazones.
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Based on the symmetrical models (shown in Figure 1) we have designed two types of
pyrazolino[60]fullerenes triads with fluorenyl and fluorinated phenyl substituents. Based on a large
number of related literatures, such a design concept on the applications of fullerenes is not very common.
Herein, we present optimized synthesis of these compounds and the detailed investigations of their

photophysical properties by UV-VIS absorption and fluorescence spectra.
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Figure 1. The symmetrical models used in the design of pyrazolino[60]fullerene derivatives

RESULTS AND DISCUSSION

Fluorenyl and fluorinated phenyl groups were chosen as fluorophores A and B. Type I and Type II
products were obtained by treating the hydrazone intermediates with fullerene (Schemes 1 and 2). In
view of our previous research on synthesis of pyrazoline derivatives," a series of hydrazones 1I-(a-i)
were prepared in our general works for another publication, and they were introduced to Ce via the [3+2]
dipolar cycloaddition reaction.>** The synthetic route of target compounds 2I-(a-i) is shown in Scheme

1.

Arp =

.3-FC H,

. 2,5—di-FC6H3
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Scheme 1. The synthetic route of 2I-(a-i)

The reaction of hydrazones 11-a with Cg in the presence of PhI(OAc), was chosen as the model reaction
to screen the optimized conditions. The screening results of the optimized conditions are summarized in

Table 1.
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It was found that the yield of the product 2I-a could be improved by increasing the reaction time (entries
1~3). However, the excessive extension of time had a negligible effect on the product yield. Changing the
ratio of reactants could also affect the yield of product 2I-a (entries 2, 4, 5). In addition, an adverse effect
was observed on the yields of products by raising the reaction temperature due to the appearance of a
large number of impurities (entries 2, 6, 7). Using other solvents, such as benzene or chlorobenzene could
not improve the reaction yield (entry 8). After careful comparisons, the best reaction condition was

selected as Cgp (0.1 mmol), 11 (0.2 mmol) and PhI(OAc), (0.2 mmol) in 40 mL of toluene at 30 °C for 5 h
(entry 2).

Table 1. Optimization of the reaction conditions in one-pot 1,3-dipolar cycloadditions between Cgy and
hydrazone 11-a

Entry Mole ratio® Solvent Temperature (°C) Time (h)  Yield® (%) of 2I-a
1 2:2:1 toluene 30 3 16 (75)
2 2:2:1 toluene 30 5 34 (74)
3 2:2:1 toluene 30 7 35(72)
4 1:1:1 toluene 30 5 17 (70)
5 4:4:1 toluene 30 5 36 (75)
6 2:2:1 toluene 20 5 28 (70)
7 2:2:1 toluene 45 5 30 (67)
8 2:2:1 benzene 30 5 32 (70)

* Molar ratio refers to 1I-a : PhI(OAc); : Céo. ® Yields out of parentheses are isolated yields. Yields in
parentheses are conversion yields based on reacted Cep.

According to the optimized reaction conditions, a series of target compounds 2I-(a-i) have been prepared.
As shown in Table 2, all products of Type I afforded 32-37% isolated yields (70—-76% yields based on

reacted Cep).

Table 2. Preparation of a series of Type I products 21-(a-i)

Entry Ary of reactants 11-(a-i) Product 21I-(a-i)* Yield® (%)
1 3-FC¢H,4 2I-a 34 (74)
2 2,5-di-FCg¢Hj; 2I-b 34 (73)
3 3,4,5-tri-FCH, 2I-c 33(72)
4 2,3,5,6-tetra-FCgH 21-d 35(75)
5 CeFs 2l-e 37 (76)
6 Ce¢Hs 2I-f 32(71)
7 4-FCcHy 2]-g 33(75)
8 2,3-di-FCg¢Hj; 2I-h 33 (70)
9 3,4-di-FCgHj 2I-1 32 (74)

All reactions were performed in toluene at 30 °C for 5 h. * Mole ratio refers to 1I-(a-i) : PhI(OAc), : Ceo =
2:2:1; ° Yields out of parentheses are isolated yields. Yields in parentheses are conversion yields based on
reacted Cep.
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The other type of target compounds 21I-(a-f) has also been prepared in a similar manner, which is shown
in Scheme 2.
Similar screening processes of the optimized reaction conditions between Cep and 11I-a are shown in

Table 3.

CH=NNH-Ar;,

O Cep» PhI(OAcC),
O, toluene

111-(a-f)

a. 3-FC6H4
b. 2,5-di-FC H,

c. 3,4,5-tri-FCH,

d. 2,3,5,6-tetra-FC,H
e. C4Fs

f. CH;

211-(a-f)

Scheme 2. One-pot preparation of 2I1-(a-f)

Table 3. Optimization of the reaction conditions in one-pot 1,3-dipolar cycloaddition between Cq and

hydrazone 11I-a

Entry Mole ratio® Solvent Temperature (°C) Time (h)  Yield® (%) of 2II-a
1 2:2:1 toluene 40 3 20 (71)
2 2:2:1 toluene 40 5 34 (72)
3 2:2:1 toluene 40 7 34 (69)
4 1:1:1 toluene 40 5 16 (73)
5 4:4:1 toluene 40 5 35(71)
6 2:2:1 toluene 30 5 30 (74)
7 2:2:1 toluene 60 5 25 (63)
8 2:2:1 benzene 40 5 32 (70)

* Molar ratio refers to 1II-a : PhI(OAc); : Cgo. ® Yields out of parentheses are isolated yields. Yields in
parentheses are conversion yields based on reacted Ceo.

According to the optimized reaction conditions, a series of target compounds 2II-(a-f) have been
prepared. As shown in Table 4, all the products of Type II afforded 33-38% isolated yields (70-79%
yields based on reacted Cgp).
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Table 4. Preparation of a series of Type II products 21I-(a-f)

Entry Arp of reactants 11I-(a-f) Product 2I1-(a-f)* Yield® (%)
1 3-FC¢Hy 211-a 34 (72)
2 2,5-di-FC¢Hs 211-b 33 (70)
3 3.,4,5-tri-FC¢H, 211-c 35(70)
4 2,3,5,6-tetra-FCsH 211-d 35(75)
5 CeFs 21I-e 38(79)
6 CeHs 211-f 33 (70)

All reactions were performed in toluene at 30 °C for 5 h. * Mole ratio refers to 1II-(a-f) : PhI(OAc), : Cgo
=2:2:1; ® Yields out of parentheses are isolated yields. Yields in parentheses are conversion yields based
on reacted Cego.

It's worth mentioning that the yields of the products 21 and 2II are very close to each other regardless of
the number or the substitution position of fluorine atoms on the benzene ring. Generally, the reaction
yield would be reduced by the influence of electron-withdrawing group, but the expected results were not
observed. This phenomenon may be caused by the increasing of the reactants solubility in the solvent by
the introduction of fluorine atoms.

The structures of all products 2I and 2II were fully characterized by spectroscopic methods (UV-VIS,
FTIR, 'H NMR, "’F NMR, *C NMR, and MALDI-FTICR-MS). The mass spectra of the products 2I and
211 exhibit the expected [M]" or [M+H]" peaks and well matching the calculated molecular weights. The
'H and ""F NMR spectra display the expected chemical shifts and splitting patterns for all protons and
fluorine atoms. For instance, in the >C NMR spectra of 2I-f, 48 peaks appear in the range of 119-148
ppm, and among them 4 peaks are due to the sp” carbons of benzene ring, 12 peaks are due to the sp’
carbons of fluorenyl moiety and other 32 peaks are caused by Cgo skeleton. It is indicated that the
pyrazolelin ring is formed between a pentatomic ring and a hexatomic ring to get the [5,6] ring open
products (Scheme 3). Two peaks at about 92.23 and 81.46 ppm are assigned to the two sp’ carbons of Ceq,
and the peak at 37.11 ppm is related to the sp> carbon of the fluorenyl moiety.

Scheme 3. The products are [5,6] ring open but not [6,6] ring close
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UV-VIS absorption and fluorescence spectra for comparison in symmetrical types

After testing different concentrations of the products, 6x10° mol/L in CHCl; was chosen as the best
condition for the ultraviolet analysis of 1I-(a-e), 11I-(a-e), 2I-(a-e) and 2II-(a-e). As shown in Figure 2,
2I-(a-e) show stronger ultraviolet absorption due to the expansion of better electron transportation after
Ceo connecting with 1I-(a-e), this rule also applies to Type II. Considering about the peak positions, the
peaks of 1I-(a-e) and 1II-(a-e) in 250~270 nm are due to m~m* electronic transitions, and peaks in
300~350 nm are caused by fluorenyl moiety. The peaks of 2I-(a-e) and 2II-(a-e) in 280~330 nm are
caused by fluorenyl moiety, peaks in 250~260 nm are caused by Ceo.

111-(a-e) show two absorption bands centered at 250 and 325 nm respectively, which could be attributed
to the w-t* transition and intramolecular charge tranfer process between fluorenyl (donor) and fluorinated
substituents (acceptor). However, in the spectra of 11-(a-e), only tiny peaks in the latter bands could be
observed. The lack of charge transfer bands indicate the intramolecular charge tranfer process may largely
be prohibited in the 1I-(a-e) series. This difference may arise from the better electron transportation of
fluorenyl and fluorinated groups in the structure of the 11I-(a-e) series. This difference was not observed
in the UV-vis spectra of 2I-(a-e) and 2I1-(a-e), and all of them show the characteristic absorption bands
of the n-* transition and intramolecular charge tranfer process. This may indicate that the fullerene part
as an acceptor takes part in the intramolecular charge tranfer process in the triads system, and this transfer

pathway may be superior than the way through fluorenyl and fluorinated groups.
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Figure 2. UV spectra of compounds 11, 111 (2A) and 21, 211 (2B) in CHCI; at room temperature

First of all, the fluorescence intensities of 1I-(a-e) are stronger than 1II-(a-e) as shown in Figure 3. The
fluorescence intensities of 11I-(a-e) decrease along with the increasing of fluorine atom number on the
phenyl. Second, it was found that products 2I-(a-e) and 2II-(a-e) both display weaker fluorescence

intensity than reactants obviously which is caused by fluorescence quenching of the compounds with Cgy.
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The fluorescence spectra of 2I-(a-e) and 21I-(a-e) tend to be similar—two main absorption peaks appear
at about 412 and 440 nm. The fluorescence intensities decrease obviously when the hydrazone derivatives
1I-(a-e) and 1II-(a-e) synthesized to be the pyrazolino Ceo derivatives. We inferred that the too-strong
electron-withdrawing effect of Cgo changes the electron transferring in pyrazolino Cg derivatives, and this

effect makes the fluorescence properties of 21-(a-e) and 2I1-(a-e) to be similar.
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Figure 3. Fluorescence spectra of 11, 111 (3A) and 21, 211 (3B) in CHCI; at room temperature

Electrochemical examinations

In order to further verify electronic transmission of Type I and Type II products, some of them were
chosen to be tested by CV(cyclic voltammetry). In Figure 4, products 2I-a and 2II-a show a
quasi-reversible electrochemical behavior, product 2I-a has two one-electron reduction waves at -1.91V
and -1.27V. However, product 2II-a shows three one-electron reduction waves at -1.96V, -1.54V and

-0.93V. Furthermore, the products of Type I show similar shape to 2I-a, which is also applied to Type II.
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Figure 4. Cyclic voltammogram of products 2I-a (4A) and 211-a (4B)
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All the initial reduction of voltages vs Fc/Fc' were used to calculate LUMO energies of the products. If
the initial oxidation voltages were chosen to calculate HOMO energies, values of HOMO energies and
LUMO-HOMO energy gaps (Eg) would be get out of parentheses in Table 5. On the other hand,
combined with the edge of the UV peak wavelength, LUMO-HOMO energy gaps (Eg) could be obtained
approximately in parentheses, then HOMO energies could also been calculated by LUMO energies and
LUMO-HOMO energy gaps. After data analysis, it was found that the results obtained by the two
different calculation methods are relatively uniform. The most important point should be emphasized that
LUMO-HOMO energy gaps (Eg) of Type II products are about 0.1~0.3 eV smaller than that of Type I

products, enabling an easier electron-transfer process.

Table 5. The LUMO and HOMO energies and LUMO-HOMO energy gaps (Eg) were calculated

Compound Ered1 Fred2  Erds  Eoxi  Ewndd  LUMO HOMOP Eg’

V) (V) A2 A% (eV) (eV) (eV)

Ceo™ — — — — — -3.22 -5,98 2.76
2l-a 2191 -127  — 214 -1.18  -3.62  -7.67(7.26) 4.05(3.64)
21-d 204 -154  -1.09 1.89 -131  -349  -7.42(6.89) 3.93(3.40)
21-h 204 -154 -086 1.88 -131  -349  -7.41(691) 3.92(3.42)
21 -1.99  -154  -1.09 1.83 -1.26  -3.54  -7.36(6.89) 3.82(3.35)
211-a -196  -154  -093 1.88 -1.23 357  -7.41(6.88) 3.84(3.31)
211-¢ -1.99  -1.55  -1.10  1.90 -1.26  -3.54  -7.43(6.80) 3.89(3.26)
211-d 202 -1.53 -1.03 1.87 -129  -3.51  -7.40(6.76) 3.89(3.25)

* Ereq is the first half-wave reduction potential of the compound relative to Fe/Fe'. ® Values out of
parentheses are calculated by initial oxidation voltages. Values in parentheses are calculated by the edge
of the UV peak wavelength.

In summary, two types of asymmetric pyrazolino[60]fullerenes derivatives with various fluorenyl and
fluorinated substituents have been synthesized via the [3+2] dipolar cycloaddition reaction between Cg
and corresponding hydrazones. By this method, we have successfully introduced fluorescent fluorenyl
groups onto Cg backbones, and it offers an effective way to synthesize asymmetric
pyrazolino[60]fullerenes with different substituents. The investigation of UV-VIS absorption and
fluorescence spectra indicated that the existence of effective intramolecular charge tranfer process
between fluorenyl and fluorinated substituents in the 1I and 1II series, and this process could be
perturbed by the intramolecular charge tranfer process between fluorenyl groups and fullerene in 2I and
211 series. Further studies on the synthesis of other fluorophores substituted pyrazolino[60]fullerenes, and

detailed investigation of the intramolecular charge tranfer process in our systems are ongoing.
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EXPERIMENTAL

Typical procedure for the synthesis of 1-(/V-fluorenyl)-3-(3'-fluorophenyl)pyrazolino[Ceo]fullerene
(2I-a). A mixture of Cg (72 mg, 0.1 mmol), hydrazone 11-a (60.4 mg, 0.2 mmol) and PhI(OAc), (64 mg,
0.2 mmol) were dissolved in 40 mL of toluene and stirred at 30 °C for 5 h. The solvent was then
evaporated in vacuum and the residue was separated on a silica gel column using CS, or CS,-toluene as
the eluent to afford unreacted C¢p and the adduct 2I-a; Brown solid; IR (KBr, cm'l): v 3455, 2919, 2850,
1605, 1578, 1047, 574, 526; "H NMR (500 MHz, CS,—~CDCls): & 8.32—8.29 (m, 2H), 8.06 (s, 1H), 7.95 (d,
J=8.0Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 7.5 Hz, 1H), 7.52 (d, J = 7.5 Hz, 1H), 7.36 (t,J =
7.5 Hz, 1H), 7.28 (t, J = 7.5 Hz, 1H), 7.21 (t, J = 8.5 Hz, 2H), 3.98 (s, 2H); '’F NMR (470 MHz,
CS,—CDCl3): 3-109.02 (s, 1F); >C NMR (125 MHz, CS,—CDCls): & 162.50, (d, J = 246.25 Hz), 147.23,
146.85, 146.03, 145.92, 145.64, 145.59, 145.53, 145.46, 145.43, 145.14, 144.90, 144.82, 144.80, 144.17,
143.94, 143.93, 143.08, 142.83, 142.81, 142.59, 142.53, 142.12, 142.06, 141.93, 141.84, 141.58, 141.41
(d, J = 2.5 Hz); 140.83, 139.99, 139.47, 139.06, 137.17, 136.21, 135.95, 134.45 (d, J = 8.75 Hz), 130.01
(d, J =8.75 Hz), 128.74, 128.00, 126.76, 126.50, 125.11, 124.79, 123.93, 123.90, 122.97, 120.78, 120.03,
119.63, 115.82 (d, J = 21.25 Hz), 115.44 (d, J = 22.5 Hz), 92.30 (sp3 C of Cgo sphere), 80.83 (sp3 C of
Ceo sphere), 37.05; MALDI-FTICR-MS: [M]Jr Calculated for CgoH3N>F;: 1020.1073; found 1020.10573.
Electrochemical measurements were performed using a Base 2000 CV system electrochemical analyzer.
Cyclic voltammetric measurements were carried out in o-dichlorobenzene/acetonitrile (4:1) containing
0.1 M n-BusNPFg as a supporting electrolyte, using a Pt working electrode (¢=1 mm) with ferrocene, and

a vitreous carbon rod counter electrode, scan rate: 100 mV/s.
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