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The Bamford-Stevens reaction with C,-C,o(CF3)g provides
four regioisomeric cyclopropanated and at least one bis-
cyclopropanated polyfunctional derivatives C;o(CF3)sDPM,,
n=1, 2 [DPM = C(p-MeOCgzH,),]. A strong influence of the
addition patterns on fluorescence and electrochemical
properties is demonstrated for three spectrally identified
monoadducts C,y(CF3)sDPM.
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Fullerenes and their derivatives are well-known organic n-type
semiconducting materials, which are used for fabrication of
numerous organic optoelectronic devices, eg. polymer and
perovskite solar cells, light-emitting diodes, field-effect
transistors, etc.1-® Tuning of the electronic and optical properties
of the fullerene derivatives is provided by variability of addition
patterns tailoring a series of me-conjugated systems with different
size and connectivity at fullerene cage. Isomeric diversity of
fullerene polyfunctional derivatives provides a representative
set of compounds to study correlation between the addition
patterns and the electronic properties of the compounds. A wide
variation of the electron-withdrawing abilities and optical gaps
was shown for large sets of trifluoromethylated fullerenes
Ceo(CF3)n (2n=2-12)78 and C,o(CF3),m (2m=2-20).7° As
was reported in the pioneer work by A. Popov et al.,° isomeric
trifluoromethylated fullerenes C,o(CF3)g and Cyo(CF3)4q reveal
the dramatic variability of fluorescence spectra and quantum
yields. High variability of fluorescence properties regarding the
addition patterns was reported for polyfunctional mono-, bis-
and tris-cyclopropane derivatives of Cs-C,o(OMe)g by L. Gan
et al.1 Strong effect of a me-conjugated system connectivity on
the electrochemical and fluorescent properties of structurally
related C,-C;(CF3)g[X] compounds with near-equatorial
addition of bivalent addend X, where X is >CF, and
>C(p-MeOCgH,), (aka DPM), had been studied in our previous
works.12-14

Here we report the structure, electronic and electrochemical
properties of two cyclopropanated adducts of DPM moiety to
C,-C70(CF3)g at the bonds a and b' in comparison with the major
adduct at the near-equatorial bond d,*31* which have been
obtained by the reaction of Ci-C;o(CFj)g (Figure 1) with
4,4'-dimethoxybenzophenone tosylhydrazone in the presence of
a base.

Two alternative approaches to cyclopropanation of fullerenes
are widely used. The nucleophilic cyclopropanation of fullerenes
via addition of stabilized a-halocarboanion followed by
intramolecular nucleophilic substitution closing of cyclopropane
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ring at [6,6]-double bond of fullerene was developed by C. Bingel
and further modified by A. Hirsch (aka the Bingel and the
Bingel-Hirsch reactions'®>'7). A different approach to
preparation of fulleroids and methanofullerenes was proposed
by Hummelen and Wudl,'8 who first used the Bamford—Stevens
reaction for fullerene derivatization. The base-induced
decomposition of tosylhydrazones of ketones produces reactive
diazoalkanes which react with fullerene substrate by two
alternative pathways,'®2° viz. (i) a 1,3-dipolar addition of
diazoalkane at [6,6]-double bond of fullerene giving a thermally
labile pyrazoline intermediate which undergoes kinetically
controlled N,-extrusion resulting in thermodynamic unstable
fulleroid; (ii) thermal-induced decomposition of diazoalkane
giving carbene intermediate which is rapidly trapped via [2+1]
cycloaddition at [6,6]-double bond yielding the thermo-
dynamically stable methanofullerene. In addition, prolonged
refluxing of fulleroid results in its isomerization into the most
thermodynamically stable methanofullerene.?

Both the Bingel-Hirsch and Bamford—Stevens reactions have
been successfully employed for trifluoromethylfullerenes.?%23
Bulky CBr(COOR); carbanion attacks the pole carbon atoms of
C,-C;o(CF3)g followed by cyclopropanation at the bonds a and
b', while [2 + 1] cycloaddition of more compact :C(p-MeOCgH,),

Cs-Cro(CF3)g

Figure 1 The Schlegel diagram (black circles denote position of CF,
groups) and the projection of Cs-C,,(CF3)g With highlighted most reactive
bonds d, a, and b'.
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carbene occurs at the most reactive near-equatorial bond d which
is sterically hindered by two terminal CF5 groups (see Figure 1).
It is worth noting that the bond d has low reactivity in pristine
C70,%% but it is activated by the near-equatorial addend pattern
of eight groups in C,-C4yXg fullerenes. The various tiny reactive
species like H, Cl, O, CH,, or CF, rapidly reacts exclusively at
the bond d in C,-C(OMe)gtt and Cy-Co(CFj)g.1213:2326.27 Thys,
near-equatorial arrangement pattern in C,-C,,Xg has activating
and orienting effects on the addition at the pole or near-equatorial
bonds depending on the size of reactive species.

One can suppose that addition of intermediate size
:C(p-MeOCg¢H,), carbene would provide a larger isomeric
diversity during C,-C;o(CF3)g derivatization in the Bamford-
Stevens reaction. To verify this assumption, we performed the
reaction of C,-Cqo(CF3)g with 4,4'-dimethoxybenzophenone
tosylhydrazone in the presence of K,CO5 and pyridine as bases
under refluxing in ortho-dichlorobenzene (see Online
Supplementary Materials for the experimental details). Indeed,
HPLC trace of the reaction mixture (Figure 2) revealed formation
of several products beside the early eluted major monoadduct at
the bond d (1) which was recently studied in detail 1314

The individual compounds were isolated and purified by
semi-preparative HPLC and their molecular compositions were
determined using MALDI mass spectrometry (Table1 and
Figure S1). Four isomeric monoadducts C;(CF3)sDPM (1, 2, 4,
5) as well as one bisadduct C;,(CF3)sDPM, (3) were isolated in
the appreciable yields.

Unfortunately, none of the fractions with previously unknown
compounds 2-5 gave crystalline material suitable for the single
crystal X-ray diffraction analysis. Therefore, the structures of
novel compounds were ascertained by NMR and UV/VIS
spectroscopy. Scanty information can be obtained from the
chemical shift value of quartet signal of terminal CF; group
(which has only one neighboring CF3) and its spin—spin coupling
constant. UV/VIS spectra of the fullerene compounds being
fingerprinting for given addition patterns (due to the presence of

1
mono-I
major

4
mono-I11

-C70o(CFs)s

2 3 l 5
mono-Il bis mono-IV

Retention time/min

Figure 2 The HPLC monitoring of reaction mixture (Cosmosil Buckyprep
4.6 mm i.d.x 25 cm, toluene : hexane = 1:1 v/v, 1 ml min-%, 290 nm).

Table 1 Identification of the isolated products.

the conjugated me-system with given size and connectivity)
provide essential information for structural elucidation. Taking
into accounts the previously reported spectral data for related
well-characterized derivatives of Cs-C7o(CF3)g, we have reliably
identified two monoadducts 11 (2) and 1V (5).

According to 1°F and 'H NMR data (Figure S2), mono-
adduct Il (2) is C;-symmetrical compound with equivalent OMe
groups of DPM moiety evidencing cyclopropanation at the C-C
double bond in mirror plain of the molecule. There are only two
C-C double bonds laying in the mirror plain of the molecule and
both situated at the poles of the molecule. Among them the
lowest relative formation energy corresponds to the addition at
the bond a (20.7 kJ mol-! at PBE/TZ2p DFT level 282 it is the
second by relative energy formation isomer of C;,(CF3)DPM),
while the adduct at the another C-C double bond is less
thermodynamically preferable (33.9 kJ mol-1).13 The 1°F NMR
spectrum of 2 consist of one quartet and three multiplet signals
of equal integral intensity. The quartet resonance was attributed
to pair of equivalent terminal CF5 groups, whose &g value and Jg¢
constant are similar to those for C,-C,(CF3)g (See Table 1). The
IH NMR spectrum contains one singlet at 3.78 ppm of two equal
OMe groups and appropriate set of signals for aromatic protons.
Finally, the UV/VIS spectrum is analogous to that of the
C,-C70(CF3)g[C(CO,EL),] cycloadduct at the bond a evidencing
the same addition pattern in compound 2 (see Figure S4).
Likewise, the quartet of two equivalent terminal CF5 groups for
C,-C1o(CF3)g[C(CO4EL),] adduct at the bond a appears at
—66.04 ppm with Jer value of 16.1 Hz.%

The °F NMR spectrum of monoadduct 1V (5) evidences its
trivial symmetry (Figure S3). It contains one unresolved
multiplet corresponding to two CF; groups in very similar
environment, two resolved quartet and four multiplet resonances
of the rest six CF5 groups. The two quartets of terminal CF;
groups are observed at —64.61 and —66.78 ppm with coupling
constant values of 13.9 and 16.0 Hz, respectively. The set of
IH NMR signals relates to the cyclopropanated derivative
C0(CF3)gDPM with trivial symmetry as well. Despite a lot of
isomeric monoadducts corresponds to the NMR pattern of
compound 2, it has been identified as an adduct at the bond b'
due to coincidence of its UV/VIS spectrum with those for the
previously structurally characterized C,-C,o(CF3)g[C(CO,EL),]
adduct at the bond b’ (Figure S4).2% The diagnostic quartets in the
19F NMR spectrum of the Bingel adduct at the bond b' appear at
—66.35 (16.1 Hz) and —66.64 ppm (15.5 Hz).2% Small differences
of Jer values for quartets of terminal CF5; group neighboring to
the cyclopropane moiety arise from differing sterical hindrance
of carboethoxy and p-methoxypheny!l groups.

Both the monoadducts 2 and 5 have been predicted among the
most energetically favorable isomers at the second and third
places by relative energy after the most stable monoadduct 1
according to the DFT calculations (20.7 and 24.8 kJ mol,
respectively, at PBE/TZ2p).)® Next by energy isomeric
cycloadducts corresponding to the addition at the pole

Compound Site? tg/min® Yield (%)° Compositiond -3¢ /ppme Sy/ppme Reference
mono-| (1) d 4.9 26 C;0(CF3)gDPM 66.57 (2CF;, 15.6) 3.82(3H),3.72(3H) 13,14
mono-I1 (2) a 6.3 12 C,0(CF3)gDPM 66.13 (2CF;, 16.5) 3.78 (6H) this work
bis-1 (3) N.I. 6.7 11 C;0(CF3)gDPM, - - this work
mono-111 (4) N.I. 75 10 C40(CF3)gDPM - - this work
mono-1V (5) b' 8.2 16 C;0(CF3)sDPM 64.61 (CF;, 13.9), 66.78 (CF5, 16.0) 3.82 (3H), 3.74 (3H) this work
Cs-C0(CF3)g - 9.6 22 C.o(CF3)g 65.74(2CF3, 16.1) - 13

aAttachment site at the respective bonds as denoted in Figure 1 (N.I. — not identified). "HPLC retention time, Cosmosil Buckyprep 4.6 mm i.d.x 25 cm,
toluene :hexane = 1:1 v/v, 1 ml min-L, SAccording to HPLC trace integration. 9According to MALDI MS data. *SNMR -3¢ and &y, shifts of the diagnostic

terminal CF5 and OMe groups (Jgr coupling constants are given in Hz).
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Figure 3 (a) The electronic absorption (the Schlegel diagram of
C,-C;0(CF3)g with marked cyclopropanation sites a, d, and b' is shown in
inset) and (b) fluorescence spectra of monoadducts 2 and 5 in comparison
with the major one 1 (cyclohexane, excitation at 355 nm).

Table 2 The optical properties of Ci-C;o(CF3)g and Cqo(CF3)gDPM
isomers.

The Stokes

Compound ~ EgeV Agd/nm Agn/nm shift/em-L D¢ Reference
mono-1 (1) 26 448 680 7616 0.051 13,14
mono-11 (2) 19 615 652 923 0.005 this work
mono-IV (5) 2.2 534 554 676 0.009 this work
Ci-Cyo(CF3)g 20 595 613 494 0.0012 10
[6,6]-bonds have slightly larger formation energies

(28-29 kI mol~') and can be expected among unidentified
product 4 of the reaction. Structurally unidentified bisadduct 3
can be the product of cyclopropanation at two different sites
from the bonds a, b', and d.

The electronic absorption, fluorescence spectra and optical
properties of monoadducts 2 and 5 along with previously
characterized monoadduct 1 and parent C,-C,o(CF3)g'® are

presented in Figure 3 and Table 2. Cyclopropanation at the bond
b' (compound 5) provides vibrationally resolved emission
peaked at 554 nm, which is significantly blue-shifted in
comparison with parent C;-Coo(CF3)g. However, the Stokes shift
is still rather low due to strong rigidity of the molecule.
Functionalization of the bond a at the opposite pole of the
molecule (compound 2) reveals weak perturbation of the
n-system compared to C,-C,o(CF3)g and structurally flexible
monoadduct at the bond d, in which initial 62re-system remains
at the excitation.

Finally, the influence of cyclopropanation of C,-C;o(CF3)g 0n
electronic properties was studied by means of cyclic voltammetry
(CVA) for polyfunctionalized derivatives 2 and 5 and the results
were compared with the previously reported data for parent
C-C+5(CF3)g and major monoadduct I (1)!3 (Figure 4 and
Table 3). All compounds exhibit at least two reversible one-
electron reduction processes, which indicates the stability of the
compounds in mono- and dianionic states with respect to the loss
of addends. The third reductions are reversible for C,-C,(CF3)g
and its adducts 1 and 2 whereas formation of trianionic species
of 5 is accompanied by appearing the reoxidation peak at ca.
-2.0 V which can be assigned to the C,-C4(CF3)g®2~ couple.

Among the obtained derivatives, compound 1 shows the
lowest electron-withdrawing ability, in which the electro-
chemically estimated LUMO energy is raised for 0.34 V with
respect to the LUMO of C,-C,(CF5)g.22 This is due to dividing
62me-system of C,-C,,(CF3)g Via cyclopropanation of the near-
equatorial [5,6]-double bond d to yield [5,6]-closed adduct 1

Co-Cro(CFs)s

Cyo(CF)DPM at d
1

—

C;0(CF;);DPM at a
2

E vs. Fc"orv

Figure 4 The CVA curves for Cs-C;o(CF3)g and C;o(CF3)gDPM isomers 1,
2 and 5 (Pt, oDCB, 0.2 M Bu,;NBF,, 100 mV s).

Table 3 The formal reduction and oxidation potentials of C,-C;4(CF3)g and its cycloadducts under study.2

E vs. Fc*ov Electrochemical MOP/eV
Compound E, vs. C-8%-/V Reference
Ox2 Ox1 0/- —/2— 2-13- LUMO HOMO

Cy-C70(CFq)s [1.50] - -0.95 -1.41 -2.08 0 -4.22 -6.52 30
[-3.95] [-6.99]
{-4.56}

mono-I (1) N.A.C N.A. -1.29 -1.43 -2.22 -0.34 -3.88 N.A. 13
{-3.96} {-5.56}

mono-11 (2) [1.48] [1.32] -1.02 -1.49 —2.37 -0.07 -4.16 -6.33 this work
{-4.3}

mono-1V (5) [1.49] [1.34] -1.17 -1.65 [-2.13] -0.22 -3.98 —-6.35 this work
{-3.90}

apt, oDCB, 0.2 M Bu,NBF,, vs. Fc*/%, 100 mV s, 25-30 °C. The potential values of the irreversible processes are given in the square brackets. C,-8%-
denotes C,-C;o(CF3)§~ couple. PThe electrochemical levels of the boundary molecular orbitales (MO) in the Fermi scale were estimated using the onsets of
the first reduction and oxidation potentials according to equation Eyo = —(Egneet+5.1) €V.3 The energies of the boundary MOs were calculated at the
DFT32-% levels using PBEO/def2-SVP//PBE/TZ2P and PBE/TZ2P (values in square and curly brackets).°N.A. — not available.
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with isolated 32- and 28re-subunits.® Cyclopropanation at sites
a and b' shrinkages me-conjugated systems, which decreases
electron-withdrawing abilities of the derivatives raising the
electrochemically estimated LUMO energies for 0.07 and
0.22eV for 2 and 5, respectively, against that for parent
C,-C7o(CF3)g. Indeed, DFT-calculated LUMO energies for
compound under study fairly fit with the electrochemically
estimated LUMO energies (see Figure S7).

The separation of ca. 0.47-0.48 V between the first and the
second reductions for compounds 2 and 5 is similar to that for
C,-C7(CF3)g thus indicating preservation of the size and
connectivity of m-electron conjugated systems of fullerene
framework during negative charging of the compounds. On the
contrary, the reduction of isomer 1 is accompanied by the
dissociation of C-C bond, which transforms [5,6]-closed
configuration of methanofullerene into [5,6]-open configuration
retaining 62me-conjugated system with enhanced electron-
withdrawing ability and respective narrowing the gap between
the first and second reduction to 0.13 V.13

Anodic oxidation of compounds 2 and 5 reveals two
irreversible oxidations at the potentials of ca. +1.3and +1.5 V vs.
Fc*/ for both compounds (see Table 1 and Figures S5, S6). The
parent C,-C;o(CF3)g exhibits the irreversible oxidation at ca.
+1.5V vs. Fc*® assigned to oxidation of fullerene cage.
Therefore, we attributed the first and the second oxidations of
DPM-derivatives to oxidation of para-methoxyphenyl moiety
and fullerene cage.

Thus, the Bamford-Stevens reaction with Cy-C,o(CF3)g
provides cyclopropanation at the near-equatorial [5,6]-double
bond and at two [6,6]-double bonds at the opposite pole of the
molecule. This pathway leads to a larger isomeric diversity of the
cyclopropanated polyfunctionalized fullerene derivatives in
contrast to the Bingel-Hirsch reaction. The optic properties and
electron-withdrawing abilities of the C;o(CF3)sDPM isomers are
strongly dependent on the cyclopropanation site. Addition at the
opposite sites of the fullerene cage leads to isomers with
significantly differing LUMO level energies (0.15eV) and
LUMO-HOMO gaps (0.3 eV), whereas the larger variability
was found for the near-equatorial adduct (0.3 and 0.4 eV,
respectively). It indicates that the isomeric polyfunctional
derivatives will demonstrate significantly different chemical
behavior as well as optical and electronic properties.
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