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A Dipyrrin Programmed for Covalent Loading with Fullerenes
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Abstract: We describe here a di-(b,b’-sulfoleno)pyrrin pro-
grammed for efficient and specific b,b’-functionalization

via [4++2] cycloaddition reactions. At 120 8C and in the
presence of an excess of C60-fullerene the di-(b,b’-sulfole-

no)pyrrin decomposed cleanly, furnishing a di-(b,b’-fullere-
no)pyrrin and the corresponding monofullereno-dipyrrin

in an overall yield of 96 %. Hence, relatively mild thermoly-

sis of the di-(b,b’-sulfoleno)pyrrin induced stepwise extru-
sion of two equivalents of SO2, producing highly reactive

dipyrrin-b,b’-diene intermediates readily, providing a very
effective path to [4++2]-cycloadducts. As presented here
by the example of the covalent attachment of C60-fuller-
ene units, a convenient general methodology for the effi-

cient synthesis of covalent dipyrrin b,b’-cycloadducts is
made available.

2,2’-Dipyrrins contain two conjugated pyrrolic rings,[1] and are

useful building blocks for the synthesis of porphyrins and relat-
ed tetrapyrrolic macrocycles.[2] Dipyrrins have also attracted

considerable attention, in their own right, due to their unique

photo-physical and electrochemical properties, which are
modified in interesting ways after coordination with transition

metal ions, or with boron in BODIPYs.[1, 2b, 3] Various methods
have been developed, in order to introduce functional groups

at the pyrrole units of 2,2’-dipyrrins to tune their properties for
a variety of applications, for example, as photo- and redox-

active compounds,[4] as probes in bio-imaging,[5] in energy up-

conversion materials,[6] and as microstructure building blocks.[7]

The modification of 2,2’-dipyrrins occurs with ease at their pyr-

role-a positions, and the selective introduction of substituents
at the pyrrole-b position has also been worked out.[8] In con-

trast, incorporation of ring-fused groups on the pyrrole units

of dipyrrins is still a demanding task.[9] However, the prepara-
tion of b,b’-sulfolenopyrroles has opened access to highly reac-

tive pyrrole-2,3-dienes[10] suitable for [4++2] cycloaddition of
various dienophiles at the pyrrole b,b’-positions.[11]

We have recently designed ‘programmed“ porphyrinoid
compounds, such as the symmetric tetra-(b,b’-sulfoleno)por-

phyrins (see Scheme 1), for the purpose of the synthesis of

novel porphyrinoid assemblies.[10b, 12] From tetra-(b,b’-sulfole-
no)porphyrins four SO2 units were readily extruded consecu-

tively at 140 8C, generating an array of highly reactive porphy-
rin-dienes, which provided a unique basis for attaching various

dienophiles.[12b, c] In contrast, the corresponding, less symmetric
tetra-(b,b’-sulfoleno)corrole[13] liberated the diene units quickly

at the directly linked (‘western’) pyrroles (9 min at 140 8C) and

allowed the regioselective loading of a corrole with two C60-
fullerene units at the ”western“ pyrroles. Broadly functioning

paths to porphyrinoid conjugates with C60-fullerenes are very
useful, as these furnish attractive components of photovoltaic

and other materials.[14]

As reported here, heating of the di-(b,b’-sulfoleno)-dipyrrin
1[15] liberated SO2 very readily (in contrast to the analogous

b,b’-sulfolenopyrroles[11a, 16]), providing a mild and efficient path
for twofold [4++2]-cycloaddition of the dienophile C60.

Single crystals of the diene-masked dipyrrin di-(b,b’-sulfole-
no)pyrrin 1[15] (monoclinic space group P21/c) were obtained
by mixing of n-hexane into the solution of 1 in CH2Cl2. The
unit-cell contained four molecules of 1. In the conjugated p-

system of 1 the individual bonds showed significant bond-
length alteration (Figure 1), as found in other dipyrrins,[17] and
consistent with the formula shown in Scheme 2. The methine

bridge of 1 exhibits Z,cis-geometry and an H-bond is observed
in the crystal between H2N to N1. The Z,cis-geometry is a

common structural feature of 2,2’-dipyrrins, when not doubly
protonated or attached to metal-ions with specific binding

modes.[18] The best planes through the two pyrrolic rings in

the conjugated system were roughly co-planar (3.58 dihedral
angle). The mean planes of the aryl group (at the dipyrrin

meso-position) and of the dipyrrin core were at a dihedral
angle of 74.18, similar to the situation in other meso-phenyl

substituted dipyrrins.[17, 18b, 19] The angle C4-C5-C6 (124.28, see
Figure S1) of the di-(b,b’-sulfoleno)pyrrin 1 is only slightly
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smaller than that (127.28) in the (2:1)-complex of ZnII-ions with
1,[15] and similar to that of a related dipyrrin with an aromatic

meso-substituent.[20] The two S atoms are positioned on oppo-
site sides with respect to the plane of the dipyrrin core, with

out of plane distances of 0.16 and 0.28 a for S1 and S2, respec-
tively. In addition, the crystal structure revealed a remarkable

p-stacking arrangement of the 2,2’-dipyrrin 1. In neighbors,

tight p–p packing of the dipyrrin cores of two molecules of 1
oriented the planes of the conjugated p-system in parallel, and

at a mutual distance of 3.75 a. However, the two molecules of
1 are related by a center of inversion in a dimer, so that their

dipyrrins-units are pointing into opposite directions (see
Figure 1).

Heating of a deoxygenated solution of 2.33 mg (4.55 mmol)
of di-(b,b’-sulfoleno)pyrrin 1 and 23.45 mg (32.6 mmol) of C60 in

2 mL of 1,2-dichlorobenzene (o-DCB) at 120 8C for 20 min re-
sulted in the complete decomposition of 1 (Scheme 2). From

the reaction mixture 1.3 mg (or 24 % yield) of the monofullere-
no-dipyrrin 2 and 6.0 mg (or 72 % yield) of bisfullereno-dipyrrin

3 were isolated after column chromatography and crystalliza-

tion from CS2/EtOH.
The UV/Vis spectrum of the yellow 2.2’-dipyrrin 1 exhibits

the typical absorption maximum at 435 nm,[15] as is shown in
Figure 2. Upon attachment of C60-fullerene units, the absorp-

tion maximum shifted by 18 nm to longer wavelength for the
monoadduct 2, and by 20 nm in the spectrum of the bisadduct

Scheme 1. Structural formulae of the b,b’-sulfolenopyrrole based dipyrrin 1,[15] of a tetrasulfolenocorrole[13] and a symmetrical tetrasulfolenoporphyrin.[12a, b] .

Figure 1. ORTEP plot of the crystal structure of the di-(b,b’-sulfoleno)pyrrin 1. Top left : front view with numbering system; H-atoms at carbons were omitted
for the sake of clarity. Top right: front view and bond lengths of the dipyrrin core of 1; H-atoms at carbons and the 3,5-di-tert-butyl-phenyl group were omit-
ted for sake of clarity. Bottom left: top view of p-stacked dimer, highlighting the dipyrrin cores. Bottom right: side view of two p-stacked dipyrrins 1, high-
lighting the distance between the two dipyrrin planes. In both figures at the bottom H-atoms at carbons and the tert-butyl groups were again omitted.

Scheme 2. Thermolysis of dipyrrin 1 in the presence of C60 resulted in the loss of SO2 and the covalent attachment of C60-fullerene units to the b- and b’-posi-
tions of the pyrrole moieties.
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3. The dihydrofullerene addends cause additional absorptions,
with very characteristic weak maxima at 702 nm[21] and broad

bands with increasing intensity at shorter wavelengths, consis-
tent with one or two C60-addends in 2 and 3, respectively. Simi-

lar effects on the UV/Vis-spectral characteristics were found in

covalent porphyrin b,b’-conjugates of C60, which were obtained
by thermolysis of tetrasulfoleno-porphyrin.[12b, 13] Fluorescence,

as reported for 1 and its Zn-complex,[15] is absent in the fuller-
ene adducts 2 and 3, where the dipyrrin luminescence is

quenched effectively by the closely positioned C60-addends.
The molecular formulas of fullereno-dipyrrins 2 and 3 were

deduced from MALDI-TOF mass spectra. The spectrum of 2
featured a pseudo-molecular ion at m/z 1169.0 [M++H]+ , corre-
sponding to C87H32N2O2S. A strong fragment at m/z 1105.2 [M@
SO2 + H]+ indicated the loss of a SO2 group. The mass spec-

trum of 3 confirmed its molecular formula as C147H32N2 by
showing a molecular ion at m/z = 1824.6 [M]+ and a strong

fragment at m/z 1105.2, from loss of one fullerene unit.
The structures of the fullereno-dipyrrins were established by

detailed analysis with one and two-dimensional NMR spectra
(1H,1H-COSY and ROESY, 1H,13C-HSQC and HMBC spectra). The
monoadduct 2 is less symmetric than its precursor 1, and its
NMR spectra showed, correspondingly, more signals (see Fig-
ures 3 and 4). In the 1H NMR spectrum of 2, for example, four
singlets of methylene groups were seen at intermediate field,
and two singlets for a-pyrrolic protons at low field (see
Figure 4). In the spectrum of 2, the two methylene singlets at
3.14 ppm and 4.10 ppm were present at a position quite simi-
lar to that in the 1H NMR spectrum of 1. Two further methylene
singlets in the spectrum of 2 appeared at 3.60 ppm (broad sin-

glet) and 4.46 ppm, shifted to lower field by de-shielding by

the close-by fullerene unit. Each of these latter methylene sig-
nals coupled to C-atoms with chemical shift values of

39.2 ppm and 38.3 ppm (as seen in HSQC-spectra), as is typical
for pyrrole b-methylene groups linked to a fullerene (Table S1

and Figure S5).[13] In contrast, the other two methylene signals
(3.14 ppm and 4.10 ppm) correlated to carbons at 55.5 ppm

and 53.4 ppm in the HSQC spectra of 2, indicating their attach-

ment to the remaining sulfolene unit (Figure S5). The deduced
location of methylene groups was confirmed in a 1H,1H-ROESY

spectrum. There, the signals at 3.60 and 3.14 ppm showed cor-
relations with H-atoms at the ortho-position of the meso-

phenyl group and were assigned to H2C31 and H2C71, respec-
tively (Figure 3). Such NOE correlations were not seen for the

two signals at 4.46 and 4.10 ppm, consistent with assignment

as H2C21 and H2C81, respectively. The methylene groups exhib-
ited a single resonance, each, in the 1H NMR spectrum of 2 at

room temperature, due to rapid conformational inversion of

Figure 3. 1H–1H correlations observed in 1H,1H-ROESY (left, atom numbering is given in gray) and 1H–13C correlations from 1H,13C-HSQC and HMBC spectra (
right) of a solution of 2 in CDCl3/CS2 (500 MHz, 25 8C).

Figure 4. Relevant sections of 1H NMR spectra of the fullerene bis-adduct 3 (top, CDCl3/CS2, 500 MHz), of the fullerene mono-adduct 2 (center, CDCl3/CS2,
500 MHz) and of the dipyrrin 1 (bottom, in CDCl3, 300 MHz).

Figure 2. UV/Vis spectra of 2,2’-dipyrrin 1 (black trace) and of its mono-fuller-
eno and bisfullereno-derivatives 2 (red trace) and 3 (blue trace), dissolved in
toluene (c = 1.53 V 10@5 m).
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the six-membered ring connecting the fullerene and pyrrole

units of 2, as has been observed in analogous fullereno-por-
phyrins.[12b]

A singlet at 7.80 ppm was assigned to HC1, as it correlated
with the fullerene-linked methylene group at 4.46 ppm in the

ROESY spectrum of 2 (Figure 3). The other low field singlet (at

7.78 ppm) was assigned to HC9, as it correlated with the meth-
ylene group at 4.10 ppm (Figure 3). The attachment of a C60-

fullerene was further secured by a 1H,13C-HMBC spectrum, in
which the methylene signals at 4.46 ppm and 3.60 ppm corre-

lated with 13C-signals at d = 133.4 ppm (pyrrole C1), as well as
at d = 66.0 ppm (sp3-C of the fullerene unit) and at 156.7 ppm

(adjacent sp2-C of the fullerene), that is, the typical chemical

shift values of C-atoms at the fullerene C[6,6]-bond that has
undergone [4++2] cycloaddition (Figure S6).[12b, 13, 21, 22] The pyr-

role NH gave a broad weak signal at slightly lower field, when
compared to the spectrum of its precursor 1.

The di-(b,b’-fullereno)pyrrin 3 exhibited a simpler pattern of
the signals in its 1H NMR spectrum than the monoadduct 2,
due to its more symmetric effective structure. Only two

(broad) singlets of the eight diastereotopic methylene protons
appeared at 4.48 ppm and 3.60 ppm as a consequence of fast
conformational equilibration. The pyrrole a-H was shifted to
8.02 ppm (Figure 3 and Table S1 in the Supporting Informa-

tion). In the 1H,13C-HSQC spectrum of 3, the two methylene
group singlets at 3.60 ppm and 4.48 ppm of the correlated to

carbon resonances at 38.6 and 40.0 ppm of the neighboring
fullerene addend (Figure S7), and, in a 1H,13C-HMBC spectrum,
to the typical quaternary carbon of the fullerene moiety at

66.4 ppm (Figure S8). These correlations secured the attach-
ment of the two fullerene units in 3. The shielding effect of

the phenyl group at the dipyrrin meso-position assisted the as-
signment of the signal at 3.60 ppm to H2C31 and H2C71. When

the 1H NMR data of 1, 2 and 3 are compared, the signals of

the pyrrole NH and a-H’s, of the protons of the methylene
group next to fullerene and at the ortho-position of the meso-

phenyl substituent shift to lower field, upon consecutive load-
ing with the C60-fullerene, whereas the signal of the proton in

the para-position of the meso-phenyl group shifts to higher
field (Figure 3 and Figure S2).

Single crystals of the di-(b,b’-fullereno)pyrrin 3 grew from a

solution of 3 in CS2 when EtOH was mixed in slowly at 23 8C.
Bis-adduct 3 crystalized in the monoclinic space group C2/c.

The unit-cell contained four molecules of 3 and half a molecule
in the asymmetric unit, which was completed by a crystallo-

graphic twofold rotation axis. The NH in the dipyrrin unit was

disordered due to the effective symmetry of the structure of
the dipyrrin core.

In 3 the two fullerene units are positioned on opposite faces
with respect to the reference plane of the dipyrrin core (see

Figure 5). The two pyrrolic rings in the dipyrrin core are twisted
with a dihedral angle of 9.58 in the bisadduct 3 (increased

from 3.58 in 1). The angle between the mean planes of the aryl

group and of the dipyrrin core has increased to 82.88, a conse-
quence of the steric bulk of the C60 substituent. In the crystal,

the mean planes of the dipyrrin cores of neighboring mole-
cules are positioned in parallel and at a distance of 10.03 a.

Two neighbor molecules relate to each other by a center of in-
version, so that their dipyrrin cores are oriented in opposite di-

rections. The fullerene units of 3 prevent intermolecular p–p

stacking interactions of the dipyrrin core. They make remarka-
bly short intermolecular contacts with closest distances be-
tween C7@C49c of 3.28 a and C27@C36b of 3.36 a (edge-to-
edge interactions in the same row or column) (see Figure 5

and Figure S3).
In conclusion, the SO2 groups of the di-(b,b’-sulfoleno)pyrrin

1 are rapidly extruded consecutively at 120 8C. This furnishes
reactive diene intermediates that can be trapped by the C60-
fullerene via rapid [4++2] cycloaddition, attaching C60 units at

the pyrrole b,b’-positions of the dipyrrin core and furnishing
the bisadduct 3 as final product (Scheme 3). The intermediate

mono(b,b’-fullereno)-adduct 2 still harbors one sulfolene func-
tion, which is available for further thermal diene formation and

subsequent [4++2] cycloaddition reaction with alternative dien-

ophiles. Conjugates of fullerenes with dipyrrins represent at-
tractive photo- and redox-active components,[1, 4b] as has also

been established for various of their porphyrinoid ana-
logues.[14, 23]

The di-(b,b’-sulfoleno)pyrrin 1 serves as a masked form of a
highly reactive bis-diene, undergoing [4++2]-cycloaddition

Figure 5. ORTEP plot of the crystal structure of the di-(b,b’-fullereno)pyrrin 3. Top left: front view, in which H-atoms were omitted for the sake of clarity ;
bottom left: top view of p-stacked neighbors that relate by a center of inversion (with H-atoms and tert-butyl groups omitted). Right : side view of p-stacked
neighbors, highlighting crucial distances between the planes of the two dipyrrin cores and between next neighbor carbon atoms of fullerene moieties.
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reactions readily with typical dienophiles. In earlier work, sym-
metric tetra-(b,b’-sulfoleno)porphyrins and a tetra-(b,b’-sulfole-

no)corrole were used as reactive precursors ‘programmed“ for
loading with C60-fullerene[12b, d, 13] and benzoquinone[12c] by

[4++2] cycloaddition. However, the three b,b’-sulfolenopyrrole

derivatives with extended conjugated systems differ strongly
by the ease and regio-selectivity of the loss of their SO2 moiet-

ies. Unlike the situation found here with the dipyrrin 1 (rapid
conversion at 120 8C), the detachment of two SO2 moieties

from the tetra-(b,b’-sulfoleno)porphyrin required longer heat-
ing at 140 8C,[12b] and the corresponding conversion of analo-

gous b,b’-sulfolenopyrroles even needed prolonged heating at

210 8C.[11a,c]

In the present study, the representative di-(b,b’-sulfoleno)-

pyrrin 1 was shown to undergo a thermally induced process
readily that set the stage for [4++2]-cycloaddition of the C60-full-

erene (or, presumably, of other fullerenes[24]). Use of still other
dienophiles, such as quinones,[12c] will provide the opportunity

for producing dipyrrins with further extended chromophoric

systems. Indeed, the di-(b,b’-sulfoleno)pyrrin 1 is ‘programmed“
for heat-induced loss of SO2 and subsequent introduction of a

variety of covalent modifications at the pyrrole b-positions by
[4++2]-cycloaddition chemistry. As was similarly explored with

tetra-(b,b’-sulfoleno)porphyrins[12b–e] and a tetra-(b,b’-sulfoleno)-
corrole,[13] the reactive dipyrrin 1 proofed to be a convenient
2.2’-dipyrrin building block. 2,2’-Dipyrrins are versatile biden-

tate ligands for coordination of metal ions[1, 15] and for higher
order supramolecular architectures,[1] useful in imaging and

energy conversion. Indeed, the di-(b,b’-sulfoleno)dipyrrin 1 was
first studied as a model component in zinc chelates,[15] as
models of the structurally more complex transition metal com-
plexes of natural yellow bilins, such as phylloxanthobilins[25]

and bilirubin.[26] The ”programmed“ di-(b,b’-sulfoleno)pyrin 1 is
a novel member of semi-rigid pyrrole-based compounds, help-
ing to expand the recently developed ‘porphyrin LEGO’ meth-

odology[12d] to the assembly of corresponding covalent molec-
ular constructs in the fields of 2,2’-dipyrrins and BODIPYs.[1–3]

Experimental Section

General : Dichloromethane (CH2Cl2) was from Sigma–Aldrich (Stein-
heim, Germany), and was distilled and filtered over basic Alox
before use. Toluene, o-dichlorobenzene (o-DCB), carbon disulfide
(CS2), ethanol (EtOH), ethyl acetate (EtOAc) and n-hexane (n-C6H14)
were from VMR (Leuven, Belgium); C60 was purchased from Merck
Corporation (USA). Column chromatography (CC): Fluka silica gel

60 (230&400 mesh). Thin layer chromatography (TLC): Merck
0.25 mm silica gel 60 plates without GF254. Equipment: UV/Vis:
Agilent Cary 60 UV/Visible, lmax in nm (log e). Fluorescence (FL):
Varian Cary Eclipse, l in nm (rel. intensity) ; Nuclear magnetic reso-
nance (NMR) spectra: Bruker 300 or Varian 500 Unity plus at 298 K,
chemical shifts (d) in ppm, with 1H NMR: d (CHCl3) = 7.26 ppm, 13C-
NMR: d (CDCl3) = 77.16 ppm. atom numbering as for X-ray data
(see Figures 1 & 5). MALDI-TOF: Bruker Daltonics Ultraflex with
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononi-
trile as matrix.
Synthesis : A solution of di-(b,b’-sulfoleno)pyrrin (1)[15] (2.33 mg,
4.55 mmol) and C60 (23.45 mg, 32.57 mmol, 7.2 moleq) in 2 mL o-di-
chlorobenzene (o-DCB) was purged with Ar for 5 minutes and
heated at 120 8C for 20 minutes under Ar in the dark. The reaction
mixture was diluted with 1 mL n-C6H14 and loaded on silica gel
column (2 cm V 15 cm). Bisadduct 3 was washed down with tolu-
ene and monoadduct 2 was eluted by toluene with 5 % of EtOAc.
After drying under reduced pressure, 1.3 mg of brown solid 2 were
obtained (24 % yield) after precipitation in CS2/EtOH, and 6.0 mg of
3 were obtained as brown single crystals (72 % yield) by crystalliza-
tion in CS2/EtOH (2:3, v/v). Monoadduct 2 UV/Vis (toluene): lmax

(log e): 330 (4.54), 434.5sh (4.38), 453.5 (4.43), 702 (2.50). Monoad-
duct 2 showed no fluorescence emission. 1H NMR (500 MHz, 25 8C,
1.7 V 10@3 m in CDCl3/CS2 = 0.4 mL/0.1 mL): 1.28 (s, tBu), 3.14 (s, H2C-
71), 3.60 (s, H2C-31), 4.10 (s, H2C-81), 4.46 (s, H2C-21), 7.23 (d, J =
1.3 Hz, HC-52 and HC-56), 7.54 (t, J = 1.3 Hz, HC-54), 7.78 (s, HC-9),
7.80 (s, HC-1), 12.96 (br s, HN-2). MALDI-TOF MS: 1171.0 (10), 1170.0
(19), 1169.0 (23, [M++H]+ Calcd. for [M++H]+ C87H33N2O2S m/z =
1169.2); 1107.1 (24), 1106.1 (71), 1105.2 (100, [M@SO2 + H]+). Bisad-
duct 3 UV/Vis (toluene): lmax (log e): 327 (4.74), 435 (4.43), 455
(4.45), 702 (2.70). Bisadduct 3 showed no fluorescence emission.
1H NMR (500 MHz, 25 8C, 1.0 V 10@3 m in CDCl3/ CS2 = 3.5/1.5): 1.18
(s, tBu), 3.60 (s, H2C-31 and H2C-71), 4.48 (s, H2C-21 and H2C-81), 7.41
(d, J = 1.4 Hz, HC-52 and HC-56), 7.47 (t, J = 1.4 Hz, HC-54), 8.02 (s,
HC-9 and HC-1), 13.56 (br. s, HN-2). MALDI-TOF MS: 1828.5 (2),
1827.6 (7), 1826.6 (14), 1825.6 (22), 1824.6 (10, [M]+ Calcd. for [M]+

C147H32N2 m/z = 1824.3) ; 1107.2 (30), 1106.2 (79), 1105.2 (100,
[M@C60 + H]+).
Crystallographic data : X-ray analyses: data collection on a Nonius
Kappa CCD (for 1) and on a Bruker D8 QUEST (for 3), both
equipped with graphite mono-chromatized Mo-Ka-radiation (l=
0.71073 a). CCDC 1837889 (1) and 1837890 (3) (excluding structure
factors) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by The Cambridge
Crystallographic Data Centre.

Acknowledgements

This work was supported by the Austrian Science Fund (FWF,

projects No. I-563 and P-17437, to BK), as well as by the Na-

Scheme 3. Thermolysis of di-(b,b’-sulfoleno)pyrrin 1 in the presence of C60-fullerene generates the reactive diene intermediates I and II, which undergo cova-
lent attachment of C60-units by sequential [4++2]-cycloaddition, furnishing the di-(b,b’-fullereno)pyrrin 3.

Chem. Eur. J. 2018, 24, 10032 – 10037 www.chemeurj.org T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10036

Communication

https://summary.ccdc.cam.ac.uk/structure-summary?doi=10.1002/chem.201801995
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://www.chemeurj.org


tional Natural Science Foundation of China (NSFC, 21702062),
the Shanghai Pujiang Program (17PJ1401700) and the Funda-

mental Research Funds for the Central Universities
(222201714013) (to C.J.L).

Conflict of interest

The authors declare no conflict of interest.

Keywords: C60-fullerene · cheletropic reaction · cycloaddition ·
Diels–Alder reactions · porphyrins

[1] T. E. Wood, I. M. Uddin, A. Thompson, in Handbook of Porphyrin Science,
Vol. 8 (Eds. : K. M. Kadish, K. M. Smith, R. Guilard), World Scientific Pub-
lishing, Singapore, 2010, pp. 247 – 291.

[2] a) H. Falk, Chemistry of Linear Oligopyrroles and Bile Pigments, Springer,
Wien, 1989 ; b) J. S. Lindsey, Chem. Rev. 2015, 115, 6534 – 6620; c) M. R.
Liu, M. Ptaszek, O. Mass, D. F. Minkler, R. D. Sommer, J. Bhaumik, J. S.
Lindsey, New J. Chem. 2014, 38, 1717 – 1730.

[3] a) A. Loudet, K. Burgess in Handbook of Porphyrin Science, Vol. 8 (Eds. :
K. M. Kadish, K. M. Smith, R. Guilard), World Scientific Publishing, Singa-
pore, 2010, pp. 3 – 164; b) A. Loudet, K. Burgess, Chem. Rev. 2007, 107,
4891 – 4932; c) Y. B. Ding, Y. Y. Tang, W. H. Zhu, Y. S. Xie, Chem. Soc. Rev.
2015, 44, 1101 – 1112; d) X. D. Wei, L. L. Bu, W. Q. Tang, S. L. Zhao, Y. S.
Xie, Sci. China Chem. 2017, 60, 1212 – 1218; e) M. A. Filatov, A. Y. Lebe-
dev, S. N. Mukhin, S. A. Vinogradov, A. V. Cheprakov, J. Am. Chem. Soc.
2010, 132, 9552 – 9554.

[4] a) A. B. Nepomnyashchii, A. J. Bard, Acc. Chem. Res. 2012, 45, 1844 –
1853; b) Y.-W. Wang, A. B. Descalzo, Z. Shen, X.-Z. You, K. Rurack, Chem.
Eur. J. 2010, 16, 2887 – 2903; c) C. A. Wijesinghe, M. E. El-Khouly, N. K.
Subbaiyan, M. Supur, M. E. Zandler, K. Ohkubo, S. Fukuzumi, F. D’Souza,
Chem. Eur. J. 2011, 17, 3147 – 3156; d) N. Heiland, C. Cidarer, C. Rohr, M.
Piescheck, J. Ahrens, M. Brçring, U. Schroder, ChemSusChem 2017, 10,
4215 – 4222; e) I. A. Kieffer, R. J. Allen, J. L. Fernandez, J. L. Deobald, B. L.
Thompson, J. D. Wimpenny, Z. M. Heiden, Angew. Chem. Int. Ed. 2018,
57, 3377 – 3380; Angew. Chem. 2018, 130, 3435 – 3438.

[5] a) H. N. Kim, W. X. Ren, J. S. Kim, J. Yoon, Chem. Soc. Rev. 2012, 41,
3210 – 3244; b) L. Y. Niu, Y. Z. Chen, H. R. Zheng, L. Z. Wu, C. H. Tung,
Q. Z. Yang, Chem. Soc. Rev. 2015, 44, 6143 – 6160; c) F. Y. Wang, Y. Zhu, L.
Zhou, L. Pan, Z. F. Cui, Q. Fei, S. H. Luo, D. Pan, Q. Huang, R. Wang, C. C.
Zhao, H. Tian, C. H. Fan, Angew. Chem. Int. Ed. 2015, 54, 7349 – 7353;
Angew. Chem. 2015, 127, 7457 – 7461; d) J.-S. Lee, N. @ y. Kang, Y. K. Kim,
A. Samanta, S. Feng, H. K. Kim, M. Vendrell, J. H. Park, Y.-T. Chang, J. Am.
Chem. Soc. 2009, 131, 10077 – 10082; e) T. Uppal, X. K. Hu, F. R. Fronczek,
S. Maschek, P. Bobadova-Parvanova, M. G. H. Vicente, Chem. Eur. J. 2012,
18, 3893 – 3905; f) X. D. Wei, Q. Wang, W. Q. Tang, S. L. Zhao, Y. S. Xie,
Dyes Pigm. 2017, 140, 320 – 327; g) Q. Wang, X. D. Wei, C. J. Li, Y. S. Xie,
Dyes Pigm. 2018, 148, 212 – 218.

[6] K. P. Chen, W. B. Yan, Z. J. Wang, A. Iagatti, L. Bussotti, P. Foggi, W. Ji,
J. Z. Zhao, M. Di Donato, J. Phys. Chem. A 2017, 121, 7550 – 7564.

[7] a) L. J. Patalag, L. P. Ho, P. G. Jones, D. B. Werz, J. Am. Chem. Soc. 2017,
139, 15104 – 15113; b) R. Sakamoto, T. Yagi, K. Hoshiko, S. Kusaka, R.
Matsuoka, H. Maeda, Z. Liu, Q. Liu, W. Y. Wong, H. Nishihara, Angew.
Chem. Int. Ed. 2017, 56, 3526 – 3530; Angew. Chem. 2017, 129, 3580 –
3584.

[8] a) S. Kolemen, O. A. Bozdemir, Y. Cakmak, G. Barin, S. Erten-Ela, M. Mars-
zalek, J. H. Yum, S. M. Zakeeruddin, M. K. Nazeeruddin, M. Gr-tzel, E. U.
Akkaya, Chem. Sci. 2011, 2, 949 – 954; b) L. J. Jiao, W. D. Pang, J. Y. Zhou,
Y. Wei, X. L. Mu, G. F. Bai, E. H. Hao, J. Org. Chem. 2011, 76, 9988 – 9996;
c) L. J. Jiao, C. J. Yu, J. L. Li, Z. Y. Wang, M. Wu, E. H. Hao, J. Org. Chem.
2009, 74, 7525 – 7528.

[9] a) Z. Shen, H. Rohr, K. Rurack, H. Uno, M. Spieles, B. Schulz, G. Reck, N.
Ono, Chem. Eur. J. 2004, 10, 4853 – 4871; b) A. B. Descalzo, H. J. Xu, Z. L.
Xue, K. Hoffmann, Z. Shen, M. G. Weller, X. Z. You, K. Rurack, Org. Lett.
2008, 10, 1581 – 1584.

[10] a) K. Ando, M. Kankake, T. Suzuki, H. Takayama, J. Chem. Soc. Chem.
Commun. 1992, 1100 – 1102; b) S. Banala, K. Wurst, B. Kr-utler, J. Por-
phyrins Phthalocyanines 2014, 18, 115 – 122; c) S. Banala, K. Wurst, B.
Kr-utler, Helv. Chim. Acta 2010, 93, 1192 – 1198; d) Y. Abel, E. Haake, G.
Haake, W. Schmidt, D. Struve, A. Walter, F. P. Montforts, Helv. Chim. Acta
1998, 81, 1978 – 1996.

[11] a) M. J. Gunter, H. S. Tang, R. N. Warrener, J. Porphyrins Phthalocyanines
2002, 6, 673 – 684; b) S. H. Lee, K. M. Smith, Tetrahedron Lett. 2005, 46,
2009 – 2013; c) F. P. Montforts, O. Kutzki, Angew. Chem. Int. Ed. 2000, 39,
599 – 601; Angew. Chem. 2000, 112, 612 – 614.

[12] a) B. Kr-utler, C. S. Sheehan, A. Rieder, Helv. Chim. Acta 2000, 83, 583 –
591; b) A. Rieder, B. Kr-utler, J. Am. Chem. Soc. 2000, 122, 9050 – 9051;
c) S. Banala, T. Ruhl, K. Wurst, B. Kr-utler, Angew. Chem. Int. Ed. 2009, 48,
599 – 603; Angew. Chem. 2009, 121, 607 – 611; d) S. Banala, R. G. Huber,
T. Meller, M. Fechtel, K. R. Liedl, B. Kr-utler, Chem. Commun. 2012, 48,
4359 – 4361; e) S. Banala, P. Sintic, B. Kr-utler, Helv. Chim. Acta 2012, 95,
211 – 220.

[13] C. J. Li, M. Fechtel, Y. Q. Feng, B. Kr-utler, J. Porphyrins Phthalocyanines
2012, 16, 556 – 563.

[14] a) P. D. W. Boyd, C. A. Reed, Acc. Chem. Res. 2005, 38, 235 – 42; b) C. J.
Brabec, S. Gowrisanker, J. J. M. Halls, D. Laird, S. J. Jia, S. P. Williams, Adv.
Mater. 2010, 22, 3839 – 3856; c) H. Imahori, Bull. Chem. Soc. Jap. 2007,
80, 621 – 36.

[15] C. J. Li, K. Wurst, Y. Q. Feng, B. Kr-utler, Chem. Monthly 2016, 147, 1031 –
1036.

[16] K. Ando, M. Kankake, T. Suzuki, H. Takayama, Tetrahedron 1995, 51,
129 – 138.

[17] A. A. Ali, J. Cipot-Wechsler, S. M. Crawford, O. Selim, R. L. Stoddard, T. S.
Cameron, A. Thompson, Can. J. Chem. 2010, 88, 725 – 735.

[18] a) D. Salazar-Mendoza, S. A. Baudron, M. W. Hosseini, Inorg. Chem. 2008,
47, 766 – 768; b) J. Y. Shin, B. O. Patrick, D. Dolphin, CrystEngComm 2008,
10, 960 – 962.

[19] a) S. R. Halper, J. R. Stork, S. M. Cohen, Dalton Trans. 2007, 1067 – 1074;
b) J. R. Stork, V. S. Thoi, S. M. Cohen, Inorg. Chem. 2007, 46, 11213 –
11223.

[20] W. S. Sheldrick, A. Borkenstein, G. Stuckmeier, J. Engel, Acta. Crystallogr.
Sect. B 1978, 34, 329 – 332.

[21] B. Kr-utler, M. Puchberger, Helv. Chim. Acta 1993, 76, 1626 – 1631.
[22] C. J. Li, J. Zhang, X. J. Liu, Y. Z. Zhou, D. M. Sun, P. Cheng, B. Zhang, Y. Q.

Feng, RSC Adv. 2014, 4, 40758 – 40762.
[23] a) F. D’Souza, P. M. Smith, M. E. Zandler, A. L. McCarty, M. Itou, Y. Araki,

O. Ito, J. Am. Chem. Soc. 2004, 126, 7898 – 7907; b) H. Imahori, H. Norie-
da, H. Yamada, Y. Nishimura, I. Yamazaki, Y. Sakata, S. Fukuzumi, J. Am.
Chem. Soc. 2001, 123, 100 – 110; c) S. Leupold, T. Shokati, C. Eberle, T.
Borrmann, F. P. Montforts, Eur. J. Org. Chem. 2008, 2621 – 2627.

[24] a) F. Diederich, R. L. Whetten, Acc. Chem. Res. 1992, 25, 119 – 126; b) L.
Echegoyen, L. E. Echegoyen, Acc. Chem. Res. 1998, 31, 593 – 601; c) A.
Hirsch, M. Brettreich, Fullerenes, Wiley-VCH, Weinheim, 2005.

[25] B. Kr-utler, Angew. Chem. Int. Ed. 2016, 55, 4882 – 4907; Angew. Chem.
2016, 128, 4964 – 4990.

[26] D. A. Lightner, In Progress in the Chemistry of Organic Natural Products,
Vol. 98 (Eds. : A. D. Kinghorn, H. Falk, J. Kobayashi), Springer, Vienna,
2013, pp. 1 – 776.

Manuscript received: April 21, 2018

Accepted manuscript online: May 26, 2018

Version of record online: June 19, 2018

Chem. Eur. J. 2018, 24, 10032 – 10037 www.chemeurj.org T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10037

Communication

https://doi.org/10.1021/acs.chemrev.5b00065
https://doi.org/10.1021/acs.chemrev.5b00065
https://doi.org/10.1021/acs.chemrev.5b00065
https://doi.org/10.1039/c3nj01508d
https://doi.org/10.1039/c3nj01508d
https://doi.org/10.1039/c3nj01508d
https://doi.org/10.1021/cr078381n
https://doi.org/10.1021/cr078381n
https://doi.org/10.1021/cr078381n
https://doi.org/10.1021/cr078381n
https://doi.org/10.1039/C4CS00436A
https://doi.org/10.1039/C4CS00436A
https://doi.org/10.1039/C4CS00436A
https://doi.org/10.1039/C4CS00436A
https://doi.org/10.1007/s11426-017-9062-2
https://doi.org/10.1007/s11426-017-9062-2
https://doi.org/10.1007/s11426-017-9062-2
https://doi.org/10.1021/ja102852v
https://doi.org/10.1021/ja102852v
https://doi.org/10.1021/ja102852v
https://doi.org/10.1021/ja102852v
https://doi.org/10.1021/ar200278b
https://doi.org/10.1021/ar200278b
https://doi.org/10.1021/ar200278b
https://doi.org/10.1002/chem.200902527
https://doi.org/10.1002/chem.200902527
https://doi.org/10.1002/chem.200902527
https://doi.org/10.1002/chem.200902527
https://doi.org/10.1002/chem.201002446
https://doi.org/10.1002/chem.201002446
https://doi.org/10.1002/chem.201002446
https://doi.org/10.1002/cssc.201701109
https://doi.org/10.1002/cssc.201701109
https://doi.org/10.1002/cssc.201701109
https://doi.org/10.1002/cssc.201701109
https://doi.org/10.1002/anie.201713174
https://doi.org/10.1002/anie.201713174
https://doi.org/10.1002/anie.201713174
https://doi.org/10.1002/anie.201713174
https://doi.org/10.1002/ange.201713174
https://doi.org/10.1002/ange.201713174
https://doi.org/10.1002/ange.201713174
https://doi.org/10.1039/C1CS15245A
https://doi.org/10.1039/C1CS15245A
https://doi.org/10.1039/C1CS15245A
https://doi.org/10.1039/C1CS15245A
https://doi.org/10.1039/C5CS00152H
https://doi.org/10.1039/C5CS00152H
https://doi.org/10.1039/C5CS00152H
https://doi.org/10.1002/anie.201502899
https://doi.org/10.1002/anie.201502899
https://doi.org/10.1002/anie.201502899
https://doi.org/10.1002/ange.201502899
https://doi.org/10.1002/ange.201502899
https://doi.org/10.1002/ange.201502899
https://doi.org/10.1021/ja9011657
https://doi.org/10.1021/ja9011657
https://doi.org/10.1021/ja9011657
https://doi.org/10.1021/ja9011657
https://doi.org/10.1002/chem.201103002
https://doi.org/10.1002/chem.201103002
https://doi.org/10.1002/chem.201103002
https://doi.org/10.1002/chem.201103002
https://doi.org/10.1016/j.dyepig.2017.01.064
https://doi.org/10.1016/j.dyepig.2017.01.064
https://doi.org/10.1016/j.dyepig.2017.01.064
https://doi.org/10.1016/j.dyepig.2017.09.020
https://doi.org/10.1016/j.dyepig.2017.09.020
https://doi.org/10.1016/j.dyepig.2017.09.020
https://doi.org/10.1021/acs.jpca.7b07623
https://doi.org/10.1021/acs.jpca.7b07623
https://doi.org/10.1021/acs.jpca.7b07623
https://doi.org/10.1021/jacs.7b08176
https://doi.org/10.1021/jacs.7b08176
https://doi.org/10.1021/jacs.7b08176
https://doi.org/10.1021/jacs.7b08176
https://doi.org/10.1002/anie.201611785
https://doi.org/10.1002/anie.201611785
https://doi.org/10.1002/anie.201611785
https://doi.org/10.1002/anie.201611785
https://doi.org/10.1002/ange.201611785
https://doi.org/10.1002/ange.201611785
https://doi.org/10.1002/ange.201611785
https://doi.org/10.1039/c0sc00649a
https://doi.org/10.1039/c0sc00649a
https://doi.org/10.1039/c0sc00649a
https://doi.org/10.1021/jo201754m
https://doi.org/10.1021/jo201754m
https://doi.org/10.1021/jo201754m
https://doi.org/10.1021/jo901407h
https://doi.org/10.1021/jo901407h
https://doi.org/10.1021/jo901407h
https://doi.org/10.1021/jo901407h
https://doi.org/10.1002/chem.200400173
https://doi.org/10.1002/chem.200400173
https://doi.org/10.1002/chem.200400173
https://doi.org/10.1021/ol800271e
https://doi.org/10.1021/ol800271e
https://doi.org/10.1021/ol800271e
https://doi.org/10.1021/ol800271e
https://doi.org/10.1039/C39920001100
https://doi.org/10.1039/C39920001100
https://doi.org/10.1039/C39920001100
https://doi.org/10.1039/C39920001100
https://doi.org/10.1142/S1088424613501204
https://doi.org/10.1142/S1088424613501204
https://doi.org/10.1142/S1088424613501204
https://doi.org/10.1142/S1088424613501204
https://doi.org/10.1002/hlca.200900362
https://doi.org/10.1002/hlca.200900362
https://doi.org/10.1002/hlca.200900362
https://doi.org/10.1002/(SICI)1522-2675(19981111)81:11%3C1978::AID-HLCA1978%3E3.0.CO;2-T
https://doi.org/10.1002/(SICI)1522-2675(19981111)81:11%3C1978::AID-HLCA1978%3E3.0.CO;2-T
https://doi.org/10.1002/(SICI)1522-2675(19981111)81:11%3C1978::AID-HLCA1978%3E3.0.CO;2-T
https://doi.org/10.1002/(SICI)1522-2675(19981111)81:11%3C1978::AID-HLCA1978%3E3.0.CO;2-T
https://doi.org/10.1142/S1088424602000804
https://doi.org/10.1142/S1088424602000804
https://doi.org/10.1142/S1088424602000804
https://doi.org/10.1142/S1088424602000804
https://doi.org/10.1016/j.tetlet.2005.01.154
https://doi.org/10.1016/j.tetlet.2005.01.154
https://doi.org/10.1016/j.tetlet.2005.01.154
https://doi.org/10.1016/j.tetlet.2005.01.154
https://doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C599::AID-ANIE599%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C599::AID-ANIE599%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C599::AID-ANIE599%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C599::AID-ANIE599%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1521-3757(20000204)112:3%3C612::AID-ANGE612%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-3757(20000204)112:3%3C612::AID-ANGE612%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-3757(20000204)112:3%3C612::AID-ANGE612%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1522-2675(20000315)83:3%3C583::AID-HLCA583%3E3.0.CO;2-A
https://doi.org/10.1002/(SICI)1522-2675(20000315)83:3%3C583::AID-HLCA583%3E3.0.CO;2-A
https://doi.org/10.1002/(SICI)1522-2675(20000315)83:3%3C583::AID-HLCA583%3E3.0.CO;2-A
https://doi.org/10.1021/ja000975j
https://doi.org/10.1021/ja000975j
https://doi.org/10.1021/ja000975j
https://doi.org/10.1002/anie.200804143
https://doi.org/10.1002/anie.200804143
https://doi.org/10.1002/anie.200804143
https://doi.org/10.1002/anie.200804143
https://doi.org/10.1002/ange.200804143
https://doi.org/10.1002/ange.200804143
https://doi.org/10.1002/ange.200804143
https://doi.org/10.1039/c2cc31218b
https://doi.org/10.1039/c2cc31218b
https://doi.org/10.1039/c2cc31218b
https://doi.org/10.1039/c2cc31218b
https://doi.org/10.1002/hlca.201100385
https://doi.org/10.1002/hlca.201100385
https://doi.org/10.1002/hlca.201100385
https://doi.org/10.1002/hlca.201100385
https://doi.org/10.1142/S108842461250054X
https://doi.org/10.1142/S108842461250054X
https://doi.org/10.1142/S108842461250054X
https://doi.org/10.1142/S108842461250054X
https://doi.org/10.1021/ar040168f
https://doi.org/10.1021/ar040168f
https://doi.org/10.1021/ar040168f
https://doi.org/10.1002/adma.200903697
https://doi.org/10.1002/adma.200903697
https://doi.org/10.1002/adma.200903697
https://doi.org/10.1002/adma.200903697
https://doi.org/10.1246/bcsj.80.621
https://doi.org/10.1246/bcsj.80.621
https://doi.org/10.1246/bcsj.80.621
https://doi.org/10.1246/bcsj.80.621
https://doi.org/10.1007/s00706-016-1748-0
https://doi.org/10.1007/s00706-016-1748-0
https://doi.org/10.1007/s00706-016-1748-0
https://doi.org/10.1016/0040-4020(94)00968-Z
https://doi.org/10.1016/0040-4020(94)00968-Z
https://doi.org/10.1016/0040-4020(94)00968-Z
https://doi.org/10.1016/0040-4020(94)00968-Z
https://doi.org/10.1139/V09-180
https://doi.org/10.1139/V09-180
https://doi.org/10.1139/V09-180
https://doi.org/10.1021/ic701949k
https://doi.org/10.1021/ic701949k
https://doi.org/10.1021/ic701949k
https://doi.org/10.1021/ic701949k
https://doi.org/10.1039/b800367j
https://doi.org/10.1039/b800367j
https://doi.org/10.1039/b800367j
https://doi.org/10.1039/b800367j
https://doi.org/10.1039/B615801C
https://doi.org/10.1039/B615801C
https://doi.org/10.1039/B615801C
https://doi.org/10.1021/ic7016159
https://doi.org/10.1021/ic7016159
https://doi.org/10.1021/ic7016159
https://doi.org/10.1107/S056774087800299X
https://doi.org/10.1107/S056774087800299X
https://doi.org/10.1107/S056774087800299X
https://doi.org/10.1107/S056774087800299X
https://doi.org/10.1039/C4RA07204A
https://doi.org/10.1039/C4RA07204A
https://doi.org/10.1039/C4RA07204A
https://doi.org/10.1021/ja030647u
https://doi.org/10.1021/ja030647u
https://doi.org/10.1021/ja030647u
https://doi.org/10.1021/ja002154k
https://doi.org/10.1021/ja002154k
https://doi.org/10.1021/ja002154k
https://doi.org/10.1021/ja002154k
https://doi.org/10.1002/ejoc.200800054
https://doi.org/10.1002/ejoc.200800054
https://doi.org/10.1002/ejoc.200800054
https://doi.org/10.1021/ar00015a004
https://doi.org/10.1021/ar00015a004
https://doi.org/10.1021/ar00015a004
https://doi.org/10.1021/ar970138v
https://doi.org/10.1021/ar970138v
https://doi.org/10.1021/ar970138v
https://doi.org/10.1002/anie.201508928
https://doi.org/10.1002/anie.201508928
https://doi.org/10.1002/anie.201508928
https://doi.org/10.1002/ange.201508928
https://doi.org/10.1002/ange.201508928
https://doi.org/10.1002/ange.201508928
https://doi.org/10.1002/ange.201508928
http://www.chemeurj.org

