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m-Extended [60]fullerenes' synthesized by unidirectional -
elongation from an orifice edge could be regarded as fullerene-
nanographene hybrids which have received growing attention
as novel inter-carbon allotropes owing to their characteristic
properties originating from both spherical and planar -
conjugated systems.> Such m-extended fullerenes are readily
synthesized by a reaction with aromatic 1,2-diamines which are
then incorporated into the [60]fullerene m-skeleton as fused
pyrazines or imidazoles whilst losing their original donor
character.”* Hence, m-extended [60]fullerenes could not attain
strong donor-acceptor interactions* within the molecules
(Fig. 1).

Contrastingly, open-cage [60]fullerene derivatives® with
a conjugated aniline are regarded as [60]fullerene-based near-
infrared (NIR) dyes, reflecting the strong donor nature of the
aniline moiety. For example, an open-cage [60]fullerene deriv-
ative possessing a 1,4-dihydroquinoline moiety introduced as
a donor unit at the orifice edge exhibits an NIR absorption band
which tails to 850 nm in CH,Cl, as found by Gan and co-workers
in 2012 (Fig. 1).° Recently, we reported a dehydrative conden-
sation of a carbonyl group on the [60]fullerene orifice with o-
and p-substituted aromatic diamines, which afford NIR-
absorbing dyes showing absorption edges at 900 nm (benzoni-
trile)” and 1050 nm (toluene),® respectively. In these molecules,
the aniline moiety is conjugated with the [60]fullerene skeleton
by an imino group. Herein, we call these materials as open-[60]
fullerene-aniline conjugates, in which their conjugation is
connected by a single bond or certain linker between the two
units. Notably, such open-[60]fullerene-aniline conjugates can
act as ligands® toward metals, i.e., Ni*" and Co?**, as reported by
Gan and co-workers in 2018."° However, open-[60]fullerene-
aniline conjugates have been, to the best of our knowledge,
limited to only five examples as shown above. Therefore,
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Two open-[60]fullerene—aniline conjugates were synthesized, in which the two-fold addition of diamine
gave a thiazolidine-2-thione ring on the [60]fullerene cage in the presence of CS,. By increasing the
number of N,N-dimethylaniline moieties, the absorption edge was considerably shifted up to 1200 nm
owing to effective acceptor—donor interactions.

a synthetic variety of the conjugates is under development with
leaving its understanding still elusive. In this paper, we report
a reaction with N,N-dimethyl-1,4-phenylenediamine, yielding
two open-[60]fullerene-aniline conjugates, both of which
exhibit NIR absorption reaching to 1100 and 1200 nm, respec-
tively (Fig. 1).

The reaction of 1 with 10 equiv. of N,N-dimethyl-1,4-
phenylenediamine was conducted in o-dichlorobenzene
(ODCB) at room temperature for 2 h (Fig. 2a). As the result,
open-[60]fullerene-aniline conjugate 2 was obtained in 50%
isolated yield. In this reaction, there are two double bonds to be
possibly cleaved, i.e., C(1)=C(2) and C(3)=C(4). According to
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Fig. 1 m-Extended open-[60]fullerenes and open-[60]fullerene—
aniline conjugates.
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Fig.2 (a) Synthesis of 2 and 3. (b) HMBC correlation of 3. (c) Structure
of possible isomer 3. (d) *C NMR and DEPT 135 spectra (201 MHz,
acetone-dg/CS; (1:5)) of 3. The asterisk denotes artefact.

our previous study on a reaction of 1 with o-phenylenediamine,”
a cleavage of the C(3)=C(4) bond is unable to proceed due to
a steric demand. In addition, NMR spectral feature of 2 showed
a close resemblance with that for the product obtained by the
reaction with o-phenylenediamine. Therefore, 2 was character-
ized to have a 16-membered-ring orifice in which the reaction
took place on the C(1)=C(2) bond. We also obtained another
aniline-conjugate 3 in 15% yield. The molecular ion peak of 3
was detected at m/z 1418.3493 which is identical to [2 + diamine
+ CS,]"". The origin of CS, is the solvent used for loading the
sample to a silica gel column in the purification step. The
control experiment confirmed that the conversion of 2 into 3
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proceeds upon exposure to CS, in the presence of N,N-dimethyl-
1,4-phenylenediamine at room temperature. Bis-adduct 3 was,
however, relatively labile at room temperature so that it was
slowly decomposed into 2 by a loss of the second aniline and
CS, even in a solid state. To examine the thermal stability of 3,
multiple reaction monitoring was conducted for the isolated
signal at m/z 1419.3486 ([3 + H]') by MS/MS. Below collision
energy of 35 eV, only one signal at m/z 1419.3486 was observed.
By increasing the energy level up to 70 eV, however, the isolated
chemical species was partly decomposed with showing a frag-
ment peak at m/z 1207.3068 which is assignable to [2 + H]'
though no signals were observed at 100 eV. These results indi-
cate that 3 could be thermally transformed into 2.

The long-range correlation of C(b)---H(2) and C(a)---NH
observed for 3 by HMBC (Fig. 2b) further supports the cleavage
of the C(1)=C(2) bond both for 2 and 3 since these two
compounds are interconvertible. For the full characterization of
3, we subsequently performed DEPT and HSQC measurements
confirming the presence of a methine group (6 53.94 ppm)
which has a long-range correlation with two quaternary carbons
found at 6 90.69 and 61.94 ppm as judged from the HMBC
measurement (Fig. 2b). The *C NMR spectrum (201 MHz,
acetone-de/CS, (1:5)) of 3 showed three signals at § 196.35,
195.17, and 186.60 ppm, which were assigned to be two
carbonyl and one thiocarbonyl groups (Fig. 2d). From these
results, the structure of 3 was characterized to possess a thia-
zolidine-2-thione ring"** though the ring position could not be
determined experimentally. So, we performed theoretical
calculations for the most probable structures 3 and 3’ (Fig. 2c).
As the results, 3 was suggested to be more stable by AE
—1.4 keal mol ™" than 3’ (B3LYP-D3/6-31G(d)).

Upon seeing "H NMR spectrum (500 MHz, acetone-de/CS,
(1:5)) of 3, the proton signals corresponding to ring A was
found to be anti-symmetrized at room temperature while only
two doublet signals were observed for ring B (Fig. 3a). This is
indicative of the restricted ring-rotation of A. By increasing the
temperature up to 40 °C, the proton signals of ring A became
broadened owing to the ring-rotation occurring on a time scale
closer to NMR acquisition time. Such restriction of the phenyl
ring could be considered only for the structure of 3 in which two
phenyl rings are closely located while the two phenyl rings in 3’
are separately arranged. This strongly supports the regiochem-
istry of the thiazolidine-2-thione ring, excluding alternative
structural isomers.

According to theoretical calculations (B3LYP-D3/6-31G(d)),
ring A faces to an N-atom of the enamine moiety in close
proximity with a contact distance of 2.88 A which is rather
shorter than the sum of van der Waals radii of C- and N-atoms
(3.25 A)* (Fig. 3b). This might contribute to the restricted
rotation of ring A. Then, we computed barriers of the ring-
rotation (B3LYP-D3/6-31G(d)). The rotation of ring A induces
a ring-rotation of B, leading to a conformational change of ring
B, which gives 3.onf Via an activation barrier of AGH
+19.6 kcal mol " (Fig. 3b). This is considerably higher than that
of ring B alone (+6.7 kcal mol ™). These ring-rotation dynamics
are reminiscent of molecular machines.** Since 3qnf Stands at
a higher energy level of AG +6.9 kcal mol *, only conformation 3

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02113k

Open Access Article. Published on 12 May 2023. Downloaded on 6/15/2026 12:14:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

o pyridyl rings on the orifice
< olefin on the orifice

B3LYP-D3/6-31G(d)
AG (kcal/mol) at 298 K

Fig.3 (a) *H NMR spectrum (500 MHz, acetone-dg/CS, (1: 5), 20.4 °C)
of 3. (b) Rotation barriers of rings A and B (B3LYP-D3/6-31G(d)).

might be observed under the thermal equilibrium at room
temperature, thus showing anti-symmetrized signal pattern for
ring A.

It is well-known that the reaction of primary amine with CS,
affords corresponding dithiocarbamic acid.' In our reaction
system, however, the addition of the dithiocarbamic acid to 2
unlikely occurs since it requires a Cu(u)/O, catalyst for the more
simple case of pristine [60]fullerene."** Therefore, 3 is consid-
ered to be formed via an alternative scheme (Fig. 4a). In the
initial step, the first N,N-dimethyl-1,4-phenylenediamine
molecule undergoes a nucleophilic addition to 1 at the conju-
gated olefin moiety which has large LUMO coefficients (B3LYP-
D3/6-31G(d)) (Fig. 4b). The thus-formed intermediate (I) is then
transformed into 2 by a C-C bond cleavage. The second N,N-
dimethyl-1,4-phenylenediamine  molecule nucleophilically
attacks to 2 at the o,f-unsaturated imine moiety which has
again large LUMO coefficients (Fig. 4b), giving bis-adduct II.

Subsequently, the reaction with CS, furnishes 3 possessing
a thiazolidine-2-thione ring. The similar reaction of secondary
amines and CS, was reported recently.*”” The energy profile of
the conversion of 1 into 3 was computed (Fig. 4c). Open-[60]
fullerene-aniline conjugate 2 is suggested to be more stable by
AG —19.0 keal mol ™" than 1 at 298 K (B3LYP-D3/6-31G(d)). The

reaction with the second diamine molecule, however,
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Fig. 4 (a) Plausible mechanism. (b) The LUMOs of 1 and 2 (B3LYP-D3/
6-31G(d)). (c) Energy profile (B3LYP-D3/6-31G(d)). The AG values at
298 K were shown in parentheses.

destabilizes the product (II) by AG +3.4 kcal mol " while the
further reaction with CS, gives 3 which attains a stabilization
energy of AG —1.0 keal mol ™" relative to IL. So far, we have not
succeeded in isolating II. From the fact that the conversion of 3
into 2 gradually proceeded even at ambient conditions, Il which
is less stable than 3 might be hardly isolated.

To examine the effect of conjugation with the aniline moiety
on electronic properties of 1-3, we measured UV-vis-NIR
absorption spectra and cyclic voltammograms (Fig. 5). As
shown in Fig. 5a, 2 and 3 have large absorption coefficients over
a wide range covering visible to NIR region. Notably, they
exhibit strong NIR absorption bands which are absent in 1.
Accordingly, the solution colour varies from yellow (1) to green
(2) and brown (3). The absorption edges are bathochromically
shifted in the order of 1 (870 nm) < 2 (1100 nm) < 3 (1200 nm),
reflecting a count of conjugated aniline moieties. This absorp-
tion edge extends beyond the NIR-I region (700-950 nm) into
the NIR-II region (1000-1700 nm). Since solvatochromism was
observed for 2 over the measured range (Fig. S97), the transi-
tions have a charge-transfer character. Considering the char-

acteristic absorption behaviour, open-[60]fullerene-aniline

RSC Adv, 2023, 13, 14575-14579 | 14577


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02113k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 May 2023. Downloaded on 6/15/2026 12:14:57 AM.

(cc)

RSC Advances

N
log € [-] x50
5 4 [ (om)]

cm™’
[

£/104 M

Zi \

T X
(o} T T T T R A Lt i
300 400 500 600 700 800 900 1000 1100 1200
Alnm
(b) :
+/ Eredar2
-1.03V
1
Eoxpa
#1368V
2
AE-0.92V
3 A
AE -1.10V '+0.26 v
T T ] T T T T T T
20 15 1.0 05 0.0 -05 -1.0 -1.5 -2.0

Potential (V) vs. Fc/Fc*

Fig. 5 (a) UV-vis-NIR absorption spectra of 1-3 (50 uM in benzene).
(b) Cyclic voltammograms of 1-3 (1 mM in ODCB, 0.1 M n-BusN-BF,,
100 mV s73). (c) Molecular orbitals of 1-3 (B3LYP-D3/6-31G(d)).

15a

conjugates could be used for organic solar cells’* and perov-
skite solar cells.*” Upon seeing cyclic voltammograms (Fig. 5b),
the oxidation potentials Eqy p, of 2 (+0.44 V) and 3 (+0.26 V) were
cathodically shifted by AE —0.92 and —1.10 V with respect to 1
(+1.36 V). This is in sharp contrast to the reduction potentials
without showing considerable shifts. These observations
suggest that the conjugation with the aniline moiety renders the
HOMO levels higher while it has less contribution to the LUMO
levels. The oxidation wave found at E, . —0.47 V might be
attributed to S-containing compounds' partly decomposed
from 3 via electrochemical process. According to theoretical
calculations (B3LYP-D3/6-31G(d)), the LUMO delocalizes over
the entire [60]fullerene skeleton for all cases whereas high
HOMO coefficients were found at the N,N-dimethylaniline
moieties for 2 and 3 (Fig. 5c). Thus, the electrochemical
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oxidation of 2 and 3 is considered to generate the corresponding
radical cations at the aniline moiety while the reduction
produces radical anions at the [60]fullerene cage.

In summary, we synthesized two open-[60]fullerene-aniline
conjugates, 2 and 3, by the reaction of 1 with N,N-dimethyl-1,4-
phenylenediamine. Bis-adduct 3 contains a fused thiazolidine-
2-thione ring which was generated from 2 in the presence of
the diamine and CS, under catalyst-free conditions. The rota-
tion of one of the two N,N-dimethylaniline moieties in 3 was
found to be severely restricted due to a steric demand as
confirmed by NMR spectroscopy. The introduction of N,N-
dimethylaniline caused a significant cathodic shift of oxidation
potentials for 2 (Eoxpa +0.44 V) and 3 (+0.26 V), as well as
a bathochromic shift of absorption bands tailing to 1100 and
1200 nm, respectively. These findings demonstrated herein
would facilitate the access to [60]fullerene-based NIR dyes with
a wide structural variety when replacing aniline with other
donors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Financial support was partially provided by the JSPS KAKENHI
Grant Number JP17H06119 and JP22H04538, ISHIZUE 2022 of
Kyoto University, and The Mazda Foundation. The NMR
measurements were partly supported by the Joint Usage/
Research Center (JURC) at the ICR, Kyoto University.

Notes and references

1 (a) Z. Liu, Z. Liu, R. Gao, J. Su, Y. Qiu and L. Gan, Org. Chem.
Front., 2022, 9, 320-328; (b) Y. Hashikawa, N. Fujikawa and
Y. Murata, J. Am. Chem. Soc., 2022, 144, 23292-23296.

2 (@) Z. Xiao, G. Ye, Y. Liu, S. Chen, Q. Peng, Q. Zuo and
L. Ding, Angew. Chem., Int. Ed., 2012, 51, 9038-9041; (b)
Y. Hashikawa, H. Yasui, K. Kurotobi and Y. Murata, Mater.
Chem. Front., 2018, 2, 206-213.

3 (@) S.-i. Iwamatsu, T. Uozaki, K. Kobayashi, S. Re, S. Nagase
and S. Murata, J. Am. Chem. Soc., 2004, 126, 2668-2669; (b)
Y. Yu, L. Xu, X. Huang and L. Gan, J. Org. Chem., 2014, 79,
2156-2162.

4 (a) Y. Hashikawa, S. Okamoto and Y. Murata, Commun.
Chem., 2020, 3, 90; (b) Y. Hashikawa, N. Fujikawa,
S. Okamoto and Y. Murata, Dalton Trans., 2022, 51, 17804—
17808; (c) Y. Hashikawa, S. Sadai, S. Okamoto and
Y. Murata, Angew. Chem., Int. Ed., 2023, 62, €202215380.

5 (@) M. Murata, Y. Murata and K. Komatsu, Chem. Commun.,
2008, 6083-6094; (b) G. C. Vougioukalakis,
M. M. Roubelakis and M. Orfanopoulos, Chem. Soc. Rev.,
2010, 39, 817-844; (¢) L. Shi and L. Gan, J. Phys. Org.
Chem., 2013, 26, 766-772.

6 (@) S. Liu, C. Zhang, X. Xie, Y. Yu, Z. Dai, Y. Shao, L. Gan and
Y. Li, Chem. Commun., 2012, 48, 2531-2533; (b) X. Liu,

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02113k

Open Access Article. Published on 12 May 2023. Downloaded on 6/15/2026 12:14:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

R. Gao, Z. Liu, J. Ming, Y. Qiu, J. Su and L. Gan, Chin. J.
Chem., 2022, DOIL: 10.1002/cjoc.202200829.

7 Y. Hashikawa, S. Sadai and Y. Murata, Org. Lett., 2021, 23,
9586-9590.

8 Y. Hashikawa and Y. Murata, Asian J. Org. Chem., 2022, 11,
€202200357.

9 (@) Y. Li, G. Zhang, D. Wang, B. Xu, D. Xu, N. Lou and L. Gan,
Angew. Chem., Int. Ed., 2016, 55, 14590-14594; (b) Y. Li and
L. Gan, Chem.-Eur. J., 2017, 23, 10485-10490; (c)
Y. Hashikawa and Y. Murata, Chem. Sci., 2020, 11, 12428-
12435; (d) Y. Hashikawa, S. Okamoto, S. Sadai and
Y. Murata, J. Am. Chem. Soc., 2022, 144, 18829-18833.

10 Z. Zhou, N. Xin and L. Gan, Chem.-Eur. J., 2018, 24, 451-457.

11 (a) K. Kurotobi and Y. Murata, Science, 2011, 333, 613-616;
(b) Y. Hashikawa, M. Murata, A. Wakamiya and Y. Murata,
J. Am. Chem. Soc., 2017, 139, 16350-16358.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

12 (a) S.-L. Wu and X. Gao, J. Org. Chem., 2018, 83, 2125-2130;
(b) N. Kumar, R. Venkatesh and ]J. Kandasamy, Org. Biomol.
Chem., 2022, 20, 6766-6770; (c) To the best of our
knowledge, this is first example of Cs,—H production under
cycloaddition of aniline to the Cg( cage.

13 A. Bondi, J. Phys. Chem., 1964, 68, 441-451.

14 S. Erbas-Cakmak, D. A. Leigh, C. T. McTernan and
A. L. Nussbaumer, Chem. Rev., 2015, 115, 10081-10206.

15 (a) S. Collavini and J. L. Delgado, Sustainable Energy Fuels,
2018, 2, 2480-2493; (b) J. Pascual, J. L. Delgado and
R. Tena-Zaera, J. Phys. Chem. Lett., 2018, 9, 2893-2902.

16 R. Kizek, J. Vacek, L. Trnkova and F. Jelen,
Bioelectrochemistry, 2004, 63, 19-24.

RSC Adv, 2023, 13, 14575-14579 | 14579


https://doi.org/10.1002/cjoc.202200829
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02113k

	Open-[60]fullerenetnqh_x2013aniline conjugates with near-infrared absorptionElectronic supplementary information (ESI) available: Detailed synthetic procedures, spectra, and optimized geometries. See DOI: https://doi.org/10.1039/d3ra02113k
	Open-[60]fullerenetnqh_x2013aniline conjugates with near-infrared absorptionElectronic supplementary information (ESI) available: Detailed synthetic procedures, spectra, and optimized geometries. See DOI: https://doi.org/10.1039/d3ra02113k
	Open-[60]fullerenetnqh_x2013aniline conjugates with near-infrared absorptionElectronic supplementary information (ESI) available: Detailed synthetic procedures, spectra, and optimized geometries. See DOI: https://doi.org/10.1039/d3ra02113k


