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Chemical Reactions of Cationic Metallofullerenes: An Alternative
Route for Exohedral Functionalization

Yajing Hu,® Albert Solé-Daura,” Yang-Rong Yao,'” Xuechen Liu,” Sijie Liu,® Ao Yu,”
Ping Peng,*™ Josep M. Poblet,” Antonio Rodriguez-Fortea,*®' Luis Echegoyen,*“ and

Fang-Fang Li*"”

Abstract: The chemistry of cationic forms of clusterfuller-
enes remain less explored than that of the corresponding
neutral or anionic species. In the present work, M;N@/,-Cq,
(M=Sc or Lu) cations were generated by both electro-
chemical and chemical oxidation methods. The as-ob-
tained cations successfully underwent the typical Bingel-
Hirsch reaction that fails with neutral Sc;N@/,-Cq,. Two iso-
meric Sc;N@/,-Cq, cation derivatives, [5,6]-open and [6,6]-
open adducts, were synthesized, and the former has never
been prepared by means of a Bingel-Hirsch reaction with
neutral clusterfullerenes. In the case of the Lu;N@/,-Cq,
cation, however, only a [6,6]-open adduct was obtained.
Density functional theory (DFT) calculations indicated that
the oxidized M;N@/,-Cg, was much more reactive than the
neutral compound upon addition of the diethyl bromo-
malonate anion. The Bingel-Hirsch reaction of M;N@/,-Cq,
cations occurred by means of an unusual outer-sphere
single-electron transfer (SET) process from the diethyl
bromomalonate anion to the stable intermediate
[M3N@Cg,(C,HsCOO),CBr]. Remarkably, the diethyl bromo-
malonate anion was found to act as both a nucleophile
and an electron donor.

/

The chemistry of fullerenes continues to attract the interest of
synthetic and materials chemists due to their fascinating prop-
erties and promising applications in energy and materials sci-
ence.l” Thus, it is important to explore new strategies to syn-
thesize fullerene derivatives that are difficult to prepare.
Compared to the neutral and anion chemistry of fullerenes,
the chemistry of oxidized cationic forms remains rarely studied
and far from well understood. Although Cg, " was found to
exist in interstellar space,” it is challenging to obtain stable
fullerene cations compared to the generation of their reduced

counterparts.”! Electrochemically oxidizing Cy, to its cations
Ceo"" (n=1-3) was observed in cyclic voltammetry (CV) under
highly demanding conditions.” Fullerene carbocations, such as
Cyt, Ceo™ and HC,, ™ can be stabilized only in the presence of
ultra-strong oxidants, under radiolytic oxidation or in supera-
cids.®! Thus, directly oxidizing Cy, to Cy,"" is extremely difficult
and challenging. Alternatively, the Cq4, radical cation and orga-
no[60]fullerenyl cation can be generated chemically with the
assistance of Lewis acids such as FeCl; or AICl; on a laboratory
scale by one- or multistep procedures.” Since the first orga-
no[60]fullerenyl cation-mediated reaction was reported by
Olah etal.,” versatile fullerene cation intermediates have af-
forded a variety of unique and unexpected fullerene deriva-
tives.”! Recently, Matsuo and co-workers reported the forma-
tion of ArCe, ™ by pyrolyzing the corresponding dimers in the
presence of CuBr, or CuCl,, and a series of 5- and 7-membered
cyclo[60]fullerene derivatives mediated by ArCy," were synthe-
sized for applications in organic solar cells or perovskite solar
cells.®

In contrast, endohedral metallofullerenes (EMFs) are relative-
ly easy to oxidize, as measured by cyclic voltammetry under
ambient conditions, suggesting the feasibility of studying
cation reactivity. Akasaka etal. reported the stabilities and
chemical reactivities of cationic M@Cg, (M=Y, La, or Ce) ob-
tained by chemical oxidation or by controlled potential elec-
trolysis (CPE). The reaction between [M@Cg,] " SbCls and 1,1,2,2-
tetrakis-(2,4,6-trimethylphenyl)-1,2-disilirane afforded the corre-
sponding 1:1 adducts, which are not accessible from the neu-
tral or the corresponding anionic forms.” Yang and co-workers
studied the spectroelectrochemical properties of the Sc;N@Cgq
radical cation formed by CPE."” Nevertheless, additional infor-
mation about cationic EMFs and their corresponding reactivi-
ties is very scarce.

Neutral Sc;N@/,-Cg,, Which is the least reactive species of all
endohedral fullerenes, does not undergo the typical Bingel-
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Hirsch reaction." It only reacts in the presence of a strong
base in more polar solvents and at elevated temperatures.'” A
[6,6]-open diethyl malonate derivative was the only product
obtained. One of the steps of the Bingel-Hirsch reaction is the
nucleophilic addition of the deprotonated bromomalonate
anion to the fullerene cage.™ Thus the introduction of a posi-
tive charge on M;N@/,-Cgy (M=Sc or Lu) is expected to in-
crease the reactivity of the cages, and the resulting cations
should be more reactive toward nucleophiles than the neutral
species. As a proof of concept, we conducted both the electro-
chemical and chemical oxidation of Sc;N@/,-Cgy and LusN@/,-
Cgo to generate [Sc;N@I-Cgolt and [LusN@1,-Cgo]l ™ cations, re-
spectively, and studied their reactivities under typical Bingel-
Hirsch reaction conditions.!"”

[M;N@/,-Cgo] * cations were obtained by controlled potential
electrolysis of neutral M;N@/,-Cg, at +1.0V for M=Sc and
+1.06 V for M=Lu versus a silver wire pseudoreference elec-
trode in 15 mL o-dichlorobenzene (o-DCB) that contained 0.1 m
tetrabutylammonium perchlorate (TBAP) under an argon at-
mosphere. The ultraviolet/visible/near-infrared (UV/Vis/NIR)
spectra of the corresponding [M;N@/,-Cgo]" ion generated by
CPE are displayed in Figure S1 (Supporting Information). The
as-formed [M;N@/,-Cg]™ was then submitted to the typical
Bingel-Hirsch reaction conditions (Scheme 1, Route A, see
the experimental details in the Supporting Information). Com-
pounds 1 and 2 derived from [Sc;N@/,-Cgol"™ (Figure 1a) and
compound 3 from [LusN@I,-Cg,]* (Figure S2, Supporting Infor-
mation) were synthesized. Compounds M;N@/,-Cg, (M=Sc or
Lu) were also chemically oxidized to the corresponding cation-
ic forms by treatment with a small excess tris(4-bromophen-
yllaminium hexachloroantimonate ((BrCqH,);NSbCl;, TPBAH),
which has been used to oxidize M@Cg, (M =Y, La, or Ce) to the
corresponding [M@Cg,] " cations and to selectively separate /-
and Ds,-Sc;N@C,, isomers by oxidation.”' The as-obtained
cationic M;N@/,-Cg, compounds were then subjected to the
typical Bingel-Hirsch reaction conditions (Scheme 1, Route B,
see experimental details in the Supporting Information) and
the same results were obtained as described in Route A. Two
compounds (1 and 2) from [Sc;N@I,-Cgl* (Figure 1a) and one
(3) from [Lu;N@/,-Cgl" (Figure S2, Supporting Information)
were isolated. These results clearly confirm the anticipated in-
creased reactivity of cationic forms of M;N@/,-Cg, toward the
Bingel-Hirsch reaction.

Route A:

" oo
electrochemical
oxndallcn
RouteB
chemical

oxidation
M;N@/,-Coo
M=Sc, Lu

[6,6]-open (2)

[6,6]-open (3)

Scheme 1. Bingel-Hirsch reaction of M;N@/,-Cg, (M=Sc or Lu) radical mono-
cation under conventional conditions.
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Figure 1. a) HPLC profiles of the reaction mixtures of cationic Sc;N@/,-Cq, ob-
tained from electrochemical oxidation (Route A) and chemical oxidation
(Route B) after reaction with diethyl malonate. Conditions: 5PBB column (¢
10x 250 mm); eluent: toluene, 5 mLmin~". b) Negative ionization mode
APCI-MS of 1 and 2. "H NMR spectra (magnified) of c) 1 and d) 2 in CS,/
CDCl; (viv=2:1). Peak marked with asterisk corresponds to an unknown im-
purity.

The atmospheric pressure chemical ionization mass spec-
trometry (APCI-MS) measurements of 1 and 2 obtained
from electrochemical oxidation (m/z = 1266.6 for
ScsN@C,,C(CO,C,Hs),, Figure 1b) and MALDI-TOF MS of 1 (m/z
= 1267.305) and 2 (m/z = 1267.404) generated from chemical
oxidation (Figure S3) confirmed the presence of two mono-
Bingel adducts of Sc;N@/,-Cgy. There are four possible struc-
tures for the mono-Bingel adduct of Sc;N@/,-Cg,, [5,6]-closed/
open and [6,6]-closed/open (Scheme S1, Supporting Informa-
tion). The addition of diethyl malonate to a [5,6] bond leads to
different proton nuclear magnetic resonance (NMR) patterns of
the two —COOG,H; groups. The 'H NMR signals for the ethyl
group of 1 (Figure 1¢) display two quartets (0=4.57 and 6=
4.38 ppm) and two triplets (0=1.51 and d=1.43 ppm). The
observation of two sets of signals indicates a [5,6]-addition for
1, which has never been previously observed for a Bingel-
Hirsch reaction of a neutral clusterfullerene. In contrast, 2 dis-
plays only one set of signals, a quartet (0=4.56 ppm) and a
triplet (0 =1.48 ppm) (Figure 1d), in agreement with the previ-
ously reported symmetrical [6,6]-Bingel product of Sc;N@J,-
Cgo."” *C NMR spectra of 1 and 2 were not possible due to the
low quantities of the samples obtained. The UV/Vis/NIR ab-
sorption spectra of 1 and 2 (Figure S5, Supporting Information)
are almost identical to that of Sc;N@/,-Cg,. The retained elec-
tronic structure of the Cg, cage upon malonate addition im-
plies an open-cage fulleroid structure."™ Thus, 1 is assigned
a [5,6]-open structure and 2 a [6,6]-open structure. This is the

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

first time that a [5,6]-open Bingel product was obtained from a
clusterfullerene.

The crystallographic determination of 2 provided solid evi-
dence of the structure assigned based on the MS, NMR and
UV/Vis/NIR measurements (Figure 2a). The C1—C2 bond of 2 at
a [6,6] ring junction is broken and elongated to 2.159(15) A,

(b)

Figure 2. a) Crystal structure of 2 with 20% thermal contours for those
atoms refined anisotropically. Only the predominant orientation of the Sc;N
group is shown. b) DFT optimized structure of 1.

which is much longer than the average [6,6] C—C bond length
in parent Sc;N@I,-Cg, (1.421 A)." The inner Sc;N cluster shows
four disordered orientations, and only the major orientation
with an occupancy of 0.4 is shown (see Figure S6 and detailed
descriptions of the cluster in Supporting Information). The
Sc;N cluster is nearly planar with the sum of the three Sc-N-Sc
angles being 358.8°. Notably, the Sc1 atom is adjacent to the
broken bond, suggesting that this is the lowest energy orienta-
tion, which is in good agreement with the computed re-
sults.3@ Although attempts to crystallize the [5,6]-adduct were
not successful, the calculations showed that the [5,6]-open
Bingel adduct was much more stable than the corresponding
[5,6]-closed one.'® The density functional theory (DFT) opti-
mized structure of the [5,6]-open adduct 1 is displayed in Fig-
ure 2b. The C—C bond at the open [5,6] ring junction is calcu-
lated to be 2.147 A, which is very similar to the crystallograph-
ically determined bond length of 2 at the open [6,6] ring junc-
tion. Interestingly, the DFT optimized structure of 1 implies a
reaction symmetry at addition site. Namely, no matter the ad-
dition site is at [5,6] bond or [6,6] bond, there is always a Sc
atom that is oriented toward the open site. Similarly, the inner
ScsN cluster is calculated to be a planar structure, of which the
sum of three Sc-N-Sc angles is 360.0°.

The electrochemical properties of the [5,6]-open adduct (1)
were studied by CV (Figure S7 a, Supporting Information). Com-
pound 1 displays electrochemically irreversible cathodic behav-
ior resembling that of the [6,6]-isomer (Figure S7b and
Table S1, Supporting Information), which is dramatically differ-
ent from the reversible cathodic behavior of the [5,6]-pyrrolidi-
no and [5,6]-benzyne monoadducts of Sc;N@/,-Cgo.'"™'”! The
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first and second reduction peak potentials are cathodically
shifted by 50 and 140 mV, respectively, and the third is anod-
ically shifted by 390 mV, relative to those of the parent
Sc;N@I,-Cgo. In 2013, Echegoyen et al. reported the first [5,6]-
open methanofullerene derivative of Sc;N@/,-Cgo, ™ in which
no oxidation processes were observed in the CV. However, the
[5,6]-open Bingel adduct (1) exhibited quasi-reversible anodic
electrochemical behavior with E,, values of +-0.53 and +1.01V
versus Fc/Fct (Figure S7a and Table S1, Supporting Informa-
tion).

All of the Bingel products of neutral M;N@Cg, (M=Y,[""28
Er,""™ Lu or Sc)" obtained under traditional or modified reac-
tion conditions were [6,6]-adducts, and the [5,6]-isomer was
never detected before. This indicates that either the [5,6]-
adduct was not formed or it was converted to the correspond-
ing [6,6]-adduct during thermal processing. Surprisingly, when
the [Sc;N@/,-Cgo] © cation is subjected to the Bingel-Hirsch re-
action, the [5,6]-isomer is obtained, and it is thermally stable.
After heating the [5,6]-adduct at 120°C for 3 h, neither conver-
sion to the [6,6]-isomer nor decomposition of the product was
observed (see Figure S8, Supporting Information).

Structural characterizations of 3 by MS, NMR and UV/Vis/NIR
(Figure S9, Supporting Information) confirmed that 3 is a pure
product. The APCI-MS of 3 (m/z=1656.843 from Route A) and
MALDI-TOF MS of 3 (m/z=1657.731 from Route B) (Figure S9a)
and a single set of "H NMR signals for 3 (Figure S9b) suggested
a [6,6]-mono-Bingel product of Lu;N@/,-Cq,."® The very similar
absorption spectrum of 3 when compared to that of the pris-
tine Lu;N@/,-Cq, confirmed that 3 is a [6,6]-open mono-Bingel
adduct.**<'¥ |nterestingly, the cationic form of Lu;N@/,-Cg, ex-
hibited a different regioselectivity to that of the cationic
ScsN@J,-Cg,.

The Bingel-Hirsch reactions of cationic forms of M;N@/,-Cg,
(M=Sc or Lu) provide an alternative synthetic pathway to new
derivatives through oxidation. A previous study of the Bingel-
Hirsch reaction of clusterfullerenes revealed a gradual decrease
in reactivity when the fullerene cage increased in size.”” For
example, Gd;N@Cgg, unlike Gd;N@Cg, and Gd;N@Cg,, was com-
pletely unreactive under Bingel-Hirsch reaction conditions.””
The findings presented here of oxidizing fullerene cages may
be a viable way to increase the reactivity of larger-cage cluster-
fullerenes.

The mechanism of the Bingel-Hirsch reaction of neutral clus-
terfullerenes is well established." Here, we propose an unusu-
al but plausible mechanism for the Bingel-Hirsch reaction of
the cationic clusterfullerenes. The proposal is based on a com-
parison between the reaction energy profiles for the addition
of a diethyl bromomalonate anion to the [6,6] bond of neutral
and cationic Sc;N@I,-Cq, (Figure 3). Initially, a proton is ab-
stracted from diethyl bromomalonate (I) by 1,8-diazabicy-
clo[5.4.0lundec-7-ene (DBU). The deprotonated diethyl bromo-
malonate anion (II") can then attack a 666 carbon at a triple-
hexagon junction of the positively charged Sc;N@/,-Cy, (47°) to
form the neutral intermediate [Sc;N@/,-Cq,(C,HsCOO),CBr]" (57,
in which II” is singly bonded to the cage. This process is
strongly stabilized by approximately 40 kcalmol™' (Figure 3
bottom); therefore, it is not expected to be reversible. Notably,
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Figure 3. Top: Energy profile for a classical Bingel-Hirsch addition of bromo-
malonate to a [6,6] bond of neutral Sc;N@Cg,. Bottom: hypothetical equiva-
lent reaction mechanism for [Sc;N@Cy,] "

the stabilizing character of this process in the neutral form of
Sc;N@Cy, is relatively low (18.5 kcalmol™) (Figure 3 top). These
results indicate that the attack of IlI” on the oxidized fullerene
is highly favored, which accounts for the enhanced reactivity
of cationic clusterfullerenes toward the Bingel-Hirsch reaction.
In addition, the association of the anionic malonate fragment
with a positively charged fullerene should be more favored
than the fragment with a neutral cage due to the pairwise
electrostatic attraction between both fragments. Previous DFT
studies identified this step as a barrierless process."” To com-
plete the reaction, a neighboring carbon atom of the fullerene
must perform a nucleophilic attack on the malonate carbon
atom to eliminate the Br~ anion through a classical S\2 substi-
tution mechanism."* Attaining this process from the neutral
intermediate 5° in the cation profile requires overcoming a sig-
nificantly high energy barrier of 26.3 kcalmol™' (from 5" to TS’)
compared to that of 18.5 kcalmol™' (from 6 to TS") in the
neutral profile. This fact was ascribed to the higher nucleophil-
ic character of the fullerene cage in 6 than that of the elec-
tron-deficient 5° species. In addition, we found that the given
products in the cation profile, 27" and Br-, were higher in
energy than intermediate 5° (15.2 kcalmol™), in contrast to
what was observed for the Bingel-Hirsch reaction of neutral
Sc;N@/,-Cg, (products 2 and Br, are 6 kcalmol™' below inter-
mediate 6°). Therefore, intermediate 5° was very stable with re-
spect to reactants and products, implying that the mechanism
displayed for the cation profile was not possible for the
[Sc;N@J,-Cgol ™ cation reaction. Thus, as an alternative, we pro-
pose a key step for this cation reaction: the use of DBU or di-
ethyl bromomalonate anion (II") as an organic electron donor
that transfers one electron to the cage of 5, that is, an outer-
sphere single-electron transfer (SET) process. Once the inter-
mediate 5 is reduced to 67, the reaction proceeds as a con-
ventional Bingel-Hirsch reaction.

Both DBU and diethyl bromomalonate anion are potential
electron donors. However, the reaction energy for DBU trans-
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ferring one electron to 5° is much higher than that with the di-
ethyl bromomalonate anion (II") (AE= 4323 vs. +0.9 kcal
mol~', respectively). Thus, II” is more likely the electron donor
in the proposed mechanism. To evaluate its ability to reduce
the fullerene radical, the free energy barrier associated with
SET from II” to the 666 intermediate 5° to obtain 6~ was esti-
mated by the Marcus theory.?" This theory has been success-
fully employed to study SET processes between endohedral
metallofullerenes” and between a wide variety of complexes
by means of DFT.*? It relates the free energy barrier of an elec-
tron transfer process to the reaction free energy and to the re-
organization energy (more detailed description of the Marcus
theory and the computational strategy used here can be
found in the Supporting Information). The reaction free energy
from 5° to 6 at the MO06 level is 0.5 kcalmol™', and the free
energy barrier predicted by Marcus theory is rather small
(2.7 kcalmol™', Table S2, Supporting Information), which sug-
gests that the SET step is fast and thus is not a rate-determin-
ing process. In general, SET processes involving fullerenes are
fast due to the small reorganization energies, which is the con-
sequence of the delocalization of the extra electron over the
cage that manifests in small geometrical changes in the struc-
ture and the solvent distribution upon reduction. Table S2
shows the reorganization energies obtained for 5° and II” that
are within the range of values reported in the literature.”¥
Other hybrid functionals (B3LYP, Table S2) confirm these con-
clusions. When M =Lu, the reaction became endergonic (AG,=
2.3 kcalmol™), and the free energy barrier was slightly higher
(5.4 kcalmol™") than that with M=Sc as a consequence of an
elevated reorganization energy of the fullerene (Table S2).
Therefore, the SET process was slightly slower than that for
M=Sc. The SET from II” to 5° generates a diethyl bromomalo-
nate radical (I, which can then convert to a malonate dimer
(IV) via a radical coupling reaction. As expected, the formation
of IV was highly exothermic (reaction energy of —40.7 kcal
mol™), which represents the driving force for the electron
transfer and made the process irreversible. The formation of di-
meric IV was confirmed by a high-resolution liquid chromatog-
raphy coupled to mass spectrometry (LC-MS) measurement of
the mixture of the Bingel-Hirsch reaction of [Sc;N@/,-Cgol ™.
The LC signal of the diethyl bromomalonate dimer and its
mass spectrum were observed (Figure S11, Supporting Infor-
mation). A diethyl bromomalonate anion was found, for the
first time, to act as a nucleophile and also as an electron donor
during the Bingel-Hirsch reaction of the cationic M;N@/,-Cg,
(M=Sc or Lu).

Based on the results presented above, we propose the fol-
lowing mechanism for the formation of the [6,6]-open fulle-
roid 2 by the [Sc;N@I,-Cgl™ cation reaction. As shown in
Scheme 2, the neutral Sc;N@/,-Cg, is oxidized to the radical
monocation 4%, which can be attacked by a diethyl bromo-
malonate anion (II") to form intermediate 5. An additional di-
ethyl bromomalonate anion (II") then acts as an organic elec-
tron donor to cage of 5°, that is, a SET process. Once the inter-
mediate 5° is reduced to 6 by electron transfer, the reaction
proceeds as a conventional Bingel-Hirsch reaction. The anion
in 6 attacks the bromomalonate carbon to substitute for Br-.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Proposed reaction mechanism of Bingel-Hirsch reaction of M;N@/,-Cg, (M= Sc, Lu) monocations.

The methano-adduct 7 then converts to the open-cage fulle-
roid 2 through a bond rearrangement process involving the
cleavage of the cyclopropane ring. The proposed mechanism
for the formation of the [5,6]-open fulleroid 1 is completely
analogous.

The cationic forms of Sc;N@/,-Cg, and Lu;N@/,-Cg, were
found to display different regioselectivity, which has never
been observed for the corresponding neutral forms. In order
to gain additional understanding of this observation, the reac-
tion energy profiles for both M=Sc and Lu and for both the
formation of the [6,6]-adduct and the [5,6]-adduct were calcu-
lated (Figure 4). The addition of II” to the cationic fullerene
was strongly exothermic in all cases; thus, it was reasonable to
presume an equal distribution among 566 and 666 addition
sites for intermediate 5° (see structures in Scheme S2, Support-
ing Information). As the reduction does not involve bond
breaking or formation within the fullerene structure, this site
distribution should be maintained for 6. The energy barrier to
form the [6,6]-open fulleroid product was 18.5 kcalmol™" when
M=Sc (Figure 4), while the formation of the analogous [5,6]-
product needs to overcome a slightly elevated energy barrier
(by 3.8 kcalmol™), although it was still moderate. When M=
Lu, the energy barrier for the formation of the [6,6]-adduct
(20.5 kcalmol™") was very similar to that of M=Sc (18.5 kcal
mol™"). Nevertheless, the difference between the energy barri-
ers to yield the [6,6] and the [5,6] product was significantly
higher for M=Lu (8.3 kcalmol™") than for M=Sc (3.8 kcal
mol™"), which can explain the different regioselectivity of
[Sc;N@/,-Cgol ™ and [LusN@[,-Cgo] © for the Bingel-Hirsch reac-
tion.

In summary, the chemistry of cationic forms of clusterfuller-
enes was explored in terms of formation, reactivity and regio-
selectivity. The positive charge on the cage of M;N@/,-Cgy (M=
Sc or Lu) enhanced their reactivity toward the classical Bingel-
Hirsch reaction, and the reaction proceeded after an outer-
sphere SET process occurred. The diethyl bromomalonate
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atoms of the fullerene, respectively. The free energy barrier for the SET pro-
cess from 5° to 6~ was estimated by means of the Marcus theory (see Com-
putational details section). As the SET process is not expected to be rate-lim-
iting in any case, it was only computed for isomer 666 (green line).

anion was found to play a dual role as both a nucleophile and
as a reducing agent. For the first time, the missing [5,6]-open
Bingel adduct of Sc;N@I,-Cy, was synthesized and was shown
to be stable. Furthermore, the different regioselectivity of
[M;N@I,-Cgol ©, in which M=Sc (with the [6,6] and [5,6] prod-
ucts) and M=Lu (with only the [6,6] product), was explained
on the basis of their reaction energy profiles. Cationic forms of
clusterfullerenes exhibited chemical properties that are differ-
ent from those of the corresponding neutral and anionic

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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forms. These findings promote a better understanding of EMFs
cations and offer a complementary strategy to activate and
functionalize EMFs.

Experimental Section

Material and methods, the experimental details, the computational
details and the characterizations of products 1, 2 and 3 were in the
Supporting Information.
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