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Chemical functionalization of endohedral metallofullerenes (EMFs) is essential for the application of these
novel carbon materials. Actinide EMFs, a new EMF family member, have presented unique molecular and
electronic structures but their chemical properties remain unexplored. Here, for the first time, we report
the chemical functionalization of actinide EMFs, in which the photochemical reaction of Th@Cs,(8)-Cg>
and U@C,,(9)-Cg, with 2-adamantane-2,3'-[3H]-diazirine (AdN,, 1) was systematically investigated. The
combined HPLC and MALDI-TOF analyses show that carbene addition by photochemical reaction
afforded three isomers of Th@Cs,(8)-Cg,Ad and four isomers of U@C,,(9)-CgoAd (Ad = adamantylidene),
presenting notably higher reactivity than their lanthanide analogs. Among these novel EMF derivatives,
Th@Cs,(8)-CgpAd(l, 11, 1l1) and U@C,,(9)-CgpAd(l, I, 1) were successfully isolated and were characterized
by UV-vis-NIR spectroscopy. In particular, the molecular structures of first actinide fullerene derivatives,
Th@Cs,(8)-CgxAd(l) and U@C,,(9)-CgoAd(l), were unambiguously determined by single crystal X-ray
crystallography, both of which show a [6,6]-open cage structure. In addition, isomerization of
Th@Cs,(8)-CgrAd(ll), Th@C5,(8)-CgrAd(Il), U@C,,(9)-CgrAd(ll) and U@C,,(9)-CgAd(l) was observed at
room temperature. Computational studies suggest that the attached carbon atoms on the cages of both
Th@Cs,(8)-CgAd(l) and U@C,,(9)-CgrAd(l) have the largest negative charges, thus facilitating the
electrophilic attack. Furthermore, it reveals that, compared to their lanthanide analogs, Th@Cs,(8)-Csg>

. 6t N ber 2020 and U@C,,(9)-Cg, have much closer metal-cage distance, increased metal-to-cage charge transfer, and
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Accepted 18th December 2020 strong metal—-cage interactions stemming from the significant contribution of extended Th-5f and U-5f
orbitals to the occupied molecular orbitals, all of which give rise to their unusual high reactivity. This

DOI: 10.1035/d0scO6111e study provides first insights into the exceptional chemical properties of actinide endohedral fullerenes,

rsc.li/chemical-science which pave ways for the future functionalization and application of these novel EMF compounds.

Introduction

Encapsulation of metal atoms or metal containing clusters
inside hollow fullerene cages offers hybrid molecules called
endohedral metallofullerenes (EMFs).! These novel hybrid
species have fascinating properties that are expected to have
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potential applications in the fields of magnetism,> photovoltaic
cells,® and biomedicine.* Application of EMFs often requires
chemical modification of the pristine compounds, and the
exohedral functionalization of EMFs has been extensively
studied in recent years.® For example, water-soluble derivatives
of EMFs such as Gd@Ceo[C(COOH),] and Gd@Cg,(OH), have
been proved to be effective as magnetic resonance imaging
contrast agents and nanomedicine.**” Besides, the EMF deriv-
atives form donor-acceptor conjugates for photovoltaics, and
a series of LusN@Cg,-PCBX (X = M: methyl, B: butyl, H: hexyl, O:
octyl) compounds were found to be useful for constructing
high-performance organic photovoltaic devices.*®

To date, different types of chemical reactions for function-
alization of EMFs have been reported, such as Diels-Alder
reactions,’ Bingel-Hirsch reactions," 1,3-dipolar cycloaddi-
tions,»** free-radical reactions,” and photochemical reac-
tions.”® These studies revealed that the encapsulated species

© 2021 The Author(s). Published by the Royal Society of Chemistry
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exert a major impact on the chemical reactivity and selectivity of
EMFs, which are substantially different from those of the empty
fullerenes. For instance, Akasaka et al reported that the
photochemical reactivity of D,4(23)-Cg, toward 2-adamantane-
2,3'[3H]-diazirine  differs drastically from that of
Sc,Cr@D,4(23)-Cgy, although they share the same carbon cage
geometry.'® Moreover, even the change of the encapsulated
clusters was found to have a major impact on the reactivity and
regioselectivity of the corresponding endohedral nitride cluster
fullerenes.”’® On the other hand, the metal positions and
movements within fullerene cages could be altered by exohedral
functionalization. Nagase et al. reported that the encaged metal
atoms circulate three-dimensionally in pristine ,-Cgo, but the
two Ce atoms are fixed inside the I,-Cg, cage after the bis-
silylation of Ce,@I,-Cgo with disilirane.” Thus, the interaction
between the cage and the encapsulated species plays an
essential role in both the reactivity of the cage and the kinetics
of the endohedral metal ions or clusters.

Mono-EMFs are the most commonly studied EMFs which
feature relatively high product yield. For these EMFs, charge
transfer between the metal ion and the fullerene cages plays an
important role in their chemical reactivity. Akasaka, Xing Lu
and coworkers investigated the adamantylidene addition reac-
tions of a series of lanthanide-based mono-EMFs including
M@C,,-Cg, (M =Y, La, Ce, Gd and Sc) and La@Cj(6)-Cg,p.>*>
Though the reactivity of M@Cg, (M =Y, La, Ce, and Gd) toward
adamantylidene was very similar to each other, affording only
two M@Cg,Ad isomers, the same reaction of Sc@C,,-Cg, affor-
ded four monoadducts. The unique chemical property of
Sc@C,,-Cg, Was rationalized by the close contact of Sc¢** to the
cage and efficient charge back-donation from the cage to the
metal, which results from the small radius of Sc**.>* These
studies indicate that the properties of the entrapped single
metal ion in the cage may affect the chemical properties of the
whole molecule.

Our recent studies of a series of uranium and thorium-based
actinide EMFs have shown that they differ remarkably from the
conventional lanthanide-based EMFs with respect to their
molecular structure and electronic properties.”*° In particular,
a strong interaction involving both unique 4 electron metal-to-
cage transfer and the covalent interactions was found between
the encapsulated actinide metal ions and the host fullerene
cages.”*** Thus, we expect that the chemical reactivity of acti-
nide EMFs could be different from those of lanthanide based
EMFs and such studies will be of great importance for the future
application of actinide EMFs. Herein, photochemical reactions
of Th@C3,(8)-Cs, and U@C,,(9)-Cg, were performed in the
presence of 2-adamantane-2,3’-[3H]-diazirine (AdN,, 1) to probe
the chemical properties of actinide EMFs for the first time. The
carbene addition reaction of Th@Cs,(8)-Cg, and U@C,,(9)-Cs,
afforded three isomers of Th@Cj,(8)-Cg,Ad and four isomers of
U@Cy(9)-CgrAd (Ad = adamantylidene), showing higher reac-
tivity than their lanthanide analogs, i.e. M@Cs, (M =Y, La, Ce,
and Gd). Th@C3,(8)-CgAd(I, II, IIT) and U@C,,(9)-CgAd(I, I,
11T) were successfully isolated and characterized using UV-vis-
NIR spectroscopy. In particular, the structures of Th@Cs3,(8)-
CgAd(I) and U@C,,(9)-Cs,Ad(I) were unambiguously elucidated
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by single crystal X-ray crystallography. Theoretical calculations
were performed to further rationalize the exceptional chemical
properties of these actinide EMFs.

Results and discussion

Formation and isolation of adamantylidene adducts

The toluene solution of Th@Cs,(8)-Cg, with excessive addition
of 1 was irradiated with an ultrahigh-pressure mercury-arc lamp
(cutoff < 350 nm) at room temperature. The reaction was
monitored by analytical HPLC (Fig. 1a). Before irradiation, only
one HPLC peak of Th@Cs;,(8)-Cg, appeared at retention time
around 63 min. After irradiation for 15 minutes, about 58% of
Th@C3,(8)-Cs, was consumed and three new peaks appeared at
22 min, 28 min and 35 min. The mass spectrometric results
reveal that all of the three HPLC fractions show a strong signal
at m/z = 1350, which could be ascribed to the signal of the
monoadducts of Th@Cs,(8)-CgAd and agrees well with the
theoretical isotopic distribution (Fig. S1t). Thus, the resulting
reaction products can be assigned to monoadduct isomers of
Th@C3,(8)-Cg,Ad(I), Th@C;y(8)-CsAd(Il), and Th@C;,(8)-
Cg,Ad(II), respectively. These monoadducts were conveniently
isolated and purified using the Buckyprep column. The
conversion yields of Th@C3,(8)-Cs,Ad(I), Th@C3,(8)-CsrAd(11),
and Th@C3,(8)-Cs,Ad(I1I) were estimated to be 63%, 22% and
15% judging from the HPLC peak area.

Similarly, photoirradiation on a toluene solution of
U®@C,y(9)-Cg, in the presence of an excess of 1 results in the
formation of the EMF adducts. The reaction was monitored by
analytical HPLC (Fig. 1b). The single peak at retention time of
50 min should be assigned to U@C,,(9)-Cs, before irradiation.
After irradiation for 10 minutes, new peaks were observed
between 20 and 26 min, which represent the monoadduct
isomers, as confirmed by mass spectrometry results that show
a strong signal at m/z = 1356 (Fig. S2t). A recycling HPLC
separation process was further employed to isolate the mixture
of four monoadduct isomers. As a result, U@C,,(9)-Cg,Ad(I),
U@C5(9)-CgAd(II),  U@C2(9)-CgAd(III)  and  U@C,,(9)-

(a) (b)
U@, (9)-C Ad(LILIILIV)
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Fig.1 (a) HPLC tracing of the reaction between Th@Cs,(8)-Cg, with 1
at different times (black line: the signal of the pristine compound
Th@Cs,/(8)-Cg, before irradiation, red line: the signal of the resulting
products after irradiation for 15 minutes). (b) HPLC tracing of the
reaction between U@C,,(9)-Cg, with 1 at different times (black line:
the signal of the pristine compound U@C,,(9)-Cg, before irradiation,
red line: the signal of the resulting products after irradiation for 10
minutes). HPLC conditions: Buckyprep column (10 mm x 250 mm):
flow rate, 4 mL min~% toluene as the mobile phase; wavelength
310 nm.
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Fig. 2 (a) Recycling HPLC profile for the separation of U@C,,(9)-
Cg2Ad(l), U@Cy(9)-CgrAd(ll), U@C5,(9)-CgAd(lll) and U@Cy,(9)-
CgoAd(lV). (b) HPLC chromatogram of isolated U@C,,(9)-CgoAd(l),
u@c,,(9)-CgAd(ll), U@C,,(9)-CgAd(lll) and U@C,,(9)-CgAd(IV).
HPLC conditions: Buckyprep column (10 mm x 250 mm); flow rate, 4
mL min~%; toluene as the mobile phase; wavelength 310 nm.
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Fig. 3 UV-vis-NIR absorption spectra of (a) Th@Cs,(8)-Cg, and
Th@CBV(B)‘ngAd(L 1, 1) and (b) U@Cgv(g)—C82 and U@sz(g)‘C82Ad(|,
I, 1) in CS,.

Cg,Ad(IV) were successfully obtained (Fig. 2). The conversions of
U@C5y(9)-CgAd(T), U@Cay(9)-CgrAd(II), U@Csy(9)-CyoAd(IIL)
and U®@C,,(9)-CgAd(IV) were estimated from the HPLC peak
area to be 60%, 20%, 15% and 5%, respectively.
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Fig. 4 Cyclic voltammogram of (a) Th@Cs,(8)-CgyAd(l) and (b)
U@C,,(9)-Cg(l) in o-dichlorobenzene (0.05 M (n-Bu)4NPFg; scan rate
100 mV s~ for CV).
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UV-vis-NIR spectroscopic characterization

UV-vis-NIR absorption spectroscopy has been proved to be an
effective tool for the identification of the electronic structures of
EMFs and their derivatives. Fig. 3a shows the UV-vis-NIR
absorption spectra of Th@C;,(8)-Cs, and its monoadduct
isomers in CS,. All the monoadducts and Th@Cs,(8)-Cg, have
similar broad absorption spectra, featured by absorption peaks
at 650 and 750 nm. However, the intensity of the absorption
peak at 650 nm gradually reduces in the order of Th@Cs,(8)-
CgAd(I), Th@C;,(8)-CgrAd(II), Th@Cs,(8)-CgrAd(III) and
Th@Cs,(8)-Cs, (Fig. 3a), suggesting a minor impact of the
addition of the Ad group to different positions of the carbon
cage on the electronic structures of EMFs. Similarly, compared
with Th@C;,(8)-Cs,, the three monoadducts show slightly
different absorption patterns from 900 to 1100 nm. These
results suggest that the electronic structure of Th@Cs,(8)-Cs,
has been altered slightly by the addition of the Ad addend. In
Fig. 3b, U@C,(9)-Cs, and its monoadducts, on the other hand,
show sharp absorption peaks at 620 nm and a broad absorption
range from 850 to 1100 nm. The absorptions of U@C,(9)-Cg,
and its monoadducts are almost identical to each other, indi-
cating a weaker impact of the addition of Ad group on the
electronic structure of U@C,,(9)-Cs,. For comparison, the UV-
vis-NIR absorption features of M@Cg,Ad (M = Ce, La, Y, Gd
and Sc) were very similar to those of the pristine M@Cg, (M =
Ce, La, Y, Gd and Sc), indicating that those carbene adducts
retain the essential electronic and structural characteristics of
M@Csg,. Previous studies suggest that the formation of an open-
cage structure has the sp>character of the carbon atoms at the
addition sites retained, thus maintaining the original 7t-system
of the fullerene cage of the M@Cs,Ad isomers.'**!

Electrochemical studies

Fig. 4 shows the cyclic voltammograms of Th@C3,(8)-Cg,Ad(I)
and U@C,,(9)-Cs,Ad(I) measured in o-dichlorobenzene (o-DCB)
solution using tetrabutylammonium hexafluorophosphate as
a supporting electrolyte. Table 1 lists the electrochemical
potentials of Th@C;,(8)-CgAd(I), Th@C3y(8)-Csz, UBCyy(9)-
CgAd(I) and U@Cy(9)-Cgp. The cyclic voltammogram of
Th@C3,(8)-Cs,Ad(I) presents one oxidation peak and two
reduction peaks. The first oxidation step with potential at 0.40 V
is reversible. For reduction steps, the first reductive process at
—1.18 Vis irreversible, and the second at —1.72 V is reversible.
In general, the oxidation process of Th@C;,(8)-CgAd(I) is
somewhat similar to that of Th@Cs3,(8)-Cs, while the reduction
processes show differences as Th@Cs3,(8)-Cs, presents three

Table 1 Redox poteﬂtials of Th@C3V(8)'C82Ad(|), Th@C3V(8)'C82, U@Cgv(g)'CBZAd(l) and U@C2v(9)-c82

Compound B g B E"* B B B ECgap (V) Ref.
Th@C5,(8)-Cs,Ad(T) +0.40% —1.18° —1.72% 1.58 This work
Th@C;(8)-Cg, +0.46% —1.05" —1.54% —1.69° 1.51 26
U@Cay(9)-CsAd(T) +0.80” +0.01° —0.55% —1.47% —1.84% —2.39% 0.56 This work
U@Cy(9)-Cs2 +0.10% —0.43% —1.42% —1.76" -1.77% —2.21% 0.53 28

“ Half-wave potential in volts (reversible redox process). © Peak potential in volts (irreversible redox process).
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irreversible reduction processes. As compared to Th@Cs,(8)-
Cgy, the first reduction and first oxidation potentials of
Th@C3,(8)-Cs,Ad(I) were negatively shifted by 0.06 Vand 0.13 V,
respectively. Accordingly, the electrochemical gap of Th@Cs3,(8)-
CsoAd(I) (1.58 V) is slightly larger than that of Th@Cs,(8)-Cg.
(1.51 V). On the other hand, the cyclic voltammogram of
U®@C,y(9)-CgrAd(I) shows two oxidation peaks and four reduc-
tion peaks. The first oxidation process at 0.01 V is reversible,
and the second at 0.80 V is irreversible. The reductive processes
exhibit three reversible steps at —0.55 V, —1.47 V, —1.84 V,
respectively and one irreversible reductive process at —2.39 V
(Fig. 4b). The first oxidation and first reduction potentials of
U®@C,y(9)-CgoAd(I) were negatively shifted by 0.09 V and 0.12 V,
respectively, compared to those of the pristine U@C,,(9)-Cs;.
Therefore, the electrochemical gap of U@C,(9)-Cg,Ad(I) (0.56
V) was close to that of U@C,,(9)-Cs, (0.53 V). The small shifts of
oxidation and reduction potentials indicate that the HOMO and
LUMO of Th@C3,(8)-Cs,Ad(I) and U@C,,(9)-Cs,Ad(I) resemble
those of pristine Th@C3,(8)-Cs, and U@C,,(9)-Cg,, respectively.
Small negative shifts of the redox potentials were also found in
M@®Cs, (M = Ce, La, Y, Gd and Sc) carbene adducts, and the
shift of the redox potentials could be ascribed to the weak
electron-donating nature of the carbene adducts.”*>*

Isomerization of Th@Cs;,(8)-Cs,Ad(II), Th@C3,(8)-Cs,Ad(III),
U@CZV(9)'C82Ad(II) and U@CZv(g)'CszAd(III)

The stabilities of Ad adducts of Th@Cs,(8)-Cg, and U@C,,(9)-
Cg, were assessed at room temperature. As shown in Fig. 5a, the
HPLC result of Th@Cs,(8)-Cg,Ad(I) exhibited only one peak at
20 min after 30 days, indicating that the isomer Th@Cs;,(8)-
CgAd(I) was stable at room temperature. The isomerization
process of Th@Cs,(8)-Cg,Ad(II) was observed by HPLC (Fig. 5a).
After 30 days, Th@Cs;,(8)-CgAd(Il) gradually isomerized to
Th@C3,(8)-Cs,Ad(I) with a conversion rate of ca. 17%. Moreover,
after it was stored at room temperature for 30 days, the chro-
matogram of Th@C;,(8)-Cg,Ad(III) shows three characteristic
peaks with retention times at 20 min, 25 min and 35 min,
corresponding to Th@C3,(8)-Cg,Ad(I), Th@C;,(8)-Cs,Ad(I1) and
Th@C3,(8)-Cs,Ad(I1I), respectively. This result demonstrated
that Th@Cs;,(8)-Cs,Ad(III) was unstable and isomerized to
Th@Cs3,(8)-Cg,Ad(II). But there was no direct evidence for the
isomerization of Th@C5,(8)-CgAd(III) to Th@Cs,(8)-CgrAd(I),

n H U@c, (9)-C, Ad(lll)

U@, (9)-C, Ad(ll)

(b)

Th@C, (8)-C, Ad(lll
Th@C, (8)-C,,Ad(ll)

j l Th@C, (8)-C,,Ad(l)

10 20 30 40 50 60 70 0
Retention time / min

U@c, (9)-C,Ad()

10 20 30 40 50 60 70 80
Retention time / min

Fig. 5 (a) HPLC traces of isomerization of Th@Cs,(8)-CgyAd(l, II, 1)

and (b) recycling HPLC traces of isomerization of U@C,,(9)-CgoAd(l, Il

1) at room temperature. HPLC conditions: Buckyprep column (10 mm

x 250 mm); flow rate, 4 mL min~?; toluene as the mobile phase.
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which could originate either from the direct transformation of
isomer(III) or from a stepwise isomerization of Il — II — L
Similarly, we investigated the stabilities of the three isomers of
U®@C,,(9)-CgAd after keeping the samples at room temperature
for 30 days. As shown in Fig. 5b, quite similar to what is
observed for Th@Cs3,(8)-Cs2Ad, HPLC demonstrated the high
stability of U@C,,(9)-Cg,Ad(I) by a sole peak after recycling. For
U®@C,y(9)-CsrAd(I1), its isomerization to U@C,,(9)-Cg,Ad(I) was
evidently observed with the splitting of the HPLC peak into two
after a few cycles. Expectedly, for U@C,(9)-Cg,Ad(III), we
observed three peaks after the several cycles indicating the
formation of isomer(I) and isomer(Il). Note that for the isom-
erization of U@C,,(9)-Cs,Ad(I1I), HPLC profiles show that the
percentages of the newly formed U®@C,,(9)-Cs,Ad(I) and
U®@C,,(9)-Cg,Ad(II) were almost equivalent, indicating that the
isomerization of U@Cyy(9)-CgAd(III) into U@C,y(9)-CsAd(I)
and U@C,,(9)-Cg,Ad(II) should coexist at the same time. For
comparison, the stabilities of lanthanide EMFs were tested
under thermal conditions in the previously reported work. In
those cases, the interconversion was also observed in Ad car-
bene adducts of La@Cyy(9)-Cga, SCaCo@Coy(5)-Cso, D24(23)-Cagy
and Sc,C,@D,q(23)-Cs4 under thermal conditions.*®***¢

X-ray crystallographic analysis of Th@Cj3,(8)-Cs,Ad(I) and
U@C,,(9)-Cs,Ad(T)

The molecular structures of the two stable compounds,
Th@C3,(8)-Cs,Ad(I) and U@C,,(9)-CsrAd(I), were unambigu-
ously determined by single crystal X-ray diffraction analyses
(Fig. 6). It is worth noting that they are the first examples of
crystal structures of actinide fullerene derivatives. The X-ray

Fig. 6 ORTEP drawings of (a) Th@C3,(8)-CgyAd(l) and (b) U@C,,(9)-
CgoAd(l) showing thermal ellipsoids at the 50% probability level. (c and
d) The view showing the interaction of the metal ion with the closest
cage portion.
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structure of Th@C;,(8)-Cs,Ad(I) clearly shows that the addition
occurred at the [6,6]-bond [C(1)-C(2)] which was connected to
a pentagon and a hexagon at the terminal (Fig. 6a). The C1-C2
distance was determined to be 2.136 A. This distance is notably
longer than that of typical C-C single bond (1.5 A) and double
bond (1.4 A), unambiguously confirming the [6,6]-open
fullerene cage structure. The Th---C(1) and Th---C(2) distances
are 2.565 A and 2.568 A, respectively, longer than the corre-
sponding metal-carbon distances in other M@Cg,Ad (M = Sc,
Y, Gd) and shorter than that in La@Cg,Ad,>****** likely due to
the intermediate ionic radius of Th*". The Th ion in pristine
Th@C3,(8)-Cs, is located at the intersection of three hexagons,
the distances between Th and close cage carbons range from
2.340 to 2.494 A. Ad breaks one of the three [6,6]-bonds on the
cage near the Th ion. Moreover, C1 and C2 were pulled out from
the cage toward the Ad group, causing the deformation of the
carbon cage. The distance between Th ion and the near cage
carbon in Th@C;,(8)-Cs,Ad(I) ranges from 2.487 to 2.611 A
(Fig. 6¢), much longer than the short Th-C distances in pristine
Th@Cs3,(8)-Cg,. This indicates that the addition of the Ad group
might reduce the metal-cage interactions between the Th and
Cg, cage. Interestingly, compared to the disorder of Th position
in pristine Th@Cs,(8)-Cgs, the Th ion is fully ordered in
Th@CSV(8)-C82Ad(I).

Fig. 6b shows the single crystal X-ray structure of U@C,,(9)-
CgAd(I). Similar to Th@C;,(8)-Cs,Ad(I), the Cg, carbon cage
and the encaged U ion are fully ordered. The U ion in U@C,,(9)-
Cg, is located under the center of the hexagonal ring along the
C, axis. In U@C,,(9)-Cs,Ad(I), the Ad group adds to a [6,6]-bond
of the hexagonal ring close to the U ion, which resembles the
cases in M@C,,(9)-CspAd (M = La, Gd, Ce, Y, Sc).>** The
distance of C1-C2 is 2.071 A, smaller than that of Th@Cs,(8)-
Csg2Ad(I) but close to M@Cg,Ad (M = Sc, Y, La, Gd), also sug-
gesting an open-cage structure. The U---C(1) and U---C(2)
distances are 2.557 A and 2.544 A respectively, and the distance
between U atom and the nearest cage carbon in U@C,(9)-
Cs2Ad(I) is 2.483 A. These distances of U@C,,(9)-Cs,Ad(I) are
almost identical to those of Th@C3,(8)-Cg,Ad(I), due to the close
ionic radius of U*" and Th**. These results are consistent with
previous reports which demonstrated that the distances of M-
C1 and M-C2 increase uniformly with increase in ionic radius,
but the distance between C1 and C2 remains almost constant.>

Fig. 7 Different types of carbon atoms in (a) Th@Cs,(8)-Cg, and (b)
U@C,,(9)-Cgp.
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Th@Cg,Ad(l) Th@Cg,Ad(ll) Th@Cg,Ad(lll)
0.00 1.08 6.69
Fig. 8 Optimized structures of the Th@Cs,(8)-CgAd(I-Ill) isomers

with relative energies (kcal mol™). The distances between the two
addition site C atoms are given in A.

Computational studies

DFT calculations were then carried out to understand the
unusual chemical reactivities of Th@Cs,(8)-Cg, and U@C,,(9)-
Cg, toward the Ad addition. There are 17 different types of
nonequivalent carbon types in Th@C;,(8)-Cs, (Fig. 7). Table S171
summarizes their charge densities and POAV (p-orbital axis
vector) values. Clearly, C1 and C2 have the largest negative
charge densities among them. Besides, these two carbon atoms
also have rather large POAV values which mean their large local
strain on the cage surface, suggesting that they are the best sites
toward electrophilic attack. We then optimized all the possible
Ad adducts corresponding to 25 types of nonequivalent cage
bonds. Consistent with our above analysis and the single crystal
structure of Th@Cs3,(8)-Cs,Ad(I), the lowest-energy Th@Cs,(8)-

eV
24
86.30%
,89/11/ ',
-3 4 vyl 9 A
-4
3.20 3.16
5
1 . @ =
1 = \526% . —_—
74 — oer —
| HOMO
Th@C;,(8)-Cs, Th@Cs,Ad(l)

Fig. 9 Frontier molecular orbitals of Th@Cs,(8)-Cg> and Th@Cs,(8)-
CgoAd(l) (occupied: black; unoccupied: cyan). For selected orbitals, the
participation (%) of the Th AOs is first given, followed by two numbers
showing the % contribution of the Th-5f (red), -6d (blue), or -7s (green)
AOs to this metal hybrid orbital.
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CgpAd isomer has the Ad group added at the C1-C2 bond, fol-
lowed by the additions at the C3-C4 and C2-C3 sites (Table
S27). Their corresponding carbon atoms (C1 to C4) all have the
largest negative charges, indicating that the observed reactivity
and regioselectivity could be mainly understood by analyzing
the charge density of cage carbons. According to the observed
isomerization (II to I, III to II) and the cage connectivity (Fig. 7),
we predict that Th@Cs,(8)-CgAd(1l) and Th@Csy(8)-CgrAd(III)
correspond to the addition at the C3-C4 and C2-C3 bonds,
respectively. Fig. 8 depicts the optimized geometries of these
three isomers, all of which have open-cage structures. Note that
the optimized structure of Th@C;,(8)-Cs,Ad(I) isomer agrees
very well with our single crystal data (selected distance param-
eters are compared in Table S3f). Fig. 9 shows the frontier
molecular orbitals of Th@C;,(8)-Cs, and Th@Cs,(8)-CgrAd(I).
The similar orbital distributions and HOMO-LUMO gap ener-
gies indicate that they have similar redox potentials, in line with
our experimental results.

U@CgAd(ll) U@CgAd(lll)
3.97 7.62

U@CgAd(IV)
10.50

Fig. 10 Optimized structures of the U@C,,(9)-CgAd(I-1V) isomers
with relative energies (kcal mol™). The distances between the two
addition site C atoms are given in A,

U@C>\(9)-Cs.

B-HOMO
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We then turned to U@Cy(9)-Cgy, which has 24 different
types of carbon atoms according to the C,, cage symmetry
(Fig. 7). As shown in Table S4, C1 and C2 have the largest
negative charge densities, followed by C3 and C4, implying their
high reactivity. We then optimized all possible Ad adducts
corresponding to 35 types of nonequivalent cage bonds of
U®@Cyy(9)-Cg,. Indeed, the addition at the C1-C2 bond led to the
lowest-energy U@C,,(9)-Cs,Ad isomer, followed by the addi-
tions at the C2-C2/, C2-C4 and C1-C3 bonds (Fig. 7, 10 and
Table S51). As indicated by the long C-C bond distances, all of
the four isomers have open-cage structures. The optimized
structure of the C1-C2 adduct is consistent with our single
crystal structure of U@C,,(9)-Cg,Ad(I) (Table S31). According to
the observed isomerization (II to I, III to I, III to II) and the cage
connectivity (Fig. 7), we speculate that the obtained U@C,,(9)-
CgAd(I1), U@Cyy(9)-CgrAd(III) and U@C,y(9)-Cs,Ad(IV) corre-
spond to the addition at the C2-C2/, C2-C4 and C1-C3 bonds,
respectively. Note that the relative locations of the Ad group in
isomers I, IT and III suggest that the isomerization from III to I
and II should coexist, which agrees perfectly with the fact that
the newly formed U@C,,(9)-Cg,Ad(I) and U@C,,(9)-CgrAd(II) in
isomerization have similar yield. Fig. 11 shows the frontier
molecular orbitals of U@C,,(9)-Cs, and U@C,y(9)-CgrAd(I). The
similar orbital distributions and HOMO-LUMO gap energies
indicate that they have similar redox potentials, thus support-
ing our experiments.

In experiments, La@C,,(9)-Cg, can only give rise to two Ad
adducts, whereas both U@C,,(9)-Cg, and Sc@C,,(9)-Cs, yield
four adducts, and three were obtained for Th@Cj,(8)-Cg,. Their
reactivity differences could be rationalized by comparing the
endohedral structures, charge transfer and metal-cage inter-
actions of corresponding pristine EMFs.

le

(.
a-HOMO

U@Cg Ad(])

Fig. 11 Frontier molecular orbitals of U@C,,(9)-Cg, and U@C,,(9)-CgAd(l) (occupied: black; unoccupied: cyan). For selected orbitals, the
participation (%) of the U AOs is first given, followed by two numbers showing the % contribution of the U-5f (red), or -6d (blue) AOs to this metal

hybrid orbital.
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@ -0.20 | ® Sc@C,,(9)-Cq,
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Fig.12 Charge density values of different carbon atoms in Th@Cs,/(8)-
Cg2 and M@C,,(9)-Cg, (M = U, Sc, La). Please refer to Fig. 7 for the
atom numbering.

First, Table S6F compares their calculated nearest metal-
cage distances, which show that Th@Cs,(8)-Cgs, U@C»,(9)-Cs»
and Sc@C,,(9)-Cg, all have much closer metal-cage contact
than La@C,y(9)-Cg,. Second, different from the formal charges
(Th: 4+ and U/Sc/La: 3+), the calculated Mulliken charges of
encapsulated Th, U and Sc are +3.46, +2.65 and +2.69, respec-
tively, more positive than that of La (+2.43) in La@C,,(9)-Cg,,
indicating that more electrons were transferred to the outer
cage from the former three metals. Third, for La@C,,(9)-Cs,,
our calculations show that its metal contribution to the singly
occupied MO (SOMO) is as small as 2.21% (La-5d: 22%, La-4f:
49%), whereas Sc@C,,(9)-Cs, and U@C,,(9)-Cg, have much
larger metal contributions of 9.96% (Sc-3d: 77%) and 6.87% (U-
5f: 81%) to their SOMOs, respectively. Similarly, Th@Cs3,(8)-Cs,
has substantial metal contribution of 5.26% (Th-5f: 87%) to its
HOMO. As shown in Fig. 9 and 11, the significant contribution
of Th-5f and U-5f orbitals to the occupied molecular orbitals
should account for these strong interactions, because the 5f
orbitals of early actinide elements are spatially more extended
than the core-like 4f orbitals of lanthanide elements. Clearly,
the latter three EMFs have much closer metal-cage distances,
more metal-to-cage charge transfer, and stronger metal-cage
orbital interactions, all of which greatly affect the distribution
of charge density on the cage with more carbon atoms holding
large negative charges (more negative than —0.08, Fig. 12) and
become reactive toward Ad attack. As a result, they are rather
reactive and afford more adducts than La@C,,(9)-Cg, under the
same reaction conditions.

hv (>350nm)
—)

ORI

Scheme 1 Reaction of 1 with Th@C3,(8)-Cg, or U@C5,(9)-Cago.

Th@C;,(8)-CgAd(L,I1,lIl) :EMF= Th@C;,(8)-Cg,
U@C,,(9)-CgAd(LILILIV):EMF= U@C,, (9)-Cg,
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Conclusions

In summary, we report the chemical reaction of two actinide
endohedral fullerenes, i.e. Th@C3,(8)-Cs, and U@C,y(9)-Csg,, for
the first time. The combined HPLC and MALDI-TOF analyses
suggest that, compared to their lanthanide analogs, Th@Cj,(8)-
Cg, and U@C,,(9)-Cg, show higher reactivity towards carbene
addition via photochemical reaction and afforded three isomers
of Th@Cs3,(8)-Cs,Ad and four isomers of U@C,,(9)-CgrAd (Ad =
adamantylidene) respectively. Among them, Th@Cs3,(8)-Cs,Ad(I,
11, III) and U@C,,(9)-CgpAd(1, II, III) were successfully isolated
and were characterized by UV-vis-NIR spectroscopy. The elec-
trochemical properties of Th@C3,(8)-CgAd(I) and U@C,,(9)-
CgoAd(I) were investigated by cyclic voltammetry. In particular,
the molecular structures of Th@Cs,(8)-Cs,Ad(I) and U@C,,(9)-
Cg,Ad(I) were elucidated by single crystal X-ray crystallography,
which shows that both compounds have a [6,6]-open cage
structure. In addition, isomerization reaction of Th@Cs,(8)-
CgAd(I), Th@C;(8)-CsAd(I),  U@C,,(9)-Ce2Ad(I)  and
U@C,y(9)-CsrAd(III) were observed at room temperature.
Computational studies suggest that C1 and C2 cage carbon
atoms of both Th@C3,(8)-Cs, and U@Cyy(9)-Cg, have the largest
negative charge densities and are the best sites toward electro-
philic attack, which agrees with the experimental observation.
Furthermore, it reveals that Th@C;,(8)-Cg, and U@C,,(9)-Cs,
have much closer metal-cage contact with the metal atom
transferring more electrons to the outer cage. The significant
contribution of Th-5f and U-5f orbitals to the occupied molec-
ular orbitals should account for the stronger interactions
between the actinide metal and cage carbon atom, and all these
differences give rise to the unusual high reactivity compared to
their lanthanide analogs.

Experimental section

Materials and general instruments

Th@C3,(8)-Cs, and U@C,,(9)-Cg, were synthesized using an
improved arc-discharge method and separated by multi-stage
HPLC procedures.

A Buckyprep column (10 x 250 mm, Cosmosil, Nacalai
Tesque, Japan) was employed with toluene as the eluent for high
performance liquid chromatography (HPLC) separation. UV-vis-
NIR spectra of the purified Th@C5,(8)-Cg,Ad and U@Cyy(9)-
CgpAd were obtained with a Cary 5000 UV-vis-NIR spectropho-
tometer (Agilent, USA) in CS, solution. The positive-ion mode
matrix assisted laser desorption/ionization time-of-flight
(MALDI-TOF) spectrophotometer (Bruker, Germany) was
employed for the mass characterization, with trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidenejmalononitrile as the
matrix. Cyclic voltammetry (CV) was recorded in 1,2-dichloro-
benzene (0-DCB) using a CHI-660E instrument. A conventional
three-electrode cell consisting of a platinum counter electrode,
a glassy carbon working electrode, and a silver reference elec-
trode was used for the measurement. (n-Bu),NPF4 (0.05 M) was
used as a supporting electrolyte. The CV was measured at a scan

rate of 100 mv s~ .

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of adamantyl derivatives of Th@Cj3,(8)-Cg, and
U@C2(9)-Cs2

AdN, (1) was synthesized and purified as previously re-
ported.*”** In a typical procedure, 3 mg of Th@C3,(8)-Cs, and an
excess of 1 were dissolved in 15 mL of anhydrous toluene, and
the mixture was degassed by freeze-pump-thaw cycles under
reduced pressures and then irradiated with an ultrahigh-
pressure mercury-arc lamp (cutoff < 350 nm) at room temper-
ature (Scheme 1). The reaction was monitored by analytical
HPLC. The three isomers Th@C;,(8)-CgAd(I), Th@C;,(8)-
CgAd(Il), and Th@Cs,(8)-Cg,Ad(III) were isolated from the
unreacted starting materials by one-step HPLC. A toluene
solution of U@C,,(9)-Cs, (5 mg) and an excess of 1 were
degassed by freeze-pump-thaw cycles under reduced pressures.
The mixture was photoirradiated using an ultrahigh-pressure
mercury-arc lamp (cutoff < 350 nm) at room temperature
(Scheme 1). The reaction was monitored by analytical HPLC.
The resulting monoadducts were isolated by recycling HPLC
using a Buckyprep column to obtain pure U@C,,(9)-Cg,Ad(I),
U@C2(9)-CgoAd(IT), U@Cx(9)-CgAd(III)  and  U@C,,(9)-
CsAd(IV).

X-ray crystallographic study

The black block crystals of 2(Th@Cs;y(8)-CspAd)-5(CS,) were
obtained by liquid-liquid bilayer diffusion methods of a solu-
tion of Th@C;,(8)-Cs2Ad(I) in CS, and hexane as the poor
solvent. X-ray data were collected at 173 K using a diffractometer
(Bruker D8 Venture) equipped with a CCD collector. The multi-
scan method was used for absorption correction. The structures
were solved using direct methods* and refined on F* using full-
matrix least-squares using the SHELXL2014 crystallographic
software package.*® Hydrogen atoms were inserted at calculated
positions and constrained with isotropic thermal parameters.

Crystal data for 2(Th@C3,(8)-CsAd)-5(CS,): C130H28S10Thy,
M, = 3082.79, 0.2 x 0.15 x 0.2 mm?®, orthorhombic, space
group Phca (No. 61), a = 21.6511(4) A, b = 21.3564(4) A, ¢ =
22.0916(4) A, @ =90°, = 90°, y = 90°, V=10 214.9(3) A%, Z = 4,
Pealea = 2.005 g cm 3, u(Cu Ko) = 11.854 mm ™, § = 3.53-72.12°,
T=173(2) K, R, = 0.0305, R, = 0.0761 for all data; R, = 0.0289,
WR; = 0.0748 for 984 reflections (I > 2.00(I)) with 992 parame-
ters. Goodness of fit indicator 1.060. Maximum residual elec-
tron density 3.852 e A,

The crystallographic data for this structure have been
deposited at the Cambridge Crystallographic Data Centre
(CCDC) with the deposition number 2031751.F

Black needle crystals of U@C,,(9)-Cs,Ad(I) were obtained by
evaporating slowly a solution of U@C,,(9)-Cg,Ad(I) in CS,. X-ray
data were collected at 120 K using a diffractometer (Bruker D8
Venture) equipped with a CCD collector. The multi-scan
method was used for absorption correction. The structures
were solved using direct methods® and refined on F* using full-
matrix least-squares using the SHELXL2014 crystallographic
software package.*® Hydrogen atoms were inserted at calculated
positions and constrained with isotropic thermal parameters.

Crystal data for U@C,y(9)-CgpAd-1(CS,): CozH14S,U, M, =
1433.19, 0.15 x 0.12 x 0.08 mm?®, monoclinic, space group P2,/

© 2021 The Author(s). Published by the Royal Society of Chemistry
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¢ (No. 14), a = 11.3037(7) A, b = 21.8879(12) A, ¢ = 20.9098(13) A,
a=90° 8 =101.257(3)°, vy = 90°, V = 5073.9(5) A%, Z = 4, pcarca
= 1.876 g cm >, u(Cu Ko) = 10.2737 %, 0 = 2.953-72.533°, T =
120(2) K, R, = 0.1287, wR,, = 0.2438 for all data; R, = 0.0957, WR,
= 0.2823 for 7199 reflections (I > 2.00(I)) with 865 parameters.
Goodness of fit indicator 1.050. Maximum residual electron
density 4.689 e A3,

The crystallographic data for this structure have been
deposited at the Cambridge Crystallographic Data Centre
(CCDC) with the deposition number 2031857.F

Isomerization of Th@Cs,(8)-Cs,Ad and U@C,,(9)-Cs,Ad at
room temperature

Powders of Th@Cs;,(8)-CgAd(I), Th@C;,(8)-Cs2Ad(II) and
Th@C3,(8)-Cs,Ad(IIT) were placed in clear glass storage vials.
After 30 days, the three samples in the storage vials were dis-
solved in toluene and analyzed by analytical HPLC respectively.
The chromatogram of Th@C;,(8)-Cs,Ad(I) exhibited only one
peak at 20 min. The chromatogram of Th@Cj;,(8)-Cs,Ad(II)
exhibits two peaks at 20 min and 25 min, which can be ascribed
to Th@Cs3,(8)-Cs,Ad(I) and Th@Cs,(8)-Cs,Ad(II) with a relative
ratio of 35% and 65%, respectively (estimated from the HPLC
area). The chromatogram of Th@Cs;,(8)-Cg,Ad(III) shows three
peaks with retention times at 20 min, 25 min and 35 min, which
correspond to Th@C;,(8)-Cg,Ad(I), Th@C3,(8)-CgrAd(II) and
Th@C3,(8)-Cs,Ad(III) with percentages of 15%, 30% and 55%,
respectively (estimated from the HPLC area).

Powders of U@Cy(9)-CsAd(I), U@C,y(9)-CgrAd(II) and
U®@C,y(9)-Cg,Ad(III) were kept in glass bottles at room temper-
ature. After 30 days, the three samples in the storage vials were
dissolved in toluene and analyzed by analytical HPLC respec-
tively. Recycling HPLC of U@C,,(9)-Cg,Ad(I) exhibited only one
sample peak. Recycling HPLC of U@C,,(9)-Cs,Ad(II) exhibits
two sample peaks, which correspond to U@C,,(9)-Cg,Ad(I) and
U®@C,,(9)-CgrAd(II) with percentages of 17% and 83%, respec-
tively. Recycling HPLC of U®@Cy(9)-Cg,Ad(III) shows three
sample peaks corresponding to U@C,,(9)-CgAd(I), UC,,(9)-
CgoAd(II) and U@C,,(9)-Cs,Ad(I1I) with relative percentages of
6%, 7% and 87%, respectively.

Computational methods

Based on the density functional theory (DFT), full geometry
optimizations with symmetry constraints were carried out using
the BLYP functional*** under the generalized-gradient
approximation (GGA), as implemented in the DMol?
program.** The double numerical plus d-functions (DND)
basis set was used for C and the effective core potentials (ECP)
basis set for Th and U.***® The convergence criteria adopted in
geometry optimizations are that the energy is 2.0 x 10~> Har-
tree (Ha), the gradient is 4.0 x 107> Ha A~! and the displace-
ment is 5.0 x 10~ A. All the results were visualized with the aid
of the Mercury program.*’
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