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ABSTRACT: Although not found to date in empty-cage
fullerenes, the fused pentagon motifs (pentalenes) are
allowed in endohedral metallofullerenes (EMFs). We have
found that members of the trimetallic nitride template
(TNT) EMF Y;N@C,, (n = 39—44) family that contain
pentalene motifs exhibit significant dipole moments. This
finding is predicted to be significant for other EMFs with a
metal atom orientated toward the pentalene motif.
Chromatographic retention data and computational results
for Y;N@C,-Crg, YsN@C-Cq,, and Y;N@C-Cyy are
examples that pentalene groups lead to a significant
induced dipole moment (~1D). A special case is the
Y;N@C,-Cq that contains two pentalenes in a relatively
small cage. The *C NMR spectrum for Y;N@C,-Cyg
exhibits strongly deshielded signals for the fullerene cage
(155—170 ppm) supporting the presence of the pentalene
motif. In addition, a lengthening of the covalent M—N
bond in the internal M;N cluster is found for all reported
TNT EMFs that contain one or two pentalene motifs.

As advanced by Kroto, the isolated pentagon rule (IPR)
states that there is a significant energy penalty for
pentagons fused together on fullerene cages.' Although this
seminal predictive tool was intended for “pristine” empty-cage
fullerenes, the rule has been ostensibly extended to endohedral
metallofullerenes (EMFs). The first EMFs with fused
pentagons (pentalenes) were independently reported by
Shinohara et al.> and Dorn et al.® for the molecules Sc,@Cys
and Sc;N@Cgg, respectively, in 2000. Since then, the pentalene
group has been found in almost all major families of EMFs,
including monometallic EMFs,*® dimetallic EMFs,>®” metal
carbide fullerenes,® metal sulfide fullerenes,”'® and trimetallic
nitride template (TNT) EMFs (metal nitride fullerenes),>"'~"
which contribute most to pentalene-containing EMFs. To date,
the structurally investigated TN'T EMFs have adopted fullerene
cages of D3(6140)-Cgs,> C,,(7854)-Cro,"® C,(17490)-Crg, "
D34(5)-Cr ™" C3(22010)-Crg,"® 1,(7)-Cgo,”" Dsj(6)-Csor™”
C.(39663)-Cqgy,"® C,(51365)-Cyyy"" D3(19)-Cge,>* and D,(35)-
Cgg.”> On this list, the D;-Cgg, Cy,-Crg, C-Crgy Co-Crgy C-Cs,
and C-Cg, isomers contain the pentalene groups.

-4 ACS Publications  © 2013 American Chemical Society

3351

Although there is a significant energy penalty for the
antiaromatic 8 s-electron pentalene motif in empty-cage
fullerenes, electron transfer from a metal to the pentalene
nearby, creating a localized Hiickel-aromatic system, can
stabilize EMFs (Figure 1).** This reasoning is supported by

M= Sc, Y, lanthanides
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Figure 1. Fused pentagon motif and the trimetallic nitride cluster in
pentalene-containing TNT EMFs.

multiple single-crystal X-ray studies where a metal ion is
associated with a pentalene site with a localized negative
charge.g’u’ls'lé’ls’24 Herein, we present evidence for significant
dipole moments (~1D) for those members of the Y;N@C,, (n
= 39—44) family with the pentalene motif. In addition, we
predict significant dipole moments for other members of the
M;N@C,,, family that contain an M—N bond oriented toward a
pentalene motif. We also present the first *C NMR result for a
member of the M;N@C,-C,3 system that contains two
pentalenes in a relatively small cage (Cg).

The yttrium nitride cluster forms a family of TNT EMFs,
Y;N@C,, with n = 39—44,"7° which is a common range for
many other metals, including Gd, Tb, and Tm. The C,-C,3 cage
for M;N@C,s was initially proposed by Dunsch and co-
workers.'* Although limited sample quantities of Tm;N@Cyg
and Dy;N@C,s hampered their experimental structural study,
their remarkable density functional theory (DFT) computa-
tions for Y;N@C,; predicted the C,(22010)-C,5 cage out of
24109 possibilities as the most stable cage for larger metal
M;N@Co; systems. In 2009, the first unambiguous structural
study of this family was reported by Balch and co-workers with
the single-crystal structure of Gd;N@C,(22010)-Cg."® In this
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study, the striking differences between the UV—vis spectra for
the Gd;N@C,(22010)-C,5 and that for the Sc;N@D4;,(5)-Cg
was also reported to illustrate the importance of UV—vis data
for establishing cage isomer features.'® Wang and co-workers
isolated Y;N@C5 and assigned it the C,(22010) cage based on
spectral similarities to Dy;N@C,-Cg and Gd;N@C,-Cyg."”

the current study, We have isolated a sample of YsN@Coq from
the '3C-enriched EMF synthesis®® performed by Luna
Innovations, and its UV—vis absorptive features are in excellent
agreement with the aforementioned studies of M;N@
C,(22010)-Cs. The improved UV—vis peak resolution in
Figure 2 compared to the previous Y;N@C,5 report as well as
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Figure 2. (a) UV—vis spectrum of the Y;N@C,-C,5 with absorption
peaks indicated. (b) Summary of absorption peaks for M;N@
C,(22010)-C;4 (M = Dy, Gd, Y).

similar absorption features for Dy;N@C,-C,3 and Gd;N@C,-
C,s confirm the same C,(22010)-C,5 cage for Y;N@Cs in the
current study."*'*"

The C NMR spectrum for the *C-enriched Y;N@Cy is
shown in Figure 3a. There are a total of 39 lines with
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Figure 3. (a) 200 MHz "*C NMR spectrum from an 800 MHz
instrument of the Y;N@Cg in carbon disulfide/acetone-dg (v/v = 9/
1) with 8 mg of Cr(acac), as a relaxation agent; (b) top view; (c) side
view optimized structure of Y;N@C,-C,s3 with the pentalenes

highlighted.
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approximately the same height suggesting a 39*2 pattern, with
two highly deshielded peaks at 170.0 and 162.9 ppm,
corresponding to the four carbon atoms on the [S,5,6] junction
found only in pentalene-containing fullerene cages. In addition,
there are 26 peaks corresponding to 52 carbon atoms on the
[5,6,6] junctions and 11 peaks corresponding to 22 carbon
atoms on the [6,6,6] junctions. The *C NMR spectrum is in
agreement with the structural prediction for YN@C,s'* as well
as the crystal study of Gd;N@C.g,'"® suggesting the cage
structure of Y;N@Cg is C,(22010)-Cyg. The smaller C,g cage
is distorted by the two pentalene motifs that contribute to the
deshielded signals from the four carbon atoms fusing the
adjacent pentagons. Since the C NMR chemical shift of
carbon atoms on fullerene cages is related to several factors
(including torsion strain®”’), deshielding of the *C NMR
signals is in agreement w1th other “C NMR studies of
pentalene-containing cages.”'” We note that the peak at 170.0
ppm is the most downfield *C NMR signal for a fullerene or
metallofullerene cage observed to date, indicating a great
amount of strain is associated with the two pentalene motifs on
the oblate C, cage. This helps to localize the negative charge
essential to the stabilization of the pentalene unit.

In addition, DFT computational structural optimization of
Y;N@Cog has been independently performed based on the
single-crystal structure of Gd;N@Cos,'® and the 'C NMR
chemical shift values were then calculated based on the
optimized structure. The calculated values exhibit excellent
agreement with the experimental results supporting the
structural assignment of Y;N@C,(22010)-C,4 (see Supporting
Information). In both the view perpendicular (Figure 3b) and
parallel (Figure 3c) to the TNT cluster, cage distortion near the
pentalene sites (red) is clearly present.

The chromatographic retention behavior of the TNT EMF
Y;N@C,, family is compared with empty-cage fullerenes in
Figure 4, utilizing a PYE (pyrenylethyl) column. Fuchs et al.
showed that chromatographic data can be used to predict the
dipole moments for EMFs.*® Specifically, it is recognized that
the retention mechanism between the solute (EMF) and
chromatographic stationary phase (PYE, Figure 4a) consists of

(b)
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= TNT-EMFs
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¥iN@C,,

= Empty cage
fullerenes

= TNT-EMFs

80 84 8 52 96
Number of n electrons on cage surface

Figure 4. (a) The structure and electronic property of the stationary
phase of PYE column. (b) Retention behavior of fullerenes (blue) and
the Y;N@C,, family (red) on PYE column. (c) Expansion of the
framed area in (b) emphasizing the EMFs.
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both 7—z interactions and dispersion forces, and the latter
depends on the polarizability of the fullerenes (or EMFs) and
the stationary phase. In addition, earlier studies have clearly
demonstrated a linear relationship between the chromato-
graphic capacity factor K (K = (tg — t,)/t, where t; is the
retention time and f, is the dead time) and the number of z
electrons on empty fullerene cages,”® as seen in Figure 4b
(blue). For TNT EMFs (red), the number of 7 electrons equals
the number of carbon atoms plus 6, due to the formal transfer
of 6 electrons. In the cases of the IPR-allowed EMFs Y;N@I,-
Cgoy Y3N@D;3-Cgq, and Y;N@D,-Cgq, the corresponding
linearity (with the empty cages) is still maintained, even for
widely different cage symmetries (Figure 4c). In contrast, the
pentalene-containing Y;N@C,, members Y;N@C,-Cog, Y;N@
CiCgy, and Y;N@C-Cg, all significantly deviate from the
correlation with longer retention times, which suggests that
those non-IPR members possess significant permanent dipole
moments.

The DFT-calculated dipole moment values for the yttrium
TNT EMF family (Figure S) are consistent with the

YiN@D;-Cey
X=0.01, ¥=0.12, Z=-0.02 ¥=0.01, Y= -0.05, Z= 0.01 X=0.11, Y= 0.04, Z=-0.12
Overall= 0.12 Overall=0.17

Overall= 0‘0:5

Y.N@C,Cpy
X=0.14, Y=-0.97, 2= -0.32
Overall= 1.0

X=0.85, Y=0.75, Z= 0.06
Overall= 1.1

X=1.10,¥=0.17, Z= -0.09
Overall= 1.1

Figure 5. DFT-computed dipole moments of the Y;N@C,, (n = 39—
44) family (in Debye). The pentalene groups are highlighted in red.

chromatography retention time data. Namely, there is a clear
gap between pentalene-containing species (overall dipole >1.0
D) and species without the pentalene motif (overall dipole <0.2
D). Specifically, the dipole moments of Y;N@C,-C,3 and
Y;N@C,-Cg, are dominated by contributions from the cluster
metal atom interaction with the pentalene group, leading to an
induced dipole moment along that vector axis. The dipole
moment for Y;N@C-Cg, is along two different vector axes, and
the larger is along the pentalene-metal axis. As expected, there
is no significant dipole moment for the TNT EMFs without
pentalene groups, since there is no significant difference in the
local 3-fold Cj, environment of the (Y;N)®* cluster.

The prediction of a significant dipole moment for the
pentalene-containing Y;N@C,, EMFs also suggest lengthening
of the covalent Y=N bond in the (Y;N)* cluster. In addition,
M~—N bond lengthening should be reflected in all TNT EMFs
that have significant dipole moments, since the molecular
dipole moment strongly depends on the charge time distance
for the M—N bond vector (M and N have significantly different
electronegativities). The lengthening of the M—N bond will
break the symmetry of the M3N cluster and lead to a nonzero
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dipole moment. As illustrated in Figure 6, available single-
crystal data and DFT calculation results for all reported

based on single crystal data based on computational data

(A)

& &

I M-N distance for the metal ions
I remote to pentalene sites

M-N distance for the metal
ions close to pentalene sites

Figure 6. Metal—nitrogen distances in the (M;N)** cluster of
pentalene-containing TNT EMFs.

members of the M;N@C,, (M = Gd,">'%'® Tb,"! and Y, n =
39—44) family that contain at least one pentalene motif show
that they exhibit longer M—N bonds oriented toward the
pentalene motif. The trend is even more convincing for the
Gd;N@C,-Cog and Y;N@C,-C,g examples that contain two
pentalene motifs for both experimental and DFT computa-
tional results. This bond lengthening could result from either a
strong metal—pentalene interaction or the creation of extra
space by the pentalene-caused cage distortion. In either
mechanism, enhanced dipole moments for pentalene-contain-
ing TNT EMFs would be predicted.

In this paper, we predict significant dipole moments for
lanthanide members of the MsN@C,, (n = 39—44) family that
contain an M—N bond oriented toward a pentalene motif. This
prediction could also be extended to other pentalene-
containing EMFs, but for the mono- and dimetallic EMFs,
the case could be more complicated due to the noncentroid
position of the endohedral ion(s).*®* The enhanced dipole
moments will lead to improved solubility in polar solvents, and
this could be an important consideration for utilizing EMFs in
molecular optoelectronic devices and biomedical applications.
For comparison, the dipole moment induced by the pentalene
groups in TNT EMFs is comparable to that of azulene (1.08
D),* which has an ionic aromatic model and a solubility in
water of 20 mg/L. Although the TNT EMF Gd;N@I,-Cyg
requires surface functionalization of the fullerene cage surface
to impart water solubility for magnetic resonance imaging
(MRI) contrast agent applications,® the enhanced dipole
moment for Gd;N@C,-C,g, Gd;N@C,-Cyg,, and Gd;N@C.-Cg,
suggests the possibility that these EMFs could help alleviate this
requirement, especially for lipid solubility applications. Finally,
the finding of significant dipole moments for TNT EMFs
containing the pentalene motif could also lead to the possibility
of controlling molecular orientation in an external electric

field.*
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tional chemical shift values. This material is available free of
charge via the Internet at http://pubs.acs.org.
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