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Abstract

Gadolinium-containing endohedral fullerenes represent a new class of effective relaxation agents

for magnetic resonance imaging (MRI). The range of different structures possible for this class

of molecules and their properties as MRI agents are reviewed here.
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Introduction.

Ton quantities of gadolinium have been administered to humans as medicinal diagnostic
agents for use in magnetic resonance imaging (MRI). ' The presence of seven unpaired electrons
in the Gd(III) ion make this ion the premier choice as a water relaxation agent in MRI applications.
However, free, aquated gadolinium ions are toxic.> These ions can inhibit calcium channels and
have neurological and cardiovascular toxicity. In order to be used clinically, the gadolinium ion
must be placed in a chelated environment that binds the metal tightly but allows water to interact
with the unpaired spins of the gadolinium. The usual solution involves using polyfunctional
ligands that strongly coordinate the Gd** ion, while allowing at least one water molecule to bind
directly to the Gd*". Figure 1 shows the structure of a complex of the type used in the many
different commercial relaxation agents.* The key elements in this drawing are the attachment of
the polydentate ligand to the metal through amine and carboxylate functions and the presence of a
single, coordinated water molecule.

Figure 2 illustrates a simple scheme that shows how water relaxation occurs in the vicinity of
the gadolinium complex. The exchange of the coordinated water with bulk water is considered as
the primary and best understood process that leads to effective relaxation of the water protons. In
considering the design of gadolinium relaxation reagents one reads statements like: “In addition, at
least one water molecule must be bound to the gadolinium centre (i.e. within the coordination
sphere) and this will undergo rapid exchange with the water molecules of the surrounding solution
to affect the relaxation time of all the solvent protons.” > However, exchange and relaxation may
take place through interaction of water molecules in the second and subsequent hydration layers

with the complex through hydrogen bonding and other means, but without direct coordination.
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The escape of gadolinium from these chelates can result in an acquired disorder, nephrogenic
systemic fibrosis (NSF, (not to be confused with NSF, the National Science Foundation)).>® This
condition occurs in people with impaired renal function. Thus, the use of gadolinium relaxation
agents is discouraged in individuals with kidney disease.

Endohedral metallofullerenes, closed carbon cages with metal atoms trapped within their
confined space, offer an alternative means of binding a paramagnetic metal such as gadolinium.”*’
The closed network of carbon atoms prevents any leakage of the metal from the cage, while the
molecule retains all of the physical properties of the metal confined inside. However, direct
contact of a water molecule with a gadolinium atom on the inside cannot happen. If these
endohedral fullerenes are to function as MRI contrast agents and they do (vide infra), the relaxation
must occur through an outersphere mechanism. Numerous endohedral fullerenes have been
prepared, purified and isolated, since the first report of their existance appeared.'® Here, we

examine the gadolinium-containing endohedral fullerenes that have been discovered with

particular attention to the structures of these intriguing molecules.

Gadolinium-Containing Endohedral Fullerenes.

Synthesis. Endohedral fullerenes are generated by the electric arc method in which graphite rods
doped with a metal source, generally a metal oxide (Gd,O; in the case of gadolinium-containing
endohedrals), are vaporized in a low-pressure helium atmosphere.11 In this arc, fullerenes are
formed from smaller carbon fragments particularly C, units within a temperature range from 500 to
3000 K. The process produces carbon soot containing a melange of soluble empty cage fullerenes,
soluble endohedral fullerenes, and insoluble carbon black that may contain insoluble fullerenes as

well as amorphous material. Purification and isolation of the individual fullerene molecules
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generally begins with the extraction of soluble fullerenes and the polyaromatic hydrocarbons that
accompany fullerene generation into an organic solvent. Further purification involves chemical
treatment to remove selected components and/or extensive chromatography (usually HPLC). A
detailed procedure for processing the soot from gadolinium-doped graphite rods to obtain specific
mono-metallic endohedrals of the type Gd@C,, (where 2n ranges from 60 to 90) has been
published.12 This study is particularly significant because it is concerned with both the insoluble
but abundant endohedrals such as Gd@Csy as well as the much more intensely studied, soluble
endohedrals like Gd@Cg,. Additionally, the arc process may be modified with various dopants to
inhibit the formation of Cgy and C;y, which are usually the prevalent fullerenes, and to facilitate the
incorporation of complex clusters such as GdsN inside the cage."*'*'>1%!7 Despite efforts to

improve the arc generation process, the yields of endohedral fullerenes produced remain low.

The Structures of Pristine, Gadolinium-Containing Endohedral Fullerenes. A number of
gadolinium-containing endohedral fullerenes have been characterized by single crystal X-ray
diffraction, which allows the cage size and isomeric structure to be identified. Crystallography
also allows us to determine the location of the metal atom or atoms inside the cage. In order to
obtain crystals of these highly symmetric molecules with their uniform outer surfaces,
cocrystallization with Ni(OEP) (OEP is the dianion of octaethylporphyrin) is routinely
employed.'®  Although this cocrystallization procedure can produce crystals with remarkable
degrees of order for the cage and the metal atoms inside, in some cases disorder in one or both of
these components persists. However, usually there is a major orientation that is highly
populated. In this review, the drawings and discussion are focused on these major orientations,
and the reader is directed to the original publication for a description for the less populated,

minor fullerene orientations.
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Fullerenes Containing a Single Gadolinium Atom - Gd@C2,(9)-Cs:. Gd@C2(9)-Cg, is a
particularly important molecule, since it is the most abundant gadolinium-containing endohedral
fullerene produced by the electric arc synthesis.'”> Consequently, it can be obtained in sufficient
quantities to allow functionalization to impart water solubility and utilization in a range of
biomedically relevant studies (vida infra). Figure 3 shows a drawing of the structure of this
endohedral fullerene.'® There are nine isomers of the Cs, cage that obey the isolated pentagon rule
(IPR).?® The IPR requires that each pentagon must be surrounded by five hexagons. This
arrangement reduces the strain within the cage by avoiding direct pentagon-pentagon contact. The
cage involved here has been identified as the (C,y(9)-Csg, isomer. The position of the metal ion
inside this cage has been an issue of some controversy. Some evidence has been presented to
suggest an anomalous structure with the metal atom located above a [6,6] bond along the C, axis of
the cage, rather than beneath the hexagon at one end of the C, axis as found for La@C,(9)-
Cgp. 2122 Computa‘[ions,23 XANES spec‘[roscopy,24 and crystallographic data on the pristine and
functionalized forms?® of Gd@(C>y(9)-Cs; indicate that the metal ion is located largely at the
normal position, beneath a hexagon and on the C, axis. Nevertheless, there is disorder in the
gadolinium ion positions in the crystal. This disorder suggests that the metal ion is able to move
freely within a portion of the fullerene cage. The EPR spectra of Gd@C,,(9)-Cs, have been
measured under a variety of conditions.”® There is evidence that Gd@C>y(9)-Cs, is paramagnetic
molecule dimerizes at high concentration and low temperature in solution and in the solid state.
The ground state of Gd@C,(9)-Cs; has a spin quantum number of S = 3. The spin of the internal

gadolinium (S = 7/2) is coupled to the spin of the cage n-system (S = 1/2) antiferromagnetically.
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Endohedral Fullerenes Containing Two Gadolinium Atoms. An endohedral fullerene with
two metal atoms inside can exist as either the simple endohedral, M,@C,,, or as a carbide,
M,Cr@Copa, With an M,C; unit inside the carbon cage.27 Single crystal X-ray diffraction studies
are the most effective means to distinguish between these alternatives. This capability is
particularly important for gadolinium-containing endohedrals, where the paramagnetism of the
metal offers impedements to the use of "*C NMR spectroscopy in structure determination.

An extensive series of endohdrals with the formula Gd,C,,, have been observed in arc
generated carbon soot obtained from gadolinium-doped rods. The complete series from Gd,Cy to
Gd,Cs, including two isomers of Gd,Cos, have been separated by extensive HPLC, isolated, and
their UV/vis spectra recorded.?®%

A crystallographic study of the most rapidly eluting isomer of Gd,Cos shows that it is a
carbide: Gd,C,@D3(85)-Coy. Its structure is shown in Figure 4. The molecule uses an IPR-
obeying cage that is elongated about the C; axis. As the figure shows, the Gd,C, unit has a
butterfly shape with the C, unit perpendicular to the line connecting the two gadolinium atoms.
However, extensive disorder in the gadolinium positions indicates that this unit is rather flexible
and the dihedral angle between the two Gd,C portions is variable. Computational studies of the
other, more slowly eluting isomer of Gd,Co4 indicate that it does not contain a carbide unit, but
rather is the simpler endohedral, Gd;@C>(121)-Cos.

The UV/vis/NIR spectra of endohedral fullerenes depend upon the cage size, charge and
isomeric structure. Thus, Smy@D3(85)-Coy and Gd,(u-Co)@D3(85)-Coy, both of which have

been characterized crystallographically, have similar UV/vis/NIR spectra, since they contain the
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D;3(85)-Co, cage that bears a 4- charge.zg’29 (The charge distributions are (Sm2+)2@[D3(85)-C92]4'
and (Gd* ) (u-Co)* @[ D3(85)-Co2]"). The UV/vis/NIR spectra of Gd,Cog and Gd,Co; are nearly
identical to those of Smy@D2(35)-Cgg and Smy@C;(21)-Coy, both of which have been
characterized by X-ray crystallography.”®*  Thus, it appears that that Gd,Coo and Gd,Co; are
the carbides Gd,Co@D2(35)-Cgg and Gd,Co@C;(21)-Coo.

A crystallographic study of Gd,Cse reveals that it, too, is a carbide: Gd,Co,@C;(51383)-
Cgs.” Tts structure is shown in Figure 5. Unlike the endohedral fullerenes discussed previously,
this example does not obey the IPR. Rather it has a cage with one position where two pentagons
abut to form a pentalene-like unit. In Figure 5, this unit is highlighted in red. One of the
gadolinium ions is bonded to the fold of the pentalene unit, while the other resides near a
hexagon at the opposite side of the cage. The Gd,C, unit again has a butterfly shape, but an
asymmetric one with the carbide significantly closer to the gadolinium atom nearest the hexagon.

Computational studies for Gd,@Cos, which has yet to be isolated and structurally
identified, indicate that the non-IPR species Gd,@C;(168785)-Cog 1s the most
thermodynamically stable structure over the temperature range 200 to 2000 K.*>' Additionally,
this isomer has a large SOMO-LUMO gap. Unfortunately, this study did not comment upon the
relative stabilities of the Gd,(@Cog and the Gd,C,@Cos isomers. It is, however, noteworthy that
this computation predicts stability for a rather large non-IPR cage. Earlier computational studies
had suggested that the occurrence of non-IPR endohedrals would be limited to cage sizes in
smaller than Cg6.32

The azafullerene, Gd,@C7N, which also contains two gadolinium atoms, has been
prepared and characterized by UV/vis, Raman and electron spin resonance (ESR) spectroscopy

as well as through computations.” The ESR studies have shown that the spin resides on the
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interior of the molecule with the unpaired electron spin density localized on the internal diatomic
gadolinium cluster and not on the heterofullerene cage. From these EPR studies is was deduced
that the spin (S = '2 of the nitrogen atom is coupled ferromagnetically with the spins of the two
gadoliniums (S = 7/2) to yield a molecule with overall S = 15/2. Other endohedrals of this type
have also been prepared including: Laz@C79N,34 Y,@C7N and Tb2@C79N.3 > The structure of
Tb,@C79N has been determined crystallographically and serves as a model for that of
Gdy@C79N. The structure of Tbhy@C79N is shown in Figure 6. The molecule utilizes a cage with
the same symmetry as /,-Cgg, but one of the carbon atoms is replaced by a nitrogen atom. In the
crystal, the position of that nitrogen atom is, not unexpectedly, disordered. Nevertheless, the
overall cage geometry is well established. Inside the cage, the two terbium atoms are widely
separated by 3.9020(10) A, but computational studies suggest that there is a bonding interaction
between these atoms and that the nitrogen atom is centrally located between two terbium atoms

on a junction of two hexagons and a pentagon.

The Gd;N@C;, 2n = 78 to 88) Family of Endohedral Fullerenes. When fullerenes are
produced by the arc process in the presence of a nitrogen source (e. g. N,, NH3), a new series of

endohedrals containing the M;N unit are formed.'*!

Figure 7 shows the mass spectrum
obtained from the soluble extract formed from conducting the arc synthesis with gadolinium-
doped graphite electrodes.*® As the figure shows, the complete series of endohedrals from
Gd;sN@Crs to GdsN@Css is formed. The size of the metal involved in this process determines
the size of cages formed. Thus, with the smaller metal, scandium, the series produced

(ScsN@Ces, ScsN@Crs and SczN@Csp) includes smaller cages,37 while with a larger metal,

lanthanum, a series with larger cages, La;N@Css to LasN@C o, is formed.*® We are fortunate
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to have extensive crystallographic data for the Gd;N@C7s to Gd;N@Css series.

It is informative to compare the structures of M3N@C-g, where M = Sc and Gd. The two
compounds have markedly different colors. In solution, the scandium compound is green, while
the gadolinium analog is brown.”” Since the colors and electronic spectra reflect the nature of
the fullerene cage present, it seems that the two compounds must have different structures. For
the Csg cage there are five isomers that obey the IPR. Figure 8 shows the structure of
SC3N@D3h(5)—C7g.4O’41’42 The cage is one that obeys the IPR. The ScsN unit resides in the
horizontal mirror plane of the fullerene and the entire molecule has D3, symmetry. In contrast
the gadolinium analog utilizes a non-IPR cage. Figure 9 shows the structure of this compound,
Gd:;N@C5(22010)-C7¢.* 10000000 OIO0 SesN@Dsy(5)-Crs, which follows the IPR,
Gd;sN@C>»(22010)-C7g uses one of the 24105 isomers that do not follow the IPR. As Figure 9
shows, there are two sites where pentagon pairs abut in this cage. These are highlighted in red in
the figure. There is some disorder in the positions of the gadolinium ions within the cage.
However, in the major site, two of the three gadolinium ions are located within the folds of these
pentalene units. The other gadolinium ion is situated beneath a hexagonal ring of the fullerene
cage. Computational studies show that Gd;N@C»(22010)-C-g is the most stable isomer of over a
wide temperature range, 0 to 6500 K.*

The next member of the series, Gd;N@1,-Cgp, whose structure is shown in Figure 10,

utilizes the popular, highly symmetric ;-Cgo cage, which obeys the IPR.*:*

Many other
endohedrals of the MsN@Csg type also use this cage.46 The remarkable feature of Gd;N@1,-Cso
is the pyramidalization of the Gd;N unit on the inside. The central nitrogen atom is disordered

over two sites with fractional occupancies of 0.309(9) for NI1A and 0.191(9) for N1B. NI1A is

0.522(8) A° away from the plane of the three gadolinium ions, while at the minor site, N1B is
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0.463 A° from the Gdj; plane. In contrast, many other endohedrals of the M3N@/1,-Cso type, like
ScsN@Iy-Cso and LusN@17,-Cgp, have planar M3;N cores. 47 The magnetic properties of
GdsN@I,-Cso have been reported.** At low temperatures, the spins of the gadolinium ions are
ferromagnetically aligned, while at high temperatures these spins are uncorrelated.”® The Raman
and inelastic electron tunneling spectra of Gd;N@/,-Cso and related endohedrals have been
reported.”!

In addition to Gd;N@/,-Cgp, the mixed metal endohedrals Gd,;ScN@/1,-Cgo, GdSc;N@1y-
Cso, GdScN@Dsp-Cgp, and GdSc,N@Dsp-Cgp have been prepared and isolated by using a

mixture of Gd,03 and Sc,03 to dope the graphite rods used in the initial fullerene generation.52’53’

3435 These molecules have been characterized by UV/vis, infrared and Raman spectroscopy and
by DFT calculations. Additionally, Gd,ScN@1,-Cgp and GdSc,N@/,-Cgp have been
characterized crystallographically™® The structures of these two endohedrals are shown in
Figures 11 and 12. The Gd,Sc and GdSc; units in these two structures are planar and are situated
so that their planes are nearly perpendicular to the plane of the Ni(OEP) molecules in the
respective cocrystals. Moreover, for such mixed-metal endohedrals of the type, MoM N@/,-Cgo,
the metal atoms with lowest atomic number are situated nearer the Ni(OEP) molecule than are
the metal atoms with higher atomic number. The causes for this orientational preference need
further study. While both Sc;N@1,-Cgp and Sc;N@Ds,-Cso have been isolated and structurally
characterized,">® it is curious that no one has reported the existence of “GdsN@Dsy-Cso”.

There are 9 IPR and 39709 non-IPR isomers of Cg; One isomer of Gd;N@Cg, has been
1solated and puriﬁed.57 Its structure is shown in Figure 13. Gd;N@C(39663)-Cs,, contains an

unusual, egg-shaped fullerene that does not obey the IPR. There is one site in this molecule

where two pentagons abut. That portion is highlighted in red in Figure 13. Notice that one of

10
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the three gadolinium ions resides within the fold of this pentalene unit. The Gds;N unit within the
cage is planar. Computational studies have shown the experimentally observed isomer,
GdsN@C,(39663)-Cs,, only becomes predominant at synthesis temperatures above 3400 K.
Below that temperature, another non-IPR isomer with a single pair of abutting pentagons,
GdsN@C4(39705)-Cg,, is prevalent.

For the Cg4 cage there are 24 IPR and 51568 non-IPR isomers. Three isomers with the
composition Gd;N@Cgs have been separated and purified. 9 A sufficient quantity of the most
abundant of these has been obtained to allow crystallization and examination by X-ray
crystallography. The structure of this isomer, Gd;N@C(51365)-Cs4, is shown in Figure 14.
This molecule is another egg-shaped endohedral with one position where a pentalene unit is
formed by two neighboring five-membered rings. Again, one of the gadolinium ions is located
near that pentalene portion of the cage and the Gd;N unit is planar. Two isomers of TbsN@Cg4

and two isomers of Tm3;N@Css have also been isolated.>”®°

In both cases crystallographic
studies have shown that the most abundant isomer for Tb and Tm utilizes the same cage as found
in GdsN@C(51365)-Cgq. Thus, in these cases the identity of the internal metal ions does not
produce a change in cage geometry for the most abundant endohedral.

The structures of Gd;N@C(39663)-Cs, and GdsN@C(51365)-Cg4 shown in Figures 13
and 14 are rather similar. Both utilize non-IPR, egg-shaped cages that have one pair of fused
pentagons. The shapes of these cages are compared in Figure 15. Because of the unusual shapes
of these non-IPR cages and the placement of metal ions within the nose formed by the pentalene
portion, Dorn and coworkers have predicted that these egg-shaped endohedrals will have

significant dipole moments that are much larger than those found for endohedral fullerenes that

lack pentalene moieties.®!
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Finally with the Cgg cage, we reach a cage size that will allow a planar Gd;N unit to fit inside
a cage that obeys the IPR. Two orthogonal views of the crystallographically determined structure
of GdsN@D;(17)-Cgg are shown in Figure 16.°2 As the figure shows, the chiral cage is somewhat
squashed along the three-fold axis and the Gd;N unit fits into the widest part of the cage.
Crystallographic studies of TbsN@Ds(17)-Css reveal that it possesses a similar structure.®

No crystallographic data are available for Gd;sN@Css. However, the structure of the related
molecule, TbsN@D»(35)-Css, has been determined by single crystal X-ray diffraction.”® Its
structure is shown in Figure 17. The electronic spectra of the only known isomer of Gd;N@Cgs
and that of TbsN@D,(35)-Css are similar. Consequently, it is likely that these two molecules
utilize the same cage isomer. Likewise, Tm3N@D,(35)-Css has recently been characterized
crystallographically.®  Additionally, density functional calculations indicate that the lowest
energy isomers of M3N@Csg for M = Gd and Lu are GdsN@D»(35)-Cgs and LusN@D»(35)-
Cgs.”> However, for LasN@Cg; a different, C; symmetric structure is predicted for the cage.

In considering the Gd;N@C7s to GdsN@Css family of endohedrals, it is striking to see that
half of the members do not obey the IPR. Only when the cage size reaches Gd;N@Cgs do we
find a planar Gd;N core accommodated within an IPR cage. For small cage sizes these
fullerenes utilize either a non-IPR cage (as found for Gd;N@C2(22010)-Crs, GdsN@C(39663)-

Csp, and GdsN@Cs(51365)-Csa) or a pyramidalized Gd;N core (as seen in Gd;N@/,-Cg).

Electrochemical Studies of Gadolinium-Containing Endohedrals. Endohedral fullerenes and
empty cage fullerenes undergo step-wise, one-electron oxidation and reduction. These redox
characteristics are not exploited in the use of gadolinium-containing endohedrals as MRI agents,

but they are an important, intrinsic property of these cage molecules. Table 1 contains information

12
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obtained from cyclic voltammetric studies of several gadolinium-containing endohedrals of the
type GdsN@C,,. The data reveal that these endohedrals generally undergo irreversible reductions
for which the E, (reduction peak potential) values are given. One, two or three reduction waves
are observed for these compounds. Additionally, one or two reversible, one-electron oxidations
occur for which the E;;, values are given in the Table. It is interesting to note that, within the
series, GdsN@/Iy-Cgo, GdsN@C(51365)-Cgs, and GdsN@D,(35)-Csgs, increasing cage size is
accompanied by an decrease in the value of AEg,,. AEg, is the difference between the first
oxidation potential and the first reduction potential and is related to the HOMO-LUMO gap. This
decrease in AEg; is largely due to the decrease in the E;, value for oxidation, whereas the potential
for the first reduction is little changed within this series. It is also interesting to notice that
replacement of gadolinium by scandium in these endohedrals produes only rather minor changes in

the various redox potentials.

External Functionalization Gadolinium-Containing Endohedrals.

Work on functionalization of gadolinium-containing endohedrals can be classified into two
groups: studies that focus on examining the reactivity of these novel compounds and produce well-
defined adducts and studies designed to impart water solubility to the cage for use in work of
biological and medicinal relevance. The latter frequently seems sacrilegious to those of us who
treasure isomerically pure samples of endohedrals for structural characterization, since the process
of imparting water solubility usually results in the formation of a mixture of adducts with different
numbers of addends appended to the fullerene outer surface. Nevertheless, such functionalization
is effective in imparting water solubility to what is otherwise a hydrophobic molecule.

There are only a few studies that have been performed to prepare well defined mono- and di-

adducts of the gadolinium endohedrals. When a toluene solution of Gd@(C,(9)-Cs, and 2-

13
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adamantane-2,3-[3H]-diazirine (ADN,) is photolyzed with a high pressure mercury lamp, the
mono-adduct Gd@C»(9)-Csx(Ad) (Ad = CjoHy4) is formed in 95 % yield.66 The product has been
characterized by single crystal X-ray diffraction. As seen in Figure 18, adduct formation is
accompanied by the rupture of the C1A-C2A bond (a 6:6 ring junction) within the fullerene cage.
The gadolinium is situated close to the site of addition but at a site comparable to that fround in the
unfunctionalized version of this molecule, which is shown in Figure 3.

The reactivity of the GdsN@/,-Cgy, GdsN@C(51365)-Cgs, and GdsN@D2(35)-Cgs in the
Bingel cyclopropanation reaction with bromomalonate shows a remarkable size effect. %® With
Gd;sN@/1y-Cgp, both a mono and a di-adduct are formed. Under similar conditions with
GdsN@Cy(51365)-Css only a monadduct was found, but with Gd;N@D»(35)-Cgg no evidence for
adduct formation was found. Thus, the larger the cage, the less reactive that endohedral is for
Bingel adduct formation. Moreover, the non-IPR nature of Gd;N@C,(51365)-Cs4 does not appear
to convey any unusually high reactivity to that molecule.

Due to their potential utility, much more attention has been given to devising means to make
gadolinium-containing endohedrals water soluble for use as MRI contrast agents. The two
prominent methods of solubilization involve either polyhydroxylation, in which multiple OH
groups are added to the cage surface, or utilization of the Bingel reaction, a cyclopropanation
reaction that leads to the addition of several C(COOH), groups to the fullerene. In both cases, it
must be assumed that adducts are formed with a variety of addition patterns that produce a
complex mixture of regioisomers.

The initial work on water solubilization of gadolinium-containing endohedrals was performed

69,70

by Shinohara and coworkers. They treated the relatively abundant Gd@C»,-Cs; in toluene

solution with a 50 wt % solution of sodium hydroxide in water with either 15-crown-5 or

14
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tetrabutylammonium hydroxide as a phase transfer catalyst at room temperature to form a
polyhydroxylated species (Gd@C,,-Cg2(OH), with n ~ 40) that was purified by dialysis. Other
water-soluble forms of Gd@C(C,,-Cs, have been prepared. For example, the related amino acid
functionalized compound, Gd@ C»,-Cs,01,(OH),- (NHCH,CH,COOH); (m ~ 6, n ~ 16 and 1 ~ 8),
has been synthesized.71 Water soluble Gd@C,y-Cs,02(OH);6(C(POsEt;),)10 was obtained by a
Bingel-type reaction by treating a toluene solution of Gd@C,-Cs, and tetraethyl
methylenediphosphonate with sodium hydride.”?

Bolskar ef al developed an ingenious way to functionalize and solubilize the relatively
abundant, but insoluble, Gd@Ceo. ” They prepared an enriched sample of Gd@Cso through a
series of solvent extractions (to remove soluble fullerenes) and sublimations. Subsequently, they
functionalized the Gd@Cso through the reaction with diethyl bromomalonate and sodium or
potassium hydride to form Bingel adducts, Gd@Cg[ C(COOCH,CHj3),]x (x ~10). To obtain water
soluble material, Gd@Cg[C(COOCH,CHj3),]x was converted into the corresponding acid
Gd@Ce[C(COOH),]x. Additionally, a procedure for the polyhydroxylation of Gd@Cg has been
devised.™

Both the polyhydroxylated and polycarboxylated types of endohedral fullerenes are prone to

7376 These clusters have sizes in the 30 and 90 nm range and are

aggregation in aqueous solution.
likely to be responsible for the activity of these MRI contrast agents. This aggregation is sensitive
to the presence of various salts in solution with phosphate exhibiting a large effect in disrupting the
aggrega‘[es.77

Several water soluble forms of Gd;N@I-Csp have been prepared by Dorn and others.

GdsN@/,-Cgo(OH)«(CH,CH,COOM), was obtained by treatment of Gd;N@/,-Csgo with succinic

acid acyl peroxide.”® Procedures for converting GdsN@J,-Cs into the water-soluble pegylated and

15
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polyhydroxylated products, Gd;N@/1,-Cgo[ DIPEG5000(OH)x] and Gdi;N@1,-Cgo[ DiIPEG(OH),],
have also been publishe:d.79’80 A proposed structure for GdsN@1,-Cgo[ DIPEG(OH),] is shown in
Figure 19. Gd;N@I,-Cgo has also been concerted into Gd;N@1,-Cso-[ N(OH)(CH,CH,0),,CHj3]
where n is 1, 3, or 6 and x ranges from 10 to 223" The mixed metal fullerenes, ScyGd; xN@Ip-Cso
(x = 1 or 2), have also been functionalized to form ScyGd; \N@I,-Cs0Om(OH), with m = 12; n =

26.%2

Applications of Gadolinium-Containing Endohedrals.

Considerable attention has been given to the properties of gadolinium-containing fullerenes as
MRI contrast agents, ever since Shinohara and coworkers demonstrated that the relaxivity obtained
from Gd@C,y-Cgr(OH), was about twenty-fold greater than that of the commercial MRI contrast
agent, Magnevist.”” Most of the water-soluble versions of gadolinium-containing fullerenes
described in the preceding section have been examined as MRI contrast agents and found to show
considerable activity in that regard. For example, water soluble Gd@C,y-
C3,02(OH);6(C(POsEL;)2)10 exhibited a higher longitudinal water proton relaxivity (37.0 mM's™)
than the conventional, chelated gadolinium complex in Omniscan (5.7 mM™ s).”?

Additional studies have been conducted to better understand the relaxation phenomena
involved with these new relaxation agents. The effects of pH and salt concentration on aggregation
in aqueous solution are important factors that need to be carefully controlled when one is
comparing the efficacy of different contrast agents. For unaggregated monomers, a mechanism
involving proton exchange between OH or COOH sites on the fullerene with bulk water is

important to the relaxitivity.® For solutions containing aggregates of the hydroxylated or

16
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carboxylated fullerenes, there are water molecules located in the interstices of the aggregates.
These water molecules can exchange rapidly with bulk water to contribute to the proton relaxation.

Recent developments in the use of gadolinium-containing fullerenes as MRI contrast agents
have focused on targetting these compounds to specific biological targets. Thus, the GdsN@/,-Cso
platform has been solubilized and conjugated with specific peptides of the IL-13 class to make
reagents that target and image glial tumors.>* Similarly, fullerenes of the type GdxSc; xN@1I-Cso
have been covalently linked to an SV40 T-antigen and that antigen connected by a disulfide
connector to a peptide that would promote passage across cell membranes.*

Additionally, a solubalized form of has been used for neutron capture therapy since both
155Gd (14.8% natural abundance0 and 157Gd (15.7 na) have high neutron capture corss

. 86
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Table 1
Reduction and Oxidation Potentials (in Volts vs Ferrocene/Ferrocinium Ion) for Gadolinium
Fullerenes.
Endohedral Fullerene E, Ei» E, E» E, Ei» E» AEg,,
Red1l |Red1l |Red2 |Red2 |Red3 | Ox1 Ox 2

Gd;N@C:(22010)-Crs (a) 1.53 _1.89 +0.47 2.00
GdSc;N@Crs (b) 144 71.88 1045 | 092 | 1.89
Gd;sN@I,-Csp (c) 144 _1.86 215 | +0.58 2.02
GdSc;N@I,-Cso (b) 132 +0.64 1.96
Gd>ScN@I,-Cso (b) 136 +0.66 2.02
Gd;N@1y-Cso

Gd;N@C,(51365)-Cgs (c) 137 _1.76 +0.32 1.69
Gd.ScN@C,(51365)-Cys (b) | -1.44 -1.80 208 | +037 | +0.74 | 1.81
GdSN@[h_C%

GdsN@D(35)-Css (¢) 143 [-138 | -1.74 | -1.69 +0.06 | +0.49 | 1.49
Gd,ScN@D,(35)-Css (b) -1.26 -1.63 | -2.05 |+0.07 |+0.48 | 1.33

(a) From M. N. Chaur, X. Aparicio-Anglés, B.
Clotet, M. M. Olmstead, A. L. Balch and J. M.

114, 13003-13009.

(b) From A. L. Svitova, A. A. Popov and L. Dunsch, Inorg. Chem. 2013, 52, 3368—3380.

Q. Mercado, B. Elliott, A. Rodriguez-Fortea, A.
Poblet, L. Echegoyen, J. Phys. Chem. C, 2010,

(¢) From M. N. Chaur, F. Melin, B. Elliott, A. J. Athans, K. Walker, B. C. Holloway and_L.
Echegoyen J. Am. Chem. Soc., 2007, 129, 14826-14829.
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Figure 1. The structure of the anion [Gd(DOTMA)H20)]" in the salt NasJGd(DOTMA)
(H,0)],Cl, * (H,0);, with oxygen atoms in red and nitrogen atoms in blue. From data in S. Aime,
M. Botta, Z.Garda, B. E. Kucera, G. Tircso, V. G. Young and M. Woods, Inorg. Chem., 2011, 50,

7955-7965
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Figure 2. Water exchange processes in chelated gadolinium complexes typically used as MRI

relaxation agents.
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Figure 3. The structure of Gd@C»,(9)-Cs; in a cocrystal with Ni(OEP). From data in M. Suzuki,
X. Lu, S. Sato, H. Nikawa, N. Mizorogi, Z. Slanina, T. Tsuchiya, S, Nagase and T. Akasaka, /norg.

Chem. 2012, 51, 5270-5273.
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Figure 4. The structure of Gd,Co@D3(85)-Coz in GdrCo@D5(85)-Coy, eNi(OEP)e2CsHg. Drawn
from the data in H. Yang, C. Lu, Z. Liu, H. Jin, Y. Che, M. M. Olmstead and A. L. Balch, J. Am.

Chem. Soc., 2008, 130, 17296-17300.
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Figure 5. The structure of the non-IPR fullerene Gd,Co,@C;(51383)-Css in Gd,Co@C;(51383)-
Cs4oNi(OEP) ©1.75C7Hge0.25C¢Hg. The site where two pentagons abut is marked in red. Drawn
from the data in J. Zhang, F. L. Bowles, D. W. Bearden, W. K. Ray, T. Fuhrer, Y. Ye, C. Dixon,

K. Harich, R. F. Helm, M. M. Olmstead, A. L. Balch and H. C. Dorn, Nat. Chem. 2013, 5, 880-

885.
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Figure 6. The structure of Tb,@C79N, an analog of Gd,@C79N. The location of the nitrogen atom
in the cage is not known due to the presence of crystallographic disorder. However, computations
suggest it is in the position indicated in blue or one of the other sites along the central vertical belt
of atoms in the cage. Drawn from the data in T. Zuo, L. Xu, C. M. Beavers, M. M. Olmstead, W.

Fu, D. Crawford, A. L. Balch and H. C. Dorn, J. Am. Chem. Soc., 2008, 130, 12992-12997.
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Figure 7. Mass spectrum of the soluble Gd;N@C,, species extracted from raw soot after removal
of empty cage fullerenes. From M. N. Chaur, F. Melin, B. Elliott, A. J. Athans, K. Walker, B. C.

Holloway and_L. Echegoyen J. Am. Chem. Soc., 2007, 129, 14826-14829.
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Figure 8. The structure of ScsN@Dsn(5)—Crs looking down the three-fold axis of the molecule.
Drawn from the data in B. Q. Mercado, M. N. Chaur, L. Echegoyen, J. A. Gharamaleki, M. M.

Olmstead and A. L. Balch, Polyhedron, 2013, 58, 129—133.
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Figure 9. The structure of the non-IPR fullerene Gd;N@C»(22010)-Crs in GdsN@C,(22010)-
C,3eNi(OEP)e1.5C¢Hs. The two sites where two pentagons abut are highlighted in red. Drawn
from information in C. M. Beavers, M. N. Chaur, M. M. Olmstead, L. Echegoyen and A. L.

Balch, J. Am. Chem. Soc., 2009, 131, 11519-11524.
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Figure 10. The structure of Gd;N@/-Cgy showing the major (N1A) and minor (N1B)
orientations of the pyramidal unit Gd;N. Drawn from the data in S. Stevenson, J. P. Phillips, J.

E. Reid, M. M. Olmstead, S. P. Rath and A. L. Balch, Chem. Commun. 2004, 2814-2815.
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Figure 11. The structure of Gd,ScN@/-Cgy with the plane of the Gd,Sc group nearly
perpendicular to the porphyrin. Drawn from the data in S. Stevenson, C. J. Chancellor, H. M.

Lee, M. M. Olmstead and A. L. Balch, Inorg. Chem., 2008, 47, 1420-1427.
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Figure 12. The structure of GdScoN@/,-Cgo with the plane of the GdSc,N group nearly
perpendicular to the porphyrin. Drawn from the data in S. Stevenson, C. J. Chancellor, H. M.

Lee, M. M. Olmstead and A. L. Balch, Inorg. Chem., 2008, 47, 1420-1427.
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Figure 13. The structure of the non-IPR fullerene Gd;N@C(39663)-Cs; in GdsN@C(39663)-
Cs2oNi(OEP)e2C¢Hg. The single site where two pentagons abut is shown in red. Drawn from
the data in B. Q. Mercado, C. M. Beavers, M. M. Olmstead, M. N. Chaur, K. Walker, B. C.

Holloway, L. Echegoyen and A.L. Balch, J. Am. Chem. Soc., 2008, 130, 7854—7855.

39



Dalton Transactions Page 40 of 47

Figure 14. The structure of the non-IPR fullerene Gd;N@Cs(51365)-Css in GdsN@C(51365)-
Cs4oNi(OEP)e2CcHg. The site where two pentagons abut is marked in purple. Drawn from the
data in T. Zuo, K. Walker, M. M. Olmstead, F. Melin, B. C. Holloway, L. Echegoyen, H. C.
Dorn, M. N. Chaur, C. J. Chancellor, C. M. Beavers, A. L. Balch and A. J. Athans, Chem.

Commun. 2008, 1067-1069.
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Figure 15. A comparison of the two non-IPR fullerene cages in A, Gd;N@C,(39663)-Cs,; and

B, GA;N@C,(51365)-Csa.

41



Dalton Transactions

Figure 16. Two orthogonal views of GdsN@D5(17)-Cgs. The upper drawing looks down the
three-fold axis, which passes through the two carbon atoms highlighted in orange, while the three
fold axis is directed vertically in the lower drawing. Drawn from the data in M. N. Chaur, X.
Aparicio-Anglés, B. Q. Mercado, B. Elliott, A. Rodriguez-Fortea, A. Clotet, M. M. Olmstead, A.

L. Balch and J. M. Poblet, L. Echegoyen, J. Phys. Chem. C, 2010, 114, 13003—13009.
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Figure 17. Two orthogonal views of TbsN@D»(35)-Css. Gd3;N@D,(35)-Cgs is expected to have
a similar structure. The upper drawing looks down the two-fold axis, which passes between the
midpoints between the orange-colored carbon atoms of the cage. In the lower drawing, that
two-fold axis is directed nearly vertically. Drawn from the data in T. Zuo, C. M. Beavers, J. C.
Duchamp, A. Campbell, H. C. Dorn, M. M. Olmstead and A. L. Balch, J. Am. Chem. Soc. 2007,

129, 2035-2043.
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Figure 18. The structure of Gd@C>,(9)-Cg2(Ad). The former two-fold axis of the cage, which
has been destroyed by the adduct formation and resulting opening of the C1A-C2A bond, is
aligned vertically. Drawn from the data in T. Akasaka, T. Kono, Y. Takematsu, H. Nikawa, T.
Nakahodo, T. Wakahara, M. O. Ishitsuka, T. Tsuchiya, Y. Maeda, M. T. H. Liu, K. Yoza, T.
Kato, K. Yamamoto, N. Mizorogi, Z. Slanina and S. Nagase, J. Am. Chem. Soc. 2008, 130,

12840-12841.
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n~114 PEG5000
jp N n~45 PEG2000
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Figure 19. The proposed structure of the Gd;N@Cso[DiPEG(OH),] with a few water molecules
appended. One Bingel cyclopropanation site is shown at the top while multiple hydroxylation
sites and hydrogen bound water molecules cover the rest of the molecule. Reprinted with
permission from J. Zhang, P. P. Fatouros, C. Shu, J. Reid, L. Shantell Owens, T. Cai, H. W.
Gibson, G. L. Long, F. D. Corwin, Z.-J. Chen and Harry C. Dorn, Bioconjugate Chem., 2010, 21,

610-615. Copyright 2010 American Chemical Society.
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