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Abstract. Boron-containing molecular systems have received much attention under theoretical aspects
and from the side of synthetic organic chemistry. However, their potential for further applications such as
optically interesting effects such as Non-Linear Optics (NLO), medical uses for Boron Neutron Capture
Therapy (BNCT), or magnetism has been recognised only fairly recently. Molecular systems containing
boron offer particular mechanisms to accommodate unpaired electrons which may result in stable radicals
as spin-bearing materials. Among such materials are organoboron compounds in which the prototypical
electron deficient (‘°B, ''B) boron vs. carbon centers can accept and help to delocalise added electrons in
a 2-dimensionally conjugated 7z system. Alternatively, oligoboron clusters B,X,* and the related carbo-
ranes or metallacarboranes are capable of adding or losing single electrons to form paramagnetic clusters
with 3-dimensionally delocalised spin, according to combined experimental studies and quantum chemi-
cal calculations. The unique nuclear properties of '’B are of therapeutic value if their selective transport
via appended carbon nanotubes, boron nanotubes, or magnetic nanoparticles can be effected.
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1. Introduction

As the chemically closest neighbour of carbon in the
periodic table, boron and its carbon analogues'
(or non-analogues)’ have been well-discussed over
the last decades. A popular and largely successful
approach to devise and interpret {carbon = boron}
correlations has been to consider isoelectronic rela-
tionships such as (1)-(3) in scheme 1.

C&B (1)
C'2B (2)
C=C~2 B=N" (3)
C"2B". 4)

The carbon/borate (1), carbocation/boron (2) and the
olefin/iminiumborato (3) analogies have been
discussed, also under the materials aspect. Examples

*For correspondence

+

include molecules with specifically C=C/ B=N
exchanged functions,” B, cluster analogues of the
fullerenes Cy,* nanoporous BN and BCN.’ or super-
conducting® MgB, (7. =39 K) with the hexagonal
layers of B” reminiscent of the C layers in graphite.’

The isoeclectronic relation (4) between carbon
radical and boron anion radical centers has been
recognised™®’ but less extensively researched in
comparison to (1)-(3), it will be the main focus of
this article.

The electron deficiency of boron as compared to
carbon results in the well-known Lewis acidity
(= electron pair accepting capability) as well as in
the charge accepting capacity of boron functions
in excited states which plays an important role e.g.
in the use of boryl groups for optoelectronic effects
(sensing, NLO behaviour).'”"" The accommodation
of one extra unpaired electron, e.g. through one-
electron reduction or oxidation of suitable precur-
sors, is also a viable option, leading to spin-bearing
and thus magnetically interesting systems.*'*

Following the electron acceptor capability of
boron as apparent from the electronic'”'""* and elec-
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trochemical'* substituent effects of boryl substi-
tuents we start here by presenting selected examples
of corresponding spin-carrying organoboron sys-
tems.>'> Considering the characteristical cluster
chemistry of oligoboranes, carboranes, and metalla-
caboranes with their electron number rules” and
their enormous potential in Boron Neutron Capture
Therapy (BNCT) of malignant tumours ¢.g. of the
brain (see Chapter 6-8).'° we also describe pertinent
radical species with three-dimensionally delocalised
spin. "

In this paper, we shall outline how the acceptor
behaviour of boron and the existence of oligobo-
ranes or carborane clusters can favour the formation
and stabilisation of paramagnetic species with par-
tially boron-centered spin, both in the more familiar
two-dimensional form of 7 systems, or within three-
dimensional cluster frameworks. In a review on
main group element radicals’ Power has noted that
some of those species may be considered ‘inspired’
by analogy with organic counterparts, while others
have no organic counterparts. The concepts of boron
radical formation and stabilisation will be presented
here using selected examples from the literature, and
they will be interpreted in the light of less conven-
tional approaches such as mixed-valency, supported
by quantum chemical approaches via Density Func-
tional Theory (DFT). Eventually, these species may
become viable components ¢.g. of extended magnetic
systems, just as organoboranes have recently found
their way into materials with potential for optical
(NLO) and electrochemical (sensor) applications,'”
all due to the acceptor effect of B.

Boron is an excellent element for studying the
spin distribution in paramagnetic species because
both stable isotopes B (19-8%, I=3) and ''B
(80-2%, I =3/2) have nuclear spins and sufficiently
large nuclear magnetic moments (u('°B)/u(''B) =
0-335). However, the combination of both isotopes
with their rather high 7 values can create very large
numbers of hyperfine lines when several B atoms
and other active nuclei participate in the interaction
with the electron spin,'” partially or totally obscuring
the spectral information from EPR (electron para-
magnetic resonance). In such cases, other methods
such as Electron Nuclear Double Resonance
(ENDOR) have proven advantages.'®"”

2. mRadicals

The function of B as acceptor atom can be used in
several ways to stabilize radical species. The accep-
tance of just one electron (‘single spin injection’) by
boranes BX; should lead to diminished electron
deficiency. The corresponding radical anions [BX;]"
are isoelectronic with the much studied methyl radi-
cals [CX3]" and with aminium radical cations
[NX;]*"; reactions of triarylboranes with alkali met-
als have thus been studied sporadically over the past
decades.>'**** Follow-up reactions™ to the electron
transfer such as B-aryl bond dissociation and asso-
ciation to form borates can preclude the observation
of corresponding radical anions, which may yet be
stabilised following familiar strategies from organic
radical chemistry, i.e. steric shielding to prevent
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bimolecular reactivity, and
through 7 conjugation.

It is not surprising, therefore, that 2.4,6-trimeth-
ylphenyl (mesityl, Mes) substituents have featured
prominently in this area of research.'**"** The tri-
mesitylborane radical anion was characterised as a
fairly stable species with a sizeable ''B hyperfine
coupling constant of about 1.0 mT*' despite a rather
negative reduction potential.'* The ortho-positioned
methyl substituents of the mesityl group shield the
empty or half-filled p, orbital in boranes or their
radical anions from external attack, thereby prevent-
ing association reactions.

spin delocalization

0

The partially conjugated aromatic ring systems of
Mes and of phenyl in mixed systems [BMes,Ph;_,]"
can accommodate some of the spin and charge'**' —
one reason why these compounds are not directly
formulated as boron(Il) systems. Comparative crys-
tal structure analysis of the redox pair [BMes;]”""
confirmed this concept by showing relatively little
changes in the overall structure,” implying a rather
small reorganisation energy.

An approach to facilitate the electron uptake is the
conjugative coupling of two dimesitylborane 7 ac-
ceptor groups by a bridging 7 system. p-Phenylene
and 4,4'-biphenylene bridges have thus been used to
conjugatively connect two Mes,B groups (1, 2) with
the result of two split reduction waves at anodically
shifted potentials.'****** The corresponding radical
anion intermediates (1 and 2) formed after single
spin injection are the ‘mirror images’** of the stable
radical cations of p-phenylendiamines, the long-
known ‘Wurster’s salts’ first described in 1879, and
of substituted benzidines used as hole transfer
components in OLED devices.”® The anion radicals
1 and 2 exhibit long-wavelength absorptions® and
EPR/ENDOR detectable spin delocalisation to the B
centers which leaves relatively little unpaired elec-
tron density in the bridging carbon rings.'” In fact,
only nitro groups exert a more powerful spin with-

drawing effect from p-phenylene radical anions than
dimesitylboryl substituents.'***

However, instead of an acceptor substituted 7z sys-
tem one may also refer to the species 1 and 2 as
bridged mixed-valent diboron (IL, IIT) compounds.?’

MesgBBMesg MeseBBMesg

1 2

The largely transition metal-associated concept of
mixed valency”™* has been applied recently to
organic compounds involving coupled hydrazine/
hydrazinium, arylamine/arylaminium and even tri-
arylcarbon radical functions.”” Typical phenomena
connected with mixed valency are a sizeable split-
ting of redox processes as quantified by the compro-
portionation constant K, (5) for the two-step electron
transfer (6), and the long-wavelength (low-energy)
inter-valence charge transfer (IVCT) transitions of
the intermediates (7).***

Int]’
e )
[Ox][Red]
RTInK, = nFAE; AE = E, - E,
RB(#-L)B'R, === [RB"(1-L)B" 'R,
Ox () Int
—= [RB"(u-L)M"'R,* (6)
(E») Red
1 L) 1
[RB(4-L)B" Ri]” yer. *[RB™ (1-L)B'R] .
(7)

In the situation of 1 or 2 one may describe these ions
as Class III species (18) i.e. completely delocalised
(symmetrical) mixed-valent (B*’), systems bridged
by carbanionic donors, which would be compatible
with a hole-transfer mechanism for the valence
exchange. Within the hole-transfer formalism,””” the
electron deficiency (‘hole’) migrates from the oxi-
dized to the reduced side via a high lying occupied
MO of the bridge, resulting in some participation of
that bridge in the spin distribution according to MO
theory. Large comproportionation constants K. (e.g.
5 x 10" for 1) of the intermediates from (1) and the
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long-wavelength absorption typical of mixed-valent
species™”” support the mixed-valence alternative.
DFT calculations also confirm this notion, reproduc-
ing the low-energy transition between the delocal-
ized singly occupied MO (SOMO) and a mostly
boron-centered LUMO.>’

The DFT calculations for 1 yield a spin distribu-
tion with 30% on each of the B centers and only
32% in the bridge,”’ in agreement with the experi-
mental EPR/ENDOR results.”® Thus, we conclude
that the conjugatively coupled intermediates 1 and 2
may well be described as mixed-valent diborane (II,
IIT) species, a conclusion which is supported by the
fact that related compounds with dialkylborane sub-
stituents, i.e. without complete aromatic substitution
show similar effects.*

The recognition that meta disubstitution on the
benzene ring disfavours spin-pairing and may thus
lead to high-spin materials has prompted the synthe-
sis of a pertinent compound 3 which exhibits corre-
sponding magnetic properties.’' A related interesting
case is the 1,8-disubstituted naphthalene 4 which
shows evidence for B--B interaction due to the close
proximity of the acceptor atoms. ™

PhoB ---BPh,
.
. /@L;
Mes,B BMes, Ph = CgHs
3 4

As in the hydrazine/hydrazinium vs aryldiamine/
aryldiaminium series the organic bridge in species
like 1 or 2 can be omitted to yield directly B-B
bonded diboranes which can also form stable anion
radicals [R,BBR;]".>> These intermediates with a
B-B bond order of 1-5 may be considered equivalent
to the cation radicals of olefins, and the EPR hyper-
fine coupling of the directly connected boron atoms
is strongly affected by structural factors as con-
firmed by crystallographic studies.”*

Modification of systems 1 or 2 has been achieved
by substituting the B-binding ring C atoms by N (5,
6).">>> The charge of the radical ions then changes
from (-) to (+) and the corresponding neutral pre-
cursors may be considered as analogues of Thiele’s
and Chichibabin’s hydrocarbons and, replacing exo-
cyclic C=C by B=N".> The spin distribution in 5
and 6 as evident from EPR and ENDOR spectro-
scopy'’ shows that the B-N connection is not favour-
ing spin transmission because of the large
electronegativity difference and thus diminished

delocalisation. Obvious manifestations of this dif-
ference are the small boron hyperfine coupling
constants <0-1 mT and the increased spin density in
the rings."” This decreased N-B 7 conjugation thus
lends further support to the arguments used similarly
in the discussion of the diminished aromaticity of
borazines B;N;X;.>*°

es,B=N +e N=BMes, es,B= e N=BMes
\Ne—/ 2 _ _ 2

5 6

There is another, indirect mechanism by which the
acceptor effect of B in boranes, specifically the
Lewis acidity, can be exploited to stabilise radical
intermediates. Coordination of BX; molecules to
Lewis basic aromatics of the pyridine type with-
draws electron density and thus enhances the
reducibility of the 7 system as well as the stability
of the radical intermediates.”” Once again, the sym-
metrically two-fold effect in compounds like 7 and 8
is most pronounced, the interaction between radical
Lewis bases and borane Lewis acids leads to surpris-
ingly large" '’B and ''B hyperfine coupling constants
of about 0-25 mT for 7 through spin polarisation, as
demonstrated by EPR and heteroatom ENDOR spec-
troscopy.'® Like in the previously mentioned cases
there are analogues for 7 and 8 in ‘conventional” (i.e.
non-boron) chemistry, viz. the stable radical cations
formed as one-clectron reduction products of
the 1,4-dialkylpyrazinium®® and 4,4'-dialkyl-4,4'-
bipyriginium (methylviologen, ‘paraquat’) dica-
tions.”

- R3B«N N—BR
RgB(—N\ /N—)Bﬁg 30— \ / \ / —bBhg
7 8

3. Oligoborane cluster radicals [B,X,]"

In carbon-based organic chemistry, only rather few
and generally unstable ‘cluster’ radicals with three-
dimensionally delocalized spin were known*"*' until
the recent explosive development of the (C,)*
chemistry, focussed mainly on spherical buckmin-
sterfullerene (» = 60) and its reduced forms (k=
1-6).* In contrast, a number of polyhedral cluster ani-
ons [B,X,]|" has been reported as early as 1966 (e.g.
X =H, n=28)."" Several theoretical studies have
appeared later for species with X =H"* and the
attention was also extended to perhalide compounds
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(X=Hal, n=6, 8, 9, 10)." 7 to peralkylated spe-
cies such as [B;;Me;]",”" and to related OR substi-
tuted derivatives (R = CH,Ph, H).* *° The substituted
‘hypercloso’ compounds, typically generated by
one-electron oxidation from dianionic closo precur-
sors, are stabilized with electronegative substituents
because neither Hal” nor R” or RO are good leaving
groups such as H'. Our focus here will be on the
more symmetrical cases, on the compound series
[BsHals]*™ (Hal=Cl, Br, I), on well studied°
[BoBro]” and on the systems [B;;Xi,]". In most
cases, the number of boron nuclei and the resulting
extensive hyperfine splitting precludes the observa-
tion of resolved EPR spectra, however, the g factor
(hv= gpH) and its anisotropy can also provide valu-
able information on the electronic structure.

3.1 [BsHals"

The relatively small size and the potentially high
(octahedral) symmetry of the clusters [BsXs]* has
made these systems attractive targets for theory. The
closo species with k£ = 2 have a molecular orbital ar-
rangement with a doubly degenerate HOMO,***°!
creating an ambiguous situation with likely Jahn—
Teller distortion on oxidation to the Aypercloso form
(k=1). Preetz and coworkers have managed to syn-
thesise, isolate and structurally characterise deeply
coloured species like [Bgsls]" which show relatively
small signs of cluster distortion in addition to coun-
terion and packing effects.””** Slight trigonal distor-
tions of the octahedral framework were calculated
by DFT for all monoanions [BsXs]*, X =Cl, Br, 1.”/

The unusual electronic structure of these species
is evident from EPR spectroscopy.” Very rapid
relaxation due to the presence of excited states lying

close to the doublet ground state results in severe
line broadening which is particularly pronounced in
the presence of the heavier halogens with their large
spin-orbit coupling constants; the signal of [Bels]™
could thus be observed only at 4 K. The line broad-
ening and the large number of hyperfine lines ex-
pected for the coupling of the unpaired electron with
six boron and six nuclear spin-active halide nuclei in
the combinations (*°Cl, *’Cl; "Br, *'Br; '*’I) given
by their natural abundances precluded the observa-
tion of electron-nuclear hyperfine splitting by EPR.
However, the close-lying excited states resulting
from the partially occupied degenerate Mos>***
are also responsible for the shift of the g tensor
components to rather low values, an effect which is
further enhanced by the spin-orbit coupling of the
significantly participating halogen atoms.* In fact,
DFT calculations have reasonably reproduced the
extraordinary experimental EPR g anisotropy of
g1=2-04, g,=1-66, g5 = 1-15, and indicated a well-
averaged spin distribution of about 1/12 for each of
the B and I atoms in [Bels]".>” With the lighter
halogen substituents Br and CI the g anisotropy is
less pronounced,” mnot only due to the much
smaller spin-orbit coupling constants of these atoms
but also because of diminished spin transfer to the
peripheral halides (e.g. 4-5% to Cl instead of 8-4%
to I).”

The variation of halides from I via Br to Cl and
the investigation of mixed derivatives [BsHal,Hal's_,,]"
in isomeric forms (cis, trans) as well as halide/
hydride and halide/alkyl species has thus experimen-
tally confirmed*’ the essential contributions from
the substituents to the singly occupied cluster
orbital. The strong substituent effect is surprising at
first, considering the high electronegativity differ-
ence between halogen and boron atoms. However,
free electron pairs of the halide substituents are
involved in the spin accommodation as confirmed
by the calculations for [Bgls]*.>’

While fluoride substituents created a synthetic
problem in the series [BsHals]™, there have been a
few radicals reported®® with the BF group (which is
isoelectronic to CO!).

3.2 [BoBro]*

The tricapped trigonal prismatic closo cluster system
[BoBro]*, k=0-2, has been well-characterised
experimentally and theoretically, its chemical and
electrochemical two-step electron transfer reactivity
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with a [BoBrs]" intermediate has been described™ >’

as well as the effects of protonation.’® The lower
symmetry in comparison to [BsXs]" and [B1,X;,]"
results in a non-degenerate redox active MO
(HOMO of [BoXs]*) which is responsible for less
pronounced g factor anisotropy’ for [BsBro]* (g > 2.
g1 — 23 =0-05) in relation to [BsBrs]” (2 <2, g1 — 3=
0-20). Structural changes during the electron transfer
are rather small, the overall tricapped trigonal pris-
matic cluster arrangement being maintained.” This
obviously low reorganisation energy probably con-
tributes to the stability of the radical intermediate in
that redox system.’*>

Icosahedral closo-[B12X 5>
polyborane clusters with high stability"

aromaticity’.*>”" Similarly as for [B¢Xs]*, the high
symmetry results in a degenerate HOMO."™
Although the oxidation of [BlzXlz]Z* (X = Hal) via
radical anion intermediates [B,X1,]" has been con-
sidered,*® this process is highly irreversible in
clectrochemical experiments even at low tempera-
tures. UV Irradiation in an EPR cavity produces sig-
nals with relatively small g anisotropy in the frozen
state, they were tentatively attributed to distorted
[B12X11]"* (X = Br, I) due to the formation of X, on
prolonged irradiation. For non-halide substituted de-
rivatives there were several recent reports by Haw-
thorne and coworkers describing isolated, slightly
Jahn-Teller distorted hypercloso species [B1sMe;s]™
(g =2-:0076) and purple [B12(OR)12]", R=CH,Ph
and other alkyl groups.”” >’ Back-bonding from the
electron rich and lone pair-providing alkoxy groups
to the electron deficient Bj, cluster was postulated,
based on the structural changes such as shrinking
B-O distances on oxidation.”® The alkoxo deriva-
tives were labelled as discrete nanomolecular ions

ions are prototypical
and ‘3D

with tunable pseudometallic properties such as
metal-like redox reactions’ while the stable green
ion [Bi,(OH);,]" was structurally analyzed as the
Cs" salt, and characterized by EPR (g = 2:0042).%

4. Carborane cluster radicals

Starting from [B1,R;,]"", the formal replacement of
one BR by an equivalent [CR]" function not only
removes the symmetry and thus the orbital degener-
acy, it also changes the redox potential and leaves a
neutral radical species such as [CB;;Me,]"
(g =2-0037) as described by Michl and coworkers.*

Me

//\

Me == 1. R -—"""Me

LAY /f\' N
\/|//

Me

Compound [CB;;Me;;]"" has been discussed in
connection with its synthetic potential as an oxi-
dant,** whereas related anion radical species [1,2-
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th-l,Z-CzBloHlo].7 and [1,2-(CH2)3-1,2-C2B11H11].7
have been reported recently. **

Higher symmetry was established EPR spectro-
scopically for the [C,BsR4H;]" radical ion (R =
SiMes)*” which was obtained by reduction of the cu-
boctahedral precursor.”® An unusually well-resolved
EPR spectrum (g = 2-0030) shows large ''B hyper-
fine splitting of 1-165 mT (a('’B) = 0-390 mT) with
only four equivalent B atoms.*® The underlying elec-
tronic structure has been assessed through DFT cal-
culations for [C4BsH;,]"", which gave spin densities
of 7-7% for each of the carbon atoms, 20-3% for the
separated boron atoms on top and bottom of the
cluster, and 0-00% for the central four B atoms
which lie in a nodal plane of the singly occupied
molecular orbital (SOMO). In spite of the three-
dimensional spin distribution, the unpaired electron is
thus not evenly delocalized but concentrated in two
spatially separated regions of the molecule.

T

H
Me_gSi\Ci\’” \\C/Sil\de;

B e——

H&//\\ A\

o

H=~=B 33\ B:;_H
N\
C<é>c\

MesSi l \H SiMe3
H

5. Perspectives on B-containing spin carriers

The examples presented here demonstrate that two-
and three-dimensional spin accommodation is possi-
ble in stable radicals containing boron as essential
constituents. From merely borane-stabilised one-
electron reduced organic 7 systems via boron-
centered 7 radicals with formal mixed valency of B
after single spin injection leads a way to halide-,
alkyl-, alkoxy- or trialkylsilyl-substituted poly-
borane and carborane clusters in which the unpaired
celectron is distributed three-dimensionally over the
cluster framework and the substituents.

The 3D aromaticity’®’ of borane clusters as
stabilized by certain rules' justifies the extension to
the theoretically and experimentally established 3D
spin delocalization, a move beyond the confine-

ments of the otherwise so successful concept of
z radical stability. Various aspects of EPR and
ENDOR spectroscopy can be employed to analyse
the spin distribution, and modern DFT methods now
allow a confident assessment of the electronic struc-
ture. Still, the application of isoelectronic relation-
ships can guide in finding suitable paramagnetic
structures. Considering the results summarized here
and the wide use of N and O heteroatoms in redox-
and spin-active components for ¢.g. molecular mag-
nets or sensors it is apparent that boron-containing
materials"'"** are also a viable and attractive option,
as suggested by recent calculations on borafullere-
nes like By or Bg,.* There is clearly a wide research
field open for boron-based spin carrying systems,
and this article has demonstrated various strategies
to obtain such materials.

6. Carborane-appended carbon nanotubes

Carbon nanotubes (CNTs) are allotropes of carbon
that take the form of a cylindrical arrangement of
carbon atoms. Carbon nanotubes are either single-
wall (SWCNT) or multi-wall (MWCNT). Since their
discovery in 1991,”' CNTs have attracted wide
attention with numerous applications proposed for
them.”” CNTs possess the unique property of being
able to enter various cells without showing apparent
toxic effects. For instance, it has been reported that
peptide-functionalised single-walled carbon nano-
tubes (SWCNTs) were able to cross cell membranes
and concentrate in the cytoplasm of 3T6, 3T3 fibro-
blasts and phagocytic cells, without causing their
death or inflicting other damages.” Similar results
were obtained in HL60 cells, where it was found
that functionalised SWCNTs can help to transport
large attached groups into cells without themselves
exhibiting cell toxicity.” In vitro studies of folic
acid and fluorescent tag-conjugated SWCNTs have
shown them to be effective in targeting HeLa cells,
which are rich in folic acid receptors and are thought
to stem from cervical cancer.”” The stability and
flexibility of carbon nanotubes is likely to prolong
the circulation time and the bioavailability of these
macromolecules, thus enabling highly effective gene
and drug therapies. The reports of enhanced water
solubility of CNTs through side-wall derivatisation
with biologically important moieties’®” caused
us to explore the feasibility of using suitably derived
SWCNTs as boron delivery agents for use in
BNCT.” We have successfully attached nido-
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carborane units to the side walls of single-wall
carbon nanotubes to produce high boron-content and
water soluble SWCNTs (figure 1).”* These were
then used to treat mice bearing the EMT6 tumour
cells, a mammary carcinoma. A favourable tumour-
to-blood ratio of 3-12 and a boron concentration of
21-5 pg/g tumour were obtained after 48 h of ad-
ministration. In addition, it was observed that reten-
tion in tumour tissue was higher than in the blood
and other tissues including lung, liver and spleen.
Although the initial results were good enough for a
possibly successful BNCT trial, current research is
involved in modifications to improve both the selec-
tivity and boron concentration.

In addition to side wall attachments, it is possible
to encapsulate boron carriers in the empty cavities of
CNTs.” In this regard, it has been reported that
ortho-carboranes were successfully encapsulated
inside SWCNTs.”® If high yield methods could be
developed for producing this material, it could de-
velop into an effective carrier for BNCT treatment.
Overall, the use of carbon nanotubes in the future
generations of BNCT drug delivery systems may
improve therapeutic effectiveness and decrease
undesirable side effects. Nevertheless, the long-term
toxicity of carbon nanotubes must be completely
assessed. Further research is also expected to fully
reveal the mechanisms of transport across cell mem-
branes. Other issues to be addressed include devis-
ing cheap, large-scale methods and techniques to
embed small drug molecules, proteins, peptides and
genes inside and onto carbon nanotubes.
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Figure 1. Distributions of boron in saline in different

tissues.”

7. Boron nanotubes

Another suggested nanomaterial for use as a BNCT
agent is the boron nanotube (BNT). Boron nano-
tubes are one of the latest nanomaterials resulting
from the advancement in nanotechnology. Interest in
their fabrication is largely due to the variable con-
ductivity limitations present in the well-documented
carbon nanotubes. The boron nanotubes can lead to
the creation of a series of boron nanostructures, such
as boron nanoribbons”’ and nanowires (figure 2).”*

The first successful synthesis of a single-wall bo-
ron nanotube was reported quite recently by Ciuparu
et al” They managed to produce nanotubes with
diameters of approximately 3 nm and lengths of
16 nm. However, these novel boron nanotubes were
found to be highly sensitive to high energy electron
beams and hence detailed structural characteristics
could not be determined. Nevertheless, this encour-
aging breakthrough has increased the interest in
boron nanotubes. For instance, a recent study by
Kuntsmann et al. found new forms of radially con-
stricted, single-wall, zigzag boron nanotubes which
may serve as intermediates in the formation of an
ideal nanotubular system.'”

Although boron nanotubes have the potential to
be ideal BNCT agents, there remain many issues
that need to be addressed before boron nanotubes
can be applied to the realm of drug delivery. The
major challenges would be in the large scale fabrica-
tion of boron nanotubes and in developing strategies
to make boron nanotubes water soluble. At present,
most of the research work is focused on uncovering
the characteristics of boron nanotubes and coming
up with probable applications.'”’ It might not be
long before boron nanotubes can be engaged in drug
delivery.

8. Magnetic nanoparticles

It is well-known that one of the biggest obstacles in
chemotherapy and drug discovery is that most of the
compounds are relatively non-specific. When thera-
peutic drugs are infused intravenously, the drug will
generally distribute in and attack both tumourous
and healthy cells, which results in deleterious side-
effects. In magnetically targeted therapy (figure 3),
a drug is attached to a biocompatible magnetic
nanoparticle carrier, usually in the form of a bio-
compatible ferrofluid, and is injected into the patient
via the circulatory system. When these particles
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Figure 2. SEM micrographs
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Figure 4. Magnetic nanoparticles as BNCT carriers.

enter the blood stream, external high-gradient mag-
netic fields can be used to concentrate the complex
at a specific target site within the body. Once the
drug/carrier is correctly concentrated, the drug can
be released, either via enzymatic activity or changes

(a) Boron nanoribbons. (b) Boron nanowires. (¢) Boron nanotubes.

in physiological conditions, and be taken up by the
tumour cells.'” The advantage of the methodology
consists in the decrease of the required amount of
the cytotoxic drugs, thus reducing the associated
side effects. This technique has been examined as a
means to target cytotoxic drugs to brain tumours.
Studies have demonstrated that particles as large as
1-2 gm could be concentrated at the site of
intracerebral rat glima-2 (RG-2) tumours; a later
study demonstrated that 10-20 nm magnetic parti-
cles were even more effective at targeting these
tumours in rats.'”'** Studies of magnetic targeting
in humans demonstrated that the infusion of ferro-
fluids was well tolerated in most of the patients, and
that the ferrofluid could be successfully directed to
advanced sarcomas without associated organ toxic-
ity. In addition, the pre-clinical and experimental re-
sults indicated that it is possible to overcome the
limitations associated with magnetically targeted
drug delivery, such as the possibility of emboliza-
tion of the blood vessels in the target region due to
accumulation of the magnetic carriers, etc.'” Stu-
dies of magnetic targeting is one of the most active
arecas of drug delivery research.'”'” Recently,
FeRx Inc. was granted fast-track status to proceed
with multi-centre Phase I and II clinical trials of
their magnetic targeting system for liver tumours.
Application of this technique can therefore be con-
sidered appropriate for the use in BNCT treatment.
Recently, we have successfully immobilized car-
boranyl dual-chain ammonium salts'® onto modified
magnetic nanoparticles in high loading amounts via
the electrostatic interaction between negatively
charged phosphate groups on the surface of mag-
netic nanoparticles and -NH; groups on the carbo-
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rane cages (figure 4). The cellular uptake of this
potential BNCT agent is presently undergoing stu-
dies in our laboratories.'"

This research is just in its initial stages and issues
related to magnetic nanoparticles, such as control of
particle size, surface functionalisation, and envi-
ronmental compatibility need to be resolved.
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