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Main Objectives of the Workshop:

The chemistry of boron has many aspects and a lstgry. Boron containing
compounds find broad use in many areas of researdlpractice. The important
stimulus for development of bioorganic and medicicl@emistry of boron was
provided by revival of interests in boron neutromptuire therapy (BNCT) of
cancers. Albeit, the knowledge accumulated durigt decades on chemistry and
biology of bioorganic boron derivatives laid at tiwen of XX and XXI century a
foundation for new areas of study and applicatibbaron compounds and calls
for new ideas.

The application of boron clusters as lipophilic phacophores and modulators of
biologically active molecules is one of several mpées. In this field boron
clusters play an important role. Simultaneously ngweviously unknown
biological activities of boron cage molecules h#meen discovered, they include
anti-HIV activity, anticancer activity or in therm of conjugates with nucleosides
(nucleic acid components) activity as potentiabptors modulators, and others.

The aim of the workshop is to bring together segsitworking on other aspects of
bioorganic chemistry of boron than BNCT and to dssc and define fresh

potentialities offered by recent discoveries, offene in participants’ laboratories.
The BNCT will not be excluded but it will not beettmain topic of the meeting.

This should give rise to new concepts and helptwsaclidate research programs of
participants whenever possible and profitable. Manyspective participants of

the meeting are already involved in collaborativegpams, it is expected however
that a frame for a broader joint program will beated during the workshop.

Convenors:

Zbigniew J. Lesnikowski
Agnieszka Olejniczak
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PROGRAMME
Individual presentations will be 35 minutes followed by 10 minutes discussion.

Friday 9 May 2008

Afternoon/Evening Arrival and registration at "Qubus” hotel

Saturday 10 May 2008

Session 1
09:00-09:30 Meeting introduction by the convenors

Alexandra Polakova (Standing Committee for the European

Medical Research Councils)
Presentation of the European Science Foundation (ESF)

09:30-10:15 Vladimir I. Bregadze (INEOS)
Synthesis of new polyhedral boron compounds as
potential antitumour agents

10:15-11:00 Petr Cigler (VSCHT)
Fluorescently labeled metallacarboranes: solution behavior and
interaction with serum proteins

11:00-11:15 Coffee break

11:15-12:00 Staffan Eriksson (SUAS)
DNA precursor enzymes and carborano nucleosides

12:00-12:45 Bohumir Griiner (IIC)
Metallacarborane building blocks and their use in design of
inhibitors of HIV protease

12:45-13:30 M. Frederic Hawthorne (IINMM)
Roles for polyhedral boranes and carboranes in nano and
molecular medicine
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13:30-14:45

14:45-15:30

15:30-15:45

15:45-16:30

16:30-17:15

18:00-21:00

Lunch
Session 2

Evamarie Hey-Hawkins (Universitat Leipzig)
Imitation and Modification of Biologically Relevant or Active
Molecules via Integration of Carbaborane Clusters

Coffee break

Jan Konvalinka (IOCB)

Metallacarboranes as potent and specific inhibitors of HIV
protease and its resistant variants: more inhibitors, more
enzymes, more structures

Zbigniew Lesnikowski  (IBM PAS)
Beyond pyrimidine nucleosides and carboranes - New
nucleoside/boron cluster conjugates and their applications

Workshop Dinner and Bar Discussion

Sunday 11 May, 2008

09:30-10:15

10:15-11:00

11:00-11:15

11:15-12:00

12:00-12:45

12:45-13:30

Session 3

Pavel Mat éjicek (Charles University)
Behavior of metallacarboranes in aqueous solutions and their
interaction with polymers

Hiroyuki Nakamura (Gakushuin University)
Boronic acid as an alternative functional group for drug design

Coffee break

Agnieszka Olejniczak (IBM PAS)
Boron clusters as electrochemical labels for biomolecules

Michael D. Threadgill (University of Bath)
1,2-Dicarbadodecaboranes: chemical strategies fordelivery and
opportunities as ligand platforms

Werner Tjarks (Ohio State University)
The carborane cluster in computational drug design
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Clara Vinas (ICMAB)

Carboranes and metallacarboranes as building blocks for
biomaterials

Marek Zaidlewicz (Nicolaus Copernicus University)
Asymmetric synthesis of 5-lipoxygenase Inhibitors
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Brainstorming and plans for action

Dinner and Bar Discussion

Monday 12 May 2008
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SYNTHESIS OF NEW POLYHEDRAL BORON COMPOUNDS AS
POTENTIAL ANTITUMOR AGENTS

Vladimir I. Bregadze

A. N. Nesmeyanov Institute of Organoelement CongsyuRussian Academy
of Sciences, 28 Vavilov Str., 119991 Moscow, Russia
Tel.: +7(499)1357405;E-mail: bre@ineos.ac.ru

Summary

Currently polyhedral boron compounds are likelypimmssess a wide
range of possible application in the field of ma&at chemistry. Synthesis of
new derivatives of carboranes, polyhedral boraterenand metallacarboranes
and their evaluation as potential antitumor aganspresented here based on
own results and literature data. Particularly rssoh synthesis anih vitro
antitumor activity of organotin derivatives of caranes and synthesis of new
polyhedral boron compounds as potential BNCT agargsiescribed.

Key words: carborane, dodecaborate anion, cobaltacarborangtumor
agents, BNCT.

Introduction

The main direction of application of polyhedralrtw® compounds
currently is medicine. Synthesis of new derivativals polyhedral boron
compounds as potential antitumor agents is theestilgf this lecture. There
are four main potential applications of polyhedtaron compounds in
medicine:

a) Boron Neutron Capture Therapy (BNCT) of cancer][1,2

b) Carboranes as pharmacophore [3]

c) Radionuclide diagnostics and therapy of cancer,raviteese compounds
can be used for attachment of radionuclide labelsvdrious cancer-
targeting biomolecules [4,5]

d) Antitumor activity of metal-containing carborané&g. [

These four main directions of application of polgre boron compounds in

medicine have been recently discussed in our revi®6]. Here our recent

results and some literature data on synthesis atithmor activity of metal-
containing carboranes, as well as the preparatiomew derivatives of
carboranes, dodecaborate and cobaltacatborand\for Bvill be presented.
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Antitumor activity of metal-containing carboranes

When the antitumor activity of cisplatingis-Cl,Pt(NHg),, was
discovered, several research groups started tostigaée the possible
therapeutic applications of other metal-based camgs. Derivatives of cis-
platin containing carborane fragment were prepaued their activities were
observed. Thein vitro cytotoxicity of {cis[NH3ClL,PtNH](CH2)3}2-1,7-
C,B1gH10 and {[CI(NHs),PtNHy)(CHy)3]o-1,7-GB1gH1gt 2 2(TFO) was screened
against a range of tumor cell lines in order teedatne whether the complexes
exhibited a cytotoxic effect in absence of neutrofise cell lines included
L1210 murine leukaemia cells and its cisplatingtsit variant (L1210/DDP),
along with the cisplatin-sensitive (2008) and -stsit (C13*5) human ovarian
carcinoma. The mechanism of inducing cell deatanknowm at the present
time, but it is reasonable to assume that the &sffa@ the result of avid DNA-
binding as the complexes are capable of bindinglasmid DNA. Charged
compound was consistently more active than neotnal in all cell lines that
were examined. This may be not only be due to esehtire aqueous solubility
of the complex but perhaps also enhance its DNAlbm affinity via
electrostatic interactions. In both cisplatin-seusicell lines L1210 and 2008,
platinum-carborane complexes were not as effeas/€isplatin at inhibiting
cell growth [7].

Some organotin derivatives of carboranes were sgithd and their
antitumor activities were measured. A carboraneetyoB10H12 has about
the same size as a phenyl ring but is sphericaieads of planar. The
replacement of an aromatic phenyl ring by a hypermatic carboranyl moiety
is routinely used in the field of boron-based methErapeutic agents. In some
compounds, the tin atom was linked directly to ohehe boron atom of the
carboranyl moiety [8]. In other cases di(n-butyl)tarboranecarboxylates were
synthesized [9-11] (Scheme 1).

Y= N V= N AR
2 2 2
2 3
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The dimeric bis[(1,7-dicarbeloso€dodecaborane-1-carboxylato)uHoutyltin]
oxide, was obtained from a 1:1 condensation oftdibn(IV) oxide with 1,7-
carborane-1-carboxylic acid (Scheme 1).
Bis(1,2-dicarbaclosododecaborane-9-carboxylato)yubutyltin, (1,2-GBoH1s
-9-COO)SnBuy, the first carborane-based organotin compound wlikee
carborane cage is linked to the carboxylic moiety a boron atom, was
obtained by the 2:1 condensation of 1,2-carboranarBoxylic acid with din-
butyltin(V) oxide (Scheme 1) [11].

In order to increase the water solubility of a cadme-based organotin
compound an attempt to synthesize such compound patyoxaalkyl chain
linked to the carboranyl moiety was accomplishezhéne 2) [6,12].

(CH,CH,0)3CH; (CH,CH,0)3CH4 (CH,CH,0)3CHg

Ph;SnOH
(NaHCG;)

Scheme 2

The novel sodium bis[2-(3",6',9'-trioxadecyl)-1d#earbaeloso
dodecaborane-1-carboxylato]triphenylstannate  wasnthegized by the
condensation of triphenyltin(IV) hydroxide with 3%6’,9’-trioxadecyl)-1,2-
dicarbaelosododecaborane-1-carboxylic acid followed by crystation in
the presence of sodium bicarbonate that permitsstilation ofcrystals from

the mixture. The antitumor activities (ng™) of all carborane-based organotin
compounds prepared were determimed/itro against six well characterized
human tumor cell lines: MCF-7 and EVSA-T (two biteeancers), WiDr (a

colon carcinoma), IGROV (an ovarian cancer), M19LME melanoma), A498

(a renal cancer) together with those of some rat&recompounds used
clinically (Table 1) [6,12]. Tin-containing carbores are significantly more
active than the clinically used 5-fluorouradais-platin and carboplatin, and
sodium  bis[2-(3’,6’,9'-trioxadecyl)-1,2-dicarbaesododecaborane-1-carbo-
xylato]triphenyl-stannate is comparable with metég#ate and doxorubicin. It

exhibited a highest cytotoxicity, perhaps becausewater solubility was

increased by the presence of the polyoxa substjtaex probably due to the
fact that the compound was a salt.

Boron neutron capture therapy
The leading in application of polyhedral boron hgds in medicine
belongs to Boron Neutron Capture Therapy (BNCThinary cancer treatment
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based upon the interaction of two relatively hasslspecies, ¥B nucleus and
a thermal neutron. The concept of BNCT was desdnfidely [1-3].

Table 1.In vitro antitumor activity (ng mt) of some tin-containing carboranes
in comparison with clinically used agents.

Compounds Cell lines
MCF-7 | EVSA-T | WiDr| IGROV M19 A498
1 60 48 410 3 30 110
2 45 38 290 110 110 140
3 146 142 429 139 174 195
4 44 38 37 39 39 45
cis-platin 1400 920 1550 230 780 1200
5-fluorouracil 350 720 440 850 310 340
methotrexate 15 26 7 20 18 16
doxorubicin 25 13 18 150 21 55

The selective concentration of tH88 nuclei within tumor cells,
followed by their capture of thermal neutrons, dtotesult in localized
destruction of the malignant cells in the preseotéhe neighboring normal
cells. The main requirements for BNCT agents aselactive accumulation of
198 in tumor cells, achieving concentration of agentumor in the range of
20-35ug '%B/g, a sufficiently low toxicity and solubility imvater. The first
requirement is a selective accumulation of agewsaincer cells. The absence of
an adverse effect on the surrounding healthy tssuattributed to the fact that
the thermal neutron capture cross-sections of al&sriavolved in the human
tissues are 4—7 orders of magnitude smaller thainaththe'®B isotope.

The so called “first generation” boron carriersdison borates, boric
acid, and its derivatives) do not satisfy the abonntioned criteria both with
respect to selective accumulation in the tumor #red achievement of the
desired therapeutic concentration. Since the mastvk polyhedral boron
compounds contain 10-12 boron atoms, they attraatiedition of scientists as
BNCT agents shortly after discovery. Their use nsakeasier to achieve the
required therapeutic concentration of boron atamseil. They also meet other
requirements: they are non-toxic, stable and sdntieeon are water-soluble.

The only two BNCT agents currently used for clatitrials are Lp-
dihydroxy-borylphenylalanine (BPA), a boronated maoacid analog, and
disodium mercaptoundecahydetpscdodecaborate NBi,H;:SH (BSH).
They both are so-called “second generation” of BNEgi€nts [13-15]. Clinical
treatments with BNCT started in Japan in 1968 mpdsyl H.Hatanaka. Using
both BSH and BPA in 20 years he treated more ti@@np2tients, and many of
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them were long-term survivors of malignant braimtws although most of
them were so seriously ill that could not be trédig other methods [16].

In 1990-s clinical trials has started in two cestierthe USA [17,18] and later
on in some European countries [19].

However both these drugs BPA and BSH are far froeali Therefore
many different types of boron containing compouhdse been designed and
synthesized for testing as BNCT drugs over the pa@stears. In order to fulfill
the requirements for the BNCT agents these new oangs (“third
generation” of BNCT agents) should consist of aobecontaining part
connected via a hydrolytically stable linkage totuwamor-targeting part,
responsible for delivering of boron fragment to thenor cell (boron carrier)
and its retention there [2]. A spacer between bonmiety and boron carrier
needs to prevent steric and electronic influencleoobn part (especially in the
case of boron polyhedron) on the capability of turtergeting entity to be
accumulated selectively in tumor. A great numbempapers were published
recently concerning synthesis of potential BNCT ragewhere polyhedral
boron fragment is connected with some biomoleculessponsible for
delivering boron fragment to the tumor cell. A kit boron conjugates with
such boron carriers as amino acids and peptidebplogdrates, lipoproteins
and liposomes, porphyrins and phthalocyaninespteeursors of nucleic acids
such as pyrimidines, purines, nucleosides and atidks were synthesized
during the period 2000-2007 and evaluated as aden8BNCT. There were
more than 1000 publications on this subject. A detepreview on this subject
was published recently [5]. So, in this paper wespnt mostly our results on
synthesis of some functional derivatives of polylaédoron compounds and
their conjugates with boron carriers as potentainas for BNCT.

Since Lp-dihydroxy-borylphenylalanine (BPA) is one of thecsessful
BNCT agents, a great deal of work has been dorsyothesizing amino acids
linked with a polyhedral borane moiety and theialeation as potential agents
for BNCT.

New alanine derivatives containing both thecarboranyl and
trifluoromethyl groups were synthesized by the tieac of (methylo-
carboranyl)lithium or o-carboranylmethylmagnesium bromide with N-
protected methyltrifluoropyruvate imines to giverrespondingly N-protected
a-carboranyl- oB-carboranyl-a-trifluoromethyl-a-amino acid esters (Schemes
3, 4) [20,21]. In both cases the protected groupsewemoved by the reaction
with trifluoroacetic acid in dichloromethane to giw-carboranyl- orf-
carboranyl-a-trifluoromethyl-a-amino acid esters (Schemes 3, 4). Methyl ester
of B-carboranyle-trifluoromethyla-amino acid was refluxed in 6M HCI
resulting in corresponding amino acid as hydroctiéo(Scheme 4). Hydrolysis
of the ester group without deprotection of nitrogeas performed foB-
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carboranyle-amino acid ester by the reaction with lithium hoydde giving
rise toN-protected acid (Scheme 4) [21].

00} Poyel CF5
/&O\ . _ /CF3 1-78)C, EEO ./.D ‘.\ COOM
.\.ﬂ% T e N_C\COOMe 2.H', H0 \&; HN—Boc )

Me

CR.COOH, CHCl,  /BF\  £Fs LN Lo
> o‘r;g? COOMe ﬁ\\L' \ﬁg;

o= NH, KOH or HCI ~ U= NH;
Me Me
Scheme 3
MeO,C  NHR
ol MgBr —0
'\'%b .4%% CF3
e \!.)‘.l CF:COH
.\ H 1.-78C, EtLO0 / H
2.H, H,0
/N=C<CF3 LIOH | H,0-THF
R COOMe
HOOC_  NHSO,Ph HOOC_  NH,® HCI
o, Q @, =
R=SOQPh, COCE CO,Bu J’%& CFs ’/’%t” CFs
Scheme 4

Such amino acid containing free carboxyl group pnotected amino group
could be used as the precursor for the synthegpsmtides required for BNCT.
In the case of using 1R-(-)-menthyl group as piatgcgroup at the nitrogen
atom a mixture of diastereomers has been obtaiAestructure of one of
diastereomers was characterized by X-ray methofd [21

Several biomolecules contain heterocycles in thetecules. In order
to conjugate carboranyl group with heterocycles Bacatalyzed cross-
coupling reactions of 9-iodo+ and 2-iodop-carboranes with heterocyclic
organozinc compounds were studied. At the firstetithe furyl, thienyl,
indolyl, pyridyl, quinolyl B-derivatives of the daoranes were isolated [22].

Based on methods of metallocomplex catalysis, arartylalkynyl
derivatives of estradiol have been synthesizedther words, steroid fragment
was introduced to carborane molecule (Scheme 5). [¥@ater-soluble
functionalized derivatives of the dodecahydtosododecaborate and
cobaltbis(dicarbollide) anions are promising caatkd for BNCT. It was
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found that synthesis of their oxonium derivativene of the most powerful
ways to introduce the reaction centre into borageca

i
_ . EA

PdCL(PPh), Cul
pyrrolidine, reflux

HO
Scheme 5

Oxonium derivatives of dodecaborate were formedeunihe reaction of
dodecaborate with THF or dioxane in the presendeewfis acid such as BF
etherate. Recently a review on preparation andgfoamation of such oxonium
derivatives was published [24].

Reactions of dodecaborate oxonium derivatives watfious O- and C-
nucleophiles gave rise to a great variety of boctrster derivatives with
different functional groups (Scheme 6).

5% _| _ (o3 _‘ ’
o}o( @o\o OG Nu ’égg"}' O(CH)sNu

Nu=OH, CN, CH$(CHy); N(CO),CeH,
CNHCOMe(COOE)

Scheme 6

Boron-containingamino acids (Scheme 7) [25] and carbohydrates [26-
29] were prepared using this method.

j 5. —‘ 5
COOEt HCI
| O(CHy),CHCOOH
O(CH,),C—NHCOMe |
I NH3
COOEt

Scheme 7
Starting from the dioxane-based oxonium derivatWwedodecaborate

anion, conjugates of dodecaborate anion with pbtyanine [30] and N-
iminocycloimide bacteriochlorip (BAC) (Scheme 8) [31] were synthesized.
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Scheme 8

Similar to [Bi2H15]% the dioxane-based oxonium derivative of cobalt
bis(dicarbollide) [3,3'-Co(1,2-BgH11)7]" (DCC) gives amino acid (DCC-AA)
attached to cobaltacarborane cage through bisethykede spacer (Scheme 9)
[32]. This amino acid was proposed as a new boroiety for BNCT agents.
This moiety contains more boron atoms per molec¢bkn carboranes or
[B12H12%. In BNCT experimenin vitro against melanoma B-16 the amino
acid prepared from cobalt bis(dicarbollide) wasveiao increase killing effect
of neutron radiation on tumor cells. Cobalt biséiwllide) and its derivatives
are water-soluble as sodium salts, and at the same are sufficiently
hydrophobic to translocate in some way across thesgholipid bilayer
membranes [33,34].

(OCH,CH,),CHCOOH
|
NH*
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Summary

Series of cobalt(lll) bis(dicarbollide) conjugatewith different
fluorophores was prepared. Cell internalization soldtion properties of novel
molecules were tested and the process of moleaskciation was monitored
using light scattering, atomic force microscopyl@oifescence spectroscopy.
The possibility of aggregate decomposition by actid serum albumin was
demonstrated.

Key words: metallacarborane, cobalt(lll) bis(dicarbollide),udfescence,
serum albumine, aggregation.

Introduction

Metallacarboranes of cobalt(lll) bis(dicarbollidg)pe absorb stongly
UV light, however their inherent fluorescence ig known. In an attempt to
find possibilities for fluorescence monitoring dflicentry and action of HIV
protease inhibitors containing this moiety [1], feeused on development and
characterization of metallacarbones with attachsatéscent probes.

Variety of such fluorescent metallacarborane coaljeg) was prepared
and characterized, including porphyrine, fluoresceansyl and Alexa probes
(for structures and synthetic schemes see Fig. 1).
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fluorescein
isothiocyanate ©

hydroxyphenyl\ NaH
porphyrin

Alexa 568
N-hydroxy
succinimidyl ester

5% RI=R%=R%=R*=2

=BH o=B @=cH Q=co

Figure 1. Selected metallacarborane conjugates containirayehcent probes
and the synthetic schemes used for their preparatio

Biological activity and cell internalization

All the compounds inhibited HIV protease, howewvieit inhibition
efficacy differed in two orders of magnitude. Fdudy of cellular entry,
compound® and3 were selected. They represent most hydrophilicomamds
from studied series and their fluorescence intgnisitconstant in time, in
contrast to hydrophobit, 4 and5 that strongly aggregate in aqueous solutions.

Cell internalization of compound® and 3 is depicted on Fig. 2. The
experiment was performed on two different mediagR#Bd IMDM). Already
one hour after addition the compounds were effebitiinternalized from both
media. As obvious from the picture®,and 3 are not accumulated in cell
nuclei.

Porphyrin conjugates of metallacarboranes

Thorough physico-chemical study of metallacarboamehyrin
conjugates behaviour in solutions was performede Tdependences of
absorption and fluorescence spectra on pH and rsiptype, the triplet state
spectra and yields of triplet oxygen were meastwedonjugategt and5. The
aggregates present in solutions were observed WQBEQS and AFM [2].
Similar structures and their tendency to aggregeatee reported also from
Vicente and coworkers [3-6].
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Figure 2. Internalization of compound2 and 3 into HelLa cells visualized
using fluorescence microscopfpr) Compound3 in PBS medium an@B) in
IMDM medium. Detection: excitation filter 510 —®%m, emission filter 590
nm. (C) Compound in PBS medium an{D) in IMDM medium. Detection:
excitation filter 460 — 490 nm, emission filter 54@.

Absoption and fluorescence spectra in methanolchegacteristic for
this type of porphyrins (Soret band at 418 nm amgr fQ-bands at higher
wavelenghts). The absorption band at 311-313 ncrised by presence of
matallacarborane moiety in molecule (see Fig. 3aABxa). After acidification
of solution by formic acid, the protonization of kcule occurs and
characteristic alteration of spectra are observed 6hifted Soret band and
reduction of Q-band number; Fig. 3 A-b a B-b).
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In contrast, the behaviour in aqueous solutioneis/ different: due to
aggregations effects, strong hypochromic effect adening on Soret band
was observed together with Q-bands disappearingo Ahe fluorescence
ofwater solution vanished. The acidification caus@sther intensive
aggregation that could be reversed by alkalizatioime solution.

The presence of aggregates in solutions was coadinsing QELS and
AFM. Stable particles of diameters about 250 — 300 were observed.
However, after acidification, the interaction of talacarborane anions with
positively charged protonized porphyrins lead tecgpitation of solutions.

>
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Figure 3. (A) Absorption spectra of (a) in methanol (b) in methanol ofter
acidification by HCOOH (0.3 % v/v), (c) in phospaadbuffer (20 mmol/L)
pH=7.1. (B) Corrected normalized fluorescence emmision speofrad
(2.2umol/L) (a) in methanol, excitation 418 nm, (b) inetinanol ofter
acidification by HCOOH (0.3 % v/v), excitation 468&.

We found also that the strong aggregators contgimietallacarborane
moiety could be deaggregated by action of serununailbs. As example,
titration curve of compound by bovine serum albumin is shown on Fig. 4.
The increase of fluorescence indicates the deagtijoeg of 1-aggregates
caused by consecutive complexation to serum albeimiime deaggregation
process was confirmed also using QELS.
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Figure 4. Dependence of fluorescence intenzity of dansworfhphore
conjugated with metallacarborane (compoundon molar excess of bovine
serum albuminégsa. Experiment was performed in 10 mM Hepes buffer pH
7.0, excitation 328 nm, emmision 474 nm.
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Summary

Boronated nucleosides could be ideal for targetumgor cells in
boron neutron capture therapy (BNCT) provided thhey could be
metabolized and accumulate selectively in sucls @llsufficient levels. This
presentation summarizes the current knowledge coimgeborano nucleosides
and DNA precursor enzymes with emphasis on theucttre activity and
selective expression in tumor cells compared tomabrtissues. The high
capacity of thymidine kinase 1 (TK1) to phosphotglaN3 substituted
carboranyl nucleoside analogs with varying subtstiig will be reviewed as
well as the recent great advances in understandindK1 structure and
function relationships and cell cycle regulationhe successful use of one of
the N3 analogs in BNCT of a brain tumor model its raill be described as
well as the potential use of other DNA precursoryemes as targets. The
results presented here may inspire the design wf mecleoside analogs in
which the bulky carborane cage is projected out sidthe active site of key
metabolizing enzymes through a tether.

Key words: Carboranyl deoxynucleosides, structure functiodisty
deoxynucleoside kinase, selective trapping.

Introduction

The stability and physiochemical versatility ofrlwaranes led to their
frequent use in Boron neutron capture therapy (BN@id in other areas of
drug design [1]. BNCT is a therapeutic method basethe selective delivery
of non-radioactive boron-10, followed by irradiatiavith low energy thermal
neutrons to the site of a malignant tumor. The Itesu(*B[n, o] ‘Li) nuclear
capture and fission reactions yieldparticles andLi nuclei with high linear
energy transfer, the approximate length of a d&fiministration of the'°B
agent is adjusted to give a maximal difference ketwboron concentrations in
the tumor, normal tissues and blood. For BNCT teiecessful, there must be
an accumulation ofB in the tumor that reaches ~20 pg/g tissue, coeubin
with low levels in normal tissues. Several delivagents have been tested in
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order to get selective accumulation dfB within tumor cells and
boronphenylalanine (BPA) and sodium borocaptateHBl$ave been used in
the clinic [2]. BNCT has given positive clinicalhgsults in case of high grade
gliomas, malignant meningiomas, melanoma, and mamntas of the head and
neck [3-5].

DNA precursor enzymes

A second approach for selective delivery, whichihis subject of this
presentation, is based on targeting DNA precursamymes (Fig 1). The
primary target is cytosolic thymidine kinase 1 (Kiwhich have been
demonstrated to accept several types of boraneoside analogs [6-9]. This
enzyme is selectively expressed at high levelgatifprating cells and thus in
several types of malignancies [10]. The salvagexdérnal nucleosides and
nucleobases are initiated by transpad several types of membrane carriers
(equillibrative and concentrative transporterspeesively, Fig 1) [11] into the
cytosol. The phosphorylation of the nucleosidesdbgxynucleoside kinases
give negatively charged products that can not aesported out of the cells
and this processes have been called kinase-mediapgang (KMT) [12].

Uptake of nucleo-bases is also part of the salyggbway but in this
case the formation of ribonucleotides occur througjie activities of
phophoribosyltrans-ferases using 5-phophoribosgi#bphosphate (PRPP) as
co-substrates (Fig 1). The products of these mastican serve as DNA
precursors via ribonucleotide reduction. Howevleese pathways will not be
further discussed here. There are four deoxynuicleospecific kinases
(dNK;s) in animal cells i.e. cytosolic TK1 and dC&nhd mitochondrial
thymidine kinase (TK2) and deoxyguanosine kinaseK(d The latter two
kinases are essential for the production of mitadnal DNA precursor
particularly in the resting cells in tissues suchliger, muscles and nerves
[10,13]. These enzymes are also responsible forathieation of nucleoside
analogs used anticancer- and antiviral nucleosio@ogues and they are
involved in mitochondrial side effects associatathvanti HIV chemotherapy
[10]. The next step in deoxynucleotide biosynthesisarried out by nucleoside
monophospahete kinases (Fig 1), which usually peeiic both for the base
and the sugar moieties of the substrates i.e. demxyibonucleoside kinases.
However, there are several exceptions to thiswitle enzymes demonstrating
a broader specificity [14].

The main source of DNA precursor is derived froimomucleoside
diphosphates via the allosterically controlled eneyribonucleotide reductase
(RR) (Fig 1) [15]. However, thymidine deoxynuclet®s have a separate
synthetic pathway based on methylation of dUMP loyntidylate synthase
[16]. Both of these enzymes are cell cycle regdladed up-regulated in
proliferating cells and potentially interesting gat enzymes in BNCT.
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Nucleoside monophosphate kinases catalyse an eds&ep both for thele
novoand in the salvage synthesis of DNA precursordl iorganisms.

The final step in this pathway is catalyzed byleoside diphosphate
kinases (NDPK) (Fig. 1), which are accepting deoayd ribonucleoside
diphosphate and both purine and pyrimidines. Thegeseveral iso enzymes of
NDPK with different sub-cellular location and tigsspecificities [7].

Through the combined actions of these transpoaedskinases mono-,
di-, and triphosphates of nucleoside analoguessetctively accumulate in
millimolar concentrations in malignant or virallyfected cells [18]. The
triphosphates are usually the active metabolitepamsible for antiviral or
cytostatic activity by inhibiting polymerases oweese transcriptases leading to
termination DNA chain polymerization. However, cegaently these enzymes
are also responsible for most of the toxic sideecff associated with
nucleoside analogue drugs, e.g. bone marrow ostingd epithelium damage
[19]. TK1 is an ideal target in KMT since it is abst exclusively expressed
during the S-phase of the cell cycle [12]. In madigt cells TK1 activity is also
high in the G2 phase of the cell cycle and seruml TiK an important
prognostic indicator for tumor proliferation andvasiveness as well as an
early warning sign for tumor recurrence [20,21].

Recently, an M phase dependent ubiquitination ggeavas shown to
be responsible for rapid degradation of TK1 leadimghe very low levels of
enzyme found in GO or early G1 cells [22]. In audlsht also transcriptional and
translational regulation of TK1 occurs as well ast@n kinase dependent
phosphorylation [10,23]. Thus, TK1 expression igutated at multiple levels
and these processes are both tissue and speciesdéep The fact that TK1
leaks out from rapidly proliferating cells suchacer cells, has triggered the
development of several assay of serum TK1 that Hemed use in clinical
cancer management [20,21,24]. The recent subdtamease in our
knowledge regarding the structure and function &f1 Twill be described
below in relation to its activity towards boranocheosides. A second target in
KMT is dimeric dCK, which belongs to another enzyfamily than TK1. This
enzyme has a broad substrate specificity accepbiig pyrimidine and purines
including many important antiviral and cytostatiecteoside analogues. There
is about 30-40% sequence homology between dCK, dBK,TK2 and their
structures confirm these similarities [10,13]. Toeerall structure of TK2
remains to be determined but is most likely simitadGK.

The substrate specificity of dCK has been diffidol study because it
shows two apparentnkand \maxvalues in the nucleoside saturation curves,
and the Hill plots show a negative coefficient. Thaction conditions (e.g. the
nature of the phosphate donors, UTP instead of AaRP\ell as variations in
the storage and treatment of the enzyme affectkihetics observed [10].
Several new dCK crystal structures were describeny vecently [25]. The
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ternary enzyme complexes were complexed with twangomeric forms of
dAdo (D-dAdo, or L-dAdo), with either UDP or ADP tbiad to the phosphate
donor site. The structures containing UDP showeshggtate of dCK in which
the nucleoside, either D-dAdo or L-dAdo, was bounda non-productive
manner. In contrast, the complexes with ADP, withex D-dAdo or L-dAdo,
adopted a closed and catalytically competent comdition. The different states
adopted by dCK in response to the nature of thdéentide phosphate donor
were also detected by tryptophan fluorescence expats. Furthermore, these
results supported the conclusions obtained in pusvibiophysical studies
demonstrating a change in dCK conformation duaibssate binding [25,26].

Recent studies using spontaneous and directedterotombined with
detailed kinetic analysis have provided a bettetenstanding of the substrate
selectivity of dCK [27]. If Arg104 and Aspl133 indlactive site of dCK were
changed to GIn104 and Gly133 the mutant dCK haeérg sroad specificity
including Thd as substrate and it also had elevaied-over rates. These
results demonstrate the key role that these amuids aresidues play in
directing the substrate specificity and explain vthig family of dNK;s has
structural similarity but greatly varying specifiels. The expression of dCK in
different cells and tissues as well as during tblé aycle has shown that dCK
is up-regulated in rapidly proliferating cell sual cancer cells but the extent
of up-regulation is significantly lower than TK1(JL There is also a tissue
specific pattern of expression. Lymphatic cellsnadl as resting lymphocytes
have higher dCK levels than other cell types. Apaapnt “stress” related
stimulation of dCK activity is observed in celleated with cytostatic and
gentotoxic agents and this was recently shown tduseto phosphorylation of
Ser74 [28,29] by an as yet unidentified proteirakie

Borano nucleosides and DNA precursor enzymes

Previous studies on the design and synthesis obnbaontaining
analogues of nucleosides as boron delivery agemt8I€T were initiated by
Soloway and co-workers [30,31]. The rationale waseld on the fact that
cancer cells have increased requirements for raueleid precursors, due to
higher proliferation compared with normal cellsgdam increased involvement
of the salvage pathways of DNA precursors synthésgganel of 3-carboranyl
thymidine analogues (3CTAs) was synthesized antuated as substrates of
TK1, as will described further below and as regergliewed in detail [9].

However, the first 5-substituted carboranyl nuside, 5-(1-
ocarboranyl)- 2"-deoxyuridine (CDU), was reportgdYamamoto et al. [32].
They introduced the carborane cluster at the Stiposof dUrd because this
substitution e.g. iodine and bromine have resuiteinown nucleoside pro-
drugs, (e.g. 5-iodo- and 5-bromo-2°-deoxyuridinedicls have anti tumor
activity.
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Figure 1. Schematic representation of DNA precursor metaivolin
mammalian cells. The abbreviations and the enzyemssare described in the
text.

CDU was evaluated as a BNCT candidate by Schimemd his
coworkers [33,34] and shown to be phosphorylated’kg but not by TK1
[35]. CDU monophosphate was detected in human CEYMRBM cells [33]
with low apparent toxicity. There was a completetahelism of CDU into
triphospahtes and incorporation into DNA but thgrde of Thd substitution of
CDU was relatively low (1.8 %) [36]. Positive resulwere reported for
experimental rat brain tumors treated by neutroptwa therapy after
application of CDU [37].
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In case of 3CTAs enzyme and cell culture studigk several different
libraries of these analogs have been performedesir899 and the results
reviewed recently [9]. The analogs are designatdd Wb, and N7 and the
corresponding 3-dihydroxypropy! derivatives, N4-2Qi5-20H and N7-20H
[37]. Of these compounds, N5-20H (3-[5-{2-(2,3-dilngxyprop-1-yl)eo-
carboran-1-yl}pentan-1-yllthymidine) (Fig. 2) haldet most favorable overall
properties, which included high phosphorylation Tig1, low toxicity, and
high cellular uptake and retention [8,9,38]. Basedthese properties vivo
studies were initiated with N5-20H as a boron d=lvagent for BNCT in
tumor bearing mice and rats. Validation of TK1 asagppropriate molecular
target was demonstrated using the TK1 positive LtB28%r model. Since brain
tumors have been the major focus of our experinhemd clinical studies of
BNCT we have investigated N5-20H as a boron dejiegrent using the F98
and RG2 rat glioma models. N5-20H and other 3CTAsewaken up and
retained in the different TK1-containing wild-tygell lines (F98, RG2, L292
and CEM) but only to a significantly lesser degiaethe TK1 deficient
counterparts (L929, CEM). In contrast, BPA accurtadain L929 wild-type
and L929 TK1 negative cells to the same extentoB@oncentration levels in
TK1-expressing wild type cell lines after exposume N5-20H exceeded
significantly those necessary for BNCT. Timevitro toxicity of 3CTAs was
generally moderate to low [8,9,39].

BNCT experiments were recently conducted by Battlalg§39] with
tumor -bearing rats and mice. These received N5;2€ther administered
with convection-enhanced delivery of macromolecimés the brain tumors or
intratumoral injection into subcutaneous tumorg.[4Bie boron concentrations
in subcutaneous L929 TK1 positive tumors was 2ld fogher than in the
corresponding TK1 negative tumors. Following BN@lice bearing TK1 wild
type tumors had a 15-fold inhibition in tumor grbwtompared to TK1
negative matched controls. Tumor boron concentiatior F98 and RG2
gliomas were 17.3 and 27.6 ug/g, respectively. Ndrbmain and blood had
undetectable levels of boron. After BNCT with N5{2Q@he mean survival
times of F98 and RG2 glioma bearing rats were 3&nd. 46 d., respectively.
The mean survival times of irradiated and untreatadrols were 31 d. and 25
d. for F98 glioma bearing rats and 28 d. and 2#bdthe RG2 glioma. Thus,
N5-20H apperars to be effective in treating rabmlas in a TK1-dependent
manner and these results clearly support the KMitept as basis for BNCT.
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Figure 2. The structure and activity of two 3CTA:s with haimTK1.

The substrate specificity of DNA precursor enzymedowards borano
nucleosides.

Recent structure activity studies with TK1 havereaded several
important new facts about TK1. The crystal struesuof human hTK1 in
complex with dTTP have been determined as welleasral bacterial TK:s in
complex with Thd, dTTP, TMP/ADP [41,42] and genrdahe show highly
similar folds and limited variations in the actisige structures. However, two
basic states of TK1 were found: One type is a ®isTK forms which is
found in case of the feed-back inhibitor complesesl TMP/ADP reactant
complexes. The second form is an “open” or “sen@rdpmpo TK1 form [42].
As with many other nucleoside- and nucleotide kasabinding of substrates
and the phosphate donor (ATP) in the TK1 enzymaelyaisrassociated with a
large conformational change from the open unocclufoem, over a closed
form involving Thd and ATP with its beta and gampiesphate in the P-loop
ready to be transferred to the 5-OH of Thd (FigT3)e so called “lasso loop”
interacting with and moving down over the Thd baseome fully ordered
only in the in this type of catalytic competent qex. N3 of Thyd is oriented
towards the entrance gap between the lasso looghendtrands of the base
domain of the active site. Thus, the carboranykecag3CTAs, attached via a
methylene tether to N3, will be projected out o Httive site lasso loop while
the 3-OH group at the other end of the molecules camhrehe catalytic
residues involved in phosphoryl transfer (Fig 3).
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Figure 3. Schematic drawings of TK1 in complex with Thd a&P (right)
and N5-20H and ATP (left) based on the modelingltesn reference [43]
and the structures presented in reference [42].

The fact that the borano cage is situated out sfdibe active site of
TK1 explains the structure activity studies whidiowed that there was an
optimum length of the connecting tether, but alseeey large acceptance of
variations in the type of carborane cage and dultistis patterns of the cage.
The optimum length was in case of TK1 five methglegroups [38]. The
principal of placing the carboranyl cage or othalkip substitutions out side
the active site (“the out of site principle”) coubse generally applicable in
order to avoid unwanted spatial constrains or fatence with key interactions
in the active site.

Another major factor involved in determining thetigity of the
carboranyl nucleoside analogues was lipophilicitg avater solubility. 3CTAs
containing a dihydroxypropyl group at the secondbea of the carboranyl
cage were better substrates than the corresporaiadpgs without this
substitution [38]. The stability of the N5-20H m@imsphates is also an
important factor. The fact that they were notswdies for thymidine
phosphorylase and deoxynucleotidase-1, respectiwehich are principal
intracellular deoxynucleoside and deoxynucleotidiloolizing enzymes [8], is
most likely a reason for the efficient accumulatairthese metabolites in TK1
containing tumor cells.

Lesnikowski et al. reported the synthesis andagichl evaluation of
the first metallocarboranyl Thd analogues [44], ahhiconsist of eighteen
boron atoms. The lipophilicities of this type ofngpounds were comparable
with that of CDU. In preliminary experiment is haeen demonstrated that
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TK1 can accept Thd-N3 metallocarboranyl substingip5].

As mentioned above dCK is also a very attract@eddate for KMT
and it is well known key enzyme in the activatioh many anticancer
nucleoside analogs [10,28,29]. However, althougrersé 3CTA:s have been
tested with highly active recombinant human dCKpparations, no clear-cut
activity with these analogs was observed. The ohfron containing
nucleosides that show some activity with dCK weyanoboranyl dCyd and
dAdo, which demonstrated about 5-8% relative agtidcompared to dCyd
[46].

Apparently the carboranyl cage may be too bulkfjttavithin the active
site of dCK although this enzyme accepts many tygesodified purine and
pyrimidines and is known for its promiscuity [10]250 far a tethering out of
site approach have not been successful with dCKdlvatt substitution with
cyanobranyl groups may lead to synthesis of comgetimat could be worth of
further biological exploration. The mitochondriabakynucleoside kinases
TK2 and dGK are not obvious candidates for the Kpfihciple in relation to
BNCT since they are expressed in all cells anduéissalthough at different
levels [10,46] and there is no obvious cut relatim proliferation or
malignancies. These enzyme belong to the same enfymily as dCK, and
thus have a broad specificity but in this case they either purine (dGK) or
pyrimidine deoxynucleoside (TK2) selective. Sindee t3CTAs are Thd
analogues it was interesting to also test them W8, since CDU was shown
to be a substrate for TK2 [9,35,46]. In general Td@ not accept 3CTAs at
levels above 5% of those with Thd, probably for th@me reasons as
mentioned for dCK. Several cyanoboranyl Thd anddi@gyalogs tested with
TK2 showed very low activity (2% or less) [46]. Raet preliminary
experiments with 20- and N3-metallocarboranyl deoxyuridine have
demonstrated low but significant activity with TKE].

To our knowledge, there are no studies using 3@bhophosphates as
substrates for the cellular deoxynucleoside monsphate kinase enzymes.
Therefore, it is at present not possible to predichese type of nucleoside
analogs can be further metabolized to the di phtsphate levels and possible
be incorporated into DNA. However, the monophosphkatases are generally
bilobal enzymes with their active sites buried etatively deep clefts. Thus, it
may not be very likely that bulky substituents,Isas carboranes are accepted.
However, the N3 position is not in direct interaatiwith active site residues in
case of human TMPK [48]. Therefore, N3 substitii@ould be also in this
case, provided that the tethering is leading towatnof site location as in TK1.
Experiments to design 3CTA analogs that could ses/eubstrates both for
TK1 and subsequently forMPK are warranted. The specificity of nucleoside
diphosphate kinases for differeiase analogs is low but there is to our
knowledge no informationavailable regarding their activity with 3CTA
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diphosphates. Most likely the complete synthesis3GTA triposphates is not a
prerequisite for their BNCT efficacy, but in casé analogs with single boron
substitutions incorporation into DNA could be aaal step.

Conclusions
The experimental work summarized here provide eswied for that

targeting DNA precursor enzymes, and in partictiarproliferation associated
enzyme thymidine kinase 1 with N3-carboranyl thyimédanalogs, provides a
mean to get selective accumulation'® at sufficient levels for BNCT. The
principles of placing the carboranyl cage outsiue dctive site by an optimal
tether as well as including hydrofilic substitutsoto improve solubility seem
to be essential for the success of this approaghaiStargeting of other DNA
precursor enzymes has not advanced to a similanekut further work along
these lines should be encouraged.
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Summary

This report summarizes some aspects of the chgmdt metal
bis(dicarbollide) compounds functionalized by amimon and oxonium
groups and their use in design of inhibitors of HIR, the key enzyme
essential for the replication of the virus. Theusture of the most efficient
inhibitors consists from two cluster units combinegethervia an organic
ammonium or amidic functions attached via seveoaisiple spacers. General
aspects of use of boron cluster compounds for desfgbiologically active
compounds are briefly discussed.

Introduction

Boron cluster compounds are currently used as aaeriers of boron to
malignant tissue in Boron Neutron Capture TherddM@T) [1-3]. A more
important forward step with regards to potentiaplagations is the use of
substituted boron clusters as effective active temges in antiviral,
antibacterial and anti-tumor therapies. Surprigiregiough, the potential use of
boron clusters as pharmaceuticals beyond the BNGC®&a aremains
underestimated. Two reviews cover recent achievesnenthe field [4,5].
Typically, neutral o-carborane was used as a phavpiere replacing phenyl
rings in these systems. There are several, noteywarports describing
carboranes as potential pharmaceutical, includingy antineoplastic and
cytotoxic agents, estrogen agonists and antagongststein kinase C
modulators and tranthyretin amyloidosis inhibitf@<10].

In the field of metallaboranes, Fe(lll) ferratribadecaboranyl salts [1-
(n°>-CsHs)Fe-2-CH-2,3,4-GB/Ho]AsFs, as well as the neutral Fe(ll) complex
[1-(n°-CsHs)Fe-2-CH-2,3,4-GB7Hg], 4, have been tested as effective
cytotoxic agents [11,12]. Vanada and niobatricagigaboranyl monohalide
complexes proved to be potent cytotoxic agentsnaganurine and human
leukemia and lymphoma growth as well as HelLa sudgetmiterine carcinoma
[13]. Small metallacarborane complexes containiaB,@r CB; ligands and
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Ta, Fe, Co, Mo, or W as central cations exhibitgtoxic activity in murine
and human tissue cultured cells [14].

For many years it has been our opinion, that boronclusters may
potentially provide several advantageous featuresof the design of
biologically active compounds. These include:

1)

2)

3)

4)

5)

6)

40

Most parent heteroboranes witloso (and 11-vertexido) structures are
chemically very stable, in general more than ar@matolecules and
have been shown to have low toxicity and resistalaceatabolism,
where the respective data are available [5].

The cluster surface is composed of hydridié"B{1> hydrogen atoms
with no propensity to form classical hydrogen bofr@pulsion of water
molecules). This causes strong hydrophobic or astlemphiphilic
behaviour. It can be thus anticipated that a regrent of aromatic rings
in some known therapeutics by a boron cage canneehthe biological
activity in cases when hydrophobic and steric axtgons play important
role in the mechanism of a substrate binding. S#veramples are
known [5].

It can be assumed, that enzymatic systems, andiabpeghese acting
via degradation of phenyl rings, would be unlikelysfiit the boron cage
composed of bonds absent in the natural systenis IHigher activity
towards drug resistant mutated forms of variougdt#nts can be thus
anticipated. Several examples [16] support thisimgsion, such as the
lack of decrease of activity for resistant fornfsHiV as shown in
preliminary results in this field [17-19].

There exist rich possibilities for tailoring thedipole moments or
hydrogen binding sites of the molecule by introductof heteroatoms,
changing their geometric position, or spatial ageament of the polar
exaskeletal groups, though there is only limited kienige how to effect
such substitutions in a geometrically pre-definezhrrer.

The acidity, basicity or nucleophilicity of eaelxoskeletal groups (OH,
SH, COOH, HN, etc.) can be significantly varied by attachnmengither
on boron or carbon atom of the cluster.

The protonated forms of the cluster anions behaven@n-oxidizing
inorganic superacids with no analogy in the areargfanic chemistry
[15]. On the other hand, they belong to a class ethnowest



7

8)

9)

10)

coordinating or weakly nucleophilic ions and thiea is currently
extensively studied [20-22]. The overall anionicade is delocalized
over the cluster and can be varied by inner clustedifications. For
example, formal replacement of two electron donBHJ units in 12-
vertex parent [BH1,]? series by one or more main group moieties, e.g.
{CH}or {P} (three electron donors) , or {PH}, {S} four electron
donors), produces [GEHi2" [PBiiHii]™ anions or neutral BioHi2
carboranes, SBH11 thiaboranes, etc.

Anions have high affinity to sites where a positolarge is located, i.e.
interact strongly by non-covalent bonding with amfanctionalities [15,

23] and peptides. This action has been recentlp alsidied on a
theoretical basis [24].

The charge density of the molecule is the mainofacgoverning the
different solubility characteristics of various barspecies. Considering
sodium salts, these of divalent anions are higblylde in water, salts of
univalent anions are soluble in medium polarityveats (and can be
extracted to them from water) and neutral compoundswer polarity
solvents only (aromatics, hexane) [15].

Another synthetic possibility to modulate the oWemharge is the
introduction of anexoskeletal group e. g-R°R°RN', R,S", RsP" etc.
This decreases cluster charge and introduces highleemoment.
Conversely, the charge can be increased by coogerattion of several
anions bound together on an organic platform.

This implies a broad possibility to modulate theemall charge of the
molecule for each particular application. The stefarea and charge of
the cluster thus influence the hydrophobic or ampipific behaviour;
hydrophobic interactions with receptors facilitatensfer across the cell
membrane(1) whereas charge affects the solubilitg the solution
behaviour.

In this contribution we address the synthetic aspEc design and

development of boron cluster compounds able tobihlkey enzyme of the
Human Immunodeficiency Virus (HIV-1). HIV is thei@bgical agent of the

Acquired Immuno Deficiency Syndrome (AIDS). The Hbeplication cycle

contains several virus-specific events that couleé kbddressed by
chemotherapeutic intervention. The compounds trejpeesently available as
anti-HIV drugs are targeted either at the reverse trgstase, the virus entry or
the viral protease (PR). The current strategy Hertteatment of HIV infection
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is called Highly Active Antiretroviral Therapy (HART) and is based on
combination of at least three approved inhibitoosf different families. The
introduction of HAART has dramatically reduced nadityy from AIDS-related
diseases. Nevertheless multiple drug-resistant sirains will finally emerge,
followed by the progression to AIDS. Therefore,réhpersists a need for new
anti-HIV-1 therapeutics less prone to resistanég. [2

In our search for novel structural types of unearional, versatile
compounds that would inhibit HIV PR, a group of drcluster compounds
was identified as promising frameworks for a nosalss of non-peptide PR
inhibitors (PIs). Our main attention has been alm®<lusively focused on
metallacarboranes, especially on [(1,8B8111)2-3-Co(ll)]", 3-cobalt(lll)
bis(1,2-dicarbollide)(J) ion (1) [17,19,26].

The cobalt bis(dicarbollide) ion was synthesizgdvb F. Hawthorne et
all. more a four decades ago [27]. With time, tbis hasattaineda unique role
in the chemistry of metallaboranes. This is dudtsoexceptional thermal,
chemical and radiation stability, its single negatcharge and its diamagnetic
properties allow for an easy characterization obdpcts based on this
compound by'B, *H and**C NMR techniques. A review of its chemistry has
appeared in the literature [28]. Also reviews oa tise of the parent ion, its
halogen derivatives and related functional molexuteextraction science have
been published, last one in 2004 [29]. This isentty the most developed area
for applications of the cobalt bis(dicarbollidehio

Despite many years of research, it is worth to ttneimg here some
basics facts which remain somewhat hidden in teeipus reviews. The axial
distances between the H(10)-H(10"), cluster passtim parent and substituted
compounds are between 1.002 and 1.0036 nm. Caduldibmeters of the
circumscribed circle around the hydrogen atomshef équatorial pentagonal
ligand plane attached to the cobalt atom is clos8.50 nm. The values are
based on the data deposited in Cambridge Crystajipic Data Centre
(CCDC). C-H sites of the ion are slightly acidicdacan be deprotonated by
BuLi. In solution, almost free rotation of liganthpes around the central atom
is assumed. Three energy minimized structures hbgen calculated
corresponding dihedral angles 180< 118< 36 dedretafive Energies: 0.0,
1.6 and 10.6 kJ/mol)(30,31). The orientation of meaiples of carbon atoms in
the structure of the parent idnis staggered (transoid) [28,31], but two other
remaining rotamers can be found in many solid stitecture of the substituted
derivatives deposited in CCDC.
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Surprisingly, little is known about solubility diie salts ofl in water
and their behaviour in aqueous solutions. The sidllof sparingly soluble
caesium salt s in water has been determined (6afnol/L)(29), and
solubility of some quarternary ammonium bases anh@ acids has also been
reported [23,29]. Calculated hydration free eneag., of the cage is -17.9
Kcal/mol [24]. An extensive aggregation was reporery recently for dilute
aqueous solutions of this and related ions upoimgdd2,33]. A driving force
for this is apparently a tendency to limit contaaftshe hydrophobic surface of
the ion composed from hydridic B*Hbonds with the surrounding water
molecules. It is obvious, that hydrated cationsusthdwe incorporated in such
aggregates to preserve condition of electronetyraline role of the cation
present in experimentally studied has not yet kairessed, though this has
been reflected in molecular modelling studies af tiehaviour ofl at the
interface of water and an immiscible solvent [34,35

Along with electrophilic substitutions, the mairnbstitution mechanism
entering into play with the cobalt bis(dicarbolljfle) anion @) has been
defined as the so called "Electrophile Induced Moghilic Substitution”
EINS-1. In this path a Lewis acid activator abdsathe most hydridic
hydrogen B(8)-H (or also B(8')-H) position(s) andeas up vacancy(ies) for
the insertion of a nucleophile [28].

Parent metal bis(dicarbollide) anions as HIV-PR inhbitors

Even the parent unsubstituted idnhas been proved to act as an
efficient HIV inhibitor exhibiting a moderate adtiy. On the other hand
combinations of several clusters bondea an organic central unit have, in
general, several orders higher efficiency [19,263hort survey on synthesis of
the systems consisting of several boron clustepseisented below along with
some remarks addressing their efficiency. Moreildeta inhibitors evaluation
and solution behaviour will be given by other Czéatoups cooperating on
this subject.

The parent cobalt bis(dicarbolide) anion has beenaa to inhibit the
HIV-PR at micromolar level and acts in a compegitimanner [26]. Several
other known isostructural and isoelectronic melatane ions [28,36]
containing eleven vertex ligands were tested. Thedade [(1,2-GBgH11)2-3-
Fe(llN]” (2), [(1,2-GBgH11)2-3-Ni(ll)] ™ (3), [(1,2-GBgH11)2-3-Cr(Il)]" (4)
[(1,7-CBgH11)2-2-Co] (5) and [(1-SBeH10)2-2-Co(lll)]” (6) [37] (see Fig. 1).
The ions exhibited similar inhibition activity im vitro tests, but last two
provided a quite different, noncopetitive and unpeftitive mechanism of
inhibition.
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Figure 1. Schematic structures of the metal bis dicarbalifié,2-GBgH11)2-
3-I\/l]- (M(Ill) = CO) Fe1 NI! Cr), 1-4) [(1,7'CZBQH11)2'2'COI (5) and [(1'
SBioH10)2-2-Co(lIN)] (6).

With the current knowledge it seems difficult toggast a reason for
this difference and the answer may be complex.eEithe higher acidity of
carborane CH groups ih affecting specific bonding in the HIV-PR complex,
or the hydrophobicity of the ions resulting in @ifént solution behaviour may
play a role. Also a combination of the two factooaild be responsible for the
observed difference. Nevertheless, the influendeydfophobicity seems more
supported, since the substitutions by hydropholbags at B(8), B(8') skeletal
positions (phenyl of phenylene), leads to noncompetmechanism of
inhibition, and the substitution of B(8,8") atomg lodine in [(8,8-}-1,2-
C,BgH11)2-3-Co(ll)]” leads to uncompetitive action. The acidity funesioof
CH groups in these systems are unknown, but at Eh®f these ions can
provide similar kind of interactions as parent idn Methyl or hexyl
substitution at carbon sites of the ibed to an increase of efficiency but also
reverses the competitive mechanism to noncompetiveve consider the
HPLC capacity factor (k') values at Reverse Pha8ec@umn as a semi
quantitative measure of hydrophobicity, the ordergarent ions is (k' values
in parentheses) (3.7) <2 (4.1)< 3 (4.2)<4 (4.5) << 5(8.6) <<6 (12.6).
Indeed, there is noticeable increase in hydropliybiar the last two members
of the series.

Substitutions at B(8) (B(8')) sites by polar grogpsh as -OH, >0, -O-
(CH.CH,),OH, -OP(O)(OH) led in turn, to a decrease of the inhibitor's
efficiency. Complete or severe loss of efficiensyobserved for zwitterionic
derivatives bearing alkyl ammonium groups.

Several smaller cage carboranes aimb anions and their derivatives
were also tested, but these compounds in genevaegrmuch less efficient,
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similarly to the neutral half sandwichnf(CsHs)-3-Co(ll1)(1,2-GBgH11)]° or
the organometallic ferrocenium and cobaltoceniuntiona tested for
comparison. Tests showed (with few exceptions) éxatusively ionic species
act as the effective HIV-PR inhibitors.

Inhibitors composed from several cluster units

Construction of oligomeric materials based on cewalbonding of
charge neutral boron clusters, especially thesk lviear shape, has attracted
increasing attention during past years. A well exgd area is that of small
carboranes and metallaboranes that allow for easytu generation of stable
multidecker array [38,39,40-42] a@xoskeletal bonding to various organic
substrates in C-C and B-C manners [43]. The arézosfihedral boron clusters
iIs comparatively understudied. The availability mfilding blocks for linear
such constructions has been discussed in a reviélv The first stable rod-like
molecules based on C-C and C-B bondingptcarborane units have been
reported in 90's [45-47]. Recently, linear doublester constructions based on
12-vertex ferratricarbollide were reported [48].e@fistry of neutral carborane
macrocycles based on bonding of neutral carborai@mercury into cyclic
rings has been developed [49]. A relatively ricleaans that of designed
molecules composed of neutral carboranes linkedrggnic spacer groups
[50-56]. These include also cycles basednenarborane, molecules bonded
via thiaalkylgroups, 2,6-pyridyl and aryl groups, awmpounds designed for
purposes of BNCT and as temperature resistantrakge [57-59].

Comparatively underexplored is the area of ionimpounds. Double
cage carborane- dodeca- borate(2-) and bis(dodextah@-) ions bondedia
a chain have been prepared [60]. Interesting isitha of nanosized carborane
closomers assembled on@OH)* core [61,62]. We have reported on the
bonding of several cobalt bis(dicarbollide) clustéogethervia an organic
linker to supramolecular platforms such as caliaiéhes or resorc[4]arenes in
a geometrically pre-defined manner [63] followed Ilgports on the
introduction of the cluster anions and metal bigdgroups to the platform
[64]. Recently, several papers appeared in theatilee on synthesis of
porphyrines bearing several cobalt bis(dicarbo)liddusters designed for
BNCT and photodynamic therapy and as HIV-PR inbilsi{65].

The most efficient lead structures prepared to daee based on
combination of two cluster units bonded togethier an organic central part
comprising ammonium or amidic function [26,66]. 8al tens of new ionic
constructions of this type have been prepared astéd over the last years.
Such compounds are easily available in high yietinfa reliable toolkit of
ammonium derivatives in combination with Plesekigioal synthetic concept
[67] of ring opening of the B(8) dioxane-cobalt (bisarbollide) zwitterion
[68] (9) or closely related compounds.
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The library of available ammonium derivatives uses] construction
blocks comprises several derivatives prepared siimme ago by this Group.
These include the bridged [8,8'st(1,2-GBgH11),-3-CoJ [69] (10) and the
asymmetric compounds [4,8'sN-(1,2-GBgH11)2-3-Co] [70] and [6,6'<HN-
[(1,7-CBgH11)2-2-Co] [71] (11, 12 and an almost endless number of
combinations easily generated by ring opening meast of 9 or other
compounds of this type [72,73] (see below) by amyary or secondary amine
of choice (also boron cage amines such as [1sBikH:1] [74 ] (13) or [1 —
NH3-CBiH11] [75] (14) were used in molecular design). The intermediates
produced by this approach thus usually have the @mum group attached to
the cage by a diethyleneglycol spacks)(

o |0 * —1(0)

©
// \\
\ / \
& N % I\//‘ ;/: IR’RNH ®I -_u
M 2

/‘\
I/

&

—

FR*RNH

|X\/\K\\ Lt\& \
R v
15 M= Co(lll), Fe(lll), Cr(Ill) (9, 18, 19)

Scheme 1 Ring cleavage of the 8-dioxane derivatives of ahet
bis(dicarbollides) generating various ammonio dankes15 for construction
of HIV-PR inhibitors.

To explore better the structure-performance ratatiip, recently a
search was performed for B(8) ammonium derivativeoo 1. We found, that
the reaction of-butyl bromide serves as potent activator for (B8pstitution
of the cage by N-atom of acetonitrile (or otherilgs) which results in smooth
formation of [8-RCN-1,2-6BgH10)(1',2-GBgH11)-3,3'-Cof derivative. These
compounds further serves as a versatile precufeorthe preparation in the
anion 1 series of long time anticipated ammonium derivatwnd a variety of
synthetically useful functional groups. Thus hydnakysis of the acetonitrile
function gives the zwitterionic ammonium derivativg(8-NHs-1,2-
C2BgoH10)(1',2'-GBgH11)-3,3'-Co] (16) in excellent yields. Reductions using
BH3;.SMe, provide instead moderate yields of zwitterionialBylammonium
derivatives [(8-RNH-1,2-GBgH10)(1',2-GBgH11)-3,3-Co] (7).
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The triple bond of the nitrile functions is proredn easy addition of
amines or alcoholates. Former reaction thus resultsgh yield formation of
8-alkylamidine derivatives whereas 8-alkylamitl@re obtained in the later
case [76]. Some compounds from these series wstedtalone as HIV-PR
inhibitors, but with rather discouraging results.

_ o .
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— / \ ° o > ) 8
NS 2710 ™
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Csl 3,3-Co[’ 2 8 2
—
OO
<

17

Scheme 2 Synthetic ways to B(8) ammonio derivatives of tbebalt
bis(dicarbollide).

The second reagent in the main reaction schemepresented by
oxonium oxygen containing compounds. The formerstilothe most versatile
compound from the metallaborane series, 8-dioXames first reported by
Plesek and Franken in 1999) (68]. Reactions of oxonium ring compounds
were very recently reviewed by other authors [P3pmpted by this and other
emerging biochemical applications, we have recdoitysed on the synthesis
of similar compounds based on other metal bis(dmédes). Compounds
from iron(lll) (77) and chromium(lll) bis(dicarbadle) [78] and
bis(thiaundecaborate) [37] sandwich serie®-20 were successfully prepared
and characterized by NMR and M. S. Some of thempte derivatives
resulting from ring opening reactions were chardde by X-ray
crystallography. Similar, very reactive buildingobk @1), containing
tetrahydrofurane ring could be obtained from bulkdeuble decker “dicobalt
bis(dicarbollide) canastide” ion [79] using 8PEL catalysis [80]. Most of
these zwitterions and derived amines have beenadireemployed as
alternatives to the compou®dn the inhibitor's design.
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Scheme 3Reaction paths of bridge [88CHz0"CH,(1,2-GBgH10),-3,3'-C0]
zwitterion 2) with amines as nucleophiles.

A slightly different ring system is represented ciympound [8,81-
CH30O"CHx(1,2-GBgH10)2-3,3'-Co] (22). This compounds results as product
from the acid catalyzed reactions of1Csith formaldehyde, along with the
known bridge zwitterion [8,8-CH30<(1,2-GBgH0)>-3,3’-C0] present as a
side product. The oxonium ring of the compound eadily opened by a
primary or secondary amine as a nucleophile proguff8-"-R°RNH-CH,-1,2-
C.BgH10)-(8'CH30-1',2"-GBgH10)-3,3'] cage substitutions28). Exceptions
exists for sterically hindered or strongly basicirms, when this compound
serves as a methylating agent, when the; Gidup sitting at the bridge is
abstracted, preserving the ring arrangement ofstiiestituent B(8)-CHO-
B(8') in the resulting anionic product.
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Type | of the HIV-Inhibitors

Scheme 4 Synthetic approach providing Type | of doublestén HIV-PR
inhibitors.
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The synthetic amalgamation of these two kinds oildmg blocks
(exemplified in Scheme 4), is quite simple, effitieand almost quantitative.
The ring of compounds bearing an oxonium oxygema 18-23 is cleaved
by compounds containing the ammonium functiongli§-17, 23 producing a
double cluster molecule. Symmetric or asymmetricucstiral motifs are
available as shown in Scheme 4 and Fig. 2. If arbdmuilding block with
primary amine function is used for the ring openitigee cluster molecules
can be obtained in one additional step.

Another approach was mad the reactions of ammonium derivatives
with dicarboxylic acid dichlorides. This producdsetrespective diamides.
These diamides were primary designed for extractomnce, but proved
effective also as HIV-PR inhibitors.

The three lead structures obtained by these meanshawn in Fig. 2.
It should be noted, whereas the first two types mw@noanionic due to
protonation of the amine moiety by influence of tietal bis(dicarbollide)
acid behaviour, the third type is two minus charg@dly the first type is
competitive, the remaining two types represent npatitive or uncompetitive
inhibitors, depending on particular substitutiortied nitrogen atoms.

o Fo ol A //\\@2(—)
Al'\\‘—‘ &(‘T\/l‘ w\’\jo o NJJ\/O\)]\ ’_\/_‘o_“(\/_;‘

/® R R
N ﬁ_\ A f_ 7/«
> /\ /\| H2 g ~‘—-,-*‘

Type I Type IlI

Figure 2. Schematic structures of the asymmetric (Type Iy amidic (Type

[1) inhibitors of HIV-PR. Type Il is based on comnlations of building block
23 with oxonium compound®, 18, 19 Type Ill was synthesized from
ammonio derivative&o0, 15, 17.

Conclusions
Our previous and ongoing research in the chemisftryreactive

metallaborane building blocks enabled the easy affidient synthesis of
several types of double cluster compounds whichsesme as the potent HIV
protease inhibitors. The preliminary results framvitro tests carried out at
IOCB AS CR and testsn vivo in tissue cells performed at the University of
Heidelberg (Group of Prof. H.-G. Kraeusslich) irated high efficiency of
several lead structure types as inhibitors of HI\ptbtease, especially in
respect to resistant HIV virus strains [18,19]. Jdhheompounds show specific
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inhibition activity and good selectivity [26]. Coimeing results from the

biochemical studies will be presented during BioBtaeting by speakers from
the cooperating Teams. Further structural desighsgnthesis of boron cluster
HIV-1 protease inhibitors, carried out under clasd#laboration of scientists

from IOCB and IIC, is currently in progress.
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ROLES FOR POLYHEDRAL BORANES AND CARBORANES
IN NANO AND MOLECULAR MEDICINE:
PREVENTION OF AMYLOID DISEASE BY TRANSTHYRETIN
COMPLEXATION WITH CARBORANE DERIVATIVES LACKING
CYCLOOXYGENASE INHIBITION

M. Frederick Hawthorne* and Richard L. Julius

International Institute of Nano and Molecular Meidie,
Universtity of Missouri-Columbia, 1514 Research IPBrive,
Columbia, MO 65211
Tel.: 573-882-7016, E-mail: hawthornem@health.missedu

Summary

Transthyretin, a homotetrameric transport protetmftl primarily in the
blood and cerebrospinal fluid, is the putative edive agent in a variety of
amyloid diseases. Kinetic stabilization, throughaiimolecule complexation,
of the native tetrameric state of transthyretin nrapart a protective effect
through prevention of the dissociation that leagsmyloid fibril formation.
However, many of the compounds known to impart skadbilization are, or are
structurally similar to, non-steroidal anti-inflaratory drugs (NSAID).
Consequently, such compounds exhibit deleteriouamitant inhibition of
cyclooxygenase (COX) enzymes. Through judicioudieaion of carboranes
as skeletal motifs in analogs of these NSAIDs, mmaund, 1-carboxylic acid-
7-[3-fluorophenyl]-dicarbasloso1,7-dodecaborane, was synthesized that
showed effectively no COX-1 or COX-2 inhibition atconcentration more
than an order of magnitude larger than the conatafr at which TTR
dissociation is nearly completely inhibited.

Key words: Carborane, thyroxine, transthyretin, amyloid, cgelggenase

Introduction

The three isomeric dicarbdescdodecaboranes (carboraneshpsc
1,2-GB1oH12, closael,7-GB;oHi2 andclosel1,12-GB1gHi2, commonly known
as ortho, meta and paracarborane respectively, are icosahedral carbon-
containing boron clusters that share approximately same volume as a
rotated phenyl ring and may be described as threersional analogs of
aromatic hydrocarbons [1]. Much of the extensivenalstry of carboranes has
been utilized to further their exploration as agesfthigh boron-content for use
in Boron Neutron Capture Therapy (BNCT), thus pdowy a wealth of
information indicating the biocompatibility and igsnce to catabolism of a
variety of carborane-supported structures [2]. R#gethe use of carboranes
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as novel pharmacophores has garnered increasiagesht primarily due to
their extraordinary characteristic properties; sashresistance to catabolism,
Kinetic inertness to reagents and elevated hydiaphy [3]. These varied
properties have facilitated the application of tt&rborane moiety in an
exceptionally diverse variety of biological targatgluding HIV protease
inhibitors [4,5], insect neuropeptides [6] améhuman thrombin inhibition [7]
as well as analogs of the anti-estrogen tamoxig&nthe controversial drug
thalidomide [9] and the antifolate trimethoprim J1&ndo and co-workers
harnessed the lipophilicity of the carborane moitiygreat effect in the
synthesis of potent retinoid antagonists [11] arstrogen agonists [12].
Concurrent investigations illustrated that the loythobicity of carborane
derivatives may be fine-tuned through the choicpasition of substitution on
the carborane cage, which is a facile prospectngitie ease of regioselective
derivation of the both th€- andB-vertices of the cage [13]. In an effort to
expand the medicinal chemistry of carboranes, we lemdeavored to identify
further biological targets where the unique prapserof carboranes may prove
to be beneficial.

Transthyretin  (TTR), previously known as thyroximding
prealbumin, is a homotetrameric protein comprisedoaor identical 14-kDa,
127-amino acid subunits exhibiting 2,2,2 symmeitryan extendethetasheet
conformation [14,15]. Human TTR is encoded on closome 18 and is
highly conserved (over 80% sequence homology) immals [16]. TTR does
not cross the blood-brain barrier and is therefosele mainly in the liver and
choroid plexus which produce the supplies foundhuman plasma (0.2
mg/mL, 3.6uM of tetramer) and the cerebrospinal fluid (CSEP2OmMg/mL,
0.36 uM of the tetramer), respectively [14,15]. Minor amn¢s of TTR are
synthesized within the retina and meninges [16]bdth the blood and CSF,
TTR binds and transports thyroxines);Ta hormone, in two hourglass-shaped
binding sites defined by the dimer-dimer interfé€eyure 1) and also forms a
complex with retinol binding protein which in tutransports vitamin A [15-
20].

In 1978, Costat al.identified TTR as the major constituent of amyloid
fibrils associated with familial amyloid polyneumpy (FAP) [21]. TTR has
subsequently been isolated from the fibrils assediavith a varied assortment
of amyloid diseases. Deposition of wild-type TTR TWTR) has been
implicated as the causative agent in senile systeamyloidosis (SSA), a
cardiac malady that affects approximately 25% efbpulation over 80 years
old to some degree [22].
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Monomer A Monomer B

Outer Pocket

Inner Pocket

Monomer D| [Monomer C

Figure 1. Ribbon diagram of human WT-TTR co-crystallized with (PDB
ID: 1ICT) shown perpendicular to the symmetrig Binding site with an
expandedchematic representation of the symmetrical TT/bihding channel
formed at the dimer-dimer interface of four TTR roorers. Electrostatic
interactions between the polar head groupodid K15 and K15’ occur at the
mouth of the spacious outer pocket while pertudvetiof the protein structure
within the inner pocket facilitate hydrogen bondipgmarily between S117
and S117’ across the binding channel, resultirntgtimmer stabilization.

Accumulation of one of over 100 identified TTR \aaris leads to the
hereditary diseases of familial amyloid cardiomybggFAC), central nervous
system selective amyloidosis (CNSA) and the preshiomentioned FAP (23).
FAC is the most widely distributed of these, withoat 4% of African-
Americans carrying the mutation that causes a gpedition to the disorder

56



[24]. Currently, treatment of these hereditary dgss centers on liver
transplantation, in which a liver producing WT-TTRsubstituted for the FAP
variant-producing organ. While surgical interventimay provide a temporary
reprieve for the patient, cardiac amyloidosis pealsein many cases due to the
continued accumulation of WT-TTR amyloid fibrilsgR Coupled with the
shortage of available livers, the risks associat@t transplantation and the
fact that transplantation can impede neither WT-T&kpression nor TTR
synthesis within the eye or the choroid plexus,harmacological solution
appears to be an attractive alternative.

Studies have indicated that the mechanism of TTR/ladh fibril
formation proceeds through tetramer dissociatioa thonomeric intermediate
that subsequently aggregates to form the putattkogenic protofibrils and
finally amyloid fibrils [26-28]. However, the nagvconformation of TTR can
be kinetically stabilizedn vitro by T, and structurally similar derivatives
thereof [29]. Given that less than 0.5% of the tiegroxine binding sites
within TTR are occupiedn vivo, investigations have focused on small
molecule inhibitors which stabilized tetrameric TTRithout undesirable
hormonal activity [30]. This research has beercsssful in identifying a wide
variety of structurally diverse compounds that imganetic stabilization to
tetrameric TTR [31]. However, many of the most piging compounds are
known nonsteriodal anti-inflammatory drugs (NSAIDsych as flufenamic
acid and diflunisal (Figure 2) or structurally iteld species.

COCH COCH
H

: E/ C F
CF3 O
F
FLU DIF

Figure 2. Two NSAIDs, flufenamic acidRLU) and diflunisal DIF) that are
potent inhibitors of TTR fibril formation.

NSAIDs derive their pharmacological effect from thenibition of
cyclooxygenase (prostaglandin endoperoxide syntba§#0X) enzymes [32].
Of the three known isozymes of COX in the humanyb@DX-1, COX-2 and
COX-3, both COX-1 and COX-2 are well defined. Intidn of COX-1 may
lead to adverse gastrointestinal events, a situdhiat is estimated to result in
103,000 hospitalizations and 16,500 deaths in thieed States each year [33],
while COX-2 has been prominently associated withimereased risk of
cardiovascular events [34]. Clearly, given the lbeign nature of TTR
stabilization therapy, a drug candidate with a munin of COX activity would
be preferable.
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The hydrophobic binding channels in TTR appeardddeally suited
for the utilization of carboranes as a skeletakec®@rystal structures of TTR
indicate that the funnel shaped T4 binding site bangeneralized into a
spacious outer binding pocket large enough to btadcally bulky substituents
and a smaller inner pocket, as shown in Figureb]. [Bwas hypothesized that
the three-dimensional carborane structure wouldHé outer pocket in order
to maximizing hydrophobic interactions. It was het hypothesized that COX
activity could be reduced by this steric bulk adlves the inability of the
carborane moiety to participate imn stacking utilized by many COX
inhibitors, but unnecessary for inhibition of TTRsbciation [36]. This report
describes the synthesis of a group of carboranedbasmpounds and their
efficacy as potent inhibitors of TTR dissociatiomdasubsequent fibril
formation. We further screen those compounds rdzednas promising
inhibitors of TTR amyloid formation and identifylaad compound that also
lacks any significant cyclooxygenase inhibitor @ty

Results and Discussion

Using the knowledge gained from previous strueagtvity studies,
carborane-containing analogs of known inhibitors TGfR fibril formation
inhibitors were synthesized (Figure 3). Timevitro efficacy of these TTR
stabilizers was rapidly assessed via acid-medd¢edturation [37]. This assay
employs TTR at the physiological concentration (3M8) incubated with a
varying amount of potential stabilizer and thenjeated to partially denaturing
conditions at pH 4.4 for 72 hours. Fibril formatias then quantified by
measuring the optical density (OD) of the solutbithe end of the time course
and the results reported as percent fibril forrmati ff), with total inhibition
of fibril formation set equal to 0% and TTR in the absence of inhibitor
defined as 100%. In essence, a lower #hindicates a more potent inhibitor of
TTR fibril formation. These carborane-based analagse shown to inhibit
TTR fibril formation in an identical fashion to anéwn TTR stabilizer,
flufenamic acid, in a dose-dependent assay (Figwrevith 1 and5 yielding
22+2 and 155 %f respectively at an inhibitor concentration of M, while
flufenamic acid produced B4%ff under equivalent conditions.

Compoundsl and 2 were then screened for cyclooxygenase activity,
initially employing a commercially available COX-(ovine) and COX-2
(human recombinant) enzyme immunoassay accordirtheananufacturer’s
instructions (Cayman Chemical). The compounds wereened at 10aM, a
concentration several times that required to neadsnpletely inhibit TTR
fibril formation. Compoundl exhibited some COX inhibition, with 6:6.9
and 5210 % initial activity for COX-1 and COX-2 respedatiy.
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Figure 3. Carborane-based analogs of flufenamic adidand diflunisal 2)
screened im gagnant TTR (3.M) fibril formation assay (pH 4.4) at varying
concentrations over 72 hours.

However, compoun@ showed virtually no COX-1 (233 % initial
activity) or COX-2 (9416 % initial activity) in this assay. This differes may
be due to the increased flexibility and lengtHLafith respect t@, allowing it
to slip into the stericly encumbered COX bindingichel. In order to directly
compare the COX activity oR relative to flufenamic acid, a full COX
inhibition curve was run with2 and flufenamic acid (Figure 4) using a
commercially available colorimetric COX screeningsay. Inhibition assays
for flufenamic acid an@ were run for ovine COX-1 (Figure 4A) and COX-2
(Figure 4B)at various concentrations. CompouRdgroved to be a virtually
imperceptible inhibitor of both COX-1 (IC50> 2@QM) and COX-2 (IC50 >
100 uM) isoforms at a concentration more than an ordenagnitude larger
than the concentration necessary to perform exceptionally well with
regard to the inhibition of TTR amyloid formatiomaking it an ideal lead
compound for further study [38].
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Figure 4. Colorimetric COX-1 (A) and COX-2 (B) screening agsaploying
compoundL and flufenamic acidRLU).

Conclusion

Thein vitro identification of a new transthyretin (TTR) stébalr that
does not inhibit COX enzyme activity has been dbedrhere. This favorable
set of biological characteristics is apparently mmaadssible by the use of an
icosahedral carborane cage as a scaffold struclthies change enhances
lipophilicity and eliminates the-Tt stacking possible in known TTR stabilizers
that also show undesired COX enzyme inhibition. themr work with
biologicals amenable to similar structural surragats in progress.
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Summary

High and selective accumulation in tumour cellsoise important
requirement for a BNCT agent. One way of increasiegtumour selectivity of
BNCT agents may be the use of carbaborane-contgliisphosphonates. As
some simple carbaboranylbisphosphonates alreadybiexhigh tumour
selectivity, we are attempting to improve the BN@iential by using glycosyl
esters of phosphonic acids.

Key words: BNCT, carbaboranes, phosphonates, tumour selgctivi

Introduction

To date, the treatment of malign tumours is alwagsompanied by
extremely negative side effects. One potentiallgfuls approach for the
selective destruction of tumour cell is boron nentcapture therapy (BNCT), a
powerful form of radiotherapy involving preferentimcorporation of %B-
containing compounds into tumour cells, followeditvgdiation of the tumour
by thermal neutrons [1]. The high-energy fissioaducts which are formed on
absorption of a neutron allow selective destructbthe tumour cells without
affecting the surrounding healthy tissue. High aetective accumulation in
tumour cells is one important requirement for a BN@gent [1-3]. For
successful treatment, a concentration of 3d%Bgper gramme tumour must be
achieved. The main problem to date is the avaitgbif boron compounds
which exhibit the necessary high selectivity, watelubility and low toxicity
in high concentrations.
Carbaboranylphosphonates are known as biologieatlye compounds. When
the carbaboranyl group is incorporated into therestoiety of a phosphorus
acid, these compounds show high anticholinestemageity [4]. Compounds
in which the carbaborane is attached to the phasgharid through a sulfur or
selenium atom show bactericidal activity [5]. Imstingly, some simple
carbaboranylbisphosphonates exhibit high tumowecseity and can be used
in the treatment of calcifying tumours [6]. Oligonte phosphate diesters
which containclosc or nido-carbaboranes show high accumulation in tumour
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tissue in BALB/c mice bearing EMT6 tumours [7]. Hever, comprehensive
biological assessments of boron-containing phosaiesnas potential tumour-
targeting BNCT agents are still rare [8].

We have therefore devised efficient syntheses forehboron compounds
which provide a combined tumour-targeting systeine Tise of phosphonato
groups as phosphate mimics and galactosyl groupsiriding to lectine at the
surface of a tumour cell [9].

Results

The synthesis of sugar-containing carbaboranytimsphonates was
attempted starting from carbaboranylbis(chlorophosiates) and a protected
sugar  (with one hydroxyl group  still  available). ush
carbaboranylbis(chlorophosphonatg) (vas obtained froni by chlorination
with sulfuryl chloride (Scheme 1).

EtO OEt
H \p/ ||:’| fe}
OEt
g0 | o ”
H
1.) 2 "BuLi P A—
OEt
2.) 2.1 PCI(OEY), \OEt 250,Cly \C
—_— |

-2BuH, -2 LiCl -280,, - 2 EtC

[ ]
o

BH
C

Scheme 1Synthesis of.

However, we were unable to convert compo@nid the target compound by
reaction with 1,2:5,6-d-isopropylidenea-D-glucofuranose 3) under

different reaction conditions; in all cases, ongcdmposition was observed
(Scheme 2). As phosphorus(V) substituentoxho-carbaborane exhibit only
low reactivity, the more reactive phosphorus(liBrigtatives were employed.
However, no reaction occurred between the dialkidatralophosphonito-

substituted ortho-carbaboranes 1,2- .

{P(NRz)X} 2CoB10H10 (R = Me, 'Pr, X = >LO

Cl, Br) and isopropylidene-protecte 0

galactoses. Employing the less electron o

withdrawing metacarbaborane instead Czprot - ° on
the  closocarbaborane was als e o
unsuccessful.
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EtO cl ﬁ a.) 2.2 Z(prot)H, 2.2 base (prot)Z OEt ”
P

or
P
\"—OEt b.) 2.2 Z(prot)M " OFEt

N
Y

cl a.)- 2 (baseH)Cl Zlproy
or
b.)-2 MCI

M =Li, Na

Scheme 2Reaction of2 with the sugar derivativa led to decomposition.

Attempts to employ the activation of & bond by an acidic catalyst,
which is well known from oligonucleotide synthests, replace the amido
group in 1,2-{P(NPr;)(OMe)},C:B1oH10 (6) with the sugar5 was not
successful whenH-tetrazole was employed as catalyst. A reaction@ct at
140 °C, however, with cleavage of the@arbanoranbond. We have therefore
employed the analogousetacarbaborane&, which could be galactosylated
with catalysis by H-tetrazole with (Scheme 3).

OCH3 (prot)Z OCHj,

1.) 2 "BuLi, Et,0 2.2 Z(prot)H
2.) 2 PCI(N'Pr,)(OMe) 2.2 1H-tetrazole
R - .

-2 BuH, -2 LiCl P -2 HNPr,, _-OCHs
H P p
Z(prot)H =5
Z(prot)

7 8

Scheme 3Galactosylation of thenetacarbaborane derivativé

The synthesis d could be improved by using benzimidazolium trelat
(BIT) as catalyst under microwave conditions anddplacing the NPr, group
with the less sterically demanding NMgroup. Compound was oxidised
with tert-butylhydroperoxide (TBHP)n situ to the bisphosphonat® which
was obtained as four diastereomers. Deprotectionthef galactosyl and
phosphonato groups with trifluoroacetic acid andvession into the sodium
salt gave the water-soluble compourtt{Scheme 4).
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o o N o} 0% Na
1.) PhSH/NEtz/dioxane
) 2.)90% TFA
3.) lon exchanger Na*
‘, /o 0O
o HO
4 4

Scheme 4Deprotection of the galactosyl and phosphonatagsaon.

For improvedin vivo stability towards phosphatases and phosphonate
esterases the corresponding bisphosphonothidateas pepared accordingly
by this method using K-1,2-benzodithiol-3-one-1,1-dioxide, the so-called
BEAUCAGEreagent, instead of TBHP (Scheme 5).

' & S HO, o
N OCH, o I o |
N 0. o—"~o—"CHa HO. J o u®
1)35258m " 1.) PhSH/NEty/dioxane g
" Be o 2.)90% TFA
2))2.1 Beaucage reagent 2l .
—_— .
_OCH, o P// —_— o 40
P CH3;CN P, \ /P\
"' ° ¢ B L= O seng®
N o CH, f
J
\ HO HO.

o
1" 12 13

H
N

BIT= @,} CFsCY Beaucage reagent: (:E(/s
B S

Scheme 5Synthesis of the bisphosphonothioa8from 11
The synthesis of fully galactose substituted caobatylbisphosphonates5

and16 was achieved starting froft and5 by employing the same protocol as
described above (Scheme 6).
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X =0 (15) OH bH
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Scheme 6Synthesis of tetrakisgalactosyl substituted carkabdbisphospho-
nic acid.

The biological activity ofl0, 13, 15 and16 was tested on tumour cells
of the line HeLa by employing the resazurin as€aympoundslO and13 do
not show cytotoxicity up to a concentration of 20nand are thus far less
toxic than the boron compounds which are presaatiployed in BNCT, i.e.,
sodium mercaptoundecahydrododecaborane (BSkh 3® mM), rendering
them interesting candidates for BNCT. Compouf8sand 16 show higher
toxicity (EGso ca. 29 mM 15), 14.0 mM (6)), which is, however, still lower
than that of BSH. This can be attributed to thehbiglypophilicity of these
compounds.

Compounds with higher boron contents were obtaiwiad copper-
mediated €C coupling of monolithiatednetacarbaborane. Functionalisation
of the C-H groups of the obtained biegtacarbaborane)l(’) with PR(NMe)
groups (R = NMg(18), OMe (19)) (Scheme 7) followed by galactosylation,
oxidation or sulfurisation, deprotection and comsi@n to the sodium salt gave
the galactosylphosphonato-substituted roetgcarbaborane)20, 21, 22, 23

(Fig. 1).

1.) 2 "BuLi, Et,0
2.)2PCI(NMe,)(R) _
-2 BuH, - 2 LiCl
R = OMe (18)
17 R = NMe, (19)

Scheme 7Synthesis of bisphosphonito substitutedrbetigcarbaborane)
derivatives.
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Figure 1. Galactosylphosphonato substituted ims{acarbaborane)s.

The presence of the second lypophilic carbaborarster increases the
cytotoxicity. Thus, the bisphosphond@ exhibits an Eg value of 19.5 mM
and the bisphosphonothiodt a value of 2.1 mM (Fig. 2). Compoung2and
23 have lower water solubility than the other deriived resulting in low E&
values on Hela cells (480.9 uN3), 174.9 uM 23)). Therefore, compounds
21, 22, 2Z&re unsuitable for application in BNCT.

100 B a4 1004
0]
g 80 g 80
= 2
= 607 £ 609 21:21+01mM
s 8
> 404 > 40
3 20: 19.5+ 0.6 mM 3
O 204 O 20
0 T T T T 1 0 T T T T 1
0 5 10 15 20 25 0 2 4 6 8 10
CCompound [mM] CCompound [lel]

Figure 2. Cell toxicity data for bisphosphona@ and bisphosphonothioafd.
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To increase the boron contents but to also imptbeewvater solubility
of biscarbaboranyl derivatives, syntheses of comgsuin which the two
carbaboranyl clusters are bridged by a hydroplphosphinate group were
attempted. Monolithiation of th@etacarbaborane at high temperatures proved
necessary to produce the biscarbaboranylphosphi2dteand 25. Conversion
of the terminal CH groups to P(NMEMe) is readily achieved, but
galactosylation of 1,1°-{7,7"-[P(NM&OMe)][C.B10H10]2}P(OMe) (26)
followed by oxidation gave the desired prod@& only in low yield, while
1,1°-{7,7" -[P(NMe)(OMe)]2[C2B1oH10] 2}P(NMey) (27) can be galactosylated
only at the terminal P atoms but not at the briggihatom (Scheme 8). An
improved synthesis f&29 remains to be developed.

1.) "BuLi, 2 h 60 °C "BuLi, Etz0
25 )O 5PCI;R, 12 h RT 2 PCI NMez) (OMe)
tolue ne - BuH, - LiCI

H

H  -BuH,-LiCl

R =OMe R = OMe (26)
R= NMez ) R= NM227)

1.) 35 for R = OMe
or 4.5 5 for R = NMe,
2.)4.5 'BuOOH

o

o
[ I

P o P
| I L ooz
HsCO P\
OR’

R’= Me (28)
R’= DGal (29)

Scheme 8Synthesis of P-bridged bmétacarbaborane) derivatives.

Compoundsl0, 13, 15, 16 and20 exhibit low cytotoxicity and are thus
suitable for studies concerning tumour selectivRyeliminary studies were
carried out in collaboration with Prof ABEL, Universitat Bremen.

The bisphosphonothioatels3 and 16 were chosen as representative
examples to study then vivo toxicity in Swiss mice. It was shown that
compoundl16 (dosage 100 mg/kg boron) results in toxic sidedaf, while
compound 13 was well tolerated and thus employed in furtheroho
distribution studies. For these studies four fentz#d.B/c mice with a CRL
tumour were treated intraperitoneal with a dosaig@0® mg/kg boron. The
mice were euthanised after certain periods of tand frozen thin sections
were made, which will now be studied to obtaintibeon distribution.
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Conclusion

We have developed a suitable synthesis employ@gtiosphoramidite
methode to connechetacarbaboranylbisphosphonites with the 6°-OH group
of isopropylidene-protected galactose, followedkidation or sulfurisation to
give the corresponding bisphosphonates. Deprotegtielded water-soluble
compounds. The corresponding disodium salts exhdspecially low
cytotoxicity. The fully galactosyl-substituted deatives are, however, less
water soluble and show higher cytotoxicity. Therefophosphinato-bridged
bis(metacarbaborane) derivatives seem to be more suitédmerath respect to
increasing the boron contents. In general, thehiisphonothioate derivatives
exhibit higher cytotoxicity than the bisphosphonalerivatives. Preliminary
results on then vivo toxicity and biodistribution of two compounds inaa
were obtained.

Future studies will focus on different glycosidewd aheir respective
linkage with the phosphorus atom. Thus, glucosennose or disaccharides
such as lactose, aminosugars such as galactosammke different
connectivities, e.g., via the anomeric position|l we employed, and their
biological activity will be evaluated.
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Summary

Several general methods for the synthesis of puam& pyrimidine
nucleosides modified with carborane clusters anthitaearborane complexes
is discussed. They include: 1) attachment of cam®rmodification at 2’
position of nucleosidevia formacetal linkage formation, 2) tethering of the
metallacarborane group at nucleobase part of tickeosidevia dioxane ring
opening in oxonium metallacarborane derivatives 8hd'click chemistry”
approach based on Huisgen 1,3-dipolar cycloaddifsoposed methodologies
extend the range of nucleoside/borane cluster gatgs available and open
new areas for their applications.

Key words: nucleosides, carboranes, metallacarboranes, gates, molecular
probes, redox label.

Introduction

Due to their essential role in virtually all céduprocesses nucleosides
are one of the most important small biomoleculdgseyTare basic building
blocks of ribonucleic acid (RNA) and deoxyribonuclacid (DNA), plays
many important functions as themselves, in phosgphiad form (nucleotides)
or in conjugation with other biomolecules [1].

Because their crucial role in many metabolic patysvand interactions
with other biomolecules nucleosides, their derixedi and analogues are
widely used as chemotherapeutics, mainly as aativr anticancer agents
[2,3]. A number of nucleosides are currently on ket for the treatment of
various diseases, many others will be marketed.soon

Practical applications of nucleosides and theiral@ues range
beyond chemotherapy - a variety of labeled nuctkssiare used as tools in
molecular biology in structure-function relationshistudy, are used in
synthesis of nucleic acids probes, and are findpyications in such fields as
PCR, microarrays and biosensors technology astaopéne modified DNA-
oligomers.
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Nucleoside is more than the sum of carbohydrateheterocycle, and
interaction with DNA is not the only mechanism foiological activity of
nucleosides. A nucleoside may be an ideal trangystem for a heterocycle,
selectivity with nucleosides may be obtained jugtniaking use of natural
uptake systems, or a nucleoside analogue may haeeeficial effect on the
iImmune system, which contributes to its biologmetivity.

The chemistry of nucleosides and nucleic acidsticnes to be a
rapidly developing field of study [4,5]. Countlasscleosides, nucleotides and
nucleic acids analogues were synthesized, and g&trasugar-containing
antibiotics, such as neplanocins and oxetanosie discovered.

Boron containing nucleosides were originally destyras potential
boron carriers for boron neutron capture therapf@B) of tumors [6,7]. As
boron rich donor 1,2-dicarbdescdodecaboranes (B1oH12, ortho-carborane)
cage was most frequently utilized [8]. The ratiofualthe synthesis and study
of these modifications is that such compounds negddectively accumulated
in rapidly multiplying tumor cells, and followinghe¢ir conversion to the
corresponding nucleotide, trapped within the celldeally, incorporated into
nuclear DNA of tumors [9,10].

However, the chemistry of boron modified nucleositlas implications
further than BNCT [11,12]. The carboranyl clustare used as modifying
entities for oligonucleotides potentially usefulagisense agents for antisense
oligonucleotide therapy (AOT) and as molecular psobfor molecular
diagnostics based on hybridization technology [4B,1as a lipophilic
pharmacophors [12,15,16], electrochemical [17,18] @&nfrared labels [19],
and others [20]. Factors limiting applications obrib cluster/nucleoside
conjugates include among others: 1) lack of varatong the boron clusters
that are accessible to the medicinal chemists fabynost approaches utilized
the ortho-carborane cage, 2) confinement of the nucleosidd pf the
conjugate to the pyrimidine nucleosides seriesth wery few exceptions only
thymidine or uridine derivatives modified with boranit were synthesized
and studied till now, 3) neglecting of the potentihthe metallacarboranes as
modifying units for nucleosides. Approaches to asgpthese limitations in
particular directions will be discussed.

General method for the modification of nucleosidesat 2’-position with
para-carborane cluster.

Most of carborane modified nucleosides describedfas belong to
pyrimidine series [21]. Despite the fact that parinucleosides such as
adenosine and guanosine play an important roleellular metabolism this
class of carborane modified nucleosides focusesl dgention. For example,
synthesis of a carborane-containing purine nualieosiosine was attempted,
but the 2ertho-carboranyl-inosine precursor could not be deptetef22].
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Another type of boron containing purine as well pgrimidine
nucleosides consists not a cluster but a cyanobogaoup as a single boron
atom donor [23]. The successful approach [24,25]hto synthesis of 20-
[(para-carboran-1-yl)propyleneoxymethyl] derivatives df &our canonical
nucleosidesda-d is based on the formacetal linkage formation diesdr by
Matteucci [26] and modified by Sawada and Ito [A7]utilizes nucleophilic
substitution of the activated methylthiomethyl goom fully protected 3',5'-
O,0-(tetraisopropyldisiloxane-1,3-diyl)-Z23-methylthiomethylnucleosides
(3a-d) with a suitable alcohol bearing carborane cagbége 1).

(6] NH» NH, O
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4 ,NH N N7 N N7 s NH
8= [} By <fj G J5 a0
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T c A G
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"Pr\Si/o o i '-Pf\s/o o ii O _o
i-Pr/(\) i-Pr- Y iv
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si”©  OH 5i—O  OCH,SCHj OH  OCH,O(CHy)s
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2b,B=CPB? 3b, B = CB2 4b.B=C o\\q/o
=AB2 4c,B=A >
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Zd,BzG'Bu 3d,B=GiBu » BT

Scheme 1 i. DMSO/AcOH/AcO, ii. TBABI/1-(3-hydroxypropyl)para-
carborane (1)/ CuBiin CHxCly, iii. TBAF/THF, iv. 2M NHsaq in CHCN.

The key intermediate8a-d were obtained in the reaction -
protected 3’,5'0O,0-(tetraisopropyldisiloxane-1,3-diyl)nucleosid@a-d with
DMSO in a mixture of acetic acid/acetic anhydridée N-protected 3',5’
O,0-(tetraisopropyldisiloxane-1,3-diyl)nucleosid@a-d are easily available
and can be prepared according to the literaturegohare from suitable
ribonucleosides: uridine (U), cytidine (C), ademas(A) and guanosine (G)
giving high yield. Target compounds-d were obtained fro3a-d in a three-
step procedure without isolation and purificatidrttee intermediate products.
First compound$a-d were reacted with 1-(3-hydroxypropygra-carborane
(1) [28] yielding fully protected 3',5©,0-TIPDSIi-2'-O-[(para-carboran-1-
yhpropyleneoxymethyl]nucleosides, then the disdlo® protection was
removed using a solution of TBAF in THF yieldiNgprotected 2'O-[(para
carboran-1-yl)propyleneoxymethyl]nucleoside. Theyl aprotections were
removed with concentrated aqueous ammonia solptioviding4a-d.
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Scheme 2 i. POCKHP(O)OEt, ii. 1M TEAB, iii. 0.08M KOH in
H,0/CHsCN, iv. HiP,O+/BusN.

It is worthy to point out that the proposed apprbaffers a route to
nucleoside conjugates modified with different typéscarborane cages or
other functional groups as long as suitable alcohefminated with the
intended functional group is available

Our method provides an openifgy the synthesis and study of nucleic
acids modified with carborane clusters at desigioedtions [13,14] and of
other biologically important derivatives of nuclees. For example adenosine
derivative4c was used for synthesis of important adenosinepitaiss, AMP,
cAMP and ATP modified wittpara-carborane cluster (Scheme 2) [29]. The
adenosine phosphates modified wiplara-carborane are characterized by
increased stability in human blood plasma and ntbhen three orders of
magnitude higher lipophilicity than that of the uodified phosphates. ATP
analog bearingara-carborane cluster is not Baq polymerase substrate and
most probably not the polymerase inhibitor. Thesgerties may have clinical
implications.
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Metallacarborane nucleoside conjugates

Metallacarboranes, after long neglecting of thelgtof their biological
properties, are presently pursued by many investigdor their anti-viral [30]
and anti-tumor activities [31,32lt is feasible that conjugates of nucleosides
and metallacarboranes could exhibit useful biolalgaharacteristics. Another
advantage of metallacarborane-nucleosides is thgplication as versatile
synthons for synthesis of metal bearing DNA-oligosnefor various
applications.

Metallacarboranes can function as electrochemicad gphoto
luminescent labels for nucleic acidsfrared labelsyadioactive metal isotope
carriers,active centers of DNA-directed artificial chemiaalicleasesmetal
bearing components in construction of probes forABhediated electron
transfer,and others [14].

We proposed a general approach to the synthesisiuofeoside
conjugates, derivatives of thymidine (T), @-deoxycytidine (dC), 2©-
deoxyadenosine (dA) and ©@-deoxyguanosine (dG), containing
metallacarborane complex. Metallcarborane-nucleosierivatives have been
prepared in the reaction of ring opening in dioxaretallacarborane adduct by
base activated 3',5’-protected nucleoside [33].

The ring opening in the cyclic ether attached is([b2-dicarbollido)-3-
cobalt(-1)]ate ion by simple nucleophiles was désgct earlier [32,34,35].
Recently a synthesis of porphyrin containing [bi{dicarbollido)-3-cobalt(-
1)]ate ion was described, but application of thevabmethod for complex
biological molecules have not been persuaded [36].

The target nucleoside-metallacarborane conjugaeze obtained in a
simple, three-step procedure. First, 5- and 3'+oygl functions of
nucleosidesla-d were protected. For that purposert-butyldimethyisilyl
protection was used for both hydroxyl groups. Theb'-®,0-di(tert-
butyldimethylsilyl)-2’-O-deoxynucleoside8a-d are easily available and can
be prepared according to the literature procedwom fsuitable nucleosides
giving high yield. In the second step, each of '3fwtected nucleosidea-d
was activated with an excess of sodium hydride tineated with dioxane-
metallacarborane addu6tin anhydrous toluene as reaction medium. In the
third step, the tert-butyldimethylsilyl protections were removed with
tetrabutylammonium  fluoride  providing  metallacardoe-nucleoside
conjugates 10a-d containing 5-[3-cobalt bis(1,2-dicarbollide)-8-3}oxa-
pentoxy- modification at different locations withithe nucleic acid base
(Scheme 3).
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Scheme 3i. NaH/toluene9, 70°C; ii, TBAF/THF.

The present approach can provide a route to nudaeosonjugates
modified with metallacarboranes bearing differergtais and different types
of carborane cages as long as suitable adductsefciclic ether and boron
cluster is available.

Indeed, nucleoside/metallacarborane conjugatesngeiaon, chromium
or rhenium have been also obtained. Synthesis amgk properties of these
novel compounds will be discussed in more detail®omne of the following
chapters. Also nucleoside conjugates containthmsododecaborate anion
(Bi2H12)” have been prepareda ring opening in suitable cyclic oxonium
adduct analogously to the method described abodfje [3
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Availability of such methodology makes possiblads¢és of a broad
spectrum of nucleoside conjugates bearing metalimecatporation of metal
centers into DNA oligomers at designed locatiohshbws also a versatility
of nucleophilic ring opening in dioxane-metallacadne adducts as a new
approach for the metallacarborane attachment todical molecules [33].

“Click-chemistry”- A general and versatile method for modification of
nucleosides with boron clusters

Most traditional molecules deal with less thanel®ments (mainly C,
H, N, O, S, P, Cl, Fe), whereas metal and semidncetataining compounds
allow properties that can be gained through thdugsion of nearly 100
additional elements. The variety of molecules coimg metal and metal-like
elements is extremely large not only because ofatger number of metallic
and metalloid elements, but also because of therslty of available oxidation
states, the use of combinations of different medald the ability to include a
plethora of organic moieties organized in the fooh low molecular
compounds or macromolecular structures [38]. Oneth& most useful
platforms for such new materials are nucleic aciliscleic acids constructs
used for technological applications consist of wiearly different segments,
one is the nucleic acid itself playing a role dbrmation bearing platforrand
the second — a function providing modification this case a metal or metal
carrying complex [14].

Recently we described several methods allowingirfoorporation of
boron clusters and their complexes with metals #fteetarboranes) into
nucleosides, nucleotides [13,14] and nucleic a¢idd, some of them are
shown in this chapter. Herein we propose a new,vansitile approach based
on Huisgen type cycloaddition reaction [39] for nimation as well
pyrimidine as purine nucleosides.

The Cu(l)-catalyzed 1,3-dipolar cycloaddition afice and alkyne to
form a triazole, termed “click chemistry”, has beegently established as an
important tool for chemical and biological modifican of biomolecules [40].
The 1,2,3-triazole functions as rigid linking urftat can mimic theatom
placement and electronic properties of a peptidadbwithout the same
susceptibility to hydrolytic cleavagelhe reactants, alkyne and azide, are
convenient to introduce, independently, stable, @mahot react with common
organic reagents or functional groups in biomolesyhre orthogonal). All this
factors allow envisioning application of some “klichemistry” approaches not
only in general organic synthesis or its offshostish as synthesis on solid
supports or combinatorial chemistry but also in egimg field of “organic
chemistryin vivo’ [41].
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R4 =-O(CH3)2,0(CH)2N3

Scheme 4i. Azide/CuSQ-5H,0/potassium ascorbatert-butanol/water (1:1).

The target nucleoside-boron cluster conjugates vedrined in a
simple, one-step procedure (Scheme 4). The reaetas performed under
standard “click chemistry” version of Huisgen azalkine cycloaddition [42].
Suitable nucleoside acceptor with a spacer of wiffe type and length
terminated with ethyne or azide group (not showa$ wissolved in a mixture
of tert-butanol and water, together with equimolar amounswtable boron
cluster donor equipped with a 3-oxa-pentoxy- spaeeninated with azido or
2-propyn-1-oxy- or 4-pentyn-1-oxy- substituent (isbiown). To the obtained
solution a catalytic amount of Cug@nd potassium ascorbate solutions were
added. Reactions were performed at room temperdturag 8-50 h (usually
24 h) with a TLC control. After reaction completidhe solvents were
evaporated and the crude product was purified Hicasigel column
chromatography. The yield of purified product rashgesually from 30 to 65%
[43,44].
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Proposed approach provides a convenient methoddlaggynthesis of
libraries of boron cluster modified nucleosides various applications

Use of nucleoside/boron cluster conjugates ramga fsoron rich boron
carriers for BNCT, antiviral agents, modulators smime receptors’ activity,
modified domains of therapeutic nucleic acids, Bbdl and others. The
applications of boron clusters as versatile eletteoical label will be
discussed in more details in one of the followihgmters.
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Summary

Polyhedral carboranes, e.g., [3-cobalt(ll)bis(di@arbollide)] anion,
are known for their hydrophobicity, or at least dmphilicity. This attribute
manifests itself in a surface activity, even whéeyt lack an amphiphilic
topology. It leads to formation of small subunitensisting of several
metallacarborane molecules bind together by hydrbjgh interaction and
hydrogen bonding in water. Counterions of the cedrgnetallacarborane
clusters play an important role in a stabilizingtbé aggregates in agueous
solution. As a result, nanoparticles with typicadius of ca. 100 nm are formed
in aqueous solutions depending on aging, concémratnd ionic strength.
Boron clusters can change dramatically an aggmgaliehavior of their
conjugates with "very water soluble" species (likeleosides or porphyrines).
The light scattering measurements showed that dlyeegated boron clusters
can interact with conventional surfactants. Dudht® formation of hydrogen
and dihydrogen bonds, carboranes can interactvatbopolymer chains. For
example, bis(dicarbollide) cobaltate anion decreastubility of poly(ethylene
oxide) and poly(2-vinylpyridine) in aqueous soluiso The phase—separation is
induced by presence of inorganic cations in cagmbfiethylene oxide).

Key words: Polyhedral boron clusters, aggregation, surfastapblymer
complexes.
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Introduction

A large group of pharmacologically active compouncsuld be
characterized by a common attribute — either thgdrophobic or amhiphilic
nature. As a result, these compounds tend to foiffierent assemblies
(aggregates) in aqueous solutions [1,2] which caoftuience significantly
their biological activity. The incorporation of audj into an aggregate affects
its physicochemical properties, pharmacokineticsd aimteraction with
biological membranes [3].

A strong hydrophobicity, or at least amphiphicitg, an inherent
property of most boron clusters used in the biaalgiand pharmaceutical
targeted studies. It has been demonstrated tHabreares enhance hydrophobic
interactions between the boron-coupled pharmacdstiand their receptors,
and increase the in vivo stability of compoundg theuld be otherwise rapidly
metabolized [4-7]. The carborane modification afsgilitates the cellular
uptake due to an increased lipophilicity and egsesretration of the carborane-
bearing compounds through cellular membranes [8].

Thus the tendency of metallacarboranes to assodiat aqueous
solutions could be easily expected, even when tlaek an amphiphilic
topology. It is obvious that the aggregation preceuld reduce the
concentration of active boron-containing molecutethe solution. Because the
incorporation of any drug into an aggregate strpngiffects its
pharmacokinetics and its biological activity in geal, further studies of
aggregation of boron-cluster-containing moleculesreeeded [9,10].

We have focused our research mainly on the foomatnd behavior of
metallacarborane colloidal particles in aqueousitsmi of a metallacarborane
inhibitor of HIV protease, bis(1,2-dicarbollide)atate(l-) (see, Figure 1). We
have been studying also other metallacarboranetstas like bis[(3)-1,2-
dicarbollylcobalt]-(3,6)-1,2-dicarbacanastide-(deis (see, Figure 1) as well
as several types of boron cluster conjugates witiskeletal substitution [11-
13].

The fact that some boron-containing structuresnfaggregates in
solution can deteriorate their properties in posgtrapplications. It is well
known that hydrophobic compounds can dispersearsthfactant micelles, or
at least interact with single amphiphilic molecu[@®]. From this point of
view, an extensive study on interactions of theohatlusters with surfactant
micelles is needed. Besides the low-molecular-rsag®ctants, another group
of amphiphilic systems is represented by block &oper micelles which offer
unique properties. Furthermore, almost no studéee fbeen done on a solution
behavior of carborane with polymers in water. lims tbommunication, we
summarize our already published and recently obthimesults on the
aggregation of boron clusters in agueous solutions.

84



Experimental section
Chemicals and Solutions

Cesium salts of metallacarboranes were a kind ajifbr. Bohumir
Graner and Dr. Jaromir PleSek (Institute of Inorg@hemistry, Academy of
Science of the Czech RepubliteZ near Prague). Structure and preparation of
boron cluster conjugates with nucleoside are geisewhere [12]. Triton X-
100 was purchased from Merck KGaA (Darmstadt, GagnaThe poly(2-
vinylpyridine), PVP, and poly(ethylene oxide), PE@ner polymers were
purchased from Sigma-Aldrich and Fluka, respecyivEhey are characterized
as follows: molar masses of PVP were 15600, 373@0500 and 159000;
molar masses of PEO were 25800 and 41500. Theippbmity of all samples
was in range 1.05-1.15.
Techniques

Dynamic Light Scattering(DLS). The light scattering setup (ALV,
Langen, Germany) consisted of a 633 nm He-Ne lamerALV CGS/8F
goniometer, an ALV High QE APD detector and an ABYMOO/EPP multibit,
multitau autocorrelator. The data analysis was qoeréd by fitting the
measured normalized autocorrelation functieft)g= 1 + Sgi(t)]’, where g(t)
is the electrical field correlation functioh,is the lag-time andg is a factor
accounting for deviation from the ideal correlatioAn inverse Laplace
transform of g;(t) with the aid of a constrained regularization ailigpon
(CONTIN) provides the distribution of relaxatiomts, 7A(7)

9,(t) = [ A(r)exp(-t/r)dInT (1)

Diffusion coefficients were calculated from indiv@ diffusion modes ab =
/g%, wherel = 1/7 andq = (4my/A)sin(d2)is the magnitude of the scattering
vector. Here@ is the scattering angl@y the refractive index of pure solvent
and A the wavelength of the incident ligliffective angle- and concentration-
dependent hydrodynamic radi,(q,c), were obtained from the mean values of
relaxation timesz,(q,c), of individual diffusive modes using the equation

_KkT7,(9,00°
6nn

R.(9.0) (2)

0

wherek is the Boltzmann constant, T is the temperatucergns the solvent
viscosity. To obtain true hydrodynamic radii, thetadhave to be extrapolated
to a zero scattering angle. To obtain informatiarpolydispersity, the analysis
of the cumulant expansion of the correlation fumttis performed by fitting a
third order polynomial to the function p(t)-1). The polynomial coefficients
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are converted into the coefficients of the cumularpansion of the field
correlation functiorg,(t). The Polydispersity Index, PDI, is calculatednfrthe
second moment of third order fitting. The PDI cae lacalculated in
Polydispersity (PD) by simple addition of unity.

Static Light Scattering (SLS)I'he measurements were performed on
the same instrument, which was employed for DLSsueaments. Data were
treated by the standard method using Zimm equation

4n’n(dn/dc) c 1
AN, R*™(aq,c) M, P(q)

2AcC (3)

whereng is the refractive index of the solvent,n/dc the refractive index
increment of the colloidal particles with respect the solvent,A the
wavelength of the incident lightya the Avogadro constani°(q,c) is the
corrected Rayleigh ratio, which depends on theo@bltoncentratiort and on
the magnitude of the scattering vector,= (4my/A)sin(F/2), where J is
scattering angleM,, is the apparent weight-average molar mass ofesoait
particles,A; is the “light-scattering-weighted” second viriaefficient of the
concentration expansion, affq) = (1+R,°q7/3+ ...)" is the particle scattering
function |y is the radius of gyration). Since the values dfactive index
increment (d/dc) and actual concentration of scattering partielesunknown
in our systems, SLS data was used only to obtam factorP(q) by dividing
extrapolated values oOKc/R(c) to the zero angle by apparent values of
Kc/R(g,c), wherec was concentration of carboranes in solution andd
value was arbitrary. All solutions of cobalt coniag metallacarboranes,
measured by light scattering, were colored howawsavelength of used laser
(633 nm) does not coincide with absorption bandsmetallacarboranes in
water. Therefore all SLS and DLS results are rédiab

Small Angle X-ray scattering (SAXSMeasurements were performed
on an upgraded Kratky camera with a8 entrance and a 42 cm sample-to-
detector distance. Ni-filtered CuoKradiation p = 0.154 nm) was recorded
with a linear position-sensitive detector. The expental SAXS curves are
presented as a function of the magnitude of thdtesocay vectorq =
(4my/A)sin(F/2), where# is scattering angle. Molecular weight, can be
determined from the forward scattEf) (scattering intensity af# = 0) as
follows:

n vp ’
| (0) =«M cN - = 4

r A
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where k is an instrumental parametar,is the weight concentratiomya is
Avogadro's numbem is the number of electrony, is the partial specific
volume of the solute ang is the mean electron density of the solvent.

Atomic Force Microscopy (AEM)AIl measurements were performed
in the tapping mode under ambient conditions usingpmmercial scanning
probe microscope, Digital Instruments NanoScopeedsions 3, equipped
with a Nanosensors silicon cantilever, typical sgriconstant 40 N th
Metallacarborane particles were deposited on af(es., freshly peeled out)
mica surface (flogopite, theoretical formula KpdSizO10(OH),, Geological
Collection of Charles University in Prague, CzecepBblic) by a fast dip
coating in a aqueous solution of sample. After ékaporation of water, the
samples for AFM were dried in vacuum oven at antbiemperature for ca. 5
hours.

Aggregation of cobaltacarboranes in watef11].

[3-Cobalt(ll)bis(1,2-dicarbollide)] anion, 1, exhibits surface activity
[14-16]. Therefore, aggregation tendency can beilyeasxpected. The
scattering experiments are the best way how weeaaal even low fraction of
the aggregates in solution. We used two scattetewhniques: the light
scattering (LS) and the small angle X-ray scate(@®AXS). Each method is
sensitive to different size scatterers.

20

[ [2]*

Figure 1. Structures of polyhedral metallacarboranes wittinpé- like () and
banana-like Z) shapes.

Scattering at visible light wavelengths is domidat®y nanoparticles
with a diameter of several tens or hundreds of maters. Due to the value of
q* of X-ray, the SAXS measurements can distinguisenemuch smaller
objects (from several Angstroms to several nanometdhe methods differ
also in a contrast. The LS intensity is high whea $olution has a large value
of the refractive index increment. In case of SAX® contrast is defined as
the difference in the mean electron densities efsblute and solvent and it is
proportional to the partial specific volume of wtedied particles (fot, it was
determined to be 0.7 mL/qg).
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Figure 2. The SAXS curves of pure water and Nafqueous solution with
concentration 50 g/L.
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Figure 3. Typical DLS distribution of hydrodynamic radiRy, of Nafl]
aggregates with concentration 0.3 g/L two days aféution preparation.
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Typical X-ray scattering curve is shown in Fig@reThe sodium cobalt
bis(dicarbollide) concentration has to be very higlobtain reliable data. From
the corresponding "featureless" curve, it is evidéat there are no compact
particles larger tham/20 (ca. 3nm) and lower than the SAXS limit in the
solution. However, from the increase of the intgnsomparing to the solvent
we can calculate whether the cobaltacarborane isaularly soluble at given
concentration (using Equation 4). The result iseqsurprising. Thel anion
forms small clusters of in average 5 molecules.il@mnesult was obtained for
lower concentrations (to 8 g/L), but with a higlegree of uncertainty.

The LS results are much more complex than the S&XS. From both
SLS and DLS measurements, we can unambiguoushudthat all studied
aqueous solutions of and 2 anions (schemes in Figure 1) contain large
nanoparticles. The solutions are stable and do precipitate. Typical
distribution of hydrodynamic radiRy, of Na(l) aggregates is plotted in Figure
3. The distribution is monomodal and with relatwelow index of
polydispersity. It is worth-mentioning that the Dldsstributions are always
monomodal, but the position and width of the peakethd significantly on
aging and solute concentration. The freshly prepamutions of N&k) with
concentration larger than 0.25 g/L are very polydise even after a careful
filtration through a 0.2um membrane filter. After several days, the
nanoparticles become relatively monodisperse Wjtharound 110 nm. Very
dilute salt free solutions df behave very peculiar. The distributions are very
narrow andRy increases steeply with decreasing concentratipriqt800 nm).
This microphase separation can be sufficiently segged by addition of
indifferent salt. The C4j is less soluble than the sodium salt, but theogs$f
are comparable. Double charged arfatoes not behave so complex, although
it forms also nanopatrticles with radius of ca. hih@.

Figure 4. Typical AFM scan of Ndl] aggregates deposited on a dry mica
surface.
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From the SLS measurements, we can obtain thesadigyration,Ry,
of the nanoparticles. We divided these values byrespondingRy and
compared it with theoreticd®/Ry values for monodisperse spheres (0.775).
The ratios forl and2 aggregates are very close to this prediction. Tege
with the AFM scans of the cobaltacarborane aggesgah mica as shown in
Figure 4, we can assume from the value of the thabthe nanoparticles have
roughly spherical shape. Nevertheless, we shoutg ke mind that th&y/Ry
ratio can be obscured by polydispersity and thafpirticles are deposited on a
dried mica surface.

Seemingly, there is a contradiction between theXSAand the LS
results. Fortunately, we can explain the presefitieeoparticles with both sub-
nanometer and hundred nanometer sizes in the sysdollows. (I) The very
small aggregates do not sufficiently scatter thable light. (II) The large
nanoparticles are out of the SAXS scale range) Tllle fraction of the large
aggregates can be quite high but the nanopartdesist of subunits of five
molecules. Another explanation that SAXS did ndedethe nanoparticles due
to the very low fraction of the nanopatrticle, ist hi&ely correct. To obtain
information on the fraction of aggregated cobaltaceane molecules, a gel
permeation chromatography study of MNapolutions were carried out. All
chromatograms for concentrations between 1 andl1@re fully reproducible
and show two separated peaks (not shown). Thep@ak can be assigned to
aggregates and the second one to the fractiondofidlual molecules or small
oligomers, which are detectable neither by LS noABM. From the area of
both peaks we determined the fraction of small arvtigrs and large
nanoparticles to be ca. 20% and 80%, respectively.

Aggregation of nucleoside—boron cluster conjugataa water [12].

In this section, we report our observations conogrithe behavior of
nucleosides substituted by boron clusters in agagieeedia. The combined LS
and AFM study revealed an intricate balance betwhgdrophobic and
hydrophilic interactions, further, a sensitivity thfe behavior to the nature of
boron clusters. The size, charge, and exoskeleti#ém of the boron cluster
can strongly influence the aggregation. The nuaeeb with attached
electroneutral (dicarbelosododecaboranyl) or bulky charged ([3-
cobalt(lll) bis(1,2-dicarbollide)] anion) clusters aggregate spontaneously,
whereas the nucleobases containing smaller angethaido-clusters (dicarba-
nido-undecaboranyl) as well as the unmodified nuclessi@main in the form
of true solutions or oligomolecular associates #rat not observable by LS.
The aggregation is strongly enhanced by the presericamino groups,
because of the formation of zwitterions which aparsgly soluble in the
agueous solution [17-18].
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Figure 5. Chemical structures ofN-{5-[3-cobalt(lll) bis(1,2-dicarbollide)-8-
yl]-3-oxa-pentoxy}-2’-O-deoxyadenosine -3, 2’-O-methyl-(1,2,3-triazol-4-
yh-{4- N-{5-[3-cobalt(lll) bis(1,2-dicarbollide)-8-yl]-3-oa-pentoxy}}-uridine
— 4 and 3N-propyl-(1,2,3-triazol-4-yl)-{4N-{5-[3-cobalt(lll) bis(1,2-
dicarbollide)-8-yl]-3-oxa-pentoxy}}-thymidine 5.

1.0

tA(7)

0.0

04 1 10 100 1000

R, (nm)

Figure 6. Typical DLS distribution of hydrodynamic radiRy, of 3, 4 and5
aggregates. The concentrations were 1.78%M@or 3, and 1.00 x 1O M for
4 and>.

Here, we will discuss the representative resultsucleoside conjugates
with cobalt bis(dicarbollide) anion only (chemicdfuctures depicted in Figure
5). As compared with the parent boron clustgy, the conjugates form
nanoparticles in a certain concentration range onlly radii around 100 nm.
Typical Ry distributions are shown in Figure 6. The presentehighly
hydrophilic and therefore very water soluble nuside part introduces an
amphiphilic topology into3 - 5 molecules. Therefore, aggregation behavior
resembles that of conventional surfactants. It redaat the aggregates can
disappear below a certain concentration — thecatiissociation concentration
(cac), which was not detected for the parent ctugié)
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Assuming that the cac @f and 5 aggregates is ca. 1 x 1M, the
behavior of the compounds seems to obey the mesthaof the closed
association (this is typical for surfactants andlyperic micelles).
Nevertheless, a fraction of the aggregateahd5 molecules above the cac is
much lower than in the case df In the case of solution3, the situation is
different due to the presence of amino groups amdhdtion of sparingly
soluble zwitterions [17-18]. The system containaognpound3 forms only an
insignificant number of the nanoparticles indicgtithat the pre-aggregation
takes place below the concentration of 5 ¥ M. Above this limit the fraction
of the aggregates increases considerably. Thisetctration can be considered
to be the apparent cac, although the aggregationbeu as well as the
concentration of non-aggregated molecules seerisaioge above the cac.

Triton Triton + 3 3
E os
= i i
0.0
1 10 100 1000 10000

R, (nm)

Figure 7. DLS distribution of hydrodynamic radiRy, of Triton X-100,3
aggregates and their mixture in water. The conaéotrs were 1.00 x 10M
for 3, and 0.25% for Triton X-100.

Interaction of boron clusters with non-ionic surfadants [12].

The light scattering measurements also showed ttletaggregated
species can interact with nonionic micelles ingbiition. We carried out light
scattering experiments with nonionic surfactanttofri X-100 which forms
micelles with the radius of ca. 3 nm. It is wellokm that hydrophobic
compounds can disperse in the surfactant micdllas.solutions above the cac
of compounds3 - 5 were studied in a presence of Triton X-100 with
concentration of 0.25% by LS. This is well above ttmc of Triton (ca. 0.13
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%). The compound dispersed in the surfactant micelles quantitayives
indicated by significant decrease of the LS intgnand diminishing of th&
peak in theRy distribution (see Figure 7). Within the uncertgidtie to low LS
intensities, the same is true also for the spetawb.

Interactions of the studied compounds with théofriX-100 molecules
were also observed in the solutions below the chiaiton (0.01 %). The radii
of large nanoparticles & decreased to ca. 105 nm, though the fractionbeof t
aggregated molecules remain quite high. All thebseovations are not so
surprising when assuming that the considered baronjugates exhibit
amphiphilic and surface active behavior like sudats.

Interaction of cobaltacarboranes with linear polymes

In respect to possible pharmacological applicatitorsdrug-delivery
systems, [19] we studied interactionslofvith several high molecular weight
polymers. (I) Polyanions like poly(acrylic acid)dapoly(methacrylic acid) do
not seemingly interact with and were not studied in detail. (lI) Polycations
containing a protonizable nitrogen group - poly(@ypyridine), PVP, form
the sparingly soluble zwitterionic complex with as expected. (lll)
Hydrophilic non-polyelectrolyte as poly(ethyleneiads), PEO, the behavior of
which deserves our attention. We observed that ewesll amount oflL can
lead to the phase separation or at least aggregafize precipitate contains
both PEO chains and cobaltacarborane moleculesyewthe ratio ofl to
overall number of PEO segments in the system depsindngly on the cation
concentration in the bulk solution. In the otherrég thel uptake by PEO
chains increases significantly with the concenratf, e.g., sodium chloride.
It is also worth-mentioning that the uptake/relelasts several days or weeks.
The boron cluster/polymer complex formation canelgplained by formation
of classical hydrogen and peculiar dihydrogen bqaas21].

From analysis of thé/polymer mixtures near equilibrium, we can
calculate that the PVP-based complex contains ieragme 2.5 polymer
segments per onk molecule, while the PEO-based complex containsast
ca. 10 segments pérdepending strongly on the sodium ions concentnatio
However, the studied structures likely have notagckiometric composition.
Above described phenomenon manifests itself inpifegounced aggregation
or micellization of copolymers which contain PVRd&r PEO blocks in their
architecture.
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Hiroyuki Nakamura

Department of Chemistry, Faculty of Science, Galiustiniversity
1-5-1, Mejiro, Toshima-ku, Tokyo, 171-8588, Japan
Tel: +81-3-3986-0221, E-mail: hiroyuki.nakamura@gahkuin.ac.jp

Summary

Aminoboronic acids as growth-factor receptor tyneskinase inhibitors
and boronic acid containings-stilbenes as tubulin polymerization inhibitors
were designed and synthesized based on the bialygactive structures of
Lavendustinl and Combretastatin A-4, respectively. The selectnhibitory
activities were observed in a series of the aminmfio acids: 4-Methoxy-3-
[(2-methoxy-phenylamino)-methyl]-phenylboronic aci@ inhibited EGFR
tyrosine kinase, whereas 4-(2,5-dihydroxy-benzytarjphenylboronic acid
10 inhibited FIt-1 protein kinase, although lavenduspharmacophorel
inhibited both EGFR and Flt-1 kinases at a figIml concentration of the
compound. High cell growth inhibitions were obse&rven boronic acid
containing cis-stilbenes 20c and 20d, in which a hydroxyl group on the
aromatic ring B of the combretastatin A-4 was repthby a boronic acid, and
their 1Go values toward B-16 and 1-87 cell lines are 0.4842M. The
compounds20c and 20d exhibited a significant inhibitory activity of tubn
polymerization (IGy = 21-22uM). Growth Inhibitory experiments against a
Panel of 39 human cancer cdihes revealed thaROc showed differential
growth inhibition in comparison with Combretastafird and their correlation
coefficient (r) was 0.553 in the COMPARE analysis.

Key words: boronic acid, covalent bond interaction, tyrosimeake inhibitor,
cis-stilbenes, tubulin polymerization inhibitor, COMRE analysis

Introduction

The utility of boron atoms as a material for phacmaical drug design
possesses a high potential for a discovery of nmbodical activity [1]. A
boron atom has a vacant orbital and interconveitts @ase between the neutral
spf and the anionic Sphybridization states, which generates a new stable
interaction between a boron atom and a donor midettwough a covalent
bond [2,3]. Therefore, it is expected that the boedoms introduced into
biologically active molecular frameworks would irdet with a target protein
not only through hydrogen bonds but also throughatamt bonds, and this
interaction would produce a potent biological atgiyScheme 1) [4]. Among
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various boron compounds synthesized, recently natiiemtion has been paid
for a boronic acid containing peptides [5]. Fevigdahe co-workers have
developed a boropeptide as a thrombin inhibitof][@n those boron peptides,
a carboxylic acid was replaced by a boronic aciokt&omib (originally PS-
341 and marketed as Velcade) is a dipeptidyl beratid and the first
therapeutic proteasome inhibitor to be tested mdms [3,8]. It was approved
by the FDA for treating relapsed multiple myelonmal anantle cell lymphoma
in 2003. In multiple myeloma, complete clinical pesses have been obtained
in patients with otherwise refractory or rapidlyadcing disease.

o——-H
O , - B/O
\o I ©/ \
1 O. I
protein protein
hydrogen bonds hydrogen and covalent bonds

Scheme 1linteraction of a carboxylic acid through hydrodends (left) and
interaction of a boronic acid through both hydrogex covalent bonds (right)
to a certain protein.

NH

(HO) B\/\/\

N N

NH N [: | H i ﬁTH

5 J\/H\n/ Nj\g/ \:)J\H (E;))Ho
! U

Thrombin inhibitor Bortezomib
Scheme 2Structures of boron peptides as enzyme inhibitors.

According to the X-ray structural analysis, the dmc acid moiety
interacts with Thr-1 of chymotryptic-like activeesiof proteasome to form sp3
boron though covalent bonding [3]. This covalenteiaction cause the
reversible inhibitory activity of Bortezomib.

Our strategy for the design of boron compoundsaseld upon their
unique properties that make them different fromvemional biologically
active compounds. In this paper, design, synthesid, biological property of
aminoboronic acids as growth-factor receptor tyresiinase inhibitors [9] and
boronic acid containingis-stilbenes as tubulin polymerization inhibitors J10
are described.
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Aminoboronic acids as Growth-Factor Receptor Inhibiors

Lavendustin A is the epidermal growth-factor recedEGFR) protein
tyrosine kinase (PTK) inhibitor isolated from a yluacetate extraction of
Streptomyces griseolavendagiture filtrate [11]. The active pharmacophdre
is a secondary amine containing three phenol-typdrdxy groups and a
carboxylic acid, and considered to interact withHR=PTK through hydrogen
bonds at those functional groups (Scheme 3) [14. féd¢used on the active
pharmacophord of Lavendustin A and introduced a boronic acid ithes
pharmacophore.

HO

bS] g

OH
N CoH D
/©/ NH \
OH O
HO
COH CHo D

___—|B(OHY)

Lavendustin A active pharmacophore, 1

Scheme 3.Introduction of boronic acid into the active phacuophore of
lavendustin A.

The active pharmacophoteof lavendustins composed of two aromatic
rings linked by a methyleneamino chain and it wasvipusly synthesized
from 3-aminosalicylic acid and 2,5-dihydroxybenzdlgde by reductive

amination reaction.
N X
o~ NH, . | |

3 (ii) X (iii) >

| N X
\/\ + \ | R | Rl R'
R OHC N N N NH
R R—
3 V7

2 |
(i)
Scheme 4 General synthesis of aminoboronic acids. Reagemtsanditions:
() NaCNBH;, MeOH, room temperature, (i) MeOH or EtOH, (iNaBH,,
EtOH.

4 S 5-8

A series of aminoboronic acid analogue8 was synthesized from various
anilines2a-d and aldehyde8a-e in the presence of NaCNBHn MeOH at
room temperature or NaBHn EtOH after the formation of the iminek
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(Scheme 4). Structures and yields of the aminoboratids 5-8 are
summarized in Table 1.

Table 1. Structures and Yields of the Aminoboronic Actd8.

(HO),B v@\ B(OH), Me(j@\ HO
aniline R= \/©/ \J@\
o o< BOH), o B(OH), # OH

©/ 5a: 86% 5b: 81% 5c: 39% 5d: 16% —a
HOZC\©/NHR
6a: 20% 6b: 31% 6C: 74% 6d: 15% 6e: 73%"
(HO),B NHR
\©/ 7a: 58% 7b: 28% 7c: 39% 7d: 23% 7e: 90%
HO,C NHR
:©/ -2 8b: >99% 8c: >99% 8d: 47% 1: 50%"

HO

a Not synthesized. ? Already reported in ref 22.

HO
OMe MeO
@/\ OH

N
H

/\© /@/NH
9 B(OH), (HO),B 10

Selective Inhibition Assay of Various Tyrosine Kinge Activity.

The lavendustin pharmacophdrend the aminoboronic acids-d, 6a
d, 7ae, 8b-d, 9, and 10 were tested for the inhibitory activity of EGF-
stimulated EGFR tyrosine kinase phosphorylation oaling to assay
conditions described in detail in the literatur8][lInhibition specificity of the
compounds was investigated semi-quantitatively gushKA, PKC, PTK,
eEF2K, EGFR, and Flt-1. The lavendustin pharmacophathe aminoboronic
acid6b, and the analoguge showed selective kinase inhibitions of both EGFR
and Flt-1. The selective inhibition of EGFR tyrasikinase was observed in
the case of the aminoboronic aciflg 8c, and 9. It is considered that the
substitution of a boronic acid at tlpara position instead of the dihydroxy
groups of the benzyl moiety ih enhances the specific inhibition of EGFR
tyrosine kinase. Although the compouiid did not show the inhibition of
EGFR kinase, the specific inhibition activity wasserved in the case of Flt-1
kinase assay at a concentration of d@ml. The compoundlO exhibited
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nonspecific inhibition activity toward various peat kinases at a concentration
of 10 pg/ml but the specific inhibition activity of Flt-Rinase was observed at
1.0 pg/ml. Since the compounds8g 7e, and10 contain a 2,5-dihydroxybenzyl
group, it is considered that the selective inhiitof FIt-1 by7eand10 is due
to a boronic acid group on the aniline ring in thelecules, and thpara
substituted boronic acid increased the inhibitaryvity.

Boronic Acid Containing cis-Stilbenes as Tubulin Polymerization
Inhibitors.

Combretastatin A-4 isolated from the bark of theutBoAfrican tree
Combretum caffrunby Pettit and the co-workers [14] has been fountea
potent inhibitor of the tubulin polymerization ashlvas a cytotoxic agent
against a wide variety of human cancer cell limesuding multidrug resistant
cancer cell lines, therefore it is an attractivedleompounds for development
of anticancer drugs [15]. CA-4P and ZD6126 are watduble sodium
phosphate prodrugs of combretastatin A-4 and ditbawol, respectively, and
currently in phase I/l clinical trials [16]. AC-38 contains the HCI salt of the
amine instead of the C-3 hydroxyl group in the &b ring B of
combretastatin A-4 and AC-7700 (AVE-8062) is thedrine amide HCI salt.
Combretastatins and these analogues have a dgeifugctional group, as a
common structure, substituted on the aromatic Bing/e have been interested
in the introduction of boronic acid as an acceptor-type functional grooim
the aromatic ring B in the combretastatin framework

MeO @ N MeO MeO
MeO @ MeO MeO
OMe
R
OMe
1la: R = OH, Combretastatin A-4 Colchicine ZD6126

b: R = OPO3Na,, CA-4P
¢: R=NH,*Cl", AC-7739
d: R = NH-Ser HCl salt, AC-7700

We desinged the synthetic scheme of a boronic esidainingcis-
stilbene analogues from phenylacetylenes and iagloghoronic acids through
Sonogashira coupling reaction followed bgisreduction [17]. The
phenylacetylened2ab were synthesized from the corresponding aldehydes
through Corey-Fuchs reaction and Sonogashira aogipéactions between the
acetylenesl2ab and the iodidel3a gave the corresponding alkyrdda in
70 % yield (Scheme 5tis-Reduction of the alkyn&4awas accomplished by
using dicyclohexylborane in THF to give tloes-stilbenel5ain 67% yield.
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KHF, was employed for the deprotection of the esteugron16a and the
para-boronic acidl6a was obtained in 46 % vyield. In a similar mannég t
boronic acidl6b was synthesized from the acetylerdb and the iodidd.3ain
three steps. Thenetaboronic acid derivative0ad were also synthesized
from 12ab. The acetylene§2ab underwent Sonogashira coupling reaction
with the iodides13b or 17 to afford the corresponding alkyné8ad. cis-
Reduction ofl8a with dicyclohexylborane gave thas-stilbenel9ain 53 %
yield and protection of9awith KHF, gave the desired produgzbain a very
poor yield (8 %). After several trials, we foundthhe transesterification with
diethanolamine followed by hydrolysis under thedaccondition was efficient
for the deprotection of the boronic acid pinacaée$9aand the corresponding
boronic acid20a was obtained in 38 % vyield by two steps. The bigrawcid
pinacol estel9b underwent the deprotection reaction with diethamohe to
give the boronic aci@0b in 68% yield. Synthesis of the 4-methoxy-subsidiut
(R?* = MeO) cis-stilbenes20cd was also accomplished. The reaction of the
acetylened.2a-b with 5-iodo-2-methoxyboronic acid pinacol esigrafforded
the corresponding alkyne$8cd. Use of 5-bromo-2-methoxyboronic acid
pinacol ester was not effective for this coupliegation. Reduction af8cd
gave thecis-stilbene 19c-d which underwent deprotection reaction by the
transesterification method to gi2écd in 46 % and 68 % vyields, respectively.

B/ MeO O B MeO.
MeO
> MeO OMe
R
OMe B(OH),

12a R OMe Me 14a: Rt = MeO 15a-b 16a-b
b:R'=H
d
RZ
O MeO. ~ MeO O A
5o T
B
MeO Z 6
at O OMe B,o B(OH),
OMe R? O
18a: R' = MeO, R = H 19a-d 20a-d

b:R'=H,R?=H
c: R = MeO, R? = MeO
d: R! = H, R? = MeO

Scheme 5Reagents and conditions: ((3a Pd(PPh)4, Cul, TEA, CHCN, 70
°C, 71-73%; (b) dicyclohexylborane, THF, 0 °C, 8% (c) KHF, ether, then
HCI, 25-46 %; (d)13b or 17, Pd(PPk)4, Cul, TEA, CHCN, 70 °C, 46-82 %;
(e) diethanolamine, then HCI, 46-68%.
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Jo @E
OMe
13a: p-B(OH), 21
b: m-B(OH),

COZH

The carboxylic acid derivativel was also synthesized for comparison
with the boronic aci@Oc

In Vitro Cell Growth Inhibitory Assay.

Cell growth inhibition of boronic acid analoguesviard B-16 and 1-87
cell lines was examined. The results are summaiizélchble 2. The alkynes
14a and 14b exhibited a 50% cell growth inhibition at 20-3GM
concentrations of compounds. Although thestilbenesl6a and 16b, which
have a boronic acid substituted at a para posdiothe aromatic ring B of a
combretastatin framework, exhibited higher cellvgitoinhibition (2.6-12uM),
the corresponding meta-substituted boronic aé@la and 20b were more
effective for cell growth inhibition (0.48-2.tM). Finally, we found that the
compound20¢ which has a methoxyl group substituted at a pasition on
the aromatic ring B, possesses a significant itdnpiactivity of cell growth.

Table 2. The Cell Growthand Tubulin Polymerization Inhibitions of Boronic
Acid Derivatives

Cell Line (IGso, pM)™® Tubulin Inhibition
compound B-16' 1-87° ICs0 (UM)
1l4a 20 22 nd
14b 32 36 nd
16a 2.6 3.2 >100
16b 12 9.1 79
20a 0.49 2.1 >100
20b 1.8 2.0 >100

20c 0.0063 0.013 22
20d 0.019 0.028 21
21 160 110 >100
Combretastatin A-411a 0.0046 0.0085 1.8
lic 0.0080 0.011 5.0
Colchicine 0.056 0.012 nd

[a] The compounds were assayed at least three tamésthe IG, values
reported here are mean of an average of three img@s. [b] Mouse B-16
melanoma cell line. [c] Human lung carcinoma 1-81 kne.
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The 1G values of20c toward B-16 and 1-87 cells are 0.006%8 and 0.013
UM, respectively, and these inhibitory activities aimilar to those of the
amide derivativel1lc (B-16 cells: 0.008@uM, 1-87 cells: 0.013uM), although
Combretastatin A-41(1a) is more efficient for cell growth inhibition (Bél
cells: 0.0046uM, 1-87 cells: 0.008uM). Three methoxyl groups substituted
on the aromatic ring A were necessary to obtairghadn cell growth inhibitory
activity (16a, 20aand20c versusl6b, 20b and20d), as reported by Cushman,
Hamel and coworkers [18]. Unprecedentedly, theaaylic acid derivative?l,
which is considered as a mimic of the boronic &fd showed 10,000-fold
less cell growth inhibition thaOctoward B-16 and 1-87 cells.

Inhibition of in vitro Tubulin Polymerization.

In order to investigate inhibitory activities ofetlsynthesized boronic
acids toward the microtubule system, their effectsn vitro polymerization of
tubulin were examined. The tubulin was purifiednfirprocine brains according
to the Shelanski protocualith modification [19]. The results are also shown
Table 1. Inhibitory activity of the compouriéawas not observed at a 10V
concentration, whereas, the compourh exhibited enhanced inhibition and
the 1Go value was 7M. Compound=20a and 20b did not show significant
inhibition at a 100uM concentration of compounds. The methoxy group
substituted at a para position on the benzeneBirghanced their inhibitory
effect on tubulin polymerization, and a significanhibitory activity was
observed in the compoun@®c and20d with relatively low IG values of 22
and 21uM, respectively. Two methoxy groups substitute® aind 5 positions
on the ring A were potent for significant inhibiief tubulin polymerization.
The carboxylic aci@l, as a mimic of the boronic acic were also tested for
the inhibition assay. However, no significant intidn was observed at a 100
MM concentration. These results indicate that afioracid is more effective
than a carboxylic acid, although the electron dogrmups, such as hydroxy
(118 and amine X1c¢, are more suitable for inhibition of tubulin
polymerization.

Growth Inhibition against a Panel of 39 Human CanceCell Lines.

The compound0c and Combretastatin A-4 were tested for in vitro
antiproliferative activity against a panel of 3dtan cancer cell lines, which is
similar to the one developed by the National Canstitute [20]. More than
200 standard compounds, including various anticatieeggs and various types
of inhibitors, have been evaluated using this panwe compared standard
drugs with each other for the mean graph pattemguSOMPARE analysis
and confirmed that drugs sharing a certain modectdn clustered together, as
described previously [21]. The patterns in the megamphs of drugs with
common modes of action resembled one another. &igjushows the mean
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graphs of the compoun#0c and Combretastatin A-4 based on the growth
inhibition parameter of G). The compound@0c showed differential growth
inhibition in comparison with Combretastatin A-chéfmean log G} values of
20c and Combretastatin A-4 were —7.86 and —8.08, odisiedy. Enhanced
inhibitoty activities of 20c were observed in cell lines of HT-29, AS49,
OVCAR-4, OVCAR-5, and PC-3, and thBelta value was 1.14. Less
inhibitory activities were observed in those of HBGind MKN45, and the
Rangevalue was 2.74.

Log GISO Ha Lo
CELL LiNE Log GISG H:0 L
ar : |
HBC-4 7.3 | ] t;: EEI
BSY-1 781 | [} i 807 |
HBCS 740 | -, ol &=
MCF-7 738 | = S | ]
MDAMB-231 863 | . i
eNs . | [ 7 :
uzE1 837 i - | | ::? =
SF268 20 | ] Tasy g
SF-295 775 i 1 | N &
SF-539 852 | [ '3-29 8
SNB-75 A I i
SNE-78 .78 i 1 1 -8.51 [ ] i
Co ¥ ] 4
HEC2998 752 | = A 2e 2]
KM-12 843 [ 849, | [
HT-28 7an | o5 .00 [
HCT-15 756 | 6,49
HCT-116 826 [ 838
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NE-Hz 788 o 624 a_ .
NCI-H228 -8.45 B 68 | i
NCI-Hs22 708 g | 860
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AS49 720 =l i 827 | 8] i
DMS273 &.48 =] 8.61 [ | |
DMS114 8,46 [ 863 E ;
Me - 1
LOX4MVE .87 il | 8.37 ]
ov . | i :
OVCAR-3 889 i:ﬂ,_ 862 |
OVCAR-4 -7.69 2] | 634
OVCARS -8.49 [ | 719
OVCAR-8 231 ) 439
SK-OV-3 45 8.26
Re ‘ i
AXF-631L 673 | 400
ACHN 7.93 | | 812
st = ! 3
Srd 526 | —— i 1 £.00
MKN1 785 | | | | 854
MKN? 186 B | | -8.39
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Figure 1. Growth inhibition of20c (left graph) and Combretastatin A-#1g,
right graph) against a panel of 39 human cancélices. The mean graph was
produced by computer processing of thepGlalues as described in the
experimental section. The log 4zlfor each cell line is indicatedColumns
extending to theight, sensitivity to compounds;olumnsextending thdetft,
resistance to compounds. One scale representgasthm difference. MG-
MID, the mean of log G} values for 39 cell lines.

In the mean graphs of a panel screening, a compounidh hasDelta and
Range values of >0.5 and >1, respectively, is evaluated positive for
differential activity, therefore20c and Combretastatin A-4 possess differential
activities toward certain cancer cells. The COMPARtalysis of the mean
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graphs revealed the correlation ranking wibc Combretastatin A-4 (r =
0.553), Breomycin (r = 0.532) which is a DNA strdm@ak agent, Taxol (r =
0.455), and Vincristine (r = 0.436). In the COMPAR#Balysis, positive
correlation between two agents, which possessaimibdes of action, results
in r values of higher than 0.75, and a compoundichviis correlated to a
certain agent with r values of 0.5-0.75, has aipdsyg of different modes of
action in addition to similar modes of action te #igent. Therefore, the current
analysis may suggest that the compoR@dpossesses a possibility of different
modes of action beside tubulin polymerization iitioim from Combretastatin
A-4.

In conclusion, we designed and synthesized a sefidsoronic acid
containing biologically active compounds based loa structures of natural
products. Selective inhibition of Flt-1 was obseiwe 7e and10 and it may be
due to a boronic acid group on the aniline ringh@ molecules. Furthermore,
significant tubulin polymerization inhibition as Was cell growth inhibition
was observed in the boronic acid@cd. The COMPARE analysiagainst a
anel of 39 human cancer cell lines suggests2fapossesses a possibility of
different modes of action beside from Combretastati.
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BORON CLUSTERS AS ELECTROCHEMICAL LABELS FOR
BIOMOLECULES
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Summary

Boron clusters and their complexes with metals @amposed as new
class of redox labels for biomolecules. A genepgraach tathe synthesis of
derivatives of four canonical nucleosides: thymedi(il), 2’-deoxycitidine
(dC), 2’-deoxyguanosine (dG), 2’-deoxyadenosine )(d&nd their ribo-
counterparts bearing metallacarborane complexds métals such as cobalt,
iron, chromium or rhenium is shown. Metallacarb@/ancleoside conjugates
are preparedia reaction of suitable 8-dioxane-3-metal bis(dicéiitde) adduct
with base-activated, protected nucleosides odé&yovoformation of 3,3,3-
tricarbonyl-3-rhenium-1,2-dicarbeesododecaborate complex from
carborane/nucleoside ligand. The conjugates displasily distinguishable,
diagnostic electrochemical signals assigned to rbataster component. The
above finding lays foundation for a “multi colorleetrochemical coding of
DNA based on electrochemical properties of boraistelrs.

Key words: redoxlabels,boron clusters, nucleoside/boron conjugates, DNA-
oligonucleotide probes

Introduction

Molecular diagnostics based on analysis of genosemquence offers
highly sensitive and quantitative methods for didecof infectious disease
pathogens and genetic variation. Conventional nusthaf analysis of gene
sequence are based on either direct DNA sequenciog DNA hybridization
technology. Because its simplicity, DNA hybridizati approach is more
commonly used in the diagnostic laboratories thiea direct sequencing
method. In DNA hybridization, the target gene semgeeis identified by a
DNA probe that can form a double-stranded hybridhwtomplementary
nucleic acids with high efficacy and specificity time presence of a complex
mixture of different non-complementary nucleic acjdl].

Wide-scale genetic testing requires the developnoéneasy-to-use,
fast, inexpensiveminiaturized analytical devices. Traditional methdor
detecting DNA hybridization, such as gel electragists or membrane plots,
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are too slow and labor expensive. Radioactive tabe# sensitive but have the
obvious disadvantage of short shelf life, risk agsed with exposure of the
personnel to radiation. Biosensors offer a promgisaiternative for faster,
cheaper, and simpler nucleic-acids assays. Sucltedeintimately couple a
biological recognition element with a physical sdacer. The major processes
involved in any biosensor system are the analyteogeition, signal
transduction, and readout. Common transducting eisn include optical,
electrochemical, or mass-sensitive devices, geméigdit, current, or frequency
signals, respectively [2].

Electrochemical transducers have received coraterecent attention
in connection to the detection of DNA hybridizatif®]. Modern electrical
DNA hybridization biosensors and bioassays offemaikable sensitivity,
compatibility with available microfabrication teablogies, inherent
miniaturization, low cost, minimal power requirentnand independence of
sample turbidity or optical pathway. Therefosdectrochemical detection of
nucleic acids is an attractive alternative to dithbd fluorescence and others
optical coding technologies [4]. Various approachese been explored,
including conjugation of DNA oligonucleotides wittlectroactive reporters,
use of soluble electroactive mediators or intetoata redox enzyme
mediation, and measurement of direct label-freetelehemical processes
[5,6].

Redox active metal complexes covalently linkedDiNA are most
frequently used as electrochemical reporters, intiqudar ferrocene, the
metallocene type complex, is the best known exaiplédowever, in spite of
the fact that many metallocenes with different canhetals are available [8],
none of them, with the exception of ferrocene, waed till now as DNA-
electrochemical label due to air- and/or moistueastivity [9]. The only
alternative to ferrocene as covalently linked, eahemically active label for
electrochemical detection of nucleic acids desdibso far are
metallacarboranes [10].

Metallacarboranes, discovered by Hawthorne in esinjies are vast
family of metallocene type complexes consistindeast one carborane cage
and one or more metal atoms. Carborane (boransjectuare versatile and
efficient ligands for metals like Al, Au, Co, CruCFe, Ir, Mn, Ni, Pt and many
others, and allow potentially incorporation of arag of metals with different
properties into nucleic acid and its components.

The electrochemical behavior of the cobalta- andaékcarbollides
[(1,2-CBgH11)o,M]™ and their funcionalised derivatives is long knojd/f-13].
Cobaltacarboranes can shuttle the sequence ColN/Call/Col, whereas
ferracarboranes can display the sequence FelllAed]ithe different members
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of the two sequences being more or less accesawla function of the
experimental conditions [14].

Nucleoside-metallacarborane conjugates with cobaltiron or chromium
for base- specific metal labeling.

Ring opening reaction in cyclic ethers and polyhedboron hydride
adducts with various nucleophiles has been estadi®ver last two decades
as useful methodology for the attachment of fumatiogroups on the boron
cluster derivatives [15]. Taking the advantage los tapproach we have
developed a general method for the synthesis oélfaearborane derivatives
containing cobaltof all four canonical nucleosides: thymidine, Q--
deoxyadenosine, 23-deoxycitidine, and 20-deoxyganosine [16].

]
.’ " ’8\50 = , 5{) -
NH(CH,0)p <0 | _ NH (CHZO)»%'.
|: 5
\8/

fN) g <f)

o=8H O=B_e=cH|

i. NaH/toluene,5, 6 or 7, 70°C, ii. TBAF/THF; TBDMS=tert-butyldimethylsilyl group

Scheme 1 Synthesis of 2’-deoxyadenosine modified with rhatarboranes
containing cobalt, iron and chromium.
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This method is one of the very few available apphes useful for
direct synthesis of metal-complex containing nusiée conjugates [7].

Versatility of the above methodology was demonsttaby the
extension of the original approach towards synthesinucleoside conjugates
bearing other than cobalt metals: iron [17] andootium [18] (Scheme 1).
Synthesis was performed analogously as described8tdioxane-3-cobalt
bis(dicarbollide)] adduct [16].It is worthy to point out that the approach based
on oxonium ring opening offers a route to nucleesidnjugates bearing any
metal - as long as suitable cyclic ether/metalla@a@ne adduct is available.
Work on expanding the range of metals availablenforleoside modification
according to above methodology is ongoing in obotatory.

Nucleoside-metallacarborane conjugates with rhenium

Recently were developed a new method of the nudeos
metallacarborane conjugates synthesis basedd®nnovo formation of
metallacarborane complex type of 3,3,3-tricarbd@whetal-1,2-dicarbaloso
dodecaborate.

o
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o i [ - o co
0 H OCalZ CO —ii3m oca 3 _CO
H H o H HoReC H o RE
AcO ocm-.@o\}o AcO OCHZ—T\r./,g\&/cI) OH OCHZ—C\\’./,O\\S./(ID
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i. INEt,J,[ReBrs(CO)3], 500 MM TEAF/EtOH s (9:1, VA, ii. 28%4¢/CHsCN Q:-BH _e-CH
.
co NEt;
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R

o €
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| LeSie) | RN
AN\SZ4 D\EZ4
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A H —L H [
H H
H OH H OH

i. [NEty],[ReBrg(CO)3], 500 mM TEAF/EtOH s (9:1, V/v)
Scheme 2 Synthesis of nucleoside-metallacarborane congsgabntaining
rhenium (1).

An example procedure for the nucleoside conjudgpg@ring rhenium
Re(l) is shown on Scheme 2 [19]. The reaction iopemed analogously as
described for synthesis of parent complex, 3,8athonyl-3-rhenium-1,2-
dicarbaelosododecaborate [20].
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Briefly, an aqueous solution of 500 mM tetraethytaomium fluoride
(TEAF) containing a small quantity of absolute eibla which was needed to
solubilize the substrate, was used to prepareghmariatenido-carborane salt
from compoundl5, next reaction with slight excess of [NEIRe(CO}Br3]
was performed. The heterogenous suspension, wasikelgvated temperature
for several hours till TLC analysis indicated coetpl consumption of the
substratel5. It is worthy to point out that reports on theedir formation of a
metallacarborane from the correspondigscisomer of 1,2-dicarbaloso
dodecaborane are rare [21]. In addition, the prepgsocedure consists a first
example of this type reaction carried out in watea reaction medium [20].

DNA-oligonucleotide bearing carborane and metallacdoorane cluster.

Nucleosides/metallacarborane conjugates bearorgand cobalt were
used for the synthesis of short DNA-oligonucleatideNA-dimers have been
obtained via H-phosphonate method in solution, in reaction ¢fO5
dimethoxytrityl H-phosphonate nucleotide componet® or 14 bearing
metallacarborane  with  ®-(tert-butyldimethylsilyl)-thymidine.  Fully
protected dinucleotide intermediate was next oedizto transform H-
phosphonate internucleotide linkage into naturalgphate one yielding5 and
16. Subsequently, 30O-(tert-butyldimethylsilyl) group and 50G-
dimethoxytrityl group has been removed with TBAFdaB0% acetic acid,
respectively, yielding final dinucleotide conjug&8cheme 3).

14 (M=Fe)

PN
?f/gg/g E (V. A'g/AQCD' C\)\\@gg
5 5
[ SieSe) O/w 9] TR0 ©
831 NH ! I NH
03Q=0 NH 0§8~o
ey X ey,
DMTO N N/) HO N0 HO N N/)
o} . |0 i, i, i, iv w 0
| N
O*(F‘?*H o HO*E o N/go
= - ] o
OH
13 (M=Co) ’—_ 15(M=Co)  rgpums
14 (M=Fe) O=BH Q=B °=CH| 16 (M=Fe)

i. PvCl/pyridine, ii. 10% H,0/CCl4/EtsN/N- methylimidazole (9:0.5:0.5 v/v); iii. TBAF/THF, iv. 80% AcOH

Scheme 3Dinucleotide/metallacarborane bearing iron anabatto
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All isolated intermediates and final products warkly characterized by UV,
IR, TLC, 'H, *°C, B NMR spectroscopy, FAB mass spectroscopy [17].
Dinculeotide16 (M=Fe) was also studied by cyclic voltammometryOMF
(0.2x10° mol dni®) solution using a glassy carbon electrode and JNEO 4]
(0.1 mol dm®) as supporting electrolyte [22].

Automated, solid phase phosphoramidite method wasldped for the
synthesis of the oligonucleotides containmgarboran-1-yl-cage attached to
the 2’-position of uridine through the methyleneidge (2’-CBM-
oligonucleotides) (Figure 1) [23].

5-d(CGCYr.cgMGGTTTGGCTG)-3'
5-d(CGCTGGY. cguTTGGCTG)-3'
5-d(CGCTGGTTTGGCY. cgyG)-3'
5-BEMCTGCTGGTTTGGCTG)-3'

06/05,0

\I

)
O(CH,0), 9L e

N7 CHs @

DMTIO— MMTIO— oixg/o
*.'
/
o OCH—| _ I
/O\O/O N-P
|
OCHZCHZCN\ // OCH,CH,CN
A B

Figure 1. Sequence of DNA-oligonucleotide modified with lmarane and
metallacarborane group; monomers which were usesiyfthesiA (2’-CBM),
B (BEMC).

Manual steps were performed for the insertion ofliiied monomer (Figure 1,
A) bearing 2-CBM group. All modified DNA-oligonuoidides were
complementary to DNA-HCMV, and contained 2’-CBM nifazition near 3'-
end, 5-end or in the middle of the oligonucleotidbain. The resulting
oligomers were characterized by reverse phase peglormance liquid
chromatography (RP-HPLC) and matrix-assisted |asorption ionization
mass spectrometry (MALDI-MS) [23].

We have described also a method for the syntloésisetallacarborane
containing oligonucleotides [10]. As the metalldmaane modified nucleoside

111



unit 4-O-diethylenoxy-8-[(1,2-dicarbaloscundecaborane)-3,3’-cobalt-(1',2’-
dicarbaeloscundecaborane)]thymidine (BEMC, isomerO}-was used. Its
conversion into 5©-monomethoxytrityl-49-diethylenoxy-8-[(1,2-dicarba-
closcundecaborane)-3,3’-cobalt-(1’,2’-dicarlbiesoundecaborane)]-30-
(N,N-diisopropyl#-cyjanoethyl)phosphoramidite  (Figure 1B) provided
modified monomer for the synthesis of BEMC-oligoleatides [10]. Synthesis
of metallacarborane-modified oligonucleotide wadqrened using a standard,
automated, solid phase phosphoramidite proceduitd, tiwe exception that
metallacarborane-modified nucleoside vediached manually to the 5’-end of
the oligomer chain. The purity of oligonucleotideasv checked by
polyacrylamide gel electrophoresis (PAGE) and RR-ElRthe integrity of the
oligomer was confirmed by mass spectrometry.

Electrochemical properties of nucleoside conjugates containing
metallacarborane complex of cobalt, iron, chromium.

Preliminary studies of electrochemical properbégl-O-diethylenoxy-
8-[(1,2-dicarbaeloscundecaborane)-3,3’-cobalt-(1’,2’-dicarlbieso
undecaborane)]thymidine, were performed under Hieafditionsusing RP-
HPLC (Hewlett Packard 1050 and Altech Econosil C38n, 4.6x240 mm
column) equipped with electrochemical detector Goém Il (Esa, Inc.,
USA) and amperometric analytical cell Model 504@4EInc., USA) (Figure
2) [24]. Intense diagnostic peak aER.8 min. was detected at potential +1.7 V
(vs. palladium electrode) due to redox activity thfe metallacarborane
(Co(ll/Co(ll)) (Figure 2) [25]. For unmodified gfmidine no signal was
detectable electrochemically.

6-N-Diethylenoxy-8-[(1,2-dicarbaloscundecaborane)-3,3'chromium-
(1’,2’-dicarba€closcundecaborane)]-2’-deoxyadenosine, a nucleosideltaet
carborane conjugate bearing chromium was testedruanthlogous condition.
Intense diagnostic peak at=R.1 min. was detected fdrat potential +1.6 V
(vs. palladium electrode) due to redox activity thie metallacarborane,
(Cr(lID/Cr(I1)) [18, 25]. To confirm identity of he observed electrochemical
signal, HPLC experiments under the same conditiriswith UV instead of
electrochemical detection were run fband 2’-deoxyadenosine.

Electroactivity of 2'O-(7,8-dicarbanido-undekaborane-7-ul)methyl-
uridine bearing 7,8-dicarba@do-undekaborate was also tested under RP-HPLC
conditions analysis with electrochemical detecti@oulochem 1l and
coulometric analytical cell Model 5010 (Esa, In&JSA) [23]. Intense
diagnostic peak at R4.6 min. was detected at potential +0.6 V (vs.Hz2d/
electrode) (Figure 3). For unmodified uridine no signal wastedéable
electrochemically.
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140 manual #781 [modified by aolejnic] XIV/AO/44, (8,8 mikogr.), 1700 mV. ESA 1
~ mv

10.0- i .
unmodified thymidine

50 \/\/V\A/\\

0.0+

Lo e
0.00 0.50 1.00 150 2.00 2.50 3.00

.50

Figure 2. RP-HPLC analysis with electrochemical detectionf o
metallacarborane/thymidine conjugate containingatiptpicture inside: RP-
HPLC analysis with electrochemical detection fomaalified thymidine.

300 manual #24 [modified by aolejnic] XI1/AO/29-10ng,600,800 ESA 1
~ mv
1-4.348
20.04 unmodified uridine ';N\ ‘
AN ]

10.0-

Y~
50— T T T T

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

Figure 3. RP-HPLC analysis with electrochemical detectidn260-(7,8-
dicarbanido-undekaborane-7-yl)methyluridine; picture inside:P-RPLC
analysis with electrochemical detection for unmiedifuridine.

The conjugates of all four canonical nucleosiddsymidine, 2'-
deoxycytidine, 2’-deoxyadenosine, 2’-deoxyguanosamel metallacarborane
bearing cobalt also 2’-deoxyadenosiane and metaltacane bearing iroand
dinucleosides bearing cobalt and iron were testeckraystematically by cyclic
voltammetry [22].

At a glassy carbon as well as gold electrode, nobsthe Co(lll)
complexes exhibit two separate reduction procedeesuring chemical
reversibility in the cyclic voltammetric time scal¢Table 1). The
electrochemical tests have been carried out at OP€;1in DMF solution
containing [NEf][CIO,] (0.1 mol dm®) as supporting electrolyte and Ag/AgCl
reference electrode. All compounds with metallaceabe bearing cobalt
exhibit two processes to the sequence Co(lll)/gad(l). It is noticed that at
a platinum electrode the second reduction is mabletthe solvent discharge.
No oxidation process was detected up to the anddicharge of the DMF
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solvent €+1.6 V). It was observed also that under the acéxglerimental
conditions no well defined redox processes are bebdadi by unmodified
thymidine, 2’-deoxycytidine, 2’-deoxyguanosine, d@iedeoxyadenosine. only
in the case of 2’-deoxyguanosine a well definetgviersible oxidation was
detected (B=+1.17 V) which aggress with the known electrocleahactivity

of guanine base [6].

The conjugate of 2’-deoxyadenosine and metallacarie bearing iron
(Fe(llN) (3) exhibits only a single (coulometrically measuremje-electron
reversible reduction. an irreversible oxidation wscat high potential values
(E,=+1.43 V). Table 1 compiles the formal electrodeteptals of the
reversible redox changes exhibited by complex, ttagewith those related
derivatives.

Table 1 Formal electrode potentials (V, vs. Ag/AgCI) grehk-to-peak

Complex E° manyman AE? E”vaymy | AER
2 (Co) -1.13 88 -2.08 62
3 (Fe) -0.07 69

T(Co) (isomer 20) -1.23 95 -2.18 72
T(Co) (izomer ) -1.23 108 -2.2¢0

T(Co) (isomer 40) -1.19 74 -2.16 84
dC (Co) (4N) -1.14 100 -2.12 92
dG (Co) (isomer N) -1.02 83 -1.97 105
dG (Co) (isomer N) -1.05 110 -1.99 108
dG (Co) (isomer 6) -1.05 74 -2.03 75
Dinucleoside (dA° -T) (15) -1.05 73 -1.92
Dinucleoside (dA*-T) (16) -0.19 64
[(4-OH-2,3-C,BgH10)C0(2,3-GBgHyy)]” | -1.20 94 —2.07 92
[4-(O(CH2),0(CH>),0H)-2,3-C,BgH19)Co | -1.13 104 -2.08 78
(1,2-GBgH1)]”

[(2,3-C;BgH11)Fe]” -0.16 69

3 Measured at 0.2 V5 ° from Osteryoung square wave voltammetry because gfrtsence of a partially
overlapping spurious peak
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It is evident that the different bio-active appemdi play slight but
significant inductive effects, for example for tarésomers of thymidine.
Substitution of 2’-deoxycytidine or 2’-deoxyadenuosinas no substantial effect
on redox potential of metallacarboras@mponent.

Electrochemical DNA detection using carborane clust label.

Applicability of 7,8-dicarbazido-undekaborane-7-yl group (CBM) as a
DNA redox label was tested. Under HPLC conditiolesteochemical detector
Coulochem Il (Esa, Inc., USA)) DNA-oligonucleotideobe complementary to
a fragment of US14 gene of human cytomegaloviru6 ) labeled with
CBM group, provided an intense diagnostic peako#¢mial +0.9 V at carbon
electrode (vs Pd/p (Figure 4) [23].

manual #87 [modified by aolejnic] XIII/AO/56,67ng,900,1000 ESA_1
mv

40.0

2-2.049

20.0+

0.0+

-15.0———— — T —r— —r— — — T — —r—
[
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80

Figure 4. RP-HPLC analysis of 5’-@(GCTGGTTTGGC(klcgm)G)-3’
(R=2.05 min.)

On the base of the above results a new electracheEBNA sensor for
the detection of labeled oligonucleotide probe Bans of the CBM group as
electroactive redox-marker was proposed [27].

Differential-pulse or square-wave voltammetry inmimnation with an
adsorptive transfer stripping technique was utiliZer measuring of ODN
hybridization. The whole procedure involves ODN hgization at
superparamagnetic Dynabeads (DB) with subsequésttden at the surface of
a carbon paste electrode. Schematic representstelactrochemical detection
of ODN hybridization between probe and target OBNhown in the Figure 5.

Nanomolar concentration of CBM-labeled target ODAswecognized
at carbon paste electrodes. Further increase isitsgty is possible by
incorporation of more than one boron cluster lalelo the DNA-
oligonucleotide probe [28].
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Peak of (1) {Ep=0.56 V)

-

°o 3588

il

Figure 5. Electrochemical detection of unlabel€&P(and3) and boron cluster
labeled DNA-oligonucleotide probe4-6).

The above finding, together with proposed earliese uof
metallacarboranes as electrochemical label for baetules [22] lays the
foundations for a “multi color” electrochemical eéng of DNA with boron
clusters and simultaneous detection of several Ddgets. The only recently
published synthesis and electrochemical tuning adedaborate derivatives
with pseudometallic properties [29] expands theeptial of boron clusters as
entirely new, flexible and adjustable electrochexhiabels for biomolecules.
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1,2-DICARBADODECABORANES: CHEMICAL STRATEGIES FOR
DELIVERY AND OPPORTUNITIES AS LIGAND PLATFORMS
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Summary

The synthetic medicinal chemistry group at the @ity of Bath
has, during the past 15 years, attempted to addwessof the outstanding
issues in tumour-selective delivery of boron clustéor BNCT, tumour-
targetting and aqueous solubility. Syntheses of -dicarbaeloso-
dodecaboranes have been linked to nitroimidazaolesfurans, porphyrins and
DNA-groove-binding PBDs have been achieved. Ina@éagolarity of the
targetting group carborane constructs was accohgaiswithout charge
through (CHCH,0), units attached either at the periphery of the taonsor
as part of the linker joining the modules of thenstouct. A carborangs-
cyclodextrin inclusion complex with remarkable sl has been
characterised; this stability may shed some lightttte deleterious effect of
cyclodextrins in solubilising carboranes in biokai experiments. A simple
cage degradation of 1,2-dicadi@salodecaboranes to correspondingio-
carboranes has been developed, which may facibtatenportant non-BNCT
use of icosahedral carboranes as neutral scaffoigdatforms with unusual
geometry for conformationally controlled displaymbligands.

Key words: 1,2-Dicarbadodecaborane, hypoxi88 NMR, porphyrin, ligand
platform

Introduction

Boron neutron capture therapy (BNCT) is undervacinvestigation for
the treatment of various cancers [1,2]. Early chhifailures were attributed
[3,4] to inadequate concentrations 8B in the tumour tissue or to lack of
selectivity of disposition of’B, leading to damage to normal tissue. Thus one
of the remaining major issues in BNCT is the depmient of water-soluble
boron-containing drugs that are selectively takpnou retained by tumours.
Biologically stable boron clusters, including ichedral carboranes, have been
linked to a variety of chemical structures in afpésnto target boron selectively
to tumours [5-8]. Since the neutral carboranes sewkral of the tumour-
targetting moieties are highly lipophilic, solubylin water has also become an
issue in the design of agents which delit’&r selectively to tumours.
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This review summarises the medicinal chemistryiedrout at Bath
over the past 15 years to address the attachmentthef 1,2-
dicarbalosalecaborane(12) cluster to tumour targetting maetiand
approaches to increasing the aqueous solubilitghef carborane-targetting
group constructs and outline prospects for a noiGBMNpplication of this
neutral icosahedral cluster.

Discussion
Nitroimidazole—carboranes

Solid tumours >1 mm in diameter contain regionslmfonic or acute
hypoxia, owing to poorly organised or poorly stoured tumour vasculature.
For example, blood vessels in tumours can haveedl@nds but often have
poorly developed walls, leading to collapse of thessel under the high
interstitial pressure found in tumours. Indeed, ploer structure of the vessel
walls makes them leaky and contributes to this Ipiggssure. Cells in hypoxic
regions of solid tumours are relatively resistantadiotherapy, since damage
to target DNA requires the participation of.CGsimilarly, these hypoxic cells
are killed less efficiently by conventional antifiierative chemotherapy, as
these cells do not receive sufficient, @Qnd other nutrients to permit
proliferation; moreover, induction of the hypoxizess response leads to
increased cell survival.

1-Substituted 2-nitroimidazoles were developethen1970s and 1980s
as electron-affinic radiosensitising drugs, whicimm the action of @ and as
hypoxia-activated prodrugs to generate cytotoximghese difficult tumour
cells [9,10]. These compounds proved to be sekdgtivetained in hypoxic
tumour tissue through reductive metabolism to edgttiles [11,12]. In view of
this selective retention in hypoxic tumour cells vationalised that attaching
boron clusters to 2-nitroimidazoles might provel® an effective way of
achieving concentrations 6B in tumours, higher that those in surrounding
normal tissues. The cluster that attached, thr@ughker, to the 1-position of
the nitroheterocycle was 1,2-dicarblasododecaborane(12), a biostable
cluster. This cluster and the nitroimidazole arghhi liopohilic, so careful
design of the linker was required to incorporate tewaolubilising
((CH.CH20)p) units.

One issue in designing the synthesis of the mmdazole—carboranes
was that the nitroimidazole is highly electron-aiifi (E'; = -389 mV), whereas
the carborane is potentially a hydride donor. Thery mild conditions were
required for the final step of joining the nitromaizole unit to the carborane
unit. Two reactions were investigated for this Finstep, 1,3-dipolar
cycloadditions of nitrile oxides with terminal ales and alkynes and
formation of a carbamate from an isocyanate andalanhol, both atom-
efficient reactions.
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Scheme 1.Syntheses of exemplary nitroimidazole-carborafesand 13. Reagents i,

(CH,SH),, BR.ELO; ii, BigH14, MeCN; iii, Hg(CIQy),; iv, H,NOH.HCI, NaCOs; v, NaOCI
CH.,ClI,, H,0; vi, NBS, AgNQ, H,O, MeCN. Unmarked vertices on the icosahedra are BH

Nitrile oxides are most readily prepared by chiation of aldoximes,
followed by elimination of HCI. Thus the challeng@as to prepare a carborane
carrying an aldehyde moiety. A simple model examptarrying a
benzaldoxime, was synthesised as shown in SchemBo lwithstand the
vigorous conditions under which the carborane sném, the aldehyde dif
had to be protected as the dithioac@tabther protections for this group were
destroyed by the Lewis acidity and hydride donatadnthe BoHi4 in the
following step. The carborarwas formed in the usual way, withBli4 Iin
the presence of a Lewis base. ’Hgatalysed deprotection revealed the
benzaldehyde, which was converted to its ox4neThe most expeditious
method to generatd was oxidation with ag. bleach; cycloaddition witre
nitroimidazole alkené formed the first nitroimidazole—carboraie[13,14].
This construct7 was prepared to demonstrate that the linking chieynivas
feasible and compatible with both the nitroimidazahd the carborane; it lacks
water-solubilising features and is highly hydropicolscheme 1 (lower) shows
the adaptation of this synthetic route to the prafgpan of a nitroimidazole-
carboranel3 where the linker contains six ether oxygens inH{CH,O),)
motifs (analogous to the highly water-soluble PE&s] lacks the hydrophobic
benzene. An aliphatic aldehyde was again introdwsse@ dithioacetal, i8.
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Formation of carborane® was g0 O,

0 HO.__O N3.__O Cs
followed by deprotection (now \f \f S\f ’c.\':
needing  S-bromination) and gAc i, ¢Nc i gNc v _ GNc
conversion to oximel0. The @ @ @
NaOCI / water / CKHCl, system 14 15 16 17
again generated the carborane—/ﬁ = oY

J¢ ) e /=)
N N
nitrile oxide 11 efficiently for 7\/NJr/\OJf2\/OH 7\/NJr/\OH\r,\IH
18 C\-

reaction in situ with the o, O,N
nitroimidazole—alkynd 2 to afford @3
the target nitroimidazole- 19

carboranel3. This chemistry was scheme 2. Synthesis of carbamate-linked nitro-
then exploited to generate a SeriE!midazoIe:garboranQ: Reagentsi, NaOH, aq. EtOF
of nitroimidazole—carboranes with'" SOCb: iii. MeaSiNa: iv. PhMeA: v. 18.

isoxazole links and (C¥H,0O), units in both arms [15]. Removal of the
carborane 2-H and quench with PDgave &H-labelled isotopomer [16].

A short series of carbamate-linked nitroimidazobboranes was also
prepared; these were designed to replace the lijpph of the central
isoxazole of the above compounds with a polar cadta (example: Scheme
2) [16]. Curtius rearrangement of the carboranel-azyde 16 gave the
isocyanatel7, which reactedn situ with the nitroimidazole—alcohdl8 to give
the nitroimidazole—carborari®, which also carries (C#&£H,0), for increased
solubility.

The selective retention of two nitroimidazole—cadnes in
experimental solid tumours was examined spectrosaliy [17]. Samples of
13 and19 containing boron at the natural isotopic ratere administeredp.
to female GH mice carrying subcutaneous SCCVII/Ha or KHT tumsou
respectively, at doses of 0.81 mmol Kd'B NMR spectra were obtained
using a surface coil in a 4.7 T horizontal bore neg(Figure 1). For
comparison, Figure 1 also shoWB spectra ofl8 in a conventional spinning 5
mm NMR tube and in a 10 mL round-bottom flask (uas@ phantom to set up
the in vivo experiments). These spectra indicate that thesomse selective
retention of"'B from 19 in the tumour after 24 h, whereas it had washedbu
a normal tissue, brain, at that time. However, modterial accumulated in
liver from 19; the (undesired) uptake o8 into liver was much lower.

Other hypoxia-activated carborane prodrugs

Another approach to hypoxia-selective retentiondadgs, including
boron clusters, is to design a protecting group,ckvhis removed by
(bio)reduction selectively in hypoxic tumours celgr example of this type of
prodrug was constructed (Scheme 3). Hydrolysidhefadyanopropylcarborane
20, followed by formation of the acyl chloride an@atment with Naklgave
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the acyl azide2l Curtius | A B c
chemistry again led to the
isocyanate22, which reacted
readily with 5-nitrofuran-2- % _

methanol to provide the
candidate prodrug23. The

D
release of the - M/L
aminopropylcarboran25 was ottt s - "

examined, using severa”
reductants selective for the 7h N
nitro group. Each caused ven ™ il ol

rapid release oR5, once the 3n Jf‘w A
nitrofuran of 23 had been " M oo it

reduced t(_) the aminofuran of Figure 1. A.In vitro B NMR spectrum of a solutic
24; the increased electron 4f19in a spinning 5 mm tube at 9.4 8. In vitro ''B
density in the heterocycle then spectrum {H-decoupled) ofl9 in a spinning 5 mi
forced expulsion of the tubeat9.4TC.In vitro *'B spectrum of a solution
carborane-containing leaving 19ina non—_spinning 10 mL RB fleﬁk ina 4.7 T horiz-
ontal bore instrumentD. In vivo “B spectra fror
group [19]. SCCVII/Ha tumour, liver and brain in agl& mouse
3, 7 and 24 h after administration ®® (0.81 mma
Porphyrin—carboranes Kg™Y). The vertical scale for the liver spectra is>0.2
Selective accumulation of that for the tumour and brain spec
porphyrins in tumours was first observed in the A9420]; the use of
porphyrins as boron carriers for BNCT arose fromPudies by Dougherty
[21]. Since then, several groups have preparedhyans carrying boron and
have evaluated them in BNCT. The early boron-cagyporphyrins wereg-
substitutednesefree derivatives of haem. In these, water-soltybif achieved
through carboxylates and, in the latter, by caggatiation of the 1,2-dicarba-
closaodecaboranes to aniomalo clusters. There has recently been consider-
able development work on generating porphyrinsyagagrmany B atoms (up
to eighty [22]), while employing various strategigsincrease solubility and
decrease phototoxicity (reviewed (1)). Generalig rhesetetraphenylporphy-
rins (TPPs) carrying boron clusters at theeseAr groups present less
problems of toxicity than do the haem derivativesd ehave been most
successful in biodistribution studigsvivo.

20 0 -20 -40 20 O -20 -40 20 0 -20 -40

Most reported porphyrin—carboranes have the cargotinked to the
porphyrin core through ethers or amides, both atlviare potential targets for
metabolic cleavage. Most also rely on their aniamature for solubility; this
may adversely influence their intracellular biodmsition. We sought to gen-
erate porphyrin—carborane constructs in which gmbaranes have all-carbon
links to the core and which are electrically nelut@aur initial approach was to
develop a method by which carboranes could be edugd the phenyls of a
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TPP core as the final step of the synthesis, tommag yields based on expen-
sive'°B. Coultet al reported an interesting coupling of iodoarends Wwj2-di-
carbalosadodecaboranato-copper(l) species to give l-arytraries in high
yields [23]. However, the maximum yield of the mezrarboranylporphyrir28
from the coupling of the Cu(l)-carbora@& with the monoiodophenylporphy-
rin 26 was 6%, achieved after 12 d at reflux in diglyr8el{eme 4) [24].

O\

NN C i-iii N3 -C iv ~Cs
NC C c 2T NN ~<C
N/ E—— \[O]/\/\ @ —_ N C\I@

20 i\, 22

Vii

HZN/\/\C\/@ HzN\</\H/\ c@ OZN\</\]/\ N/\/\C\@
25

Scheme 3.Synthesis of nitrofuran-carborad and reductively-triggered release of carboranaia@b.
Reagent: i, H;SOy, H,O, A; i, SOCL; iii, NaNg; iv, CHCl;, A; v, 5-nitrofuran-2-methanol; vi, NaB
Pd/C. P'OH or SnC..

As final-step couplings of this type appeared & ilmpracticable, a
method was developed in which the porphyrin core assembled from sub-
units carrying carboranes. These syntheses (Schgisteow one route to por-
phyrins carrying both carboranes and potentiallyewaolubilising poly(oxy-
ethylene) units. We sought to exploit the “non-sdsng” conditions for
regiocontrolled assembly of TPPs carrying differ&nsubstituents claimed by
Lee and Lindsey [25]. Sonogashira coupling of ttimyksilylethyne with 3-
bromobenzaldehyd29, followed by desilylation and protection of theded
hyde, as usual, as a dithioacetal gaOeready for formation of the carborane
31 Hg**-catalysed deprotection afforded the carboranylakelehyde 32.
However, condensation 82 with the nitrophenyldipyrrometharé3 gave only
a statistical mixture of the scrambled porphy®4ds39 carrying 0-4 carboranes
and 4-0 nitro groups, rather than the intended pdicarboranyl-dinitro
compound36 [26]. Porphyrins34-39 were all separable chromatographically;
interestingly, the regioisomerd6 and 37 gave identica NMR spectra,
owing to their symmetry, and could only be distiistped by an X-ray crystal
structure of the original targ86. The nitro groups had been incorporated into
the design of the compounds as potential pointattachment of solubilising
groups, after reduction. Reduction of the singteongroup of35, followed by
acylation with the chloroformate derived from a ymb$perse monomethyl-
PEG, afforded porphyrind0, which carries thirty boron atoms and a
(CH,CH,0), chain [26]. Similar constructs were built with ethinks between
carboranes and phenyl rings.
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40 34: RS = R10 = R15 = R20 = carborane
35: R5 = NO,; R0 = R15 = R20 = carborane
36: R5 = R15 = NO,; R0 = R20 = carborane
37: R5 = R10 = NO,; R15 = R20 = carborane
38: R5 = R10 = R15 = NO,; R2? = carborane
39: R5= R0 =R15=R20=NO,

Scheme 4 Synthetic approaches to carbon-linked porphyribh@@nesReagentsi, diglyme, pyridine A,
12 d; ii, MgSiC=CH, EgN, Pd(OAc), PPHh; iii, K,COs; MeOH; iv, (CHSH), BF:.ELO; v, BigHi4
MeCN; vi, Hg(ClQ),; vii, BF3.Et0, CHCl, then DDQ; viii, SnCl, AcOH; ix, EgN,
MeO(CF,CH,0)-.-.COCI, DMAP

PBD dione—carboranes

Pyrrolo[2,1€][1,4]benzodiazepine-5-ones (PBDs) have been rasedn
for many years as very potent cytotoxins which bimdhe minor groove of
DNA and react covalently there [27,28]. Howevere tblosely analogous
pyrrolo[2,1<] [1,4]benzodiazepine-5,11-diones (PBD diond®gve more
recently been recognised [29,30] as weaker andcowalent ligands for the
DNA minor groove. Thus we predicted that attachangarborane to the 7-pos-
ition of a PBD dione through a short tether woutdgent the boron at or near
the outer rims of the DNA minor groove for moreeetive BNCT though the
increased solid angle subtended by the DNA, thgetdior the damaging-
particle. Scheme 5 shows our approach to an exawipdee the carborane is
linked by an ester to the PBD dione. 2-Nitro-5-bgozybenzoic acidl was
converted to its acyl chloride for coupling to Le®Me, to give42. Hyd-
rogenolysis both reduced the nitro group and remiditie benzyl protection;
the newly generated NHtyclisedin situto provide the tricyclé3 with the 7-
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OH group. DCC coupling with

the carboranylbutanoic acid4, /@(NOZ i, "2 come
formedation the ester in the g, COH B”O/CngCI
target 45, providing this first g

PBD-carborane derivative for "
BNCT studies and as a bulky TR

lipophilic ligand to probe the @ N=H
structure and dynamics of the ?CV\/COZH HO N
(0]
43

DNA minor groove.

41

44

v
Cyclodextrin—carboranes f NP
Attachment of carboranes to nit- @ Q H
roimidazoles, porphyrins and Céc\/\)Lo@gf%
PBD diones was designed to res- 45 0
pond FO the need for selective Scheme 5Synthesis of ester-linked PBD dione-
targetting of boron to tumours carboranet5. Reagentsi, (COCI),; ii, L-
and to the DNA within the tum- ProOMe. DMAP: .. Pd/C: iv.44. DCC. HOBL.
our cell; the issue of aqueous
solubility remained, although it
had been addressed in part b
the poly(oxyethylene) units in
selected nitroimidazole—carbor-
anes and porphyrin—carboranes
Another approach investigatec
by us was complexation of the
carborane with cyclodextrins
(cyclic 1,4-linked oligomers of
D-glucose). These have often been used to soleblimphilic drugs by
forming complexes in which aromatic groups areuded within the cyclodex-
trin. However, when carboranylalanine was solubdidy a derivativef 3-
cyclodextrin, uptake into cells was actually inkeloi by this complexation [31],
an observation consistent with formation of a v&rgng complex between the
cyclodextrin and the carborane. However, prior to work, there was only
one chemical study of inclusion complexes of iceslll carboranes with cyc-
lodextrins, in which complexes aof, 3- andy-cyclodextrins with unsubstituted
1,2-dicarbalosadodecaborane(12) were isolated [32]; the stoichiaerewere
determined by elemental analysis and by integraifdche™H NMR spectra but
structures were speculative only.

Figure 2. Structure of the 1:2 phenylcarborane:
B-cyclodextrin complex46 in side and plan
views, derived from the modelling study.

To study the complexation of a simple carboran wyclodextrins, 1-
phenyl-1,2-dicarbelosadodecaborane was heated with two equivalentg-of
cyclodextrin at reflux in aq. propan-2-ol. The pp#tate obtained was washed

125



with hot water (to remove excess 47: 2-nitro NO, NO,

cyclodextrin) and hot toluene (to 48:3niwo (TN i (T
49: 4nitro U _J —>

remove uncomplexed phen-

ylcarborane), with no evidence of de-= 109

C. N
complexation. Interestingly, the § u O @o
complex was unchanged and unmelt& 1%,

ed by brief heating to 38Q (phenyl- ?f 60 15*  %a
carborane melts at 66 and uncom-
plexed-cyclodextrin is caramelised
by heating >20TC); thus the com-
plex is extremely stable. It was char-
acterised initially as a 1:2 carbor- 0 10 20 ?jfime“(ﬂ) 50 60 70
ane:cyclodextrin complex by integra- gcheme 6cage degradation of nitrophenyl-
tion of the'H NMR signals. There closcarboranes to theido derivatives in wet

were no significant changes in thé  (CD,),SO at20C.47:0 48 49:e

NMR chemical shifts of the protons

in either component caused by the complexation.stheture was resolved by
NOE (400 MHz) and NOESY (600 MHz) spectroscopy,hwittermolecular
NOEs between the carborane 2-H and inner prototiseofyclodextrin and be-
tween phenyl ring protons and inner protons ofdyaodextrin, showing that
both the carborane and the phenyl were locatedirwiiclodextrin cavities.
Detailed analysis of the NOE patterns confirmedstnecture a€6 (Figure 2),
with tight complexation of the carborane and the twclodextrins meeting at
their wide apertures [33]. A modelling study indexhthat this arrangement of
the cyclodextrins would allow the formation of abldnd zipper around the
circular interface of the cyclodextrins. This mdubg) also confirmed the car-
borane to be a very snug fit in tBecyclodextrin cavity, providing an explan-
ation for the refractory behaviour of this 1:2 cdexpand for the apparent ex-
cessive stability of carboraA@-cyclodextrin complexes in biological media.

B
o
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o

*
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Cage degradation in 1-aryl-1,2-dicarblsadodecaboranes.

An approach often used to increase water-solyboit carborane-
containing BNCT agents is to degrade the newl@ocarborane cage to an
anionicnido-carborane [34,35]. The most common method to aehileis de-
boronation is hydroxide ion at elevated temperatyigé] but amines [35,37]
and fluoride [38,39] are also used. The disadvantith these methods is that
harsh conditions are often used, to the detrimeath®r groups.

During other studies on 1-aryl-1,2-dicacksalodecaboranes, we obs-
erved that théH NMR spectrum of a sample of 1-(4-nitrophenyl)-tlj2arba-
closalodecaborane in wet (GRSO changed with time. Further investigation
(*H NMR, MS) revealed that deboronation was occurtingjive an anionic
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nido structure; a 2-B'B-'B COSY NMR spectrum showed that 3-B (symmet-
rical with 6-B) was being lost; the is the samedooas is lost with the other
cage degradation methods. The lost boron atom wagected to boric acid, as
shown by the'B NMR spectra and acidification of the reaction imed H,
was evolved from the solution. Expansion of the NBtRdies to other 1-(sub-
stituted aryl)-1,2-dicardosalodecaboranes showed that these also were deg-
raded to thenido analogues under the same conditions [40]. All detations
proceeded initially by first-order kinetics, as wieby*H NMR kinetic studies
(Scheme 6). Moreover, the rates rank correlatel thig electron-withdrawing
nature of the substituents, as indicated by theimhhetto values, showing
build-up of negative charge in the rate-determirstep. This new mild debor-
onation, which had been noted previously for veighly electron-deficient
1,2-dicarbalosadodecaboranes [41-

43], is extended to other 1-aryl-1,2- w cawet « W

dicarbalosalodecaboranes and ’y.¢ b?\hso AL Y-BCl, oo

may be new tool in generatimjdo- A - @ — g

carboranes for BNCT and for other =0 51 e.q. et 52

chemical and biological applicat- DMSO

lons. 2 X LY x ¥ Y
R

Prospects for 1,2-dicarlwdoso-

dodecaboranes as ligand platforms 54 53

Protein—protein and carbohydrate—

protein interactions are critical in %
Il | dicarbalosalodecaboranes and platforms
many cellular processes. Inter- display up to four (bio)ligands in defin

actions between a single amino-acidconformations

or a single sugar ligand and a pro-

tein are often weak but multiple amino-acids (ipeptide) or multiple sugars
participate in binding to enhance the affinity a®dectivity. For sugars, this is
known as the glycosidic cluster effect [44]. To kexipthis effect, a number of
molecular scaffolds or ligand platforms have beavetbp which present
amino-acids, short peptides or sugars in defireedfiorientations in space for
binding to a target protein; these include calirae[45], cyclodextrins [46],
cucubiturils [47], oligosaccharides [48] and stds0ji49].

The icosahedron of the 1,2-dicaclessadodecaboranes is unusual in
organic chemistry. In particular, the two carboonas and the adjacent borons
at positions 3 and 6 form two equilateral trianghgh a common side. Attach-
ment of individual amino-acids, short peptides agas to these vertices
would present these ligands in a geometry fixedheysurface of the carbor-
ane. The facile deboronation chemistry above coedtlily be exploited to
remove one boron atom from a 1,2-disubstituteddicarbalosalodecaborane
50 (Scheme 7). The missing vertex of the icosahedfandocarborané1 can
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be filled by reaction of thenido-carborane with an alkyl- or aryl-boron
dichloride {YBCl,). The overall effect of the removal of the BH) amegblace-
ment with a boron carrying a substituent is to #dxsubstituent to theloso
carborane specifically at boron-3. This generatesicasahedron with pot-
entially three different groups at the corners alugace triangle; this is chiral
and could be resolved. Repetition of the deboron&t-filling sequence could
form an icosahedrob4 with four different groups. The concept is shown i
cartoon form in Scheme 7. All four points of theagrare potentially independ-
ently addressable; group¥ and X are introduced by conventional carborane
chemistry, wherea¥ andZ are added through re-filling vacant vertices with
boron dichlorides. Careful selection of these gsoopuld allow different pept-
ides or sugars to be attached to each, to genanatege of conformationally
controlled biological probes.
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THE CARBORANE CLUSTER IN COMUTATIONAL DRUG DESIGN
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Summary

The docking ofclosoc and nido-carboranyl antifolates into human
dihydrofolate reductase (hDHFR) was investigateith viutodock 4. The cage
structures of these antifolates bound to a hydrbhpocket within the active
site of the hDHFR crystal structure through van &als interactions. The
docked poses of the antifolates were similar tos¢hof the corresponding
ligand poses in the original hDHFR crystal struetuMinor variations in
partial atom charges and cage geometries had ndis@nt impact on docking
accuracy. The obtained docking patterns validatedthads that were
previously developed for the computational designcarborane-containing
compounds.

Key Words: Carboranyl Antifolates, Docking, Human Dihydrofaat
Reductase (hDHFR)

Introduction

Chemical,  physicochemicals
and structural versatility combined #
with high stability under physiologica /
conditions are distinctive features of & - A
carboranes and other boron clusters [1- & ; A’\
4] they have been used for decades|in i e
the design and synthesis of i o
therapeutics for Boron  Neutron Figure 1: Dimensions and isosurfaces
Capture Therapy (BNCT) of cancer of adamantang?) ando-carborane (B).
and, more recently, also in other areg$tructures were build minimized (MM+
of drug design [1-3]. Hydrophobic
closocarboranes, comparable in dimensions to adamaffgnel), were used
as bioisosteric replacements for (hetero)aromatid ¢hetero)aliphatic ring
systems and other bulky entities in the design synmthesis of carboranyl
derivatives of various amino acids and peptides,E3frogen receptor
agonists/antagonists [5-9], androgen receptor aniatp [10-12], cholesterol
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[13], retinoids [14,15], benzolactamic protein lgea C inhibitors [16],
thalidomide [17], flufenamic acid and diflunisalg]l thrombin inhibitors [19],
and trimethoprim [20]. Many of these boronated \ires displayed biological
activities comparable or even superior to those tledir non-boronated
counterparts. Also, metallocarboranes were foundet@ffective inhibitors of
HIV-1 protease [21].

Negatively charged boron cluster also have bedizedias “prosthetic
groups” for radiohalogens in the design and symhefsradiotherapeutics and
imaging agents [22-25]. They are readily halogeshated the boron-halogen
bonds in these clusters appear to be less susleettilm vivo cleavage than
carbon-halogen bonds [22-25].

Drug design involving boron-containing agents hago t major
disadvantages compared with conventional drug dedig There is a lack of
compound libraries containing boron agents fordgaal high-through put-
and/or virtual screening [26], and 2) many softwpexkages available for
structure/ligand-based drug design do not haveilinparameters for boron
atoms. Several strategies to circumvent the |giteblem have been reported
in recent years. These include the substitutiorotavith carbon [27-30,16,
15,8,31,32] and the calculation of suitable borcerameter for specific
applications [33]. Similar methods have been ugedbtain physicochemical
parameters of boron compounds [13,34,35]. Othesrteplealing with docking
studies of boron compounds do not provide specifibormation on
computational strategies addressing this probley8H].

Crystal structures of proteins complexed with ceabgl drugs have
been reported recently [20,21]. These providetierfirst time the opportunity
to verify docking strategies that have been dewsdopreviously [28,29] for
carboranyl compounds. In the present paper, weidesthe docking o€loso
and nido-carboranyl antifolates into the active site of aman dihydrofolate
reductase (hDHFR) using Autodock, and we compaeedibtained docking
poses with the poses of the same antifolates imtigegnal hDHFR-carboranyl
antifolate crystal structure [20].

Methods

Hardware/SoftwareSybyl 7.1 (Tripos Inc., St Louis MO) installed an
Silicon graphics 02 workstation. HyperChem 7.51 getgube Inc.,
Gainsville, FA), PyMoL(DeLano Scientific LLC., Sdfrancisco, CA), and
Gaussian 03W(Gaussian Inc. Pittsburgh, PA) ingtabe a Dell Optiplex
GX270 desktop computer. AutoDock Tools (ADT), Autog, and
AutoDock4 (Molecular Graphics Laboratory, The SpgpResearch Institute,
La Jolla, CA), installed on Red Hat Enterprise, Uxn5 desktop computer.
Maestro 8 (Schrodinger Inc., Portland OR) instaleed an Opensuse 10.1
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desktop computer. Molecular optimization and chaigculations with
Gaussian as well as all docking jobs were performgd an AMD opteron
processor-team HPC cluster.

~o0 S o
Figure 2: Trimethoprim,closocarboranyl antifolatel, andnido-carboranyl antifolate

).

[2)

Crystal StructuresDimeric human dihydrofolate reductase (hDHFR)
with  [5-(1,2<closodicarbadodecarboran-1-yl)methyl]-2,4-diamino-6-hyét
pyrimidine (1) (PDB ID # 2C2S) or a racemic mixture of [5-(7,nilo-
dicarbaundecarboran-7-yl) methyl]- 2,4-diamino-6tmygpyrimidine @) (PDB
ID # 2C2T) Fig. 2) [20].

Ligand Construction and Optimization. Clesarboranyl antifolatd
and both enantiomers aido-carboranyl antifolat® were extracted from the
hDHFR crystal structures. Hydrogen atoms were adcaet Mulliken-, APT-
[42] and ESPfit charges were calculated with Gaumssit AM1 (37,38) and
HF/6-31+G* level Table 1) [39-41]. Ligandsl and2 were also prepared with
HyperChem without using any crystallographic cooaties (referred to as
“constructed” henceforth). Optimization and parébm charge calculations
of constructedl and2 were carried out with Gaussian at HF/6-31+G* level
(Table 1). For both extracted and constructed form20tlosc and nido-
carborane moieties were aligned and the coordirfatethe appropriate boron
atom of theclosostructure were used to insert the extra-hydrogga the
nido-structures. Original small molecule crystal stanetdata for uncomplexed
1 and 2 were generously provided by Dr. Steven Ealick,n@trUniversity,
Ithaca, NY, and Dr. David Borhani, Harvard Medi&ahool, Boston, MA.(20)
Mulliken charges were calculated at HF/6-31+G* lavgh Gaussian for these
small molecule crystal structures before dockihgle 1).

Docking The protein structures were prepared using thectsire
preparation tool of Sybyl. Monomers were separaten both crystal
structure and the blocking groups AMI and CXC, extpvely, were added to
the N- and C-terminis for neutralization. Water ewlles were removed,

133



hydrogen atoms were added, and side chain amidésside chains bumps
were fixed. NADPH remained in the structures. Cartsed forms ofl and2
were aligned with their extracted counterparts gistiybyl or Maestro before
docking. Uncharged protein structures were impoftech Sybyl into ADT.
AutoDock atom types were assigned and the Gasteiggmges were added.
Autodock has no default parameters for boron atamd no dummy atom
option. Therefore, boron atom types were changetCtoatom types after
converting the mol2 file into pdbqt format with ADTt was also made sure
that all the non polar hydrogens were merged befaung the file into pdbqt
format. Bonds within the carborane cages that wecegnized as rotatable by
AutoTors in ADT were changed to non-rotatable bonidsee TORSDOF for
the written output files of all ligands was set2oThe Lamarckian genetic
algorithm (LGA) was selected for ligand conformational searthe docking
area was defined using Autogrid. 40x40x40 3-D #ffigrids centered around
the antifolate binding site with 0.375 A” spacingre calculated for each of the
following atom types: (a) protein: A (aromatic ©), HD, N, NA, OA, SA; (b)
ligand: C, A, HD, N, NA, e (electrostatic), and degolvation). Additional
docking parameters were: Dockings trials: 100, Radfn size: 250, random
starting position and conformation, translatiorpstenges: 2.0 A, rotation step
ranges: 50, elitism: 1, mutation rate: 0.02, cressoate: 0.8, local search rate:
0.06, and energy evaluations: 25,000,000. Finakebaonformations were
clustered using a tolerance of 2A root-mean-sqdavéations (RMSD).

Results and Discussion Phe 31 dPhe%
Binding characteristics of the
_§§4.7

closo- and nido-cages of the carborany!l
antifolates1 and 2 in the active site off g
hDHFR. The boron-bound hydrogen tess sy
atoms (1-6, 9-11) in carboranes may )\/
have negative partial charges.(43,44) = e
According to ESPfit calculations, the "¢ §

average partial charges for thege
d Thr56 OH R—N

- Val ]

\ 7/

NADPH o

hydrogens are about -0.24 for two-fo
negatively  charged nido-carborane
[C.BgH1]*, -0.15 for  one-fold
negatively  charged nido-carborane
[Cngle]_, and -0.07 for neutrahido- Figure 3: Hydrophobic binding ol (gray)

and both enantiomers &f(cyan, magenta)
carborane [eByH13]. These charges arg in the active site of hDHFR. Coordinate

consistent with those generated in Qufor 1 and2 were extracted from the crystgl
own ESPfit calculations forl and 2. structures of hDHFR. All structures were

. . laid. Dist indicated fo
However, Mullikan charges, obtained at°Ve"a'c- Pistances are indicated for
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HF/6-31+G* level forl and 2, were generally more positive and produced
similar docking accuracyr@ble 1). It has been suggested that the hydrogens in
the aforementionechido-carboranes form proton—hydride type bonds rather
than conventional hydrogen bonds with nitrogen-labilwydrogen atoms in
tetrapeptides [43].

Closccarboranyl antifolatel and both of its enantiomeriaido-
carboranyl counterpart®)( showed almost identical binding patterns in the
hDHFR crystal structures, as indicatedrig. 3[20]. The additional BH vertex
of the closacage ofl is positioned slightly above the center of therofeces
of thenido-cages oR. This binding pattern is similar to that of triheprim in
the active site of hDHFR [20]. The clusters bfand 2 bind in the same
hydrophobic pocket of hDHFR as the trimethoxyphegrglup of trimethoprim
[20]. As shown inFig. 3, the binding between amino acid residues of this
pocket with both the neutrallosocage ofl and the presumably negatively
chargednido-cages of2 are typical for hydrophobic interactions. Proton—
hydride type bonds do not seem to play any rol¢hese interactions, as is
evident from the orientation of the hydroxyl group Thr56, which points
away from the cage. Similar hydrophobic interactiomere observed for a
metallocarborane, consisting of two negatively gednido-carboranes, bound
to HIV protease [21]. In a recent study withoso and nido-carboranyl
nucleosides [45], those containing neutdalsocarboranes demonstrated their
highly hydrophobic character by forming aggregatesagueous solution.
Negatively-chargedido-carboranyl nucleosides, however, did not aggregate

Table 1: Optimization characteristics and docking patterhantifolates.
Closa-carboranyl Antifolate X)
AM1 HF/6-31+G*
Mulliken APT Mulliken | Mulliken ESPfit Mulliken
(extract.) | (extract.)| (extract.)| (construct.)| (extract.)| (SMCS)

BH? 0.079 -0.141 0.118 0.110 -0.0491 0.116
CH° 0.162 0.117 0.345 0.326 0.181  0.321

# of Poses 100 99 100 84 100 100
MBE® -9.45 -4.58 -3.93 -1.60 -5.09 -3.28

RMSD® 0.61-0.62| 0.68-0.72 0.61-0.2 0.67-0.84 0.57-0.610.69-0.71
Nido-carborany! Antifolatg2)

BH? 0.028 -0.099 0.078 0.110 -0.106 0.042
CHP 0.101 0.033 0.247 0.234 0.096 0.239
# of Poses 100 100 100 45 100 100
MBE® -8.13 -4.47 -2.19 -1.96 -2.37 -2.80

RMSD® | 0.64-0.65| 0.64-0.6% 0.71-0.40 0.47-0.600.63-0.65| 0.65-0.73
®Average partial charge of all cage hydrogen atoamnected to bororfpartial charge of
cage hydrogen atom bound to carbd#;of docked poses of antifolate within a cluster
with lowest RMSD (out of 100) “Mean Binding Energy®’RMSD (A) range for docked
antifolate poses within the selected clustenantiomer designated as 2B in [2¢88mall
Molecule Crystal Structure parameter [.
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Docking studiesAn analysis of the docking studies withand 2 is
shown inTable 1 and in Fig. 4. It is apparent that minor differences in
geometries (as a result of different data sourced/oa optimization
methods/calculations), MBEs, and partial atom césrdid neither impact the
docking accuracy o€losocarboranyl antifolatdl nor that ofnido-carboranyl
antifolate 2 to a significant extent. Both enantiomers Dfshowed similar
docking patterns (data not shown). In particulare tR,4-diamino-6-
methylpyrimidine portions of dockebland2 showed the same placements and
orientations as those of their counterparts inatiginal protein-ligand crystal
structure, while carborane cluster placements amhtations revealed minor
differences Fig. 4).

AutoDock4 is based onlaamarckian genetic algorithftGA) method
[46,47]. Basically, this program determines totakraction energies between
random pairs of ligands and various selected pustiaf protein to determine
docking poses. The docking algorithm in FlexX,(48pther popular docking
program, is based on an incremental constructiethod of ligands in the
protein. FlexX docking ofl and2 into hDHFR crystal structures resulted in
increased RMSD values as compared with Autodockidgddata not shown).

Figure 4: (A) Overlap of the docked pose of construcie(tyan) with the corresponding
pose ofl (magenta) in the original crystal structure (RM&inge: 0.67-0.84). (B) Overlap
of the docked pose of constructg¢cyan) with the corresponding pose2afmagenta) in the
original crystal structure (RMSD range: 0.47-0.60).

Conclusion

The binding of theclosocarborane moiety of and thenido-carborane
moiety of 2 into a hydrophobic pocket of the hDHFR crystausture was
mediated through van der Waals interactions onlgtdd—hydride type bonds
did not seem to contribute to the binding. Dockirid. and2 was accurate and
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robust. It was not influenced significantly by mineariations in geometries
and partial atom charges. Botta et al. [33] disedsthe need for boron
parameter implementation in computational studiesth wcompounds
containing single tetrahedral boronate function appropriately simulate
conformational flexibility. However, boron clustem@re rigid and highly
hydrophobic. Therefore, conformational flexibilitgay not play an important
role in docking studies with carboranyl speciese ®bserved docking patterns
of closo and nido-carboranyl antifolates with hDHFR validate presbu
developed methods for structure and ligand-basesignleof carborane-
containing compounds [27-30,15,16,8, 31,32], whach based on the simple
replacement of boron atoms with carbon atoms witéncage structures.

Acknowledgement

The presented work was financially supported bydfufitom The Ohio
State University College of Pharmacy. The authoosild/ like to thank Drs.
Steven Ealick and David Borhani for generously pting the small molecule
crystal structure parameterslénd2, Dr. Richard Dixon (Abbott Bioresearch
Centre, Worcester, MA) for helpful discussions, afid Kiran Mahasenan
(OSU College of Pharmacy) for technical assistance.

References.

1. Armstrong A. F., Valliant J. alton Trans2007, 4240.

2. Gabel D., Endo Y. Boron clusters in medical agpions; in: Molecular

clusters of the main group elements; Driess, M.etNoH. Eds.; Wiley-

VCH: Weinheim, Germany2004 pp. 95.

Lesnikowski Z. JCollect. Czech. Chem. Comm2007, 72, 1646.

4. Tjarks W., Tiwari R., Byun Y., Narayanasam SartB R. F.Chem.
Commun2007, 4978.

5. Ogawa T., Ohta K., Yoshimi T., Yamazaki H., SkiZl., Ohta S., Endo Y.
Bioorg. Med. Chem. Let2006 16, 3943.

6. Endo Y., Yoshimi T., Ohta K., Suzuki T., OhtaJSMed. Chem2005 48,
3941.

7. Endo Y., Yamamoto K., Kagechika Bioorg. Med. Chem. Let2003 13,
4089.

8. Endo Y., lijima T., Yamakoshi Y., Fukasawa H.jyRura C., Inada M.,
Kubo A, Itai, A.Chem. Biol2001, 8, 341.

9. Endo Y., lijima T., Yamakoshi Y., Yamaguchi Nfykasawa H., Shudo K.
J. Med. Cheml999 42, 1501.

w

137



10. Fujii S., Goto T., Ohta K., Hashimoto Y., Sukilik, Ohta S., Endo YJ.
Med. Chem2005 48, 4654.

11. Fujii S., Hashimoto Y., Suzuki T., Ohta S., Bnd. Bioorg. Med. Chem.
Lett.2005 15, 227.

12. Goto T., Ohta, K., Suzuki T., Ohta S., EndoB¥org. Med. Chem2005
13, 6414.

13. Thirumamagal B. T. S., Zhao X. B., BandyopadhayaA. K.,
Narayanasamy S., Johnsamuel J., Tiwari R., Golightl W., Patel V.,
Jehning B. T., Backer M. V., Barth R. F., Lee R.Backer J. M., Tjarks
W. Bioconjugate Chen2006 17, 1141.

14. Ohta K., lijima T., Kawachi E., Kagechika H.nd® Y. Bioorg. Med.
Chem. Lett2004 14, 5913.

15. Endo Y., lijima T., Yaguchi K., Kawachi E., m@ N., Kagechika H., Kubo
A., Itai A. Bioorg. Med. Chem. Let2001, 11, 1307.

16. Endo Y., Yoshimi T., Kimura K., Itai ABioorg. Med. Chem. Let1.999 9,
2561.

17. Tsuji M., Koiso Y., Takahashi H., Hashimoto ¥ndo Y.Biol. Pharm.
Bull. 200Q 23, 513.

18. Julius R. L., Farha O. K., Chiang J., Pernydl,..Hawthorne M. FProc.
Natl. Acad. Sci. U. S. 2007 104, 4808.

19. Page M. F. Z, Jalisatgi S. S., Maderna A., tHame M. F.Synthesis
2008 555.

20. Reynolds R. C., Campbell S. R., Fairchild R.KGsliuk R. L., Micca P. L.,
Queener S. F., Riordan J. M., Sedwick W. D., WaudRA Leung A. K.
W., Dixon R. W., Suling W. J., Borhani D. W. Med. Chem2007, 50,
3283.

21. Cigler P., Kozisek M., Rezacova P., Brynda&iwinowski Z., Pokorna J.,
Plesek J., Gruner B., Doleckova-Maresova L., Masa $kdlacek J.,
Bodem J., Krausslich H.-G., Kral V., KonvalinkaRroc. Natl. Acad. Sci.
U. S. A2005 102 15394.

22. Tolmachev V., Koziorowski J., Sivaev ., Luni@giH., Carlsson J., Orlova
A., Gedda L., Olsson P., Sjoeberg S., SundiBidconjugate Chen1999
10, 338.

23. Steffen A.-C., Almgvist Y., Chyan M.-K., LundgV H., Tolmachev V.,
Wilbur D. S., Carlsson Dncol. Rep2007, 17, 1141.

24. Wilbur D. S., Chyan M.-K., Hamlin D. K., VesgeR. L., Wedge T. J.,
Hawthorne M. FBioconjugate Chen2007, 18, 1226.

25. Wilbur D. S., Hamlin D. K., Chyan M.-K., BredebM. W. Bioconjugate
Chem.2008 19, 158.

26. Hawthorne M. F., Lee Mark W.Neuro-Oncol2003 62, 33.
138



27. Bandyopadhyaya A. K., Tiwari R., Tjarks \Bioorg. Med. Chem2006
14, 6924.

28. Johnsamuel J., Byun Y., Jones T. P., Endo Jark3 W. Bioorg. Med.
Chem. Lett2003 13, 3213.

29. Johnsamuel J., Byun Y., Jones T. P., Endo jark3 W.J. Organomet.
Chem.2003 680, 223.

30. Mizutani M. Y., Tomioka N., Itai AJ. Mol. Biol.1994 243 310.

31. Martichonok V., Jones J. Bioorg. Med. Chenml997, 5, 679.

32. Martichonok V., Jones J. B. Am. Chem. So&996 118 950.

33. Tafi A., Agamennone M., Tortorella P., Alcarg Sallina C., Botta M.
Eur. J. Med. ChenR005 40, 1134.

34. Byun Y., Thirumamagal B. T. S., Yang W., ErissS., Barth R. F., Tjarks
W. J. Med. Chen2006 49, 5513.

35. Narayanasamy S., Thirumamagal B. T. S., Johmskdh, Byun Y., Al-
Madhoun A. S., Usova E., Cosquer G. Y., Yan J.,dgapadhyaya A. K.,
Tiwari R., Eriksson S., Tjarks VBioorg. Med. Chen006 14, 6886.

36. Chazalette C., Riviere-Baudet M., ScozzafavaAbbate F., Maarouf Z.
B., Supuran C. TJ. Enzyme Inhi2001, 16, 125.

37. Dewar M. J. S., Jie C., Zoebisch Edsganometallics1988 7, 513.

38. Dewar M. J. S., Zoebisch E. G., Healy E. Few&irt J. J. PJ. Am. Chem.
So0c.1985 107, 3902.

39. Chandrasekhar J., Andrade J. G., SchleyerR.J.Am. Chem. So&98],
103 5609.

40. Clark T., Chandrasekhar J., Spitznagel G. \thjeyer P. v. RJ. Comput.
Chem.1983 4, 294.

41. Spitznagel G. W., Clark T., Chandrasekhar ¢hjeyer P. v. RJ. Comput.
Chem.1982 3, 363.

42. Cioslowski JJ. Am. Chem. Sot989 111, 8333.

43. Fanfrlik J., Hnyk D., Lepsik M., Hobza Phys. Chem. Chem. PhyQ07,
9, 2085.

44. Fanfrlik J., Lepsik,M., Horinek D., Havlas Hpbza P.ChemPhysChem
2006 7, 1100.

45. Matejicek P., Cigler P., Olejniczak A. B., Agdiak A., Wojtczak B.,
Prochazka K., Lesnikowski Z. Jangmuir2008 24, 2625.

46. Huey R., Morris G. M., Olson A. J., Goodsell ®.J. Comput. Chen007, 28,
1145.

47. Morris G. M., Goodsell D. S., Halliday R. Suéy R., Hart W. E., Belew R. K.,
Olson A. JJ. Comput. Cheni998 19, 1639.

48. Rarey M., Kramer B., Lengauer T., KlebeJGMol. Biol.1996 261, 470.

139
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Summary

The great chemical and physical properties of Rohgbe membranes
doped with [Co(GBgH11)2]” have been applied in the development of novel
hydrogen, potassium and sodium ion selective @des (IES's). To apply in
biomedical measurements, these membranes have usszh as the solid
internal contact in potentiometric microelectrodss using microfabrication
technologies and electrochemical polymerizations lforeseen that insoluble
amine salts of [Co(§BgH11)2]” can be used in potentiometric PVC based ISE's
for the detection of antibiotics. Additionally Bareodinatedclosoo-carborane
derivatives have been synthesized for possible ecakdapplications in
radioimaging/radiotherapy and as X- Ray contragng In addition, high
Boron water solubl®-carborane derivatives have been synthesized tsbé
as anti-tumor agents for BNCT.

Key Words: lon Selective Electrodes, Conducting Organic PRy
Metallacarboranes, regioselectivity.

Introduction.

Boron clusters, boranes and carboranes, displayy ngarticular
characteristics that do not find parallel in th@iganic counterparts. These cage
like molecules composed of boron and hydrogen attwlsl great promise for

neutron capture therapy. To be used in biologigatesns, they need to be
functionalised [3] on the boron cage, and be matigbte in water. The cluster
C-H vertices may be deprotonated with strong bamed,later substituted [3].
Conversely, boron-substituted carboranes are lesslaped because of the
higher difficulty of introducing functional groupst the boron atoms of the
carborane cage.

It has been shown that microelectrodes are valuadbleneasure
impedance, hydrogen and potassium concentratiomsgan tissues, provide
relevant information during cardiac surgery [4]iorthe evaluation of organ
transplantation viability. The development of miataricated ion-selective
sensors for detecting electrolytes such dsakd N4&, as well as pH, in both
blood [5] and in cardiovascular research and manigo[6] is a growing
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interesting area. Copper is an essential traceezlefor most animals. It is
fundamental for the absorption and use of iron skenhaemoglobin, and is
part of several enzymes that have a fundamentalinopreventing oxidation,
manufacturing collagen and producing energy [7].these reasons, a number
of ion selective electrodes (ISE) based on varicasier types have been
developed.

The view of boranes or carboranes as rare, stramgesoteric, in
addition to have high price and an assumed, ustealily, low stability
precludes synthetic chemists in other areas tdthim these clusters as real
building blocks. The advent of materials sciencghwemphasis in new
tridimensional structures should correct this wisilm this workshop we report
briefly on some recent results of possible medaggblications developed in
our group in which the carborane or metallacarberspecies play a crucial
role.

Metallacarboranes in Analytical Medical Chemistry
Metallacarborane anions as doping agents in conidigcbrganic polymers
(COP) and their use as lon-selective electrodeBXIS
The synthesis of PPy by electropolymerization & thonomer in the
presence of the weakly coordinating anion Cs[GB¢H:1).], produces a
polymer in which the anion is an integral part bf tmaterial [8]. The
retainment of the doping anion in the polymeriaustiire, and its uniform
distribution throughout the film has been estalddslioy an in-depth analysis
with argon-ion sputtering, demonstrating for thstftime uniform distribution
of the doping agent through the whole
thickness of the material. The
confinement of the cobaltabis-
carbollide is in contrast with more
mobile simple doping counter ions that
are easily de-inserted upon reduction.
7 The reclusion of [Co(&BgH11)2] in the
0 02 o4 06 08 1 12 14  gfrycture must be due to its large size
and hydrophobicity. The
Figure 1. Overoxida_tion resistance I_irrrilf electrochemical cycling of these PPy
thePPy doped with [Co(fBoHa)2] materials involves the insertion and
de-insertion of cations during reduction and oxmatrespectively. It has also
been demonstrated that the incorporation of [GB{B:1),]” in the PPy
material has dramatically improved its overoxidatibreshold, as compared
with commonly used doping anions (Fig. 1). The higblume of
[Co(C:BgH11)2]” imposes low mobility inside the polymeric matrix ugh
preventing dopant leakage when a reducing potestegbplied to the material.

I/mA 0,5 -
mA 0.5 PPy/[DBS] /| PPYI1]

0,4
031 PPy/[PFe]
0.2

0,1

0
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Under these conditions the cation capture prevdising the reversible
electrochemical redox process, also called dopidgping.

[PPY"(A)n] + NC" + n € S [Ppy(A)n(C)n] (Equation 1)

The membrane is highly sensitive to
the cationic volume of the solute.
This property has allowed to

W develop cationic selective
L ————  membranes (H Li*, Na’, K*, R,

Cs) [9] “intelligent membranes” by
control of the applied reducing
potential (Fig. 2) and can be used as
a simple PVC-PPy electrode for pH
measurements and titration. The
Figure 2: Cyclic voltammetry of PPy chronocoulometries registered
doped wit{Co(C,BgH11)7] in ag. Alk. Cl.  during the charge-discharge process
show an almost perfect reversibility
of cation exchange process and no detectable degracf the membrane due
to dopant loss or overoxidation even after 40 sssige cycles. Some physical
properties of the polymer must be attributed touhigjue nature of these low-
density, low-coordinating, low-
nucleophilic anions, but some may
be attributed to the large boron
presence in the material. The
ws7 preparation of self  doping
conducting polymers has been
obtained with sulfonate,
phosphonate, benzoate, and
carboxilate bearing side chains [10].
The self-doping anions have the
additional advantage over non-
chemically bonded anions that are
not exposed to leakage in the
oxidation/reduction process [11]. Formally this @so be achieved with high
molecular-weight anions due to a severe reductioth@ anionic movement
within the polymer [12]. In the aim of exploring crfurther improving the
possibilities of the low charge density anion [CsR€Hi1),]” we have to
covalently bound the [Co(1,2:B9H11)2]” anion to a pyrrole unit via an spacer
to get a self-doped material. Two strategies hasenlpossible: to bind the
pyrrolyl bearing fragment to the cluster carbontao it on the boron. The
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first proved to be impractical as only a 2% vyiefdtee precursor was obtained
[13]. The second has been possible through thelajmwent of the chemistry
of [Co(8-GHgO2-1,2-GBgH10)(1',2'-C2BgH11)] [14]. The reaction of this
neutral species having a positive oxygen on therbarith potassium pyrrolyl
has provided the potassium salt of the target nutgefCo(8-GH4N-C4HgO,-
1,2-GBgH10)(1’,2’-C2BgH11)]” incorporating a pyrrole unit covalently bonded
to the [Co(GBgH11)2]” unit by a diether aliphatic chain (Fig. 3) [15].
As the pyrrolyl derivatization is performed on thi&rogen atom, the
carbon atoms remain unsubstituted ready for sulesgeqolymerization of the
monomer. The direct
HmA 0,2 1 polymerization of the monomer
as well as copolymerization
with pyrrole units leads to the
formation of a new group of
self-doped conducting polymér,
even improving the outstanding
-0.2 — - ' : : properties described for PPy-
' ‘ 00 | ®  [Co(C:BeH11)2] [8]. As the
Figure 4. Gradual activity recovery of self doping agent is inherently

doped PPy. a) immediately after the insult agonged to the pyrrole unit no
1300 mV, b) after 30 minutes, c) after 1 hsupporting electrolyte is

and d) after 18h. necessary during polymer-
ization. The copolymer really improves the alrealdigh overoxidation
resistance measured for non-covalently linked PB{R2-GBgH11).] (current
peak at 1,25V) and display an extraordinary ovefatxon resistance that shall
widen the possibilities of these materials. We ole that the conducting
organic polymer adequately doped with [Cg¢H11)2]” grafted to the PPy
strands through ether and alkane spacers spontdpeself-repairs in few
hours after having been taken beyond the formataweation potential and
consequently after having been dead [17]. A neweRixoBird arises out of the
ashes to live again (Fig. 4). The resulting meméracts as a cation exchanger
with the media and therefore is an excellent caatdidor the implementation
of selective ion exchange resins controlled bylanteochemical potential.

0,1 1
0 -

-0,1 4

All-solid-state  hydrogen sensing__microelectrodelsased on novel
PPy[Co(GBgH11)] as a solid internal contact.

lon-selective electrodes (ISE) are commonly used tbhe
determination of a wide range of analytes but bidiced measurements require
the use of miniaturized ISE’s. The traditional agafation of ISE’s with an
internal filling solution is not suitable for miri&ization and this has led to the
development of all solid-contact ion selective mo@dectrodes (SCISMES). The
physical and chemical properties of the PPy dopik MCo(C,BgH11)2]” have
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been applied in the development of novel hydrogetassium and sodium in
ion selective potentiometric microelectrodes usimgcrofabrication [18]
technologies and electrochemical polymerization. e Thpotentiometric
microelectrodes with PPy[CofBgH11),] as the solid internal contact have
been fabricated by immobilization of the correspngdionophores on the
surface of platinum microelectrodes modified by theonducting
PPy[Co(GBgH11)2] polymer.

The schematic structure of the SCISMEs microeléetso cross
section in silicon needle-shaped substrates is showFig. 5 [18]. Four
platinum microelectrodes are fabricated in eadhail needle. The dimensions

T ——y of an individual electrode are
300umx300um. Images of one
of these microelectrodes at the
different steps of the preparation
process are shown in Figure 5:
(b) platinum microelectrode, (c)
microelectrode with the
conducting PPy layer and (d)
microelectrode with the PVC
based membrane containing the
ionophore.

Fig. 5

(a) 9 /Si,N,/8i0,
" PUTi
Si0,

Sip

The ion selective membranes, that are based onastigited
poly(vinyl chloride) (PVC) membrane, contain theephore and are deposited
on top of a layer of the conducting PPy[Cel8gH11),]. The ionophores are: tri-
n-dodecylamine for H 1,3-(di-4-oxabutanol)-calix[4]arene-crown-5 for" K
andp-tert-butylcalix[4]areneethylester for Na

H* microelectrode: It exhibited excellent selectivity the primary
ion and a linear response over the pH range 3.8-ith a slope of 52+2 mV
decadé’. The selectivity versus 1,iNa" and K was examined and the results
obtained were comparable to these of a conventimmatelective electrode
(ISE) based on the same ionophore. Response timalsa investigated, and
the time required to achieve 90% of steady staterpial, when the pH was
decreased from 7.12 to 6.87, was less than 45 s.

K* microelectrode: The response of the microelectrads linear
with a Nernstian slope of 51+2mV per decade ovéf aon concentration
range of 6x17 to 1x10" M, with a detection limit of 1.8xI® M. The
microelectrode is suitable for use within the pHga of 3—11 and could be
used for at least one month without a consideralvdeation in its potential.

Na" microelectrode: The microelectrode shows a limeaponse for
Na" concentrations between 3.0xi@nd 1.0x10'M with a Nernstian slope of
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58.65+2mV per decade and a detection limit of 146%M. The response
time was 14 s, and the electrode is suitable fevughin the pH range of 3-10.

The outstanding selectivity of these all-solid-stabn-sensitive
microelectrodes makes them attractive for bioldgiead physiological
applications. They are well suited for the detectad myocardial ischemia
during cardiac surgery.

Carboranes and Metallacarboranes as drugs in Medicie.
Synthesis of Boron iodinated closo o-carboranewidgives
While perfluorination [19] and perchlorination [26] dicarbaboranes

has been achieved, perbromination and periodinati@rcarborane had never
been successful. The electrophilic monoiodinatibtha 9 position [21] and
diiodination at the 9 and 12 vertices [21a,22] loé b-carborane cage was
achieved by treatment with, in the presence of Algl[22,23]. A highly
iodinated §-1,2<closcC,B1oH, was later obtained by reaction with ICI and
triflic acid [24]. The combination of nucleophiland electrophilic processes
allow the regioselective synthesis “on demand” @vesal B-iodinated
derivatives of o-carborane and their periodination (Fig. 6) [25]or@n
substitution on boron1,2losoC,B1oH31» cluster could be obtained with the Pd-

5 catalysed conversion of B-I to B-C with
.?{A\ﬂ Grignard reagents, RMgBr (R = alkyl or aryl
.‘-'agé‘ group). Therefore, regioselective Boron

v substitution relies on Boron iodination. To this

'po’fé\fa V{%\" aim, not only conventional reactions on solution
-‘3\\52,3,-‘- ‘:\3\.% have been studied, but also a highly efficient,
o 5 clean and fast solvent free procedure [26] has
-v.ii\\q ;.43‘\-« been studied that has provided successful results
.'3‘\;';‘. .‘3\&!}}\ to regioselectively produce B-iodinated-

0 carborane derivatives with a careful control of

o{ii\\ the reaction conditions. The acidity of the
.»3\@}«. hydrogen atoms bonded toqfser is Strongly
o dependent upon the degree and type of B-
. substitution. lodination accentuates the acidity
[ ]

C-l # C-H . K X X
Fig. 6. while methylation decreases it.

B-1 OB-H

We proved [27] that low Boron iodinatedloso-acarborane
derivatives could undergo catalyzed isotopic exgkabetween the natural
iodide of iodinated carboranes ant’] iodide to provide {*%]-labeled
carboranes. The reaction was carried out on 3-Etb&-C,Bi0H1; and 9-1-
1,2<closoC,B1oH11 by using Herrmann’s catalyst in toluene at 100uf@er
argon. Exchange of natural iodine B[] took place in 98.1 and 98.6 % yield
for 3-1-1,2closo-C,B1oH11 and 9-1-1,2eloso-C,B1oH1; respectively in only 5
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min. Low Boron iodinatedloso-acarborane derivatives with halogens could
be useful as radioimaging/radiotherapy for biomadapplications such as in
pharmacokinetic studies of boron compounds for bor®utron capture
therapy. Since the conventional X-Ray contrast miganedia have from 30-
70% iodine (w/w), high iodine-containingoso acarborane derivativesgfl
1,2closoCoB1gH4, 88.1% iodine; d-1,2closoC,B10H3, 89.4% iodine, andd-
1,2<closoC;B1o0H2, 90.45% iodine) could be useful as X- Ray conteagnts
for selective visualization of organs or structur€se contrast agent amount
that must be administrated to produce opacity Wwél less the higher its
contents in iodine is so to avoid the consequeksrof unwanted effects.

Synthesis of high Boron o-carborane derivativesbé used as anti-tumor
agents for BNCT(Boron Neutron Capture Therapy).

A set of "Fréchet type” dendrons have been funeliaad with
different neutral and anionic carborane clusterse Gf the main characteristics
of these compounds is their photo-luminescent ptigsedue to the presence
of the cluster. Additionally the anionic compouradte soluble in water that can
be important for medical applications. We have gsepared a family of first
and second generation of neutral dendrimers cantpifour or eightcloso
carborane clusters on the periphery using bothrgerd and convergent
approaches. The modification of tlbosocluster has been carried out by
degradation reaction using KOH/EtOH, to obtain tlerresponding
polyanionic carbosilane dendrimers containing perpl nido-carborane
clusters [28].

The zwitterionic compound

 Fig. 7 s [3,3-C0o(8-GHgO2-1,2-G:BgH10)(1°,2’-
C,BgH1,)] was reported for the first time

@ by the reaction of the parent

60 & s Cs[Co(GBgH11)2] metallacarborane

@_Onono —D@ with H,SO;—Me; SOy in 1,4-dioxane in
co 1996 [29]. Later, the same compound
\’.)q ° @ was obtained in a higher yield (94
LTS compared to 45 %) and a better work-up

lf% procedure by using BFOEb [30]. The
%7 related tetrahydropyrane-based

— — derivative  [3,3°  Co(8-GHgO-1,2-
CngHlo)(].’,Z’-CngHl]_)] was also
prepared [15]. The zwitterionic compound [3,3-CafHsO,-1,2-
C.BgH10)(1',2-C2BgH11)] has been shown to be susceptible to nucleophilic
attack on the positively charged oxygen atom, bygpyrrolyl [15], imide,
cyanide or amines [31], phenolate, dialkyl or diphpsphite [32], N
alkylcarbamoyldiphenylphosphine oxides [33], alldes [30,34] and
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nucleosides [35] resulting in one anionic speceméd by the opening of the
dioxane ring. A recent review [36] updates the Bgais of different oxonium
derivatives of polyhedral boron hydrides. The roening reactions of cyclic
oxonium derivatives of polyhedral boron hydrideshnsulfur nucleophiles are
rare and include the ring-opening reactions of icyokonium derivatives of
the closododecaborate andlosodecaborate anions with hydrosulfide [37].
The reaction of the tetramethylene oxonium demeatiof the closo
dodecaborate anion with lithium derivativesosarborane gives the [Bi]-
[B12] double-cage boron compounds [38].

We have just reported [39] the synthesis of muitiaic species (Fig.
7) by using Grignard reagents, carboxylic acidpoeanes and thiocarboranes
as nucleophiles. This feature makes them potesystems to be use as "drug
delivery" or inhibitors of viral infection.
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Summary

The asymmetric synthesis of N-substitutédhydroxyureas, derived
from acetophenones, 1-(benzofuran-2-yl)ethanong,dibyydrobenzofuran-3-
one, 1-(benzdd]thiophen-2-yl)ethanone, is described. The enaeleusive
reduction of these ketones and /or their oxime rethwith borane
/oxazaborolidines was used as the key step gengrdie stereogenic center
linked to theN-hydroxyurea moiety.

Key words: borane/oxazaborolidines, N-substitutédhydroxyureas.

Introduction

5-Lipoxygenase is involved in the first step of thi@synthesis of
leukotrienes, mediators in several allergic anthmmatory diseases, such as
asthma, inflammatory bowel disease, psoriasis, ahdr [1-3]. A search for
inhibitors of 5-lipoxygenase in the last two decadesulted in the discovery of
N-substitutedN-hydroxyureas. Various compounds of this class veepared
and N-1-(benzop]thiophen-2-yl)ethylN-hydroxyurea  (Zileutof) was
introduced on the market in USA as an anti-astrordtilg [4-5]. Later, other
N-hydroxyureas have been prepared and at presennh ararious stages of
clinical tests [6-8]. Zileuton and similar 5-lipoygnase inhibitors have tin
hydroxyurea moiety located at a stereogenic cersted their enantiomers
exhibit different inhibiting activities. Consequgntasymmetric synthesis is
desired, although in certain cases racemates camsé&® Three 8-12 steps
asymmetric syntheses of Zileuton, using a chirabl garecursor or chiral
auxiliaries, have been developed [9-11]. Similadyhiral auxiliary was used
in the asymmetric synthesis Nf(2,3-dihydrobenzofuran-3-yI¥-hydroxyurea
[6].

In this study on the asymmetric synthesidNefydroxyureasl—7, we
focused on the enantioselective reduction of ket@mel oxime ethers, as a key
step generating the stereogenic center linkedetdlthydroxyurea moiety.
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HO
R
1 2 3,R=Me 5 R=H
Zileuton® 4,R=Bn 6, R =MeO
(Abbott Laboratories) 7, R=BnO

Results and discussion

Based on our earlier studies on the enantioseteatduction of
prochiral ketones and oxime ethers [12,13], aretdiure reports in this area
[14-17], borane/oxazaborolidines was selected agthferred reducing agent
generating the stereogenic center.

In the first approach tdR)-N-1-(benzofuran-2-yl)ethyl-1-hydroxyurea
1, 1-(benzofuran-2-yl)ethanor@ readily prepared from salicylic aldehyde and
chloroacetone [18], was reduced with borane in theesence of
oxazaborolidines generated from varidismino alcohols, and the highest
enantiomeric excess of the product alcoBpl98% ee, was obtained when
oxazaborolidinelO, prepared from triisopropoxyborane and 854R,6R)-4-
amino-3,7,7-trimethylbicyclo[4.1.0]heptan-3-ol [19Yas usedlhe Mitsunobu
reaction of alcohols is a highly stereospecific ssitbbtion of the hydroxyl
group proceeding with inversion of configurationhel use of nitrogen
nucleophiles in this reaction provides a conveni@gtess to nitrogen
derivatives, andN,O-bis(diphenoxycarbonyl)hydroxylamindl seemed a
suitable nucleophile for our synthesis. The prodicts reaction with alcohols
under Mitsunobu conditions is readily transformatbithe correspondiniy-
hydroxyurea by treatment with ammonia. Consequeritlis sequence: the
reduction of ketone — the reaction of the producblzol with 11 — treatment
with ammonia, provides a short accessNdydroxyureas. Unfortunately,
application of the sequence Qaesulted in partial racemization leadingltof
50% ee, obtained in 76% vyield [20]. (Scheme 1).

Apparently, the electron donating effect of the celan-rich
benzofuran-2-yl group makes the reaction centemerto racemization.
Alcohols containing such groups, e. g., secondartho- and para
alkoxybenzylic alcohols, also undergo partial razetion under Mitsunobu
conditions [21,22]. In the second approa@hvas converted into oximk3 and
its O-benzyl etherl4 was reduced with borane/oxazaborolidine, generated
from (1S2R)-norephedrine, producing R)-1-(benzofuran-2-yl)ethylamine,
75% ee (Scheme 2).
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PhOOCO HO O
12 1
54% 76%, 50% ee

Scheme 1

Searching for higher enantioselectivitytmethoxybenzyl ethefl6
and benzhydryl ethed8 were reduced with the same reagent, however,
hydroxylamine ethersR)-17 and R)-19 of lower enantiomeric excess were
obtained. The reduction df4 with borane/oxazaborolidine, generated from
(9-diphenylvalinol, was much less selective prodgdi®-15 of only 34% ee.
Then, we turned to terpene oxazaborolidines selg¢fiR,2S 3R,4S)-3-amino-
1,7,7-trimethylbicyclo[2.2.1]heptan-2-&6 (Scheme 3) for the generation of
the corresponding oxazaborolidi@2 (Scheme 2). The reduction &#f with
borane22, producedR)-15, 92% ee, in 61% yield. Noteworthy are two aspects
of the reaction. First, much higher enantioseldgtiof the reduction in the
presence of this terpenic oxazaborolidine, as coatp the above mentioned
oxazaborolidines. Second, the possibility of hagltihe reaction at the first
reduction step producing hydroxylamine ether.

1.NaH, DMF,0<C, 1h

2 BnCI r, lSh BMS 20-22
THF,0 C, 6 h
t, 24 h HN—OR

14, 16, 18 2.HClag, 1,18 h 15, 17 19
R yield, % ee, % yield, %

Me, Ph Pri»PhA\sPh ¥ 14 PhCH, 9 20 (R-15 75 64
. . 0~gH 14 PhCH, 21 (S)-15 34 37
HN O o AN O 14  PhCH, 22  (R-15 92 61
H H 16 m-MeOCgH,CH, 99 20 (R)-17 64 56

20 21 22 18  Ph,CH 99 20 (R-19 71 49

Scheme 2
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B-Amino alcohol26 has been described several times in the literature
and can be prepared from readily available optigalire (R)-camphor in two
steps. However, when we undertook the synthedisrned that the preparation
of pure 26 requires an efficient purification procedure. Thegnthesis is
presented on Scheme 3.

(1R)-Camphor 23 can be readily transformed into R)13-
isonitrosocampho5, either by oxidation with selenium dioxide toRj1
camphoroquinon@4 and its monooximation, or by treatment with a rstro
base followed by nitrosation with isoamyl nitri{@R)-3-Isonitrosocampha25
is obtained as aB/Z mixture, the ratio depending on the base anddhetion
conditions. TheE/Z ratio affects the stereochemical outcome of thgt ne
reduction step. Fortunately, it can be readily geahto 97:3 by heating the
mixture with refluxing water. The stepwise reduntf 25, first the keto group
with sodium tetrahydroborate, and then the oximeugr with lithium
tetrahydridoaluminate, produc@6. The same product is obtained by direct
reduction of25 with lithium tetrahydridoaluminate. Varying amosandf the
endo,endcstereocisomeR? and other stereoisomers are also formed, depending
on the reaction conditions. Several purificatioteripts by crystallization of
crude 26 failed. Purification by treatment with methanesnltoacid, succinic
acid, tartaric acid, and crystallization of the tsalformed, was also
unsuccessful. Transformation 26 into oxazolidone27, by the reaction with
diethyl carbonate [23], gives oxazolidoRéin only 30% yield. Fortunately, its
yield increased to 75% when triphosgene was usetiead of diethyl
carbonate. Finally, crystallization @7 followed by alkaline hydrolysis gave
26 of high purity, as indicated b¥4, **C NMR, and HPLC analyses [20].

1. t-BuOK, THF, -30 €, 10 min C|)H
2.i-AmONO, -30 C, 10 min N 1. NaBH,; MeOH NH,
3. H,0, reflux, 18 h, N 2. LiAIH .
2 2 et S OH  + stereoisomers
80% THF, reflux, 24 h
25 O 26
(crude)
80%
_ 1. H,NOH-HCI 1. (Cl5C0),CO,
93%| AcONa, EtOH/H,0, CHyCly, -5C, 1 h, 1,25 h
23 O reflux, 20 min 2. Crystallization
2. H,0, reflux, 18 h, N
> 99% ee 2 2

SeO
2 o) NH  3M NaOH NH,
AC,0, reflux,18 h O—X\_ EtoHH,0 OH
O reflux, 6 h

24 O 27 26
94% 78% 98%, >99% ee

Scheme 3
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Debenzylation of R)-15 was the next step in the synthesis of
(Scheme 4), however, attempts to achieve it bylytatahydrogenolysis on
Pd/C or Pd(OH)C resulted in the nitrogen — oxygen bond cleavdgeatment
of (R)-15 with boron trichloride gave a mixture of producisstead of the
expected debenzylation. Consequentli®)-15 was transformed into the
correspondindN-benzyloxyurea derivativ@8 which was readily debenzylated
by palladium catalyzed hydrogenolysis producihg 92% ee, and after
upgradation by crystallization, 99% ee was obtaij2éql.

1. CISO,NCO Me Me
(R)-15 THF, ~78 C, 2h ©5\>_< NH, L Ha PAOH)C @_( NH,
2. H,0, 1t, 18 h o / MeOH, 1t, 2 h o N

92% ee ,N_C\\ 2. Crystallization / \
BnO (0] HO (@]

28 1
95% 83%, 99% ee

Scheme 4

The same approach, via the reduction of oxime gthas applied to
the asymmetric synthesis of, starting from 1-(benzb]thiophen-2-
yhethanone29 (Scheme 5). The ketone was converted into oX3@eand its
O-benzyl ether 31 which was reduced. The reduction with
borane/oxazaborolidine, generated fromS2R) norephedrine, gave the
corresponding hydroxylamine oxime ett&2, 80% ee, in 49% vyield. In the
presence of oxazaborolidin@2 the enantioselectivity of the reduction
increased to 95%. The product hydroxylami@ebenzyl ether32 was
transformed into the correspondihgbenzyloxyurea33 by the reaction with
chlorosulfonyl isocyanate. In contrast to debertayta of the benzofuran
analogue28, (Scheme 4) hydrogenolysis &3 in the presence Pd/C or
Pd(OH)/C was very sluggish and incomplete even afteromgéd periods.
Debenzylation was achieved with ammonium formatthenpresence of Pd/C
in ethanol, as reported earlier in the synthesi@ bf a different approach,
however, a substantial load of the catalyst wasssary [20].

1. NaH DMF
Me H;NOH- HCI
AcONa _2BnCl,t, 18h BnCI rt 18h BH3 SMe, 16
EtOH/HZO THF rt, 24 TTHF i, 240
O  reflux, 2h

95%

e 1. CISO,NCO, Me
N _ THR=78C 2h _HCOONH 4, PdIC__ A
2 H,0, t, 2mormish B conm2an EtOH, rt, 24 h NH,
s N S N—§
BnO (e}

50%, 95% ee 89% 70%, 95% ee
Scheme 5
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Next, we turned to the synthesis ®-(6-methoxy2,3-dihydro-
benzofuran-3-yIN-hydroxyurea3. In the first approach, the synthesis 0f-6-
methoxy-2,3-dihydrobenzofuranBP-diphenylphosphinylimine was under-
taken following the procedure reported for substiuacetophenones [24].
However, 6-methoxybenzofuranFBP-diphenylphosphinylimine was
obtained, instead of the expected product.

In the second approach, 6-methoxy-2,3-dihydrobemaof3-one
oxime O-benzyl etheB5,E/Z 20 : 80, was prepared (Scheme 6). The ether was
reduced with borane/oxazaborolidigé to give 36, 57% ee, and aming&7,
57% ee. Enantioselectivity of the reduction isueficed by th&/Z ratio, and
increased to 84% ee when the ratio was 8:92. BBehydrochloride,
crystallizing during the work-up of the reductiorogucts, was separated from
the soluble37 hydrochloride. Fre&6 was liberated by alkalization, and was
converted into the correspondiNgbenzyloxyure&8. The debenzylation &8
by hydrogenolysis on the Pd/C catalyst was readithieved, andN-
hydroxyurea3, 57% ee, was obtained [25].

NOH NOBnN HNOBn
1. NaH
DMF 2.3 M HCI
3. NaOH
34 R =Me 35, 73%, E/Z 20:80 36, 33%, 57% ee; 37, 57%, 57% ee
39,R=Bn 40, 92%, E/Z 12:88 41, 19%, 62% ee; 42, 28%, 62% ee
Jiy Jiy
BnO. HOL
N~ "NH, N" 'NH,
g _CISOzNCO @ H,/Pd—OH/C /©E>
-78C,2h MeO (@] MeOH, rt, 4 h MeO (e}
38, 95%, 57% ee 3, 93%, 57% ee
Scheme 6

The asymmetric synthesis bE6-benzyloxy-2,3-dihydrobenzofuran-
3-yl)-N-hydroxyuread was the most challenging. Following the same aggro
as described above for the 6-methoxy anal®jube 6-benzyloxy group may
interfere in debenzylation o#l (Scheme 6). In order to avoid this
inconvenience, in the first approach, 6-benzylo3~&hydroxybenzofuran-2-
on 43 was reduced to the corresponding alcodl(Scheme 7). Reductions
with borane/oxazaborolidind6, generated from @& 2S)-norephedrine, and
with modified sodium tetrahydroborate in the preserof p-ketoimina-
tocobalt(ll) complex [26}47, gave44 in moderate enantiomeric excess.
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Fortunately, the reduction with borane/oxazaboméd8, generated
from (1R2S3R59-3-amino-6,6-dimethylbicyclo[3.1.1]heptan-2-o0l  [27
derived from (-)B-pinene, was more selective producidg in 87% ee.
However, treatment of the alcohol with  N,O
bis(diphenoxycarbonyl)hydroxylaminell under Mitsunobu conditions,
followed with ammonia, gave partially racemizBehydroxyuread4, 31% ee.
Clearly, 6-benzyloxy-2,3-dihydrobenzofuran-3-yl gpo influences the
substitution reaction in a similar way to d+fethoxy and 1-p-
methoxyphenyl)ethyl group [21,22]. It should be etthat under the same
conditions §-1-phenylethanol, 93% ee, reacted wiltl to give the

substitution product in 88% ee.

PhOCOO.__COOPh
0 OH N

/@E‘g >B-H/Cat. /@Eg 11, PPhy DEAD /©E>
THF, 0 T
BnO o BnO o BnO 0

n

43 44 45, 60%
NHg, t-BUOH
>B-H Cat. %ee Yield, %
o)
BHa/THF 11 50 HO
NaBH4/EtOH/15&\,0H 46 73 N "NH,
BH4/THF 87 92 /©j>
OoBu"
d BnO O
Me,  Ph Ph. Ph W 4, 63%
H V8 AL 31% ee
HN_ O =N, N= : ;
B Co
H d Yo o4 o
46 47 48
Scheme 7

In the second approach, 6-benzyloxy-2,3-dihydroryléuran-3-one
43 was transformed into its oxim@-benzyl etherd0 (Scheme 6). The ether
was earlier reduced with borane/oxazaborolidinespgred from variou$-
amino alcohols, and only in the presence oxazaioimel 20, generated from
(1S,2R)-norephedrine, the reduction product was obtainddgh enantiomeric
excess [6]. In our experiment®-benzyl etherd0 E/Z 12:88, reduced with
borane/oxazaborolidin20 gave a mixture of the corresponding hydroxylamine
O-benzyl ether4l, 62% ee, 19% vyield, and 3-amino-6-benzyloxy-2,3-
dihydrobenzofuran aming2, 62% ee, 28% vyield (Scheme 6). The ediewas
separated and converted into the correspondibgnzyloxyN-hydroxyurea in
the way described above for the 6-methoxy analogo&ever, debenzylation
by catalytic hydrogenolysis resulted mainly in ttemoval of both benzyl
groups, and)-N-(6-hydroxy-2,3-dihydrobenzofuran-3-yl)amine wagaobed
as the major product.
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Consequently, the approach was modified @Aoenzyl ethed0 was
reduced with an excess of borane/oxazaborolidh amine42 obtained in
62% vyield, (Scheme 8). A few methods for the oxatatof amines to
hydroxylamines are known [28-38]. We tested the tncosivenient ones, and
only one transformation, via oxazirine [30], proddc the desired
hydroxylamine 49 which was transformed into4 by treatment with
trimethylsilyl isocyanate [25].

NOBn NH, HNOH

1. g(l)-lgiTHF, 2eq /©E> 1. p-MeOCgH,CHO ©E>
,leq. o 2. MCPBA

o 2. HCl aq. 0 3.2M HCI (0]

BnO 3. reflux aq. BnO 4. NaHCO3 NH,OH 49

40 42
62%, 62% ee

NH,

Me,SINCO R
THF, reflux, 2 h
BnO o

4
20%, 62% ee

Scheme 8

The approach toN-hydroxyureas via amines is a general
methodology, and was also used in the asymmetriothegis of N-
hydroxyureas derived from substituted acetophenof®sheme 9). Thus,
acetophenone was transformed into iE-¢xime O-benzyl ether, and-
methoxy ang-benzyloxyacetophenones were transformed into {Rgioxime
O-2-nitrobenzyl ethers. The reduction 5 with borane/oxazaborolidiné6,
generated from @,29-norephedrine, and the reduction % and 54 with
borane/oxazaborolidines5, generated from Sj-diphenylvalinol, produced
cleanly the corresponding amingg 53, 55, 99, 98 and 93% ee, in 85, 79, and
67% vyield, respectively. The amines were transfasmea nitrone [29], into
the correspondiny-hydroxyurea$—7,with no racemization. This sequence of
transformations: primary amine N-cyanomethyl amine — nitrone — N-
substituted hydroxylamine, followed by its conversiinto N-substituted\-
hydroxyurea, worked well for these amines.
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OR? 0 OH OH

|
Me N Me_ .NH, Me_ N Me_ .NH Me N O
\ Vo \\l \ \
CICH,CN CN ) NH;
1. BH3 / THF/Cat. K,COs H,NOH-HCI Me3SiNCO
—_— —_— —_— —_—
2.2 M HCI MeOH, MeOH THF
3. NaOH reflux,20 h reflux, 2 h
R R R R R
R R Cat.
50, H Bn 46 51, 85%, 99% ee 5, 63%, 99% ee
52,MeO 2-NO,Bn 56 53, 79%, 98% ee 6, 64%, 98% ee
54,BnO 2-NO,Bn 56 55, 67%, 93% ee 7,56%, 93% ee

56 = oxazaborolidine prepared from (S)-(-)-diphenylvalinol
Scheme 9

Conclusions

New highly selective terpene oxazaborolidines hagen used. The
enantioselective reduction of prochiral ketoxin@ethers with borane/
oxazaborolidines can be controlled to give the esponding hydroxylamine
O-ethers or amines. The hydroxylamifeethers can be converted into the
correspondingN-hydroxyureas, provided that the deprotection o #ther
functionality can be achieved. Alternatively, themiaes can be transformed
into the correspondingN-hydroxyureas avoiding the above mentioned
limitation. The methodology described above is maple to the asymmetric
synthesis of similar structures.
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