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AbSTRACT

The purpose of this study is to synthesize new boron containing carrier compound 
for Boron Neutron Capture Therapy (BNCT) which is two-component radiation 
therapy method that especially is promising for the treatment of brain tumors and 
is being actively researched in many countries. For this research hyperbranched 
polyester (HBP), bifunctional p-carborane and carborane-functionalized HBP 
were synthesized. Dipentaerythritol was chosen as a core molecule of the HBP 
and esterified with dimethylol propionic acid. Observed characteristic ester bands 
and OH stretching band in the FTIR spectrum and the methyl & methylene peaks 
in the 1H NMR spectrum of HBP indicated that hyperbranched polyester synthesis 
was done successfully. A bifunctionalized p-carborane containing an acid group 
and a benzyl ether protected alcohol was prepared in three-step reactions. As a 
result of these reactions, a bifunctionalized p-carborane compound was produced 
with 60% yield. Then, the HBP was esterified with the bifunctional p-carborane. 
The characterization of the synthesized compounds was determined by FTIR and 
NMR spectra. The synthesis of carborane-functionalized HBP was confirmed by 
disappearance of HBP’s OH groups and B-H stretching band observed in the 
FTIR spectrum of carborane-functionalized HBP and in addition, appearance of 
proton signals of HBP core, carborane linker and peripheral-protecting groups in 
the 1H-NMR spectrum. Finally, synthesized water-soluble carborane-containing 
HB carrying many boron atoms should be served as potential BNCT agents.

1. Introduction

Carboranes are polyhedral clusters consisting of car-
bon, hydrogen and boron. They have been widely used 
in many areas such as carboraneous nano-material in 
electrochemical, semiconductor, drug delivery, boron 
neutron capture therapy (BNCT), molecular imaging, 
molecular sensors, catalysis and gas storage applica-
tions. Carboranes have a highly electron-delocalized 
hydrophobic surface, spherical geometry and conve-
nient molecular size. Carboranes can readily be re-
acted with other organic groups because of relatively 
acidic protons of the two carbon atoms of carborane. 
Besides, carboranes are notably charming because of 
their high stability and charge neutrality. In particular, 
use of carborane derivatives in the field of medicinal 
chemistry has become more attractive day by day. 
Carboranes are mainly used to design BNCT agents 
in medicinal applications [1-2].

Boron neutron capture therapy is a binary radiation 
therapy method which becomes a significant treatment 
for numerous types of tumors. Boron compound is the 
main component of BNCT method. The basis of BNCT 
is neutron capture and fission reactions. Nonradioac-
tive boron-10 (10B) compounds accumulated in tumor 
cells are irradiated with low energy thermal neutrons. 
As a result of neutron caption reaction, alpha particles 
(4He) and lithium-7 (7Li) nuclei are released. In order 
to be successful, boron compound containing approxi-
mately 20-50 μg/g (~109 atoms/cell) of 10B must be se-
lectively delivered to the tumor and adequate amount 
of thermal neutrons must be absorbed by 10B atoms. 
Thus, a lethal 10B(n,a)7Li capture reaction is occurred. 
High LET particles (4He) have limited path lengths in 
tissue, so destructive effects of these particles are re-
strained to boron in tumor cells.
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Boron delivery agents such as (L)-4-dihydroxy-boryl-
phenylalanine (BPA) and sodium mercaptoundeca-
hydro-closo-dodecaborate (BSH) are used in clinical 
BNCT trials. Lots of boron delivery agents have been 
designed and synthesized over the last few decades 
but only a few have been approved in preclinical tri-
als. As a result of clinical experiences and outcomes 
in the development of BNCT delivery agents, many 
researchers have described five golden principles for 
ideal BNCT agents. These are: (1) 10B atoms/tumor cell 
are required more than 109 (2) boron tumor/normal tis-
sue and high tumor/blood concentration ratios ≥ 3 (3) 
low intrinsic toxicity (4) clearance rate from normal tis-
sue and blood is fast and tumor retention is enhanced 
(5) good with hydrophobic and hydrophilic balance 
[2-5]. Functional delivery agents containing functional 
end groups which are associated with tumor targeting 
moieties such as receptor, peptides, folic acid, amino 
acids, monoclonal antibodies (MAbs), lipids, nucleo-
sides, carbohydrates, liposomes have become the 
most interesting compounds among synthesized new 
BNCT agents.

Recently, the conjugation of carborane to dendritic 
molecule has been investigated to fulfill these require-
ments. The synthesis of dendrimer and hyperbranched 
polymers of dendritic molecules is one of the most 
studied topics because these highly branched poly-
mers have a large number of branching points and 
functional end groups that can be easily modified with 
functional groups [6-14]. The dendrimers have well-
defined shape and size. Multi-step reactions and com-
plicated purifying processes are used in the prepara-
tion of dendrimers [15-18]. In contrast, their structures 
of the hyperbranched polymers are not organized 
as properly as dendrimers’. They contain randomly 
branched and some linear structures. They were firstly 
synthesized by simple one-pot polymerizations. Later, 
a chain growth mechanism e.g self-condensing vinyl 
polymerization and self-condensing ring-opening po-
lymerization were used in the preparation of hyper-
branched polymers [7,19-22]. Reaction strategies in 
the preparation of hyperbranched polymer resemble 
polymerization reactions of classical lineer polymers 
rather than dendrimers. The production of dendrimers 
is very complex for use as engineering materials and 
large scale industrial purposes and also costly. On 
the other hand, the preparation of large quantities of 
hyperbranched polymers is much easier and cheap-
er than dendrimers but control cost of their structure 
and molar mass is high [22]. However, hyperbranched 
polymers are very attractive for industrial applica-
tions such as blend, resin and additive components 
and also, high-tech fields like nanomaterials in electric 
and electronic device, catalysis, biomedicine, etc. [22]. 
Terminal functional groups of hyperbranched polymers 
can be easily modified with other compounds to ob-
tain new materials for specific applications [23]. These 
modifications bring in extra dissolution, thermal, elec-

trochemical and luminescence properties of synthe-
sized new materials.

Various hyperbranched polymers are obtained 
from different core and chain extender molecules. 
Hyperbranched polyester (HBP) based on 2,2 
bis(hydroxymethyl)propanoic acid, which is one of the 
first synthesized hyperbranched polymers, has been 
commercially available over years [22,24]. Mishra et. 
al. [25] studied the modification of second generation 
aliphatic hyperbranched polyester polyol with isofo-
ronediisocianate for coating film. Kutyreva et. al. [26] 
synthesized 2nd generation HBP polyol with succinic 
anhydride used as a chelating agent. Murillo and co-
workers [27] synthesized hyperbranched alkyd resins 
from 4th generation HBP modified with tall oil fatty ac-
ids. Murillo and Mesias [28] also modified second gen-
eration HBP with polylactic acid to obtain a compatibil-
izer agent for plasticized tapioca starch/polylactic acid 
blends. Hyperbranched polyesters having end hydrox-
yl groups were combined with fatty acids or acrylate 
used as various resins in coating applications [6,29-
31]. As most of the studies published in the literature 
have concentrate on the synthesis and characteriza-
tion of aliphatic hyperbranched polyester for various 
applications, it can’t be seen any literature study about 
modifying aliphatic hpyerbranced polyester with car-
borane as a biomaterial. But, many studies about use 
of dendrimers as boron carriers have been found in the 
literature. Firstly, Barth and coworkers [32] attached 
isocyanato polyhedral borane [Na(CH3)3NB10H8NCO] 
to the outer shells of second- and fourth-generation 
poly(amidoamine) (PAMAM) dendrimers. In subse-
quent studies, dendrimers, aimed to attach it with the 
epidermal growth factor receptor, were designed by 
using boron compounds and PAMAM [33-35]. Carbo-
ranes modified to outermost groups of various den-
drimers such as PAMAM [32], poly(propylene imine) 
[36], carbosilane [37], polylysine [38] and metalloden-
drimers [39] were investigated. On the other hand, 
these are not an ideal boron delivery agent because 
of their solubility and cytotoxicity. Newkome and co-
workers reported that dendrimers functionalized with 
water-soluble carborane were synthesized [40]. Aque-
ous solubility was accomplished by using peripheral 
sulfate groups and thus, a unimolecular micelle-type 
structure was synthesized. Aliphatic polyester den-
drimers synthesized from 2,2-bis(hydroxymethyl)
propanoic acid [41] by Frechet and coworkers were 
biocompatible, nonimmunogenic, nontoxic and water-
soluble as drug delivery agents [42-44]. Parrott et. al. 
studied the development of alike aliphatic polyester 
dendrimers for the incorporation of functionalized car-
borane compound [2]. In the study, the least amount of 
peripheral alcohol groups required per carborane was 
determined to evaluate the aqueous solubility of each 
of their synthesized structures for potential therapeutic 
applications of carborane-containing compounds. Car-
borane modified second generation dendron contain-
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ing forty boron atoms from a 2,2 bis(hydroxymethyl)
propanoic acid scaffold for BNCT were synthesized by 
Galie and coworkers. The outer shells of these den-
drimers were designed to combine with targeting func-
tionality which would be provided at the focal point or 
solubilizing groups [45]. Later, the tricarboranyl build-
ing block was also attached to 2,2-bis(hydroxymethyl)
propionic acid with a succinimidyl linker and thus, a 
hexacarborane modified dendron containing 60 boron 
atoms was synthesized by Mollard and Zharov [46].

The terminal groups (such as peripheral alcohol) of 
dendrimers or hyperbranched polymers provide an at-
tractive platform to modify these with other compounds 
for synthesizing new specific application materials like 
diagnostic and therapeutic modalities into tumors. Tri-
functional theranostic agent which has diagnostic and 
therapeutic modalities was synthesized for targeting 
solid tumors by Dubey et.al. In this study, photophysi-
cal properties of dendritic molecule modified with car-
borane, a monomethine cyanine dye and an integrin 
ligand were evaluated. Thus, these dendritic molecule 
has been acquired modalities both diagnostic such as 
visible-light fluorescent imaging and therapeutic such 
as BNCT [47].

Studies about the synthetization of aliphatic hyper-
branched polyesters containing carborane have not 
been enough although hyperbranched polymers are 
prepared much easier and cheaper than dendrimers 
[22]. Taking all of these factors into consideration, we 
described the synthesis and characterization of carbo-
rane-functionalized hyperbranched aliphatic polyester 
in this study. Firstly, aliphatic hyperbranched polyester 
was synthesized with dipentaerythritol as the core mol-
ecule that was twice esterifed with dimethylol propionic 
acid as the chain extender according to study of Bat et. 
al. [30]. Afterwards, this aliphatic hyperbranched poly-
ester was modified with functionalized p-carborane. p-
carborane was bifunctionalized with n-butyllithium and 
trimethylene oxide by three-step reaction taken into 
the consideration of previous study [2] in order to eas-
ily incorporation into the synthesized hyperbranched 
polyester. Finally, the peripheral alcohols of these syn-
thesized hyperbranched were reacted with carboxylic 
acid of bifunctional p-carborane by esterification reac-
tion to obtain carborane-functionalized hyperbranched 
polyester. All synthesized compounds were character-
ized by FTIR and NMR techniques. 

Hydroxy functional aliphatic hyperbranched polyesters 
synthesized from a dimethylol propionic acid mono-
mer and a dipentaerythritol core molecule have mostly 
been studied to be used as resin in coating applica-
tions [6,29-30] but not to evaluate as biomaterial car-
rier. The important part of our work is that the hydroxyl 
groups at the outer shells of aliphatic hyperbranched 
polyester were modified with functionalized p-carbo-
rane compound by esterification to be evaluated as a 

biomaterial. As a result of this study, carborane-con-
taining hyperbranched polyester carrying many boron 
atoms and functional groups is successfully synthe-
sized as a candidate BNCT agent.

2. Materials and Methods

2.1. Materials

Dipentaerythritol and dimethylol propionic acid (DMPA) 
(synomym: bis(hydroxymethyl)propanoic acid, bis-
MPA) were supplied by Aldrich. p-Carborane, (1,12-D-
dicarbadodecaborane, 1,12-C2B10H12) (MA=144.23) 
was purchased by KATCHEM spol. s r.o., Czech 
Republic. Butyllithium solution (n-BuLi) (Aldrich) was 
used as 1.6°M solution in hexanes. N,N-Dimethylfor-
mamide (anhydrous-99.8%) (DMF), Ethyl acetate, 
TEMPO (2,2,6,6-Tetramethyl-1-piperidinyloxy, free 
radical), Iodobenzene I,I-diacetate, pyridine, sodium 
hydride (NaH) and benzyl bromide were supported 
from Aldrich. Trimethylene oxide, magnesium sulphate 
anhydrous and metalic sodium were purchased from 
Fluka. 4-(Dimethylamino)pyridine (DMAP) and Tetra-
butylammonium iodide, ≥99% were supplied by Sig-
ma. p-toluene sulfonic acid and N-Ethyl-N-(3-dimeth-
ylaminopropyl)carbodiimide hydrochloride (EDAC) as 
a catalyst was supported from Aldrich-Sigma. All sol-
vents and reagents were of analytical grade and used 
without purification.

Fourier transform infrared (FTIR-ATR) spectra were 
recorded using FTIR Nicolet 8700 spectrometer model 
in the 3700–600 cm-1 range. 1H and 13C NMR spectra 
were performed on a Bruker Avance (300 MHz) and 
Varian (400 MHz) spectrometer with Deutero dimethyl 
sulfoxide(DMSO-d6) or Deutero chloroform (CDCl3) as 
a solvent at 25°C.

2.2. Synthesis of Aliphatic Hyperbranched Polyes-
ter

Aliphatic hyperbranched polyester was synthesized 
from dipentaerythritol and DMPA according to the lit-
erature [30-31]. In this research, the aliphatic hyper-
branched polymer was synthesized by a pseudo-one 
step polymerization. Dipentaerythritol as core mol-
ecule and dimethylol propionic acid as chain extender 
were used. Appropriate quantities of dipentaerythritol, 
dimethylol propionic acid and p-toluene sulfonic acid 
as a catalyst were placed in a five necked flask. The 
flask was placed in an oil bath preheated to 140°C. 
After all of materials were melted, the reaction was 
carried out under nitrogen atmosphere and the me-
chanical stirrer was started (Reaction condition: Mole 
of DMPA=50 mmol, Mole of Dipentaerythritol=5.55 
mmol, mcatalyst=0.5 wt% of DMPA). After 2 h, the nitro-
gen gas stream was turned off, vacuum line was con-
nected to the flask and vacuum was applied from time 
to time in an hour. After the pressure was increased 
to atmospheric, the required amount of DMPA (66.7 
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mmol) and p-TSA (44.8 mg) were added and the nitro-
gen gas flow was restarted for 2 h and vacuum was ap-
plied for an hour. Then prepared powder product was 
dried at 50°C under vacuum (Yield=83.75%). The re-
action scheme of the aliphatic HBP synthesis is given 
in Figure 1. FTIR-ATR spectrum of aliphatic HBP, cm-1: 
3500-3200 (strong, broad) O-H stretching, 2960-2885 
(weak, broad) C-H stretching vibration in CH3 and CH2, 
1710 (very strong C=0 stretching vibration, 1459 (me-
dium) C-H stretching vibration in CH3, 1362 (medium) 
C-H deformation in CH3 and 1227-1024 (medium) C-
O-C stretching vibration.

2.3. Preparation of the Bifunctional Carborane

p-carborane was bifunctionalized as a carboxylic acid 
and a protected alcohol in order to incorporation of p-
carborane cages with the peripheral alcohols of this 
synthesized aliphatic hyperbranched polyester. Then, 
the protected alcohols of carborane-functionalized hy-
perbranched polyester would subsequently be opened, 
and polyethylene glycol and targeting moieties should 
be attached to regeneration peripheral alcohol groups 
for use in BNCT.

Figure 1. Synthesis of 2nd generation aliphatic HBP.

The bifunctional p-carborane was prepared in three 
steps according to the literature procedures [2] (Figure 
2).

2.3.1. 1st step: Synthesis of 1,12-bis(3-
hydroxypropyl)-1,12-dicarbadodecaborane (com-
pound 1):

Two carbon vertices of p-carborane were reacted with 
two equivalents of n-butyllithuim and trimethylene ox-
ide to obtain long tails containing diol group. The re-
action in THF (tetrahydrofurane) solution medium (50 
mL) carried out in a well dried round bottom flask in a 
magnetic stirrer under argon atmosphere. The reac-
tion mixture was stirred approximately 14 h at room 
temperature. THF was evaporated in vacuum at the 
end of reaction time and crude product was dissolved 
with 1M hydrochloric acid (HCl). The organic layer 
was separated, washed with 80 ml of acid and dried 
in vacuum. At the end of the 1st step procedure, prod-
uct was obtained as white needles with 70% yield. 1H-
NMR (400 MHz, CDCl3, 300 K): δ=1.3 and 1.4 (dd, 4H, 
CH2-p-Carbor.), 1.6 and 1.7 (dd, 4H, CH2CH2OH), 1.9-
3.2 (br., H, p-Carbor.) and 3.3 and 3.4 (s, 4H, CH2OH) 
(Figure 3).
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2.3.2. 2ndstep: Synthesis of 1-(3-(benzyloxy)
propyl)-12-(3-hydroxypropyl)-1,12-dicarbadode-
caborane (compound 2):

One hydroxyl group of the compound 1 was protected 
using NAH, Tetra-butylammonium iodide and benzyl 
bromide according to the literature [2]. The protected 
alcohol of the resulting product would be opened to re-
build peripheral alcohol functionalities or attach to tar-
geting moieties for its intended purpose. In this step, 
the reaction solution was firstly cooled down to 0°C and 
stirred for 2 h. All necessary chemicals were added, 

the mixture was kept until it reached room tempera-
ture and stirred for an additional 12 h. After all volatiles 
were removed by vacuum, the residue was taken up 
in 80 mL of diethyl ether and transferred into a separa-
tory funnel. Then, 80 mL of HCl was rigorously add-
ed to dissolve crude product. After drying procedure, 
1-(3-(benzyloxy)propyl)-12-(3-hydroxypropyl)-1,12-
dicarbadodecaborane (compound 2) was obtained 
as white solid with 50-55% yield. 1H-NMR (400 MHz, 
CDCl3, 300 K): δ=1.2 and 1.3 (dd, 4H, CH2-p-Carbor.), 
1.6 and 1.7 (dd, 4H, CH2CH2O), 2.0-3.1 (br., H, p-Car-
bor.), 3.2 (d, 2H, CH2OH), 3.4 (d, 2H, CH2O), 4.3 (s, 

Figure 3. 1H-NMR (400 MHz, CDCl3, 300 K) spectra of 1,12-bis(3-hydroxypropyl)-1,12-dicarbadodecaborane.

Figure 2. Synthesis steps of bifunctional p-carborane.
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Figure 4. 1H-NMR (400 MHz, CDCl3, 300 K) spectrum of 1-(3-(benzyloxy)propyl)-12-(3-hydroxypropyl)-1,12-dicarbadodecaborane.

2H, OCH2-Ph), 7.3 (m, 5H, Ph) (Figure 4).

2.3.3. 3nd step: Synthesis of 12-(benzyloxy)pro-
pyl-1,12-dicarbadodecaboranyl-1-(3-propionic 
acid) (Compound 3): 

The remaining free alcohol of compound 2 was react-
ed with TEMPO and iodobenzene diacetate accord-
ing to the steps in the literature [2]. At the end of this 
procedure, the product was crystallized from ethanol 
and p-carborane containing carboxyl group (Com-
pound 3) was obtained as colorless crude product with 
60% yield. 1H-NMR (400 MHz, CDCl3, 300 K): δ=0.8-
2.3 (br., H, p-Carbor., one above the other), 1.29 (t, 
2H, CH2-p-Carbor.), 1.47-1.51 (dt, 4H, CH2-p-Carbor 

Figure 5. 1H-NMR (400 MHz, CDCl3, 300 K) spectrum of 12-(benzyloxy)propyl-1,12-dicarbadodecaboranyl-1-(3-propionic acid).

and CH2COOH), 1.72-1.76 (q, 2H, CH2CH2-p-Carbor.), 
3.30 (t, 2H, CH2O), 4.43 (s, 2H, OCH2-Ph), 7.30 (m, 
5H, Ph), 9.62 (s, H, COOH) (Figure 5).

2.4. Synthesis of Carborane-functionalized 
Hyperbranched Polyester

The peripheral alcohols of the synthesized aliphatic hy-
perbranched polyester were reacted with bifunctional 
p-carborane by esterification reaction to obtain carbo-
rane-functionalized hyperbranched polyester. All syn-
thesis was carried out under airless medium. In this re-
action, a small excess of bifunctional p-carborane (the 
carborane acid) (1.25 equiv. per alcohol) was used to 
complete functionalization. Appropriate quantities of 
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aliphatic HBP and compound 3 were placed in a flask 
and vacuum was applied to remove air and humidity. 
4 mL of dichloromethane (CH2Cl2) and 0.4 mL of dried 
pyridine were added to this mixture, respectively. Solu-
tions of EDAC and DMPA in CH2Cl2 were prepared into 
dried tapped bottom flask equipped. These solutions 
were added into reaction mixture drop by drop under 
argon atmosphere. Reaction solution was mixed for 
40 hours. After all volatiles were removed by vacuum, 
residue colorless solid was washed by distilled water 
three times in order to provide neutral solid product 
and thus, pyridine was removed. 8 mL of cooled pen-
tane was added to the residue and unreacted organic 
impurity was removed by filtration. The product was 
crystallized from hexanes at -30°C and the colorless 
needles crystal product was obtained with 60% yield. 
1H and 13C NMR spectra of final product were per-
formed with CdCl3-d1 as a solvent at 25°C.

3. Results and Discussion

Aliphatic hyperbranched polyester was synthesized 
according to esterification reaction with acid catalyst 
and by azeotropic distillation method with toluene in 
the literature [30,31]. The FTIR and 1H NMR spectra of 
aliphatic HBP are given in Figure 6 and 7, respectively. 
In the FTIR spectrum of aliphatic HBP, the characteris-

Figure 7. 1H NMR (in DMSO-d6) spectrum of aliphatic HBP.

tic ester bands (C=0 and C-O-C stretching vibrations) 
are observed at 1710 cm-1 and 1227-1024 cm-1, re-
spectively. Also, the broadest and the most intense OH 
stretching band is observed at 3350 cm-1 in Figure 6.

Figure 6. FTIR spectrum of aliphatic hyperbranched polyester.

As it was seen from 1H NMR spectrum of aliphatic 
HBP, observed characteristic peaks of CH3 and CH2 at 
1.1-1.3 ppm and 3.4-4.3 ppm (a, b, c and d, e, f, res-
pectively) show a clear indication of aliphatic hyperb-
ranched polyester synthesis in Figure 7.
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The most important point in the modification of carbo-
rane cages into the aliphatic hyperbranched polyes-
ter is the preparation of a bifunctionalized carborane 
containing a carboxylic acid and a protected alcohol. 
The bifunctional p-carborane was synthesized in three 
steps according to the literature procedures [2].

Amounts of used acids (HCl) and the crystallizati-
on medium in the synthesis of compounds 1, 2 and 
3 were slightly different from the literature [2]. At first, 
p-carborane was reacted with two equivalents of 
n-butyllithium and trimethylene oxide to produce the 
long tails compound 1 containing two -OH groups with 
70% yield. Then, benzyl bromide was attached to one 
of two -OH groups in compound 1 by protonation un-
der basic condition to obtain compound 2. Finally, the 
remaining free alcohol of compound 2 was oxidized 
with TEMPO and IBDA to yield compound 3 contai-
ning carboxylic acid in 60% yield. The synthesis of 
12-(benzyloxy)propyl-1,12-dicarbadodecaboranyl-1-
(3-propionic acid) (bifunctionalized p-carborane, com-
pound 3) is confirmed by the evaluation of 1H NMR 
spectrum (Figure 5). The observed proton signals of 
phenly group at 7.29 and 7.73 ppm, -CH2O- at 4.43 
ppm, -OCH2CH2 at 3.31-3.28 and -CH2 at 1.76-1.72 
ppm are confirmed the formation of bifunctionalized 
p-carborane cages.

The peripheral alcohols of this aliphatic hyperbranched 
polyester were reacted with bifunctional p-carborane 
by esterification reaction under airless medium to 
synthesize carborane-functionalized hyperbranched 
polyester. The FTIR spectra of aliphatic HBP, bifunc-
tionalized p-carborane and carborane-functionalized 
hyperbranched polyester are given in Figure 8. Com-
parative analysis of FTIR of these compounds indi-
cates that the broad band of OH group of aliphatic 
hyperbranched polyester at 3361 cm-1 disappearance 
in the spectrum of carborane-functionalized hyperb-
ranched polyester. However, B-H stretching band of 
bifunctionalized p-carborane and C=O stretching in 
ester groups of aliphatic HBP are observed at 2597 

Figure 8. FTIR spectra of (1) aliphatic HBP (2) bifunctional p-car-
borane and (3) carborane-functionalized hyperbranched polyester.

cm-1 and 1739 cm-1, respectively in the spectrum of 
carborane-functionalized hyperbranched polyester.

Figure 9. 13C NMR (100 MHz, CDCl3, 300 K) spectrum of carborane-functionalized hyperbranched polyester.

The synthesis of carborane-functionalized hyperbranc-
hed polyester is confirmed by 13C and 1H NMR spectra 
(Figure 9 and 10). As it was seen from 13C NMR spect-
rum of carborane-functionalized hyperbranched pol-
yester o-, m- and p-C atoms of phenyl group at 128.4 
ppm and 127.6 ppm as overlapping and also ipso C 
atom at 138.2 ppm are observed in the aromatic area. 
The peaks of -O-CH2 in bifunctionalized p-carborane 
group are observed at 72.8 ppm, 69.2 ppm and 61.9 
ppm (CB, CH and CC), respectively. The five peaks bet-
ween 34.5 ppm and 29.6 ppm indicate that 34.5 and 
34.2 ppm for O-CH2 (CH ve CB), 32.5 ppm for carbon 
resonances in methyl groups (CH3) and 29.7-29.6 ppm 
for CCH2CH2 group (CD ve CG) are observed in the 13C 
NMR spectrum of carborane-functionalized hyperb-
ranched polyester. However, the peaks of carbon atom 
in the carborane cage and C-atom bound to branched 
oxygen atoms have not been exactly identified in 13C 
NMR spectrum, carbon atoms of carbonyl are obser-
ved as a weak peak at ~168.8 ppm.
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The 1H NMR spectrum for carborane-functionalized 
hyperbranched polyester indicates all of the expected 
resonances that show the aliphatic hyperbranched 
polyester center, the carborane bond and outer-pro-
tecting groups (Figure 10). 1H-NMR (400 MHz, CDCl3, 
300 K): δ=0.7-2.8 (br., H, Carbor., one above the ot-
her), 1.20 (s, 3H, CH3, polyester), 1.38 (t, 2H, CH2-
CH2-p-Carbor.), 1.63-1.67 (m, 4H, CH2CH2-p-Carbor), 
2.96 (br., 2H, OCH2), 3.23 (t, 2H, CH2COO), 3.41 (t, 
2H, CH2O), 4.35 (s, 2H, OCH2-Ph), 7.30 (m, 5H, Ph) 
respectively in Figure 10 (A, B, C, G, H, E, F, D and I, 
respectively in Figure 10).

The 1H-NMR of carborane characteristically exhibits a 
broad signal between -0.75 and 3.00 ppm coming from 
the protons next to the boron atoms of the carborane 
cage. The observed broad B-H resonances related to 
carborane in this spectrum inhibit accurate integration 
of signals between 0.7 ppm and 2.8 ppm. However, 
the appearance of proton signals of phenly group at 
7.29-7.25 ppm, -OCH2-Ph at 4.35 ppm, -OCH2 at 3.41 
ppm, -CH2CH2 at 1.67-1.63 ppm and -CH3 at 1.20 ppm 
is also confirmed the synthesis of carborane-functio-
nalized hyperbranched polyester.

As a result of this study, the functionalization of the 
p-carborane compound and the synthesis of the alip-
hatic hyperbranched polyester structure were made 
according to the literature. The characterization results 
(FITR and NMR data) closely matched those in the 
literature [2,6,24,29]. A compound containing hydrop-
hilic and multi-functional groups should be chosen as 
a carrier in order to use p-carborane as a biomaterial. 
There are many studies in the literature showing that 
the water solubility of carborane, which has a hydrop-
hobic surface, is increased by modification of dendri-
mer structure [2,32,36-39,45-48]. These studies indi-
cate that aliphatic hyperbranched polyester structures 
are synthesized more easily, cheaply and in large 
quantities than dendrimers. Also, aliphatic hyperbran-
ced polyester provides good hydrophobic and hydrop-
hilic balance, low viscosity, solubility etc. to structure 
which is modified [22-31]. For these reasons, aliphatic 

Figure 10. 1H NMR (400 MHz, CDCl3, 300 K) spectrum of carborane-functionalized hyperbranched polyester.

hyperbranched polyester was chosen as the carrier 
for p-carborane used as a biomaterial. The peripheral 
-OH groups of the synthesized aliphatic hyperbranc-
hed polyester were reacted with carboxylic acid group 
of bifunctionalized p-carborane by esterification reac-
tion to get a water-soluble material containing many 
boron atoms. Synthesized carborane-functionalized 
hyperbranched polyester can be evaluated for use in 
many different areas (flame-retardant material, radia-
tion shielding material, biosensor), especially biome-
dicine.

4. Conclusions

This work presents the synthesis and characteriza-
tion of aliphatic hyperbranched polyester, bifunctio-
nalized p-carborane and carborane-functionalized 
hyperbranched polyester. The synthesized water-so-
luble aliphatic hyperbranched polyester containing 24 
hydroxyl groups at the outer of its periphery can be 
modified with different functional materials for different 
purposes. In this study, water-soluble aliphatic HBP 
was used as boron carrier agent. It is necessary to 
overcome steric hindrance of carborane compound in 
order to easily incorporation of p-carborane cages with 
peripheral alcohols of carrier agent. A space between 
the carborane cage and the acid functionality is for-
med by bifunctional process to reduce this hindrance. 
The peripheral alcohols of the synthesized aliphatic 
hyperbranched polyester were reacted with carboxylic 
acid group of bifunctionalized p-carborane, thus car-
borane-containing hyperbranched polyester carrying 
many boron atoms was synthesized to fulfill the requi-
red boron amounts for a successful BNCT application. 
Future studies will focus on determining the amount of 
boron in the carborane-functionalized hyperbranched 
polyester compound, deprotonation of this compound 
and the attachment of polyethylene glycol and targe-
ting moieties such as folic acid for use in BNCT and 
the evaluation of its toxicity by cell culture studies. This 
study will contribute to the synthesis and use of end 
products containing boron compounds in our country.



261

Özçayan G. et al. / BORON 6 (1), 252 - 262, 2021

Acknowledgements

The author thanks for the support of the TAEK (Turkish 
Atomic Energy Authority) through TAEK-A3.H2.P2.01 
project. Also, the author would like to express her gra-
titude and appreciation to Prof. Dr. Güngör GÜNDÜZ 
at Middle East Technical University for the helpful dis-
cussions about hyperbranched polyester synthesis.

References

[1] Endo, Y. (2018). Carboranes as hydrophobic pharma-
cophores: applications for design of nuclear receptor 
ligands. In Hey-Hawkins E. & Texidior C. V. (Eds.), 
Boron-based compounds: Potential and emerging ap-
plications in medicine (pp. 3-19). John Wiley & Sons 
Ltd.

[2] Parrott, M. C., Marchington, E. B., Valliant, J. F., & 
Adronov, A. (2005). Synthesis and properties of car-
borane-functionalized aliphatic polyester dendrimers. 
Journal of the American Chemical Society, 127(34), 
12081-12089.

[3] Barth, R. F., Coderre, J. A., Vicente, M. G. H., & Blue, 
T. E. (2005). Boron neutron capture therapy of cancer: 
current status and future prospects. Clinical Cancer 
Research, 11(11), 3987-4002.

[4] Hu, K., Yang, Z., Zhang, L., Xie, L., Wang, L., Xu, H., ... 
& Zhang, M. R. (2020). Boron agents for neutron cap-
ture therapy. Coordination Chemistry Reviews, 405, 
213139.

[5] Hawthorne, M. F. (1993). The role of chemistry in the 
development of boron neutron capture therapy of can-
cer. Angewandte Chemie International Edition in Eng-
lish, 32(7), 950-984.

[6] Bat, E. (2005). Synthesis and characterization of hy-
perbranched and air drying fatty acid based resins 
[MSc Thesis, Middle East Technical University, Gradu-
ate School of Natural and Applied Sciences]. Council 
of Higher Education Thesis Center (Thesis Number 
166837).

[7] Gao, C., & Yan, D. (2004). Hyperbranched polymers: 
from synthesis to applications. Progress in polymer 
science, 29(3), 183-275.

[8] Kim, Y. H. (1998). Hyperbranched polymers 10 years 
after. Journal of Polymer Science Part A: Polymer 
Chemistry, 36(11), 1685-1698.

[9] Uhrich, K. (1997). Hyperbranched polymers for drug 
delivery. Trends in Polymer Science, 12(5), 388-393.

[10] Cheng, K. C., & Wang, L. Y. (2002). Kinetic model of 
hyperbranched polymers formed in copolymerization 
of AB2 monomers and multifunctional core molecules 
with various reactivities. Macromolecules, 35(14), 
5657-5664.

[11] Liu, H., Näsman, J. H., & Skrifvars, M. (2000). Radi-
cal alternating copolymerization: A strategy for hyper-
branched materials. Journal of Polymer Science Part 
A: Polymer Chemistry, 38(17), 3074-3085.

[12] Kuchanov, S., Slot, H., & Stroeks, A. (2004). Devel-
opment of a quantitative theory of polycondensation. 
Progress in polymer science, 29(6), 563-633.

[13] Cheng, K. C., Chuang, T. H., Tsai, T. H., Guo, W., & 
Su, W. F. (2008). Model of hyperbranched polymers 

formed by monomers A2 and Bg with end-capping 
molecules. European polymer journal, 44(9), 2998-
3004.

[14] Fradet, A., & Tessier, M. (2007). First Shell Substitu-
tion Effects in Hyperbranched Polymers: Kinetic− Re-
cursive Probability Analysis. Macromolecules, 40(20), 
7378-7392.

[15] Jikei, M., Chon, S. H., Kakimoto, M. A., Kawauchi, S., 
& Imase, T. (1999). Synthesis of hyperbranched aro-
matic polyamide from aromatic diamines and trimesic 
acid. Macromolecules, 32(6), 2061-2064.

[16] Liu, Q., Zhao, P., & Chen, Y. (2007). Divergent syn-
thesis of dendrimer-like macromolecules through a 
combination of atom transfer radical polymerization 
and click reaction. Journal of Polymer Science Part A: 
Polymer Chemistry, 45(15), 3330-3341.

[17] Hirao, A., Matsuo, A., & Watanabe, T. (2005). Precise 
synthesis of dendrimer-like star-branched poly (methyl 
methacrylate) s up to seventh generation by an itera-
tive divergent approach involving coupling and trans-
formation reactions. Macromolecules, 38(21), 8701-
8711.

[18] Bai, Y., Song, N., Gao, J. P., Sun, X., Wang, X., Yu, 
G., & Wang, Z. Y. (2005). A new approach to highly 
electrooptically active materials using cross-linkable, 
hyperbranched chromophore-containing oligomers 
as a macromolecular dopant. Journal of the American 
Chemical Society, 127(7), 2060-2061.

[19] Powell, K. T., Cheng, C., & Wooley, K. L. (2007). Com-
plex amphiphilic hyperbranched fluoropolymers by 
atom transfer radical self-condensing vinyl (co) polym-
erization. Macromolecules, 40(13), 4509-4515.

[20] Cheng, K. C., Chuang, T. H., Chang, J. S., Guo, W., 
& Su, W. F. (2005). Effect of feed rate on structure of 
hyperbranched polymers formed by self-condensing 
vinyl polymerization in semibatch reactor. Macromol-
ecules, 38(20), 8252-8257.

[21] Cheng, K. C. (2003). Kinetic model of hyperbranched 
polymers formed by self-condensing vinyl polymeriza-
tion of AB* monomers in the presence of multifunction-
al core molecules with different reactivities. Polymer, 
44(3), 877-882.

[22] Žagar, E., & Žigon, M. (2011). Aliphatic hyperbranched 
polyesters based on 2, 2-bis (methylol) propionic acid-
Determination of structure, solution and bulk proper-
ties. Progress in Polymer Science, 36(1), 53-88.

[23] Mesias, R., & Murillo, E. A. (2015). Hyperbranched 
polyester polyol modified with polylactic acid. Journal 
of Applied Polymer Science, 132(10), 44-52.

[24] Murillo, E. A., Vallejo, P. P., Sierra, L., & López, B. L. 
(2009). Characterization of hyperbranched polyol poly-
esters based on 2, 2-bis (methylol propionic acid) and 
pentaerythritol. Journal of Applied Polymer Science, 
112(1), 200-207.

[25] Mishra, A. K., Jena, K. K., & Raju, K. V. S. N. (2009). 
Synthesis and characterization of hyperbranched poly-
ester–urethane–urea/K10-clay hybrid coatings. Pro-
gress in Organic Coatings, 64(1), 47-56.

[26] Kutyreva, M. P., Usmanova, G. S., Ulakhovich, N. A., 
& Kutyrev, G. A. (2010). Polynuclear Cu (II) complexes 
with hyperbranched polyester carboxylates. Russian 
Journal of General Chemistry, 80(4), 787-789.



262

Özçayan G. et al. / BORON 6 (1), 252 - 262, 2021

[27] Murillo, E. A., Vallejo, P. P., & López, B. L. (2011). Ef-
fect of tall oil fatty acids content on the properties of 
novel hyperbranched alkyd resins. Journal of Applied 
Polymer Science, 120(6), 3151-3158.

[28] Mesias, R., & Murillo, E. (2018). Hyperbranched pol-
yester polyol modified with polylactic acid as a com-
patibilizer for plasticized tapioca starch/polylactic acid 
blends. Polímeros, 28(1), 44-52.

[29] Jovičić, M., Radičević, R., Pavličević, J., Bera, O., & 
Govedarica, D. (2020). Synthesis and characterization 
of ricinoleic acid based hyperbranched alkyds for coat-
ing application. Progress in Organic Coatings, 148, 
105832.

[30] Bat, E., Gündüz, G., Kısakürek, D., & Akhmedov, İ. 
M. (2006). Synthesis and characterization of hyper-
branched and air drying fatty acid based resins. Pro-
gress in Organic Coatings, 55(4), 330-336.

[31] Malmström, E., Johansson, M., & Hult, A. (1995). Hy-
perbranched aliphatic polyesters. Macromolecules, 
28(5), 1698-1703.

[32] Barth, R. F., Adams, D. M., Soloway, A. H., Alam, F., & 
Darby, M. V. (1994). Boronated starburst dendrimer-
monoclonal antibody immunoconjugates: evaluation 
as a potential delivery system for neutron capture ther-
apy. Bioconjugate chemistry, 5(1), 58-66.

[33] Sauter, G., Maeda, T., Waldman, F. M., Davis, R. L., & 
Feuerstein, B. G. (1996). Patterns of epidermal growth 
factor receptor amplification in malignant gliomas. The 
American journal of pathology, 148(4), 1047-1053.

[34] Gillies, E. R., & Frechet, J. M. (2005). Dendrimers and 
dendritic polymers in drug delivery. Drug discovery to-
day, 10(1), 35-43.

[35] Ihre, H. R., Padilla De Jesús, O. L., Szoka, F. C., & Fré-
chet, J. M. (2002). Polyester dendritic systems for drug 
delivery applications: design, synthesis, and charac-
terization. Bioconjugate chemistry, 13(3), 443-452.

[36] Yao, H., Grimes, R. N., Corsini, M., & Zanello, P. 
(2003). Polynuclear Metallacarborane− Hydrocarbon 
Assemblies: Metallacarborane Dendrimers. Organo-
metallics, 22(22), 4381-4383.

[37] Núñez, R., González, A., Viñas, C., Teixidor, F., Sil-
lanpää, R., & Kivekäs, R. (2005). Approaches to the 
preparation of carborane-containing carbosilane com-
pounds. Organic letters, 7(2), 231-233.

[38] Qualmann, B., Kessels, M. M., Musiol, H. J., Sierralta, 
W. D., Jungblut, P. W., & Moroder, L. (1996). Synthe-
sis of boron-rich lysine dendrimers as protein labels 
in electron microscopy. Angewandte Chemie Interna-
tional Edition in English, 35(8), 909-911.

[39] Armspach, D., Cattalini, M., Constable, E. C., House-
croft, C. E., & Phillips, D. (1996). Boron-rich metalloden-
drimers—mix-and-match assembly of multifunctional 
metallosupramolecules. Chemical Communications, 
(15), 1823-1824.

[40] Newkome, G. R., Keith, J. M., Baker, G. R., Escamilla, 
G. H., & Moorefield, C. N. (1994). Chemistry within a 
Unimolecular Micelle Precursor: Boron Superclusters 
by Site- and Depth-Specific Transformations of Den-
drimers. Angewandte Chemie International Edition in 
English, 33(6), 666-668.

[41] Ihre, H., Padilla De Jesús, O. L., & Frechet, J. M. 
(2001). Fast and convenient divergent synthesis of ali-

phatic ester dendrimers by anhydride coupling. Jour-
nal of the American Chemical Society, 123(25), 5908-
5917.

[42] Ihre, H., Hult, A., & Söderlind, E. (1996). Synthesis, 
characterization, and 1H NMR self-diffusion studies 
of dendritic aliphatic polyesters based on 2, 2-bis (hy-
droxymethyl) propionic acid and 1, 1, 1-tris (hydroxy-
phenyl) ethane. Journal of the American Chemical So-
ciety, 118(27), 6388-6395.

[43] Ihre, H., Hult, A., Fréchet, J. M., & Gitsov, I. (1998). 
Double-stage convergent approach for the synthesis 
of functionalized dendritic aliphatic polyesters based 
on 2, 2-bis (hydroxymethyl) propionic acid. Macromol-
ecules, 31(13), 4061-4068.

[44] Padilla De Jesús, O. L., Ihre, H. R., Gagne, L., Fréchet, 
J. M., & Szoka, F. C. (2002). Polyester dendritic sys-
tems for drug delivery applications: in vitro and in vivo 
evaluation. Bioconjugate chemistry, 13(3), 453-461.

[45] Galie, K. M., Mollard, A., & Zharov, I. (2006). Polyes-
ter-based carborane-containing dendrons. Inorganic 
chemistry, 45(19), 7815-7820.

[46] Mollard, A., & Zharov, I. (2006). Tricarboranyl pen-
taerythritol-based building block. Inorganic chemistry, 
45(25), 10172-10179.

[47] Dubey, R., Kushal, S., Mollard, A., Vojtovich, L., Oh, P., 
Levin, M. D., ... & Olenyuk, B. Z. (2015). Tumor target-
ing, trifunctional dendritic wedge. Bioconjugate chem-
istry, 26(1), 78-89.

[48] Benhabbour, S. R., Parrott, M. C., Gratton, S. E., & 
Adronov, A. (2007). Synthesis and properties of car-
borane-containing dendronized polymers. Macromol-
ecules, 40(16), 5678-5688.


