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Abbreviation 

aq.  aqueous 

ATB0,+  amino acid transporter system B0,+ 

ATR   attenuated total reflection 

A549 cells human caucasian lung carcinoma 

B  boron 

10B          boron-10 

11B   boron-11 

BF3·OEt2  trifluoroborane diethylether complex 

B(OH)3  boric acid 

Boc   tert-butoxycarbonyl 

Borax  sodium tetraborate 

brs   broad signal 

BNCT   boron neutron capture therapy 

BPA   L-4-boronophenylalanine 

BPO   benzoyl peroxide 

BSH   disodium mercaptoundecahydrododecaborate 

n-BuLi  n-butyllithium 

ca.  circa, about 

CCDC  cambridge crystallographic data center 

CIF   crystallographic information file 

cm–1   wavenumber(s) 

ctDNA  calf thymus DNA 

dA  adenine 

dT   thymidine 

d(TpT)  thymidyl(3´–5´)thymidine  
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DMEM  Dulbecco’s modified Eagle medium 

DMSO  dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

EPR   enhanced permeability and retention 

eq   equation 

equiv   equivalent 

ESI   electrospray ionization 

et at.   and others  

Et2O  diethyl ether 

EtOH  ethanol 

f   femto 

FBS   fetal bovine serum 

18F-BPA L-4-borono-3-[18F]fluorophenylalanine 

GLUT   glucose transporter 

HeLa S3 cells  human cervical carcinoma 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRMS  high resolution mass spectrometry 

Hz   hertz 

IMR-90 cells  normal human fibroblast 

ICP-MS  inductively coupled plasma mass spectrometry 

IC50   half-maximum inhibitory concentration 

IR   infrared 

Jurkat cells  human T lymphocyte cells 

KURNS  the Institute for Integrated Radiation and Nuclear Science, Kyoto 

University 

Kd   dissociation constant 

LAT   L-type amino acid transporter 
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LET  linear energy transfer 

m-   meta 

m/z   mass-to-charge ratio 

M+   parent molecular ion 

Me   methyl 

MeCN  acetonitrile 

MEM   minimum essential medium 

MeOH  methanol 

MeV  mega electron volt 

min   minute(s) 

mL   milliliter 

mM   millimolar 

mol   mole(s) 

mp   melting point 

MRI   magnetic resonance imaging 

MS   mass spectrometry 

MTT   3-(4,5-di-methylthiazol-2yl)-2,5-diphenyltetrazolium bromide 

MβCD  methyl-beta-cyclodextrin 

n  neutron(s) 

nth  thermal neutron(s) 

N  normality 

NBS   N-bromosuccinimide 

NMR   nuclear magnetic resonance  

ORTEP  Oak Ridge Thermal-Ellipsoid Plot Program 

o-   ortho 

p-   para 

PBS   phosphate buffered saline 
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PCPB  p-carboxyphenylboronic acid 

PDT  photodynamic therapy 

PepT1  peptide transporter 

PET   positron emission tomography 

Ph.D.   Doctor of Philosophy 

PTS   polyamine transport system 

quant.   quantitative 

RNA   ribonucleic acid 

rt   room temperature 

rpm   revolutions per minute 

SD   standard deviation 

SDS   sodium dodecyl sulfate  

SQAG   sulfoquinovosyl acyl glycerol 

SPD  spermidine 

SPM  spermine 

t1/2  half-life 

Tm   thermal melting 

T/B   tumor to blood 

T/N   tumor to normal cell 

TFA  trifluoroacetic acid 

THF  tetrahydrofuran 

TK1  thymidine kinase 1 

TLC  thin-layer chromatograpy 

TMS  tetramethylsilane 

TSP   3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium 

UV  ultraviolet 

vis   visible 
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[9]aneN3  1,4,7-triazacyclononane (tacn) 

[12]aneN4 1,4,7,10-tetraazacyclododecane (cyclen) 

[15]aneN5  1,4,7,10,13-pentaazacyclopentadecane 

Å   angstrom(s) 

°C   degrees Celsius 

μ  micro 

σ  barn 

γ  gamma 
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[1-1] General introduction of boron neutron capture therapy 

As of 2020, the numbers of cancer incident and mortality have increased to almost 19.3 

million and 10.0 million cases, respectively, and it is predicted that the burden of new 

cancer cases is going to increase to 28.4 million in 2040.1  In several decades, the cancer 

therapy has been developed due to the understandings of cancers and can be classified 

into three main groups; surgery, chemotherapy, and radiation therapy.2  In surgery, tumor 

tissues are removed from the patients in a physical manner using laparoscopic and robotic 

surgery, lasers, and so on.  However, these invasive methods may cause pain in the 

bodies during and after treatments and not applicable to infiltrative cancers.  

The chemotherapy could be effective against cancer cells spread to whole the body.  

In addition, various types of anti-cancer agents have been developed including small ~ 

large molecules, which could be stably provided on a large scale and a consistent quality.  

However, this treatment may induce side effects such as fatigue feeling, hair loss and so 

on, due to the unexpected cell death in healthy cells.   

The last method is the radiotherapy which has been established as non-invasive 

methods for cancer treatment using X-ray, γ-ray, proton, and heavy ions.  Theoretically, 

it is possible to selectively irradiate various type of tumors with minimum damage to 

normal cells.  One of the disadvantages of radiation therapy, however, is side effect such 

as mouth and throat problem and dysfunction of target organs due to irradiation with 

adjacent normal tissues.   

Although combinations of these methods are generally used according to tumor types, 

tumor size and location, age, genetic reasons, and some related situations, these options 

are sometimes not sufficient for the treatment of multiple tumor types such as lung, breast, 

liver, stomach, and colon and rectum, which are the most common causes of cancer death.  

In this context, the development of more effective and safer methods is highly desirable.  
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Boron neutron capture therapy (BNCT) is one of a radiotherapy based on the nuclear 

reaction (10B(n, α)7Li) between boron-10 (10B)-containing drugs and thermal neutrons 

(1n), giving high linear energy transfer (LET), alpha (α, (4He)) particle and lithium (7Li) 

nuclei (eq. 1-1).2,3   

 

   (eq. 1-1)  

It is known that the reactivity of 10B nuclei with low energy thermal neutrons is much 

higher than that of the nucleus constituting biological molecules listed in Table 1-1.2,4  In 

addition, the generated two heavy particles induce an excitation and ionization of 

molecules within short path length of 5-9 μm, suggesting that the developments of 10B 

delivery agents/systems would achieve for the selective treatment of a single cells 

containing 10B species.   
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Table 1-1. Thermal neutron capture cross-sections of the elements in tissues and boron 

(10B and 11B). 

Nuclide 
Cross-section 

σth (barn)a 

Weight% in  

mammal tissues 

1H 0.333 10.00 

12C 0.0035 18.00 

14N 1.83 3.00 

16O 0.00019 65.00 

23Na 0.43 0.11 

24Mg 0.0053 0.04 

31P 0.18 1.16 

32S 0.53 0.2 

35Cl 32.68 0.16 

39K 2.1 0.20 

40Ca 0.4 2.01 

56Fe 2.57 0.01 

10B 3838 none 

11B 0.0055 none 

a Barn (1 barn = 10-24 cm2) is a unit of thermal neutron cross-section, which mean the 

reactivity of each atom with thermal neutrons.   

 

The typical procedure of BNCT has been established in the following manners: (i) 

cancer patients are treated with cancer-specific 10B agents; (ii) after accumulation of 10B 

atoms into cancer cells, the target region are irradiated with thermal or epithermal 

neutrons, which is generated from an accelerator-based system in a medical institute; and 

(iii) 10B-containing cells are selectively induced the cytotoxic effect due to two heavy 

particles because a single cell size is approximately 10~20 μm (Scheme 1-1).5           

One of the main advantages of this binary system is that it provides radiation dose 

contrast between normal and cancer cells by using a combination of low toxic thermal 

neutrons and 10B drugs.  In 2020, this method has been approved for the treatment of 
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recurrent head and neck cancer by the Ministry of Health, Labor and Welfare of Japan.6  

Besides, it is expected that BNCT would be applied to the treatment of refractory cancer 

such as lung, liver, and breast cancer if the development of boron delivery agents could 

be successfully proceeded in the near future (Scheme 1-2).7 

 

 

Scheme 1-1. Typical procedure of boron neutron capture therapy. 
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Scheme 1-2. Classification of tumor types of radiotherapy. 

 

 

[1-2] Clinically used BNCT agents and BNCT drug candidates 

Since selective and high accumulation of 10B-containing drugs into cancer cells are 

highly required for successful BNCT, the design of BNCT drugs demands for the 

following criteria: (1) low toxic and higher uptake into tumor cells than in healthy cells 

(tumor to blood (T/B) ratios should be greater than 3); (2) 10B atoms must be retained in 

the tumor tissue but also be rapidly cleared from blood and normal tissues; and (3) the 

10B concentration inside or near tumor cells must be ≥109 10B atoms/cell (20–35 μg/gram 

of tumor tissue).8 

In 1938, Kruger and colleagues performed the first in vivo BNCT experiment using 

boric acid (B(OH)3) at the University of Illinois.2,9  Sweet and coworkers carried out the 

clinical BNCT trials for the treatment of brain tumor using sodium tetraborate (borax) 1, 

p-carboxyphenylboronic acid (PCPB) 2, and sodium decahydrodecaborate 3 in 1951–

1961 (Scheme 1-3).10  The results suggested that these boron compounds were not 

effective for cancer treatment due to their weak retention in tumor tissues, resulting in the 

suspension of the project in the United States in 1961.  It should be note that neutron 
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beam quality generated from reactors for the research purpose was insufficient for BNCT.  

 

 

Scheme 1-3. Clinically used BNCT agents in the past and present. 

 

To solve this problem, Soloway and Hatanaka reported on the development of disodium 

mercaptoundecahydrododecaborate (BSH) 4 (Scheme 1-3),11 which showed weak 

toxicity and selective accumulation into malignant glioma (T/B: ca. 8.0).12  In 1968, 10B-

enriched BSH (10B-BSH) was used for the clinical BNCT trials for the treatment of brain 

tumors irradiated with thermal neutrons from the Hitachi Nuclear Reactor in Japan, and 

then sufficient evidences including 120 cases of malignant brain tumors during 1968–

1992 were reported by Hatanaka et al.13  However, a availability of BSH for cancer 

treatment by BNCT is restricted due to low accumulation activity into various tumor types. 
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For selective cancer treatment, Mishima and coworkers utilized the tyrosine analogue, 

L-4-boronophenylalanine (BPA) 514 for the treatment of malignant melanoma, 

considering the large amounts consumption of tyrosine for the synthesis of melanin.15  

The first clinical BNCT treatment using 10B-BPA (hydrochloride salts) was carried out in 

1987, resulting in the success which initiated the related BNCT studies worldwide.16   In 

2001, Ono and coworkers conducted the clinical BNCT trials of recurrent head and neck 

cancers using 10B-BPA (used as a complex with D-fructose to improve the solubility)17 

for the application to other types of cancers.18  In addition, 18F-labeled BPA (18F-BPA) 

619 was developed for the detection of the accumulation of BPA into tumor tissues by 

means of positron emission tomography (PET).20  In subsequent studies, it has been 

proposed that BPA 5 and 18F-BPA 6 are transferred into cells through the amino acid 

transporters such as L-type amino acid transporter (LAT1) and amino acid transporter 

system B0,+ (ATB0,+), which are highly expressed in some type of cancer cells.21,22  

Although these findings suggested the successful application of BNCT, some problems 

are still remained such as the retention of BPA in tumor tissues and application to a multi-

type of cancers.  To improve the effectiveness, Ono and coworkers used a combination 

of BSH 4 and BPA 5, indicating that novel boron agents having different accumulation 

pathway would be desirable for the combination with BPA.23    

Over the past 30 years, the discovery of boron drugs has been attempted worldwide in 

order to satisfy the aforementioned criteria for the establishment of safer and more 

effective BNCT.  Typical examples are boron-conjugate analogues such as porphyrins, 

nucleosides, polyamines, amino acids, and carbohydrates, as shown in Scheme 1-4.  

These compounds were designed and synthesized to selectively target cancer cells based 

on enhanced proliferation activity and/or upregulated proteins on cell membrane such as 

transporters, receptors, and so on (Table 1-2).  

First, it is known that porphyrins and related macrocycles have a selective 

accumulation activity into tumor tissues.24  In 1990, Kahl and coworkers reported on the 



- 14 - 

 

 

development of a boronated porphyrin, tetrakis-carborane carboxylate of 2,4-bis (α,β-

dihydroxyethyl)-deutero-porphyrin Ⅸ (BOPP) 7,25 which is selectively accumulated into 

tumor tissues of tumor-bearing mice (Scheme 1-4).26  However, in vitro BNCT studies 

suggested that BNCT activity of BOPP 7 is much weaker than that of BPA.27  Besides, 

the application to photodynamic therapy (PDT) was interrupted in Phase Ⅰ clinical trial 

due to the low selectivity to tumor tissues (T/B ratio : ca. 0.2) and much slower clearance 

(t1/2 = 16.8 days) of BOPP 7 and their metabolites, which induced phototoxicity.28   

Second, it is reported that the high expression of thymidine kinase 1 (TK1) which 

catalyze the phosphorylation of thymidine and 2´-deoxyuridine for RNA and DNA 

synthesis is observed in various type of tumors such as lung, breast, and prostate.29,30  

Therefore, it is expected that boron containing thymidine analogues would be 

accumulated into tumor cells after conversion to the anionic monophosphate.31  To date, 

the design and synthesis of boron-containing biochemical precursors of nucleic acids 

were widely conducted, and one of the promising candidates, 3-[5-(2-(2,3-

dihydroxyprop-1-yl)-o-carboran-1-yl)pentan-1-yl]thymidine (N5-2OH) 8, was reported 

in 2002 by Barth and Tjarks groups.31,32  Although the mean survival times of glioma-

bearing rat was prolonged by BNCT using 3-carboranyl thymidine analogue (N5-2OH) 

8,33 the clinical application has not been reported.  
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Scheme 1-4. Typical examples of boron-containing molecules. 
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Next, polyamine analogues has been considered to be one of the promising molecules 

for cancer treatment, because polyamine level in cancer cells is increased due to activated 

polyamine transport system (PTS) and biosynthesis.34–37  In 1999, Soloway et al. 

reported on the development of boron-containing spermidine (SPD) and spermine (SPM) 

analogues as a new BNCT agents.38  Although most promising compound, carboranyl 

polyamine analogue (ASPD-5) 9, selectively accumulated into tumor tissues (T/B ratio: 

ca. 6.3), the boron concentration was not enough for BNCT, resulting that the 

development of boron-containing polyamine derivatives was suspended. 

Recently, Hattori and coworkers reported that BSH-containing α,α-cycloalkylamino 

acids (ACBC-BSH) 10 inhibited the proliferation of cancer cells after thermal neutron 

irradiation due to moderate boron uptake via LAT1.39  Besides, the mean survival time 

of tumor bearing rats was prolonged by BNCT utilizing a combination of ACBC-BSH 10 

with BPA.40  These results prospect that cyclic amino acid would be potential scaffold 

for boron delivery agents.  Kabalka et al. has been also developed some cyclic amino 

acid analogues containing boronic acid group, which possess the selective accumulation 

activity into tumor tissues while their BNCT activity has not been reported.41    

Finally, it is well known that tumor cells exhibit high glucose consumption and 

overexpression of glucose transporters (GLUTs) for their activated proliferation, which 

is known as Warburg effect.42  To data, the design and synthesis of boron-containing 

carbohydrates such as 11 have been performed, while their biological potential such as 

tumor accumulation activity and BNCT effect has not been reported.43–45  In addition, 

Tanaka, Itoh and coworkers previously designed and synthesized sulfoquinovosyl acyl 

glycerol (SQAG) derivative 12 and 2-boryl-1,2-dideoxy-D-glucose derivative 13 which 

possess the moderate intracellular uptake activity while their BNCT effect was not 

satisfying.46,47 

In the last few decades, boron delivery agents based on peptides,48 liposomes,49 

nanoparticles,50 and anti-body51 have been also investigated.  However, these strategies 
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hardly reach the clinical application.  Therefore, the discovery of novel boron carriers 

has been highly required for improvement of the BNCT effectiveness.    

 

Table 1-2. Examples of boron delivery agents and their proposed mechanism. 

Type of carriers Proposed mechanism References 

Porphyrins 
Accumulates via endosomal accumulation  

and leaky vasculature  
24–28 

Nucleosides 
Accumulation in cancer cells by thymidine 

 kinase mediated trapping  
31–33 

Polyamines Activated polyamine transport system (PTS)  37,38 

Amino acids 
High expression of L-type amino acid  

transporter (LAT1) 
39–41,52 

Carbohydrates 
Enhanced glycolysis, 

High expression of glucose transporter (GLUTs)  
43–47 

Peptides 
High expression of peptide transporter (PepT1) 

interaction with cancer-specific protein, and so on. 
48 

Liposomes 
Accumulation into tumor tissues via enhanced 

permeability and retention (EPR) effect53 
49 

Nanoparticles Accumulation into tumor tissues via EPR effect 50 

Anti-bodies 
Recognition of cancer-specific proteins  

on the cell membrane 
51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 18 - 

 

 

[1-3] Aim and contents of thesis 

  In this Ph.D. thesis, we report on the development of boron-containing monomeric- 

and dimeric macrocyclic polyamine derivatives and the corresponding zinc(Ⅱ) complexes 

as novel boron carriers for BNCT.  In Chapter 2, we describe the design, synthesis, and 

biological evaluation of monomeric-type macrocyclic polyamine derivatives 14–22 

containing boron in natural abundant ratio (10B/11B = 19.9/80.1) (Scheme 1-5).  

Moreover, three promising compounds 17b, 18b, and 19a are selected, and their 10B-

enriched forms are also prepared for in vitro BNCT experiment (Scheme 1-6).   

 

 

 

Scheme 1-5. Structure of monomeric macrocyclic polyamines and their Zn2+ complexes. 
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Scheme 1-6. Design and synthesis of monomeric macrocyclic polyamines for BNCT.  

 

 

In Chapter 3, we report on the development of macrocyclic polyamine dimers 23–32 

and the corresponding zinc(Ⅱ) complexes 33–48 for the use in BNCT (Scheme 1-7).  

Their interaction with calf-thymus DNA (ctDNA) are examined, and their BNCT 

activities are evaluated using their 10B-enriched forms (Scheme 1-8).  Chapter 4 

concludes this Ph.D. thesis with the prospects about the use of these macrocyclic 

polyamine derivatives for cancer treatment and application to medicinal chemistry and 

related fields.   
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Scheme 1-7. Structure of dimeric macrocyclic polyamines and their Zn2+ complexes. 
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Scheme 1-8. Design and synthesis of dimeric macrocyclic polyamines for BNCT. 
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Chapter 2. 

 

Design, Synthesis, and Biological Evaluation 

of Boron-Containing Macrocyclic 

Polyamines and Their Zinc(Ⅱ) Complexes 

for Boron Neutron Capture Therapy 

（ホウ素中性子捕捉療法のための 

含ホウ素大環状ポリアミン誘導体と亜鉛錯体の 

設計・合成および生物学的評価） 
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[2-1] Introduction 

  Boron neutron capture therapy (BNCT) is a potential radiotherapy based on the nuclear 

reaction between boron-10 (10B) atoms and thermal neutrons (1n).  The neutron capture 

reaction [10B(n, α)7Li] generates high linear energy transfer (LET) α particles and lithium 

ions that have destructive effects and short path lengths in the 5–9 µm range.  Therefore, 

it is expected that cancer cells containing 10B species would be selectively destroyed with 

minimal effects on healthy tissues.2,3 

For successful BNCT, a high level of accumulation and selective delivery of 10B into 

cancer cells are required.  The design of effective BNCT agents requires the following 

criteria: (1) low systemic toxicity and higher uptake in tumor tissue than in normal tissue 

(tumor to blood (T/B) ratios should be greater than 3); (2) 10B must be retained in the 

tumor tissue but also be rapidly cleared from blood and normal tissues; and (3) the 

concentration of boron inside or near tumor cells must be ≥109 10B atoms/cell (20–35 

μg/gram of tumor tissue).8  In this context, only two compounds, disodium 

mercaptoundecahydrododecaborate (BSH) 411–13  and L-4-boronophenylalanine (BPA) 

514–22 (used as a complex with D-fructose) have been used for the clinical treatment of 

cancers such as malignant glioma, malignant melanoma, and recurrent head and neck 

cancer, which are not enough for treatment of multiple tumor types (Scheme 2-1).7    

 

 

Scheme 2-1. Structures of representative BNCT agents. 
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It is also known that polyamines including spermidine 49 and spermine 50 are essential 

for numerous cellular functions such as DNA replication and protein synthesis.34  The 

increase in polyamine concentrations in cancer cells is associated with the activation of 

cell proliferation and regulated by the promoted polyamine transport system (PTS) and 

biosynthesis.35  Therefore, polyamine derivatives could serve as potentially useful 

scaffolds for the delivery of boron-containing drugs into cancer cells, as represented by 

the spermidine derivatives 51 and 52 (Scheme 2-2).36–38  To the best of our knowledge, 

however, the use of these derivatives in BNCT has not been reported. 

 

 

Scheme 2-2. Structures of polyamines and boron-containing spermidine derivatives 51 

and 52.   

 

We previously reported on the design and synthesis of phenylboronic (ortho-form) 

acid-pendant cyclen (1,4,7,10-tetraazacyclododecane, [12]aneN4) 18c for the sensing of 

metal cations such as zinc (Zn2+), iron (Fe2+), copper (Cu2+), and cobalt (Co2+) (Scheme 

2-3).54  It was found that the carbon–boron bond at the o-position of the (2-

boronophenyl)methyl side chain in 18c is hydrolyzed upon complexation with these metal 

ions to give 53, resulting in a shift of the 11B NMR signal from ca. 30 ppm to ca. 20 ppm, 

which corresponds to B(OH)3.  In addition, we also found that 18c was efficiently 

transferred into cancer cell lines (Jurkat, A549 and HeLa S3 cells).47,54  In subsequent 
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studies, the decomposition of ortho-carborane-polyamine conjugates upon metal 

complexation was discovered and applied to the magnetic resonance imaging (MRI) of 

Cu2+ in solutions.55 

 

 

 

Scheme 2-3. Hydrolytic cleavage of C–B bond of 18c.   

 

The aforementioned background and the high intracellular uptake of 18c in cancer cells 

prompted us to examine the development of boron carriers equipped with macrocyclic 

polyamine scaffolds such as [9]aneN3 (1,4,7-triazacyclononane) 54 (L18), [12]aneN4 

(cyclen) 55 (L19), and [15]aneN5 (1,4,7,10,13-pentaazacyclopentadecane) 56 (L20) 

(Scheme 2-4).  In this work, we designed and synthesized the phenylboronic acid-

pendant macrocyclic polyamines 14–16, their corresponding boronic acid ester analogues 

17–19 (L1–L7), and Zn2+ complexes 20–22 (ZnL1–ZnL7).  It was expected that the 

cationic charge of 17–19 due to the protonation of macrocyclic polyamine groups (17–

19·nH+, n = 1 or 2) would facilitate their intracellular uptake.35,56,57  We hypothesized 

that the protonated form of these boron-polyamine conjugates (17–19) would be restricted 
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to mono- or dicationic forms (n = 1, 2) (17a,b·nH+, 18a,b·nH+, and 19a–c·nH+ forms in 

Scheme 2-4) due to the deprotonation constants of the macrocyclic polyamines, 54,58 

55,59 and 56,60 as described below.   

It is also well known that macrocyclic polyamines form stable complexes with 

intracellular metal ions such as Zn2+, Cu2+, and Ni2+ in aqueous solutions at physiological 

pH (Scheme 2-4),61–63 and these complexes are much more stable than Zn2+ complexes of 

linear polyamines such as spermidine 49 and spermine 50.  In addition, it was reported 

that the cytotoxicity of macrocyclic polyamines is reduced by the complexation with 

Zn2+.64 It is well established that Zn2+-cyclen complexes such as 57 (ZnL19) bind to 

thymidines (dT) in DNA to form stable complexes 58 through the coordination bonding 

between the deprotonated imide moiety of dT (dT–) and Zn2+ in aqueous solution at 

neutral pH (Scheme 2-5).65  Therefore, we expected that the neutron irradiation of 20–

22 when located in close proximity to DNA would effectively induce DNA damage.  In 

this study, we report on the cytotoxicity and intracellular uptake activity of 14–19 and the 

corresponding Zn2+ complexes 20–22 in several cancer cell lines.  These agents were 

first prepared as ligands containing boron in a natural abundance ratio (10B/11B = 

19.9/80.1).  After the biological assessment of these 10B/11B agents, three promising 

compounds were chosen among them and the corresponding 10B-enriched compounds 

and their Zn2+ complexes were synthesized and used in BNCT experiments.   
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Scheme 2-4. Structures of macrocyclic polyamine derivatives and their Zn2+ complexes 

synthesized in this work. 
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Scheme 2-5. Complexation of Zn2+-cyclen 57 (ZnL19) with the deprotonated thymidine 

(dT–) in aqueous solution at neutral pH. 

 

[2-2] Results and discussion 

 [2-2-1] Synthesis of boron-containing macrocyclic polyamine derivatives and the 

X-ray single crystal structure analysis of 21a  

The synthesis of the macrocyclic polyamine derivatives is shown in Schemes 2-6, 2-7, 

and 2-8.  The boron-containing BNCT agents were initially synthesized using naturally 

abundant ratio of boron (10B/11B = 19.9/80.1), in order to evaluate their intracellular 

uptake, from which more potent candidates were selected and the corresponding 10B-

enriched compounds were synthesized for use in BNCT experiments. 

The 9-membered macrocyclic polyamine 54 ([9]aneN3)
66 was treated with (Boc)2O to 

give 59,67 which was then reacted with 4-(bromomethyl)phenylboronic acid 60a68 to 

afford 61a (Scheme 2-6).  After removing the Boc groups of 61a by treatment with 

trifluoroacetic acid (TFA) to give 14a as the 2TFA salt, the reaction of 14a with 

bicyclohexyl-1,1´-diol 6269 gave 17a.  The synthesis of the m-isomer 17b was carried 

out in a similar manner.70  The o-isomers of 14 and 17 (14c and 17c) were not obtained, 

due to the cleavage of their C–B bonds in aqueous solution even in the absence of metal 

ions.  The complexation of 17a and 17b with Zn2+ was conducted in situ before the 

biological evaluation.   
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Scheme 2-6. Synthesis of 14a,b, 17a,b, and 20a,b. 

 

The synthesis of the 12-membered tetraamine (cyclen) ([12]aneN4) derivatives 18a,b 

and the 15-membered pentaamine ([15]aneN5) derivatives 19a–c was carried out, as 

shown in Schemes 2-7 and 2-8.66–73  The deprotection of 64a and 66a–c with TFA 

afforded 15a and 16a–c 2TFA and 3TFA salts, respectively, as determined by elemental 

analysis.   

The Zn2+ complexes of 18a and 18b (21a and 21b) were isolated and those of 19a–c 

(22a–c) were prepared in situ for use in biological experiments.  The structure of 21a 

was confirmed by a single-crystal X-ray structure analysis, as shown in Figure 2-1.  The 

Zn2+ complex of the o-form 18c was not obtained due to the carbon–boron bond cleavage 

that occurred upon complexation with Zn2+, as previously described.54  In contrast, the 
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C–B bond in 22c (Zn2+-19c complex) was hydrolyzed very slowly (approximate half-life 

is 24 h) as observed by 11B-NMR, possibly due to the higher pKa value of the Zn2+-bound 

water in the Zn2+–[15]aneN5 complex than that of 21c, which is a Zn2+ complex of the 

[12]aneN4-type ligand 18c.73 

 

 

Scheme 2-7. Synthesis of 15a,b, 18a–c, and 21a,b. 
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Scheme 2-8. Synthesis of 16a–c, 19a–c, and 22a–c. 

 

 

Figure 2-1. ORTEP drawing of 21a (ZnL3) with a Zn2+–bound NO3
–.  Selected bond 
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lengths: Zn(1)–N(1) 2.059 Å, Zn(1)–N(2) 2.167 Å, Zn(1)–N(3) 2.091 Å, Zn(1)–N(4) 

2.962 Å, Zn(1)–O(3) 1.999 Å, C(13)–B(1) 1.561 Å, B(1)–O(1) 1.363 Å, and B(1)–O(2) 

1.366 Å.  One external nitrate anion, ethanol and hydrogen atoms were omitted for 

clarity. 

 

 

[2-2-2] Evaluation of the cytotoxicity of boron-containing macrocyclic polyamine 

derivatives against HeLa S3, A549, and IMR-90 cells 

  The cytotoxicity of the boron-containing macrocyclic polyamine derivatives 14–19 and 

their corresponding Zn2+ complexes 20–22 against HeLa S3 (human cervical carcinoma), 

A549 (human caucasian lung carcinoma), and IMR-90 (normal human fibroblast) cells 

was examined by an MTT (3-(4,5-di-methylthiazol-2yl)-2,5-diphenyltetrazolium 

bromide) assay in comparison with those of BSH (4) and BPA-D-fructose complex (5).  

The cells (1×104 cells/well) were incubated with boron compounds 4, 5, and 14–22 (0–

200 µM) in culture medium containing 10% fetal bovine serum (FBS) for 24 h at 37 °C 

under 5% CO2, and then treated with the MTT reagent to evaluate cell viability. 

The results are presented in Figures 2–2, 2–3, and 2–4 and the IC50 values of these 

agents are summarized in Table 2-1.  The findings indicated that 14–22 are somewhat 

more toxic than 4 and 5, and that 17a, 18a, and 19a are more toxic than 14a, 15a, and 

16a, possibly due to the hydrophobicity of the boronic acid ester group.  It should be 

noted that the cytotoxicity of Zn2+ complex 21b, 22b, and 22c is lower than the 

corresponding Zn2+-free ligands 18b, 19b, and 19c, while the Zn2+-free ligands 17a, 17b, 

18a, 19a, and their Zn2+ complexes 20a, 20b, 21a, and 22a have a similar toxicity.  The 

similar toxicity between 17a and 20a and 17b and 20b would be due to the weak Zn2+ 

complexation of 17a and 17b, which have only three nitrogen atoms in the [9]aneN3 ring 

group. 
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Figure 2-2. Results of MTT assays for boron compounds 4, 5, and 14–22 against HeLa 

S3 cells. Cell viability of HeLa S3 cells (% of control; in the absence of boron compound) 

in the presence of boron compounds (a) 4 (○), 5 (●), 14a (◇), 17a (◆), 17b (□), 20a 

(■) and 20b (△), (b) 15a (●), 18a (◇), 18b (◆), 18c (○), 21a (□) and 21b (■), (c) 

16a (○), 19a (●), 19b (◇), 19c (◆), 22a (□), 22b (■) and 22c (△) [0–200 μM] at 

37 °C for 24 h. 
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Figure 2-3. Results of MTT assays for boron compounds 4, 5, and 14–22 against A549 

cells. Cell viability of A549 cells (% of control; in the absence of boron compound) in the 

presence of boron compounds (a) 4 (○), 5 (●), 14a (◇), 17a (◆), 17b (□), 20a (■) 

and 20b (△), (b) 15a (●), 18a (◇), 18b (◆), 18c (○), 21a (□) and 21b (■), (c) 16a 

(○), 19a (●), 19b (◇), 19c (◆), 22a (□), 22b (■) and 22c (△) [0–200 μM] at 37 °C 

for 24 h. 
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Figure 2-4. Results of MTT assays for boron compounds 4, 5, and 14–22 against IMR-

90 cells. Cell viability of IMR-90 cells (% of control; in the absence of boron compound) 

in the presence of boron compounds (a) 4 (○), 5 (●), 14a (◇), 17a (◆), 17b (□), 20a 

(■) and 20b (△), (b) 15a (●), 18a (◇), 18b (◆), 18c (○), 21a (□) and 21b (■), (c) 

16a (○), 19a (●), 19b (◇), 19c (◆), 22a (□), 22b (■) and 22c (△) [0–200 μM] at 

37 °C for 24 h. 
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Table 2-1. The IC50 values of boron compounds 4, 5, and 14–22 [0–200 μM] against 

HeLa S3, A549, and IMR-90 cells after the treatment for 24 h. 

Compound 

(Ligands) 

HeLa S3 

(μM) 

A549 

(μM) 

IMR-90 

(μM) 

 Compound 

(Zn complexes) 

HeLa S3 

(μM) 

A549 

(μM) 

IMR-90 

(μM) 

4 (BSH) > 200 > 200 > 200      

5 (BPA) > 200 > 200 > 200      

18c 100 162 108      

14a > 200 > 200 > 200      

15a > 200 > 200 > 200      

16a > 200 > 200 > 200      

17a (L1) 131 151 83  20a (ZnL1) 112 155 130 

17b (L2) > 200 > 200 187  20b (ZnL2) > 200 > 200 162 

18a (L3) 112 > 200 94  21a (ZnL3) 148 139 95 

18b (L4) 163 128 135  21b (ZnL4) > 200 > 200 > 200 

19a (L5) > 200 > 200 151  22a (ZnL5) > 200 > 200 129 

19b (L6) 22 34 18  22b (ZnL6) 71 > 200 32 

19c (L7) 65 117 35  22c (ZnL7) 138 197 83 

 

 

[2-2-3] Intracellular uptake of boron-containing macrocyclic polyamine derivatives 

into HeLa S3, A549, and IMR-90 cells, as determined by inductively coupled plasma 

mass spectrometry 

The intracellular uptake of the boron compounds into HeLa S3, A549, and IMR-90 

cells was evaluated by inductively coupled plasma mass spectrometry (ICP-MS), as 

shown in Scheme 2-9.  The cells (5×105 cells/well) were seeded on 6-well plates and 

incubated in culture medium containing 10% FBS for 1 day at 37 °C in a 5% CO2 

environment (20% O2) and then treated with boron compounds 4, 5, and 14–22 (30 μM) 

under same conditions.  This concentration (30 μM) of 4, 5, and 14–22 (lower 

concentrations are better to reduce their toxicity) was carefully determined based on the 

consideration of a balance between their IC50 values (toxicity) and intracellular uptake 
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values that are listed in Table 2-1 and Figure 2-5.  After incubating the cells for 24 h, 

they were washed with PBS and broken down with nitric acid overnight, and the amount 

of boron atoms (total amount of 10B and 11B) was quantitatively determined by ICP-MS 

and normalized as the amount of per cell because some compounds have weak toxicity. 

 

 

Scheme 2-9. Typical procedure used for measuring the intracellular uptake of boron 

compounds in living cells. 

 

As shown in Figure 2-5a, the intracellular uptake of 17–19 is higher than that of 

reference compounds BSH 4 comprised of twelve 10B and BPA 5, possibly because cell-

membrane permeability is improved by their boronic acid ester group.  In addition, it 

was found that intracellular uptake of the 9-membered triamine derivatives 17a,b and 

20a,b into A549 cells was higher than 18a,b and 19a–c, and their Zn2+ complexes 21a,b 

and 22a–c exhibited a lower intracellular uptake (Figure 2-5b), suggesting that the 9-

membered triamine group in 17a and 17b is better for the intracellular uptake into A549 

cells.   
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Figure 2-5. Comparison of intracellular boron atoms against HeLa S3 (open bars), A549 

(shaded bars) and IMR-90 (closed bars) cells as determined by ICP-MS.  All cells were 

treated with boron compounds (a) 4, 5, 14–19, and (b) 20–22 (30 µM) in culture medium 

at 37 °C for 24 h.  Data represent the mean ± SD of at least three replicates. 
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The tumor/normal cell (T/N) ratios with respect to the intracellular uptake of the boron 

compounds (4, 5, and 14–22) were calculated using equation (1), and their intracellular 

boron uptake (in HeLa S3 cells and A549 cells)–T/N ratio profiles are shown in Figures 

2-6a and 2-6c.  The boron uptake–IC50 value (indicating the toxicity) profiles are plotted 

in Figures 2-6b (HeLa S3 cells) and 2-6d (A549 cells).  These data suggest that 19a has 

a higher boron uptake (> 2.5 fmol/cell) and T/N selectivity (ca. 4) and a rather low toxicity 

against HeLa S3 cells (Figures 2-6a and 2-6b) and that 17b, 18b, and 19a exhibit better 

boron uptake, higher T/N ratios (over 3), and lower toxicity against A549 cells and normal 

cells (IC50 > 100 µM) (Figures 2-6c and 2-6d), although the reasons for their selective 

uptake to cancer cells are yet to be studied. 

 

···(1) 
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Figure 2-6. Intracellular boron uptake–T/N selectivity profiles (a, c) and intracellular 

boron uptake–IC50 value against normal cell profiles (b, d) of boron compounds 4, 5, and 

14–22.  (a, c) Selectivity (T/N ratio) to HeLa S3 cells (a) and A549 cells (c) were 

calculated from the results for the intracellular uptake of the boron compounds into HeLa 

S3 and A549 cells in comparison to the uptake into IMR-90 cells, respectively.  (b, d) 

IC50 values (μM) of boron compounds 4, 5, and 14–22 against IMR-90 cells and boron 

uptake (fmol/cell) into HeLa S3 cells (b) and A549 cells (d).   

 

 

 

 



- 41 - 

 

 

Concerning the relationship of these data and the protonation properties of the 

aforementioned boron-macrocyclic polyamine conjugates, the deprotonation constants 

(pKa values) of unmodified macrocyclic polyamines 54, 55, and 56 are summarized in 

Scheme 2-10.58–60  It is likely that the major forms of 54 (the amine moieties of 17a,b) at 

neutral pH are diprotonated (54·2H+) and monoprotonated (54·H+) forms, and those of 

55 (the amine moieties of 18a,b) and 56 (the amine moieties of 19a–c) are diprotonated 

forms (55·2H+ and 56·2H+, respectively).  These findings regarding the intracellular 

uptake of 17a,b, 18a,b, and 19a–c (Figure 2-5) suggest that the diprotonated and/or 

monoprotonated forms of these boron-polyamine conjugates are preferable for effective 

intracellular uptake and that the monoprotonated form might be more favorable.  The 

intrinsic stability constants (log KZnL) of the Zn2+ complexes 57, 67, and 68 (ZnL18–

ZnL20) are also described in Scheme 10.  The similar intracellular uptake of [9]aneN3-

type 17a,b and 20a,b in A549 cells and higher uptake of 20a,b than that of 21a,b and 

22a–c (Figure 2-5) can be explained by a smaller log KZnL value for 67 (ZnL18) than those 

for 57 (ZnL19) and 68 (ZnL20) (less stability of 67 than 57 and 68), although the reasons 

for higher intracellular uptake of 20a,b than 17a,b in HeLa S3 cells and IMR-90 cells are 

yet to be studied.  The relationship of these complexation properties and the results of 

BNCT experiments of 17, 18, and 19 will be discussed below. 

Consideration of protonation/deprotonation situations in Scheme 2-10 suggest that 

[9]aneN3 (54) and [15]aneN5 (56) would exist as 54·2H+ and 56·3H+ forms as well as 

54·H+ and 56·2H+ forms, respectively, under (slightly) acidic conditions in cancer cells, 

so that exclusion of these drugs form the cells through the hydrophobic cell membrane 

would be somewhat disturbed.  This point might be one of advantages of these boron-

polyamine agents.  It is unlikely that 54, 55, and 56 exist as 54·3H+, 55·3H+, 55·4H+, 

56·4H+, and 56·5H+ forms, respectively, under physiological conditions, because their 

pKa1 values (and pKa2 values for 55 and 56) are very low (less than 2). 
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Scheme 2-10. Reported deprotonation constants (pKa) of macrocyclic polyamines 54–56 

(L18–L20)58–60 and stability constants (log KZnL) of their Zn2+ complexes 57, 67, and 68 

(ZnL18–ZnL20) in aqueous solution at 25 °C.61 

 

Next, the mechanism responsible for the intracellular uptake of 17a, 18a, and 19a into 

HeLa S3 and A549 cells was examined.  As shown in Figures 2-7a and 2-7b, the 

intracellular uptake of 17a, 18a, and 19a was inhibited to a considerable extent at 4 °C, 

suggesting that the transfer of 17a, 18a, and 19a into the cells is due to an energy-

dependent process.   
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Figure 2-7. Effect of low temperature on the intracellular uptake of boron compounds 5 

and 17a–19a (30 µM) into HeLa S3 (a) and A549 cells (b) at 37 °C (open bars) or 4 °C 

(closed bars) for 1 h.  Data represent the mean ± SD of at least three replicates. 

 

It is known that the polyamine transporter system (PTS) in mammalian cells is 

associated with the endocytosis pathway of linear polyamines such as spermidine 49 and 

spermine 50 (Scheme 2-2).35  In addition, methyl-beta-cyclodextrin (MβCD) 69 was 

reported to inhibit the caveola-endocytosis pathway due to the depletion of cholesterol,74 

and dynasore 70 and amiloride 71 are used as inhibitors of clathrin-endocytosis75 and 

micropinocytosis,76 respectively (the chemical structures of these inhibitors are shown in 

Scheme 2-11).  As shown in Figure 2-8, the intracellular uptake of 19a into HeLa S3 

cells is inhibited to a considerable extent by dynasore 70 and spermidine 49, suggesting 

that 19a is transferred into the cells via the clathrin-endocytosis pathway, possibly 

including PTS.35  A similar inhibitory effect of spermidine 49 on the intracellular uptake 
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of 19a into A549 cells was observed, as shown in Figure 2-9.  We assume that the weak 

inhibition of the uptake of 5 and 19a by MβCD 69 is due to the inclusion of these boron 

compounds in the inner cavity of MβCD.  It is reported that amiloride 71 inhibits the 

Na+/H+ exchanger and hence lower the intracellular Na+ concentration.  It is assumed 

that this Na+ deficiency would be compensated by the Na+ uptake via sodium-dependent 

amino acid transporters such as ATB0,+ (amino acid transporter system B0,+) that had been 

reported to mediate the co-transport of Na+ with phenylalanine analogue 5.21  This 

assumption may explain the increased intracellular uptake of 5 in the presence of 

amiloride. 

 

 

Scheme 2-11. Structures of endocytosis inhibitors. 
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Figure 2-8. Relative uptake of 5 and 19a (30 µM) into HeLa S3 cells in the absence (open 

bars) and presence of inhibitors (closed bars), 1.5 mM of MβCD 69 (a), 80 µM of 

dynasore 70 (b), 2 mM of amiloride 71 (c), and 2 mM of spermidine 49 (d).  After 

pretreatment with the inhibitors for 1 h, the cells were incubated with 5 and 19a at 37 °C 

for 1 h in the presence of inhibitors.  Data represent the mean ± SD of at least three 

replicates. 

 

 

Figure 2-9. Relative uptake of 5 and 19a (30 μM) into A549 cells in the absence (open 
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bars) and presence of 49 (2 mM) (closed bars).  After preincubation with 49 for 1 h, the 

cells were incubated with 5 and 19a at 37 °C for 1 h in the presence of 49.  Data represent 

the mean ± SD of at least three replicates. 

 

 

[2-2-4] Evaluation of the cytotoxic effect of the selected boron-containing 

macrocyclic polyamine derivatives with thermal neutron irradiation by a colony 

formation assay  

Based on the aforementioned results, we decided to choose 17b (L2), 18b (L4), and 19a 

(L5) for the BNCT, in which 10B and 11B are contained in a natural abundance ratio 

(10B/11B = 19.9/80.1), and synthesized the corresponding 10B-enriched compounds 10B-

17b, 10B-18b, and 10B-19a, as shown in Scheme 2-12. 

The 10B-enriched forms of 60a and 60b (10B-60a and 10B-60b) were prepared by the 

reaction of 72a,b with 10B-enriched trimethylborate (> 99.5% of 10B), followed by 

hydrolysis with aqueous HCl to give 10B-73a and 10B-73b and bromination with N-

bromosuccinimide (NBS).  The reaction of 10B-60a and 10B-60b with 59, 63, and 65 and 

the following conversions were conducted as described in Schemes 2-6, 2-7 and 2-8 to 

obtain 10B-17b, 10B-18b, and 10B-19a, respectively. 
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Scheme 2-12. Synthesis of 10B-enriched 17b, 18b, and 19a (10B-17b, 10B-18b, and 10B-

19a). 

 

BNCT experiments using A549 cells in the presence of the aforementioned B-

containing drugs (10B/11B and 10B-enriched compounds) were conducted at the Institute 

for Integrated Radiation and Nuclear Science, Kyoto University (KURNS).  As shown 

in Scheme 2-13, A549 cells were incubated with the boron compounds (30 μM) for 24 h 

and suspensions (5×104 cells/mL) of these cells were irradiated with thermal neutrons 

[average thermal neutron flux: (1.5 ± 0.1) ×109 n/cm2·s] at room temperature for various 

times (0, 15, 30, and 45 min).  The irradiated cells were seeded on the 12-well plate 

(3×103 cells/well), incubated for 7 days, fixed with EtOH, and stained with crystal violet 

to produce visualizable images (Figure 2-10).  The surviving fractions were calculated 

as the stained colony area using the “ImageJ-plugin Colony Area”77 software and 
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normalized by comparing the results with those for non-irradiated cell samples (Figure 2-

11).  

 

 

Scheme 2-13. Evaluation of the anti-tumor effect of boron compounds in an in vitro 

BNCT study. 
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(a)  0     15     30    45 (min) (b)                          (c) 

     
 

(d)                          (e) 

   
 

(f)                          (g) 

   
 

(h)                          (i) 

   
 

Figure 2-10. Typical images of colony formation assay of A549 cells after thermal neutron 

irradiation in the presence of (a) none, (b) 10B-BSH (4), (c) 10B-BPA (5), (d) 17b, (e) 10B-

17b, (f) 18b, (g) 10B-18b, (h) 19a, and (i) 10B-19a ([B-containing compounds] = 30 μM) 

(taken by Bio-Rad ChemiDocTM MP Imaging System (Bio-Rad)). 
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The results for the anti-tumor effect of boron compounds against A549 cells are 

summarized in Figure 2-11, which suggests the following points:  

(1) The cytotoxic activity of 10B-17b, 10B-18b, and 10B-19a against A549 cells is higher 

than that for 4 (10B-BSH) and 5 (10B-BPA).  

(2) The cytotoxic activity of the 10B-enriched analogues is more potent than that of the 

10B/11B derivatives (10B-17b vs 17b, 10B-18b vs 18b, and 10B-19a vs 19a) apparently due 

to the enrichment of 10B.  

(3) The BNCT activity of 10B-20b, 10B-21b, and 10B-22a, which are Zn2+ complexes 

of 10B-17b, 10B-18b, and 10B-19a, is also displayed in Figure 2-11.  It was found that 

metal-free 10B-18b and 10B-19a exhibit a higher BNCT effect than 10B-21b and 10B-22a, 

possibly because of their higher intracellular uptake than that of stable 10B-21b and 10B-

22a, which are very stable (see Figure 2-5 and Scheme 2-10).  

(4) The BNCT effect of 10B-17b and its Zn2+ complex 10B-20b were nearly the same, 

possibly due to rather low stability of 10B-20b, as indicated by a relatively small log KZnL 

value (11.3) for 67 (ZnL18) in Scheme 2-10.   

(5) The relationship between the intracellular boron uptake (from Figure 2-5) and the 

BNCT effect (from Figure 2-11) is summarized in Figure 2-12.  The BNCT effect of 

10B-18b and 10B-19a was more potent than that of 10B-17b, while the intracellular uptake 

of the metal-free 10B-18b and 10B-19a was lower than that of 10B-17b.   

(6) As presented in Figures 2-7 and 2-8, intracellular uptake of boron-containing 

macrocyclic polyamines is considerably inhibited at 4 ℃ and in the presence of 

endocytosis inhibitor and spermidine.  Besides, the BNCT effect of 10B-enriched agents 

is not parallel to their intracellular uptake, as shown in Figure 2-12, which suggests their 

close interaction with DNA in living cells.  Therefore, it is likely that B-macrocycles are 

transferred into living cells via an energy-dependent process such as endocytosis and then 

make a close contact to DNA, resulting in an efficient BNCT effect, although the 

possibility of the partial distribution of these boron agents in the cell membrane cannot 
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be denied. 

 

 

Figure 2-11. Anti-tumor effect of boron compounds 4, 5, 17b, 10B-17b, 18b, 10B-18b, 19a, 

10B-19a, 10B-20b, 10B-21b, and 10B-22a (30 µM) against A549 cells was examined by a 

colony formation assay: (a) control (in the absence of boron compound) (○), 4 (●), 5 

(◇), 17b (◆), 10B-17b (□), and 10B-20b (■). (b) control (○), 18b (●), 10B-18b (◇), 

19a (◆), and 10B-19a (□), and 10B-21b (■), and 10B-22a (×).  After treatment with 

the boron compound for 24 h, the cells were irradiated with thermal neutrons for 0, 15, 

30, and 45 min and then incubated without neutron irradiation for 7 days.  Averaged 
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thermal neutron flux was 1.4 × 109 n/cm2·s for control (in the absence of boron 

compound), 4, 5, 17b, 18b, 10B-18b, 19a and 10B-19a and 1.6 × 109 n/cm2·s for 10B-17b, 

10B-20b, 10B-21b and 10B-22a, respectively.  The survival fraction was determined by 

ImageJ-plugin Colony Area.  Data represent the mean ± SD of at least three replicates.   

 

 

 

Figure 2-12. Relationship between the intracellular uptake of boron compounds 4 (○), 

5 (◇), 10B-17b (□), 10B-18b (■), 10B-19a (△) (30 µM) and control (in the absence of 

boron compound) (●) into A549 cells after incubation for 24 h and their BNCT effect 

(Surviving fractions after irradiation with thermal neutrons for 45 min; thermal neutron 

fluence: 4.1 ± 0.1 × 1012 n/cm2).  

 

  These experimental data allow us to propose two possibilities for the BNCT effect of 

10B-17b, 10B-18b, and 10B-19a, as presented in Scheme 2-14.  One possible explanation 

would be that cytotoxicity is dependent on the close interaction of metal-free macrocyclic 

polyamines with DNA via the ionic interaction (74 in Scheme 2-14) and the amount of 

double-strand breaks in DNA by 4He and/or 7Li generated by the [10B(n, α)7Li] 

reaction.2,78  More plausible possibility would be the breakdown of DNA via the 

interaction with metal complexes 10B-20b, 10B-21b, and 10B-22a (75 and 76 in Scheme 

2-14), because it is very likely that these B-containing macrocyclic polyamines would 
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form complexes with metal cations contained in the media and/or in living cells.   

As described in the Introduction (Scheme 2-5), we expected that the Zn2+ complexes 

10B-20b, 10B-21b, and 10B-22a would interact with deprotonated dT (dT–) in DNA and 

that the DNA would be efficiently damaged upon thermal neutron irradiation (76 in 

Scheme 2-14) (it had been reported that Cu2+, Ni2+ and Fe2+ complexes of cyclen 

negligibly interact with DNA).65c  These data allow us to consider that the metal-free 

10B-17b, 10B-18b, and 10B-19a (possibly the diprotonated form, as speculated in Scheme 

2-10) are transferred into cancer cells efficiently and form complexes with intracellular 

Zn2+ and recognize dT in DNA, resulting in an efficient BNCT effect. 

In order to obtain experimental data for this hypothesis, we measured the melting 

temperature (Tm) of the double-stranded calf-thymus DNA (ctDNA) (50 µM in 

phosphate) in the presence of 18b (L4), 21b (ZnL4), 19a (L5), 22a (ZnL5), and 49 (for the 

reference).65d,e,79  As shown in Table 2-2 and Figure 2-13, the Tm value of ctDNA was 

raised by 18b, 19a, and 49 (ΔTm = +6 °C and +8 °C for 18b and 19a, respectively, at r = 

5.0 and ΔTm = +12 °C for 49 at r = 0.2, where r = [18b, 19a, or 49]/[ctDNA(P)]) due to 

stabilization of the double-stranded structure of ctDNA (74 in Scheme 2-14).  On the 

other hand, the Tm value was lowered in the presence of 21b (ΔTm = ‒6 °C at r = 1.0), 

possibly due to the destabilization of ctDNA by the interaction of its Zn2+-[12]aneN4 

complex part with dT units in DNA (Scheme 2-5 and 76 in Scheme 2-14) (the breakdown 

of the hydrogen bondings between dT and adenine (dA) in double-stranded DNA was 

previously checked by the disappearance of imino proton signals of dT in the presence of 

Zn2+-[12]aneN4 complexes in 1H NMR measurements).79c 

An interesting finding was that the Tm value was raised by 22a (ΔTm = +6 oC at r = 1.0), 

suggesting that 21b and 22a interact with ctDNA in different modes.  It should be noted 

that coordination sites of Zn2+, whose general coordination number is 4~6 (or 7),63b,73,80 

would be almost occupied by the coordination of five nitrogens from its [15]aneN5 ring 

unit of 22a and hence Lewis acidity of the Zn2+ ion would be considerably reduced.  
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Therefore, it is considered that these factors would hamper the coordination of 22a with 

dT- sites in DNA and that 22a interacts with ctDNA mainly by the electrostatic interaction 

to stabilize the DNA double-strand, as shown in 75 of Scheme 2-14.81,82  These data 

support the efficient DNA damage induced by 10B-18b, 10B-21b, 10B-19a, and 10B-22a at 

the close position upon neutron irradiation, as proposed in Scheme 2-14. 

 

 

Scheme 2-14. Proposed scheme for BNCT effect of 10B-17b, 10B-18b, 10B-19a, and their 

Zn2+ complexes. 
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Figure 2-13. Change in thermal melting (Tm) curves of ctDNA (at [ctDNA(P)] = 50 μM) 

in the absence (dash line) and presence of (a) spermidine 49, (b) 18b, (c) 21b, (d) 19a, 

and (e) 22a (plain line) at pH 7.4 (10 mM HEPES with I = 0.02 (NaNO3), (r = [49, 18b, 

21b,19a, or 22a]/[ctDNA(P)]) 
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Table 2-2. Tm values of ctDNA in the presence of 49, 18b, 21b, 19a, and 22a (r = [49, 

18b, 21b, 19a, or 22a]/[ctDNA(P)]) ([ctDNA(P)] = 50 µM in phosphate) 

 

Additives 

(Zn complexes) 
r Tm (°C) ΔTm (°C) 

none  66  

Spermidine (49) 0.1 73 +7 

 0.2 78 +12 

18b (L4) 0.1 66  

 0.5 66  

 1.0 67 +1 

 5.0 72 +6 

21b (ZnL4) 0.1 64 -2 

 0.5 62 -4 

 1.0 60 -6 

19a (L5) 1.0 69 +3 

 5.0 74 +8 

22a (ZnL5) 0.5 71 +5 

 1.0 72 +6 
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[2-3] Conclusions 

In conclusion, we report on the design and synthesis of boron-containing macrocyclic 

polyamine derivatives as novel boron delivery agents for BNCT.  The results of 

biological studies suggest that the intracellular uptake of 17–19, especially, the 9-

membered triamine derivatives 17a and 17b, into cancer cells is higher than that of 4 and 

5, and that 17b, 18b, and 19a are selectively transferred into A549 cells.  The results of 

BNCT experiments using A549 cells in the presence of 17b, 18b, and 19a including boron 

in a natural abundance 10B/11B ratio and their 10B-enriched derivatives 10B-17b, 10B-18b, 

and 10B-19a suggest that metal-free forms of these boron carriers inhibit the proliferation 

of A549 cells to a considerable extent after irradiation with thermal neutrons and that this 

inhibition is stronger than that for 4 and 5.  In addition, it was suggested that [12]aneN4-

type 10B-18b and [15]aneN5-type 10B-19a exhibit a higher BNCT effect than [9]aneN3-

type derivatives, possibly due to the formation of the corresponding Zn2+ complexes (10B-

21b and 10B-22a) in cancer cells that would interact with DNA, although 10B-21b and 

10B-22a interact with DNA in different modes.  It should also be noted that macrocycles 

containing boron in a natural abundance 10B/11B ratio are capable of inducing cell death 

in BNCT to some extent and hence can be used as 11B MRI probes to detect their 

distribution in living bodies as well as BNCT agents. 

We believe that these findings provide useful information for the further development 

of BNCT for cancer treatment.  The design and synthesis of more efficient and safer 

(high T/N ratio) boron carriers are currently underway in our laboratory. 
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of Boron-Containing Macrocyclic Polyamine 

Dimers and Their Zinc(Ⅱ) Complexes for 
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[3-1] Introduction 

  Boron neutron capture therapy (BNCT) is a powerful method for cancer therapy and is 

based on the irradiation of cancer cells with thermal neutrons (1n).  The nuclear reaction 

of 10B with thermal neutrons (1n) (10B(n, α)7Li) generates two heavy particles, α particles 

and lithium ions, which induce the ionization and excitation of biologically essential 

molecules, such as proteins, RNA and DNA within a relatively short range of around 5–

9 µm, resulting in the induction of cell death in 10B-containing cells.2,3  Therefore, 

specific delivery of such boron agents to cancer cells is required for selective cancer 

treatment with minimal effects on healthy tissues.  Although two BNCT agents, 

disodium mercaptoundecahydrododecaborate (BSH) 411–13 and L-4-boronophenylalanine 

(BPA) 514–22 (used as a complex with D-fructose) have been clinically used for the cancer 

therapy for recurrent head and neck cancer and malignant gliomas, they are not 

sufficiently specific to permit them to be used for the treatment of various tumor types 

(Scheme 3-1).7  Therefore, the development of more efficient and less toxic boron 

carriers will be needed for the treatment of multiple tumor types.  

 

 

Scheme 3-1. Structures of representative BNCT agents. 

 

To date, various boron carrier candidates based on amines,37,38 amino acids,39–41,52 

carbohydrates,43–47 biochemical precursors of nucleic acids,31–33 porphyrins,24–28 

liposomes,49 peptides,48 and monoclonal antibodies have been proposed.51  These boron 

compounds can be classified into four categories based on their targets: (1) boron-



- 60 - 

 

 

containing molecules with no cell targeting; (2) cancer cell selective compounds; (3) 

binding only to the cell nucleus, and (4) tumor cell selective and binding to the cell 

nucleus.83  It is well known that the selective and high accumulation of boron-containing 

molecules into cancer cells are required for successful BNCT (20–35 μg/gram of 10B 

inside and/or near tumor tissues).8  In addition, if it were possible to fix the position of 

such boron carriers close to DNA molecules by introducing DNA-binding units into their 

structures, then it would be possible to reduce the dose of the carriers.2   

It is known that polyamines such as spermidine 49 and spermine 50 play important 

roles in various cellular events, including the regulation of gene expression, maintenance 

of chromatin structure and membrane stability due to ionic interaction with DNA, RNA, 

proteins and phospholipids.34  It should be also noted that the enhancement of the growth 

of cancer cells is associated with increased polyamine levels, a process that is controlled 

by the activated polyamine transport system (PTS) and biosynthesis.35  These issues 

suggest that polyamine scaffolds would be suitable for use in cancer-selective and DNA-

binding boron carriers, as represented by the spermidine derivatives 51 and 52 (Scheme 

3-2),37,38 although evaluations of their BNCT effect have not been reported. 

 

 

Scheme 3-2. Structures of polyamines and boron-containing spermidine derivatives 51 

and 52.  
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As described in Chapter 2, we recently reported on the design and synthesis of boron-

containing macrocyclic polyamines 17b, 18b, and 19a (L2, L4, and L5) and their Zn2+ 

complexes 20b, 21b, and 22a (ZnL2, ZnL4, and ZnL5) (Scheme 3-3).  Our findings 

indicated that 17b, 18b, and 19a are transferred into cancer cells (A549 and HeLa S3 

cells) more efficiently than into IMR-90 cells, a model of normal cells.  The results of 

BNCT studies using 10B-enriched forms of 17b, 18b, and 19a suggested that [12]aneN4-

type 10B-18b and [15]aneN5-type 10B-19a inhibit the proliferation of A549 cells to a 

considerable extent after thermal neutron irradiation, and that the inhibition effect is 

stronger than that for 4, 5, and [9]aneN3-type 10B-17b.  
 

 

Scheme 3-3. Structures of macrocyclic polyamine derivatives 17b, 18b, and 19a (L2, L4, 

and L5) and their Zn2+ complexes 20b, 21b, and 22a (ZnL2, ZnL4, and ZnL5). 

 

 It has also been well established that Zn2+-cyclen complexes such as 57 (ZnL19) 

interact selectively with thymidine (dT) parts in DNA at physiological pH in aqueous 

solution, yielding a fairly stable complex 58, which is formed by coordination bonding 
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between the deprotonated imide moiety of dT (dT–) and Zn2+ and hydrogen bonding 

between the N-H and carbonyl groups of dT– (Scheme 3-4a).65  Melting temperature 

(Tm) measurements of the double-stranded calf-thymus DNA (ctDNA) in the absence and 

presence of 18b, 19a, 21b and 22a suggested that the main interaction mode of 18b, 19a, 

and 22a (L4, L5 and ZnL5) is electrostatic interactions with ctDNA to stabilize its double-

stranded structure (74 and 75 in Scheme 3-5) and that 21b (ZnL4) destabilizes the double-

stranded DNA, possibly via the interaction of its Zn2+-cyclen complex part with dT in 

DNA (76 in Scheme 3-5).  Therefore, it was concluded that metal-free 10B-18b (10B-L4) 

is efficiently transferred into cancer cells and form complexes with intracellular Zn2+, and 

that 10B-18b interacts with DNA by the electrostatic interactions between polyanionic 

DNA and the cationic polyamine part of 10B-18b (74 in Scheme 3-5).  On the other hand, 

the Zn2+ complex of 10B-18b, 10B-21b (10B-ZnL4), recognizes dT– in DNA by the 

complexation of its Zn2+-[12]aneN4 part with dT– in DNA.  Regarding the [15]aneN5 

derivatives 10B-19a (10B-L5) and its Zn2+ complex 10B-22a (10B-ZnL5), it was suggested 

that both of them interact with DNA by the electrostatic interactions by means of the 

cationic [15]aneN5 part of 10B-19a (74 in Scheme 3-5) or the Zn2+-[15]aneN5 unit of 10B-

22a (75 in Scheme 3-5), resulting in effective DNA damage upon thermal neutron 

irradiation (Scheme 3-5).   
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Scheme 3-4. Complexation of (a) Zn2+-cyclen 57 (ZnL19) with the deprotonated form of 

thymidine (dT–) and (b) bis(Zn2+-cyclen) 77 with d(T-pT-) 78 in aqueous solution at 

neutral pH. 
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Scheme 3-5. Proposed scheme for the interaction of 10B-17b, 10B-18b, and 10B-19a, and 

their Zn2+ complexes with DNA for BNCT. 
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The aforementioned results prompted us to design and synthesize the conjugated 

compounds of boron with homo- and hetero-dimers of [9]aneN3, [12]aneN4 (cyclen) and 

[15]aneN5.  Aoki and Kimura reported that bis(Zn2+–cyclen) complexes such as 77 (m-

bis(Zn2+–cyclen)) strongly interact with the thymidyl(3´–5´)thymidine dimer (d(TpT)) 78 

to form a 1:1 complex 79, which is more stable than that of 58 (Scheme 3-4b).84  The 

dissociation constant (Kd) for 79 (1:1 77–d(T–pT–) complex) was determined to be 0.6 

µM in aqueous solution at neutral pH, while the Kd value for a 1:1 complex of dT– with 

57 (ZnL19) (58) was 0.3 mM under the same conditions.84  In this work, therefore, we 

designed and synthesized the boron-containing macrocyclic polyamine dimers 23–32 

(L8–L17) and their corresponding monozinc(Ⅱ) complexes 33–38 (ZnL8–ZnL16) and 

dizinc(Ⅱ) complexes 39–48 (Zn2L
8–Zn2L

17), which contain phenylboronic acid or the 

corresponding boronic acid ester groups (Scheme 3-6).  We hypothesized that the 

interaction of ditopic macrocyclic polyamines and their corresponding monozinc(Ⅱ) and 

dizinc(Ⅱ) complexes with DNA would be stronger than that of the monomers such as 21b 

(ZnL4) and that a higher BNCT effect would be observed.  In this study, we report on 

the synthesis of these boron carriers, their interaction with double-stranded DNA (calf-

thymus DNA, ctDNA), and biological studies including cytotoxicity and intracellular 

uptake activity against several cell lines (HeLa S3, A549, and IMR-90 cells).  The 

BNCT effect of the 10B-enriched macrocyclic polyamine dimers and their Zn2+ complexes 

are also reported. 
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Scheme 3-6. Structures of boron-containing macrocyclic polyamine dimers 23–32 (L8–

L17) and their Zn2+ complexes 33–48 (ZnL8–ZnL16 and Zn2L
8–Zn2L

17) that were 

synthesized in this work. 
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[3-2] Results and discussion 

 [3-2-1] Synthesis of boron-containing macrocyclic polyamine dimers and their 

zinc(Ⅱ) complexes  

The synthesis of the boron-containing macrocyclic polyamine dimers 23–32 (L8–L17) 

and their Zn2+ complexes 33–48 (ZnL8–ZnL16 and Zn2L
8– Zn2L

17) is shown in Schemes 

3-7 and 3-8.  3,5-Dimethylphenylboronic acid 80 was treated with pinacol to give 8185, 

which was reacted with N-bromosuccinimide (NBS) to obtain 82 (Scheme 3-7).86  The 

reaction of 82 with 6372 and 6573 afforded 83 and 84, respectively.  The heterodimers 23, 

25 and 26 (L8, L10, and L11) were prepared by the reaction of 83 and 84 with Boc-protected 

macrocyclic polyamines 5967 and 65, followed by the deprotection of pinacol ester and 

Boc groups using aqueous HBr and EtOH solution.  The HBr salts of 23, 25 and 26 (L8, 

L10, and L11) were converted to their corresponding acid-free forms using an anionic ion 

exchange resin column (Amberlite IRA-400, OH– form) and then treated with 

bicyclohexyl-1,1´-diol 6269 to give 28, 30 and 31 (L13, L15, and L16), respectively.  The 

complexation of these ligands with Zn2+ (1 or 2 equiv) was conducted in situ prior to their 

biological evaluation.  Because it is well known that the stability of Zn2+ complexes is 

dependent on the number of nitrogen atoms in the macrocyclic rings, the order of the 

complexation constants is Zn2+-[15]aneN5 (22a in Scheme 3-3) > Zn2+-[12]aneN4 (21b) 

> Zn2+-[9]aneN3 (20b).61  Therefore, it is very likely that the heterodimer-type ligands 

23 (L8), 25 (L10), 26 (L11), 28 (L13), 30 (L15) and 31 (L16) form monozinc(Ⅱ) complexes 

as indicated in 33–38 (Scheme 3-6). 
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Scheme 3-7. Synthesis of heterodimers and their Zn2+ complexes.  
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The homodimers 24 and 27 (L9 and L12) were synthesized from 82 via the intermediates 

88 and 89, and the following conversion were carried out in a similar manner to give 29 

and 32 (L14 and L17), as presented in Scheme 3-8.  Their dizinc(Ⅱ) complexes, 40, 43, 

45, and 48 (Zn2L
9, Zn2L

12, Zn2L
14, and Zn2L

17), were also prepared in situ before their 

evaluation. 

 

 

 

Scheme 3-8. Synthesis of homodimers and their Zn2+ complexes. 
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[3-2-2] Effect of boron-containing macrocyclic polyamine dimers and their zinc(Ⅱ) 

complexes on the melting temperature (Tm) of calf thymus DNA 

The interaction of macrocyclic polyamine dimers 28–32 (L13–L17) and their Zn2+ 

complexes 37, 44–46 and 48 (ZnL15, Zn2L
13–Zn2L

15 and Zn2L
17) with double-stranded 

DNA (dsDNA) was evaluated by measurement of the Tm values of the double-stranded 

calf-thymus DNA (ctDNA) (50 µM in phosphate) by following its UV absorption change 

at 260 nm as a function of the temperature.79  The Tm value of ctDNA alone was first 

determined to be 66 °C in the absence of additive (r = 0, where r = 

[additives]/[ctDNA(P)]), as shown in Figures 3-1a–d and Table 3-1.  At increasing 

concentrations of 28–32 (L13–L17), the Tm value of ctDNA was raised (ΔTm = +8 °C, 

+14 °C, +15 °C, +10 °C and +15 °C for 28, 29, 30, 31, and 32, respectively, at r = 0.2, 

where r = [28–32 (L13–L17)]/[ctDNA(P)]) due to stabilization of the double-stranded 

structure of ctDNA (Figure 3-1 and Table 3-1).  On the other hand, a decrease in the Tm 

value was observed in the presence of 44 and 45 (Zn2L
13 and Zn2L

14) (ΔTm = ‒2 °C and ‒

7 °C for 44 and 45, respectively, at r = 0.2), which means the destabilization of double-

stranded structure of ctDNA, possibly due to the cleavage of hydrogen bondings between 

dT and adenine (dA) by the coordination of its Zn2+–cyclen complex moieties with dT– 

units in DNA.  A negligible effect of 46 (Zn2L
15) on the Tm value of ctDNA was observed, 

while an increase in the Tm value was observed in the presence of 37 (ZnL15), which is a 

monozinc(Ⅱ) complex of 30 (L15).  In our previous studies, decreases and increases in 

the Tm value of ctDNA were observed in the presence of 21b and 22a (ZnL4 and ZnL5), 

respectively (ΔTm = ‒6 °C and +6 °C for 21b and 22a, respectively, at r = 1.0), suggesting 

that 21b and 22a would interact with DNA via different modes.  In the X-ray crystal 

structure of the Zn2+-[15]aneN5 complex 68 (ZnL20) reported by Notni et al.,87 five 

nitrogens of the [15]aneN5 ring unit coordinate to Zn2+ and one nitrogen atom coordinates 

to Zn2+ at the almost apical site of its pseudo-tetragonal-pyramidal coordination structure 

(Scheme 3-9).  This structure suggests that the Lewis acidities of the Zn2+ of 22a (ZnL5) 
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and 68 (ZnL20) are lower than that of the Zn2+ complex of [12]aneN4(cyclen)-type ligand 

(21b) and hence the coordination with dT– in DNA is weakened.  Therefore, the Zn2+ 

complex of the [15]aneN5-type ligand (22a) interacts with ctDNA mainly by electrostatic 

interactions, resulting in the stabilization of the double-stranded ctDNA.  These 

backgrounds allowed us to consider that 46 (Zn2L
15) interacts with DNA by two 

interactions, namely, by coordination between Zn2+-[12]aneN4 with the dT– unit that 

lowers Tm values and by electrostatic interactions between its Zn2+-[15]aneN5 complex 

unit with anionic DNA that raises Tm values, resulting in a negligible or small change in 

the Tm value of ctDNA.  Besides, it was found that an increase in the Tm value of ctDNA 

(ΔTm = +15 °C for 48 at r = 0.2) was observed in the presence of dizinc(Ⅱ) complex 48 

(Zn2L
17), possibly due to the stabilization of the double-stranded ctDNA by the 

electrostatic interactions with two Zn2+-[15]aneN5 complex units of 48.  

 

 

 

Scheme 3-9. X-ray crystal structure of the Zn2+-[15]aneN5 complex 68 (ZnL20).87 
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Figure 3-1. Thermal melting (Tm) curves for ctDNA (at [ctDNA(P)] = 50 μM) in the 

absence (dash curves) and presence of (a) 28 (L13), (b) 29 (L14), (c) 30 (L15), and (d) 31 

(L16) (plain curves) at pH 7.4 (10 mM HEPES with I = 0.02 (NaNO3), (r = 

[ligand]/[ctDNA(P)]). 
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Figure 3-2. Thermal melting (Tm) curves for ctDNA (at [ctDNA(P)] = 50 μM) in the 

absence (dash curves) and presence of (a) 44 (Zn2L
13), (b) 45 (Zn2L

14), (c) 37 (ZnL15) and 

(d) 46 (Zn2L
15) (plain curves) at pH 7.4 (10 mM HEPES with I = 0.02 (NaNO3), (r = 

[Zn2+ complex]/[ctDNA(P)]). 
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Table 3-1. Change in the Tm values of ctDNA by 28–32 (L13–L17), 37, 44–46, and 48 

(ZnL15, Zn2L
13–Zn2L

15, and Zn2L
17) (r = [28–32, 37, 44–46, and 48]/[ctDNA(P)]) 

([ctDNA(P)] = 50 µM in phosphate). 

 

Additives 

(Ligands) 
r Tm (°C) ΔTm (°C)  Additives 

(Zn complexes) 
r Tm (°C) ΔTm (°C) 

none  66       

49a 0.1 73 +7      

 0.2 78 +12      

18b (L4) a 0.5 66   21b (ZnL4) a 0.1 64 -2 

 1.0 67 +1   0.5 62 -4 

 5.0 72 +6   1.0 60 -6 

19a (L5) a 1.0 69 +3  22a (ZnL5) a 0.5 71 +5 

 5.0 74 +8   1.0 72 +6 

28 (L13) 0.1 70 +4  44 (Zn2L13) 0.1 66  

 0.2 74 +8   0.2 64 -2 

      0.3 disappeared  

29 (L14) 0.1 73 +7  45 (Zn2L14) 0.1 64 -2 

 0.2 80 +14   0.2 59 -7 

30 (L15) 0.1 73 +7  37 (ZnL15) 0.1 71 +5 

 0.2 81 +15   0.2 75 +9 

     46 (Zn2L15) 0.1 67 +1 

      0.2 66  

31 (L16) 0.1 72 +6      

 0.2 76 +10      

32 (L17) b 0.1 75 +9  48 (Zn2L17) b 0.1 75 +9 

 0.2 81 +15   0.2 80 +14 

a From Chapter 2. b[ctDNA(P)] = 30 µM 
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[3-2-3] Evaluation of the cytotoxicity of boron-containing macrocyclic polyamine 

dimers and their zinc(Ⅱ) complexes against HeLa S3, A549, and IMR-90 cells 

  The cytotoxicity of 23–48 (L8–L17, ZnL8–ZnL16, and Zn2L
8–Zn2L

17) against cancer cell 

lines, HeLa S3 (human cervical carcinoma) and A549 (human caucasian lung carcinoma), 

and a model of normal cells, IMR-90 (normal human fibroblast) cells, was evaluated by 

an MTT (3-(4,5-di-methylthiazol-2yl)-2,5-diphenyltetrazolium bromide) assay.  The 

cells (1×104 cells/well) were treated with 23–48 (0–400 µM) in cell culture medium for 

24 h at 37 °C under an atmosphere of 5% CO2, and cell viability was examined using the 

MTT reagent.  The results are shown in Figures 3-3, 3-4, and 3-5 and the IC50 values of 

these boron compounds are summarized in Table 3-2.  For comparison, the IC50 values 

of 5, 17b, 18b, 19a, 20b, 21b, and 22a (L2, L4, L5, ZnL2, ZnL4, and ZnL5) are also listed 

in Table 3-2.   

These results indicate that the cytotoxicity of the dimeric ligands 23, 24, 26 and 28–31 

(L8, L9, L11 and L13–L16) are much weaker than that of the monomeric polyamines 17b, 

18b, and 19a (L2, L4, and L5), and that 25, 27, and 32 (L10, L12, and L17) are somewhat 

more toxic than 17b, 18b, and 19a (L2, L4, and L5).  It was also found that Zn2+ 

complexes 33–38, 40, 41, 45, and 46 possess very weak cytotoxicity.  It has been 

reported that the cytotoxic effect of macrocyclic polyamines is decreased by 

complexation with Zn2+ ion.64  On the other hand, the dizinc(II) complexes 39, 42, 44, 

and 47 (Zn2L
8, Zn2L

11, Zn2L
13 and Zn2L

16) are more toxic than the corresponding metal-

free ligands 23, 26, 28, and 31 (L8, L11, L13 and L16), and monozinc(II) complexes 33, 35, 

36, and 38 (ZnL8, ZnL11, ZnL13, and ZnL16), possibly due to the weak Zn2+ complexation 

of their [9]aneN3 part.  
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Figure 3-3. Results of MTT assays for boron compounds (0–400 µM) against HeLa S3 

cells. Cell viability of HeLa S3 cells (% of control; in the absence of boron compound) 

in the presence of (a) 23 (○), 28 (●), 33 (□), 36 (■), 39 (◇) and 44 (◆), (b) 25 (○), 

30 (●), 34 (□), 37 (■), 41 (◇), and 46 (◆), (c) 26 (○), 31 (●), 35 (□), 38 (■), 42 

(◇) and 47 (◆), (d) 24 (○), 29 (●), 40 (◇) and 45 (◆), (e) 27 (○), 32 (●), 43 (◇) 

and 48 (◆) at 37 °C for 24 h. 
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Figure 3-4. Results of MTT assays for boron compounds (0–400 µM) against A549 cells. 

Cell viability of A549 cells (% of control; in the absence of boron compound) in the 

presence of (a) 23 (○), 28 (●), 33 (□), 36 (■), 39 (◇) and 44 (◆), (b) 25 (○), 30 (●), 

34 (□), 37 (■), 41 (◇), and 46 (◆), (c) 26 (○), 31 (●), 35 (□), 38 (■), 42 (◇) and 

47 (◆), (d) 24 (○), 29 (●), 40 (◇) and 45 (◆), (e) 27 (○), 32 (●), 43 (◇) and 48 (◆) 

at 37 °C for 24 h. 
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Figure 3-5. Results of MTT assays for boron compounds (0–400 µM) against IMR-90 

cells. Cell viability of IMR-90 cells (% of control; in the absence of boron compound) in 

the presence of (a) 23 (○), 28 (●), 33 (□), 36 (■), 39 (◇) and 44 (◆), (b) 25 (○), 30 

(●), 34 (□), 37 (■), 41 (◇), and 46 (◆), (c) 26 (○), 31 (●), 35 (□), 38 (■), 42 (◇) 

and 47 (◆), (d) 24 (○), 29 (●), 40 (◇) and 45 (◆), (e) 27 (○), 32 (●), 43 (◇) and 48 

(◆) at 37 °C for 24 h. 
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Table 3-2. IC50 values of boron compounds 5, 17b (L2), 18b (L4), 19a (L5), 20b (ZnL2), 

21b (ZnL4), and 22a (ZnL5) [0–200 μM], and 23–48 (L8–L17, ZnL8–ZnL16, and Zn2L
8–

Zn2L
17) [0–400 μM] against HeLa S3, A549 and IMR-90 cells after the treatment for 24 

h. 

Compound 

(Ligands) 

HeLa S3 

(μM) 

A549 

(μM) 

IMR-90 

(μM) 

 Compound 

(Zn complexes) 

HeLa S3 

(μM) 

A549 

(μM) 

IMR-90 

(μM) 

5 (BPA) > 200 > 200 > 200      

17b (L2) > 200 > 200 187  20b (ZnL2) > 200 > 200 162 

18b (L4) 163 128 135  21b (ZnL4) > 200 > 200 > 200 

19a (L5) > 200 > 200 151  22a (ZnL5) > 200 > 200 129 

23 (L8) > 400 > 400 > 400  33 (ZnL8) > 400 > 400 > 400 

     39 (Zn2L8) 312 > 400 168 

24 (L9) > 400 325 322  40 (Zn2L9) > 400 > 400 > 400 

25 (L10) > 400 276 62  34 (ZnL10) > 400 > 400 > 400 

     41 (Zn2L10) > 400 > 400 > 400 

26 (L11) > 400 252 309  35 (ZnL11) > 400 > 400 > 400 

     42 (Zn2L11) 292 > 400 163 

27 (L12) > 400 10 106  43 (Zn2L12) > 400 51 > 400 

28 (L13) > 400 > 400 > 400  36 (ZnL13) > 400 > 400 > 400 

     44 (Zn2L13) 171 373 168 

29 (L14) > 400 > 400 > 400  45 (Zn2L14) 329 > 400 > 400 

30 (L15) > 400 > 400 > 400  37 (ZnL15) > 400 > 400 > 400 

     46 (Zn2L15) 307 > 400 292 

31 (L16) > 400 > 400 268  38 (ZnL16) > 400 > 400 > 400 

     47 (Zn2L16) 177 > 400 236 

32 (L17) > 400 250 160  48 (Zn2L17) 324 > 400 175 

     Zn(NO3)2
 a 297 633 305 

a The effect of Zn(NO3)2 (0–800 µM) on cell viability were also evaluated. 
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[3-2-4] Intracellular uptake of boron compounds into A549 cells, as determined by 

ICP-MS 

We next measured the intracellular uptake of the macrocyclic polyamine dimers and 

their Zn2+ complexes 23–48 (L8–L17, ZnL8–ZnL16, and Zn2L
8–Zn2L

17) into A549 cells.  

A549 cells (5×105 cells/well) were incubated in cell culture medium containing boron 

compounds 5, 18b (L4) and 23–48 (100 μM) at 37 °C in a 5% CO2 environment (20% O2) 

for 24 h.  After washing the cells with PBS, they were broken down with nitric acid 

overnight, and the amount of boron (10B and 11B) was quantitatively analyzed by 

inductively coupled plasma mass spectrometry (ICP-MS).  As summarized in Figure 3-

6, the intracellular uptake of 23–48 is lower than that of 18b, and the boron uptake of 40 

and 44 is similar to that of 5 (BPA). 
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Figure 3-6. Intracellular uptake of boron compounds by A549 cells as determined by 

ICP-MS.  A549 cells were treated with boron compounds 5, 18b (L4) and 23–48 (L8–

L17, ZnL8–ZnL16 and Zn2L
8–Zn2L

17) (100 µM) in culture medium at 37 °C for 24 h.  

Data represent the mean ± SD of at least three replicates. 
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[3-2-5] Evaluation of the cytotoxic effect of 10B-enriched macrocyclic polyamine 

dimers with thermal neutron irradiation by a colony formation assay  

Because our previous work indicated that the BNCT effect of 10B carriers is not always 

parallel to their intracellular boron uptake, we decided to synthesize the 10B-enriched 

compounds, as shown in Schemes 3-10 and 3-11.  The 10B-enriched form of 81 (10B-81) 

was prepared by the reaction of 90 with 10B-enriched trimethyl borate (>99.5% of 10B),88 

followed by treatment with aqueous HCl, and esterification with pinacol.  The 

bromination of 10B-81 was conducted using N-bromosuccinimide (NBS) to afford 10B-82, 

and the following conversions were carried out to obtain 10B-23–10B-47, as described in 

Schemes 3-7 and 3-8. 
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Scheme 3-10. Synthesis of 10B-enriched heterodimers and their Zn2+ complexes. 
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Scheme 3-11. Synthesis of 10B-enriched homodimers 10B-24, 10B-27, 10B-29 and 10B-32, 

and their Zn2+ complexes 10B-40 and 10B-45. 

 

The A549 cells were irradiated with thermal neutrons in the absence and presence of 

the 10B-enriched compounds of 23–47 at the Institute for Integrated Radiation and 

Nuclear Science, Kyoto University (KURNS) and the effect of these 10B drugs was 

evaluated by colony formation assay.  After the treatment with the boron compounds 

(100 μM) at 37 °C in a 5% CO2 environment for 24 h, suspensions (5×104 cells/mL) of 

A549 cells were irradiated with thermal neutrons (average thermal neutron flux: (1.2 ± 

0.1) ×109 n/cm2·s) at room temperature for given times (0, 15, 30, and 45 min).  The 

irradiated cells were incubated for 7 days, fixed with EtOH and stained with crystal violet.  
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The surviving fractions were examined using the “ImageJ-plugin Colony Area”77 

software.  The results shown in Figure 3-7 suggest that the cytotoxic activity of 10B-23–

10B-47 is somewhat weaker than that of 5 and 10B-18b.  These results might be explained 

by much lower uptake of these B drugs in comparison with previous monomeric 

polyamine derivatives and/or nonspecific ionic interactions with intracellular 

biomolecules such as enzymes, proteins, phospholipids and related biomolecules.      

 

 

Figure 3-7. BNCT effect of 10B-enriched compounds against A549 cells was examined 

by a colony formation assay: (a) control (in the absence of boron compound) (○), 5 (×), 

10B-23 (●), 10B-25 (◇), 10B-26 (◆), 10B-28 (□), 10B-30 (■), and 10B-31 (△), (b) control 

(○), 5 (×), 10B-37 (●), 10B-39 (◇), 10B-41 (◆), 10B-44 (□), 10B-46 (■), and 10B-47 
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(△), (c) control (○), 5 (×), 10B-24 (●), 10B-27 (◇), 10B-29 (◆), 10B-32 (□), 10B-40 

(■), and 10B-45 (△), (d) control (○), 5 (×), 10B-18b (●) and 10B-39 (◇).  Note that 

y-axis of Figure 3-7d is wider than that of Figure 3-7a, 3-7b and 3-7c.  After treatment 

with 10B-enriched compounds (100 µM) for 24 h, the cells were irradiated with thermal 

neutrons for 0, 15, 30, and 45 min and then incubated without neutron irradiation for 7 

days.  The averaged thermal neutron flux was 1.2 × 109 n/cm2·s for control (in the 

absence of boron compound), 5, 10B-18b, 10B-23, 10B-24, 10B-25, 10B-26, 10B-27, 10B-32, 

10B-39, 10B-40, and 10B-41 and 1.3 × 109 n/cm2·s for 10B-28, 10B-29, 10B-30, 10B-31, 10B-

37, 10B-44, 10B-45, 10B-46, and 10B-47, respectively.  The surviving fraction was 

determined by ImageJ-plugin Colony Area.  Data represent the mean ± SD of at least 

three replicates.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 87 - 

 

 

[3-3] Conclusions 

In conclusion, we report on the design and synthesis of novel DNA-binding BNCT 

agents that are equipped with homo- and hetero-dimers of macrocyclic polyamines such 

as [9]aneN3, [12]aneN4 and [15]aneN5 and their Zn2+ complexes in an attempt to achieve 

a higher BNCT effect.  The results of DNA interaction studies indicate that 28–31 (L13–

L16) and 37 (ZnL15) would stabilize dsDNA by electrostatic interactions, and that 44 and 

45 (Zn2L
13 and Zn2L

14) interact with DNA by coordination bonding between its Zn2+–

[12]aneN4 complex unit and the dT– in DNA.  It was also found that the metal-free 

ligands 23, 24, 26, and 28–31 and Zn2+ complexes 33–38, 40, 41, 45, and 46 were much 

less cytotoxic than that of monomeric macrocyclic polyamines 17b, 18b, 19a, 20b, 21b, 

and 22a.  In addition, BNCT experiments using 10B-enriched compounds suggest that 

the BNCT activities of 10B-23–10B-47 were lower than that of 10B-18b, possibly due to 

their lower boron uptake and interaction not only with DNA but also with intracellular 

biomolecules.  We therefore conclude that monomeric polyamine-type 10B carriers such 

as 18b and 19a are more preferable for BNCT among the boron–macrocyclic polyamine 

conjugates that were synthesized in our previous publication and in this study.  We 

believe that these results provide useful information for the design of more efficient and 

less toxic boron delivery agents for use in cancer treatment and the development of more 

effective boron carriers is currently underway. 
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In this thesis, we report on the novel DNA-targeting boron carriers based on monomeric 

macrocyclic polyamines (Chapter 2), and homo- and hetero-dimers of macrocyclic 

polyamines (Chapter 3) for boron neutron capture therapy (Scheme 4-1). 

In Chapter 2, we report on the design and synthesis of boron carriers equipped with 9-, 

12-, and 15-membered macrocyclic polyamines and the corresponding Zn2+ complexes.  

It was expected that macrocyclic polyamines having boron units would be efficiently 

uptaken into cancer cells and that the thermal neutron irradiation would induce effective 

DNA damage when 10B atoms are accumulated near DNA molecules.  In this study, we 

synthesized monomeric [9]aneN3, [12]aneN4, and [15]aneN5 compounds containing 

cyclic boron ester units 17–22 in natural abundant ratio (10B/11B = 19.9/ 80.1) and 

examined their biological activities such as cytotoxicity and intracellular uptake (Scheme 

4-1).  Thereafter, three promising compounds (17b, 18b, and 19a) were selected and 

their corresponding 10B-enriched forms were prepared for BNCT experiments.  It was 

found that these monomeric 10B carriers were efficiently taken up to cancer cells (A549 

and HeLa S3 cells) possibly via polyamine transport system.  In addition, the results of 

in vitro BNCT studies indicate that [12]aneN4- and [15]aneN5-type 10B-enriched 

macrocycles (10B-18b and 10B-19a) effectively inhibit the proliferation of cancer cells 

upon thermal neutron irradiation, possibly via the interaction with DNA. 
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Scheme 4-1. Structure of monomeric- and dimeric-macrocyclic polyamines and their 

Zn2+ complexes for boron neutron capture therapy. 
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In Chapter 3, the design and synthesis of DNA-targeting boron agents that are 

conjugated with homo- and hetero-dimers of macrocyclic polyamines and their 

corresponding Zn2+ complexes are reported.  We anticipated that the dizinc(II) 

complexes of these ligands would interact with two adjacent thymidine (thymidyl(3´–

5´)thymidine, d(TpT)) units, resulting in more efficient contact with DNA and its more 

efficient breakdown upon thermal neutron irradiation and synthesized the boron-

containing macrocyclic polyamine dimers (23–32) and the corresponding Zn2+ complexes 

(39–48) (Scheme 4-1).  It was found that homo- and heterodimers of macrocyclic 

polyamines and their Zn2+ complexes interact with double-stranded DNA and that they 

are much less cytotoxic than the monomeric macrocycles.  The results of in vitro BNCT 

experiments using 10B-enriched forms of selected compounds indicate that the cytotoxic 

effect of dimeric 10B carriers is almost same as that of 10B-BPA and weaker than that of 

the monomeric [12]aneN4- and [15]aneN5-type macrocycles reported in Chapter 2, 

possibly due to their lower boron uptake and unexpected interactions with intracellular 

biomolecules.  These data suggest that the 10B carriers based on monomeric [12]aneN4 

and [15]aneN5 (10B-18b and 10B-19a) described in Chapter 2 are more preferable for 

BNCT than ditopic macrocyclic polyamine-type 10B carriers. 

We believe that these findings afford important and useful information regarding the 

fundamental chemistry of boron containing drugs and the design and synthesis of safer 

and more effecient BNCT agents. 
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Chapter 5. 
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[5] Experimental section 

General information 

  All reagents and solvents were purchased at the highest commercial quality and were 

used without further purification. 3-(4,5-Di-methylthiazol-2yl)-2,5-diphenyltetrazolium 

bromide (MTT) was purchased from Dojindo Laboratories.  Spermidine was purchased 

from WAKO Pure Chemical Industries Ltd.  Methyl-β-cyclodextrin, amiloride, and calf 

thymus DNA (ctDNA) were purchased from Sigma-Aldrich.  Dynasore was purchased 

from Tokyo Chemical Industry.  10B-B(OMe)3 was purchased from Katchem Ltd.  

Anhydrous tetrahydrofuran (THF) was prepared by distillation from sodium and 

benzophenone.  All aqueous solutions were prepared using deionized water.  Minimum 

Essential Medium (MEM), Dulbecco’s Modified Eagle’s Medium (DMEM), phosphate 

buffer saline (PBS) without Ca and Mg, trypsin, and crystal violet were purchased from 

Nacalai tesque.  Fetal bovine serum (FBS) was purchased from Chemical Dojin Co., Ltd.  

Streptomycin sulphate and benzylpenicillin potassium were purchased from WAKO Pure 

Chemical Industries Ltd.  The cell lines, HeLa S3 cells (human cervical carcinoma) were 

provided by Dr. Tomoko Okada (National Institute of Advanced Industrial Science and 

Technology), A549 cells (human caucasian lung carcinoma) were provided by Prof. Dr. 

Mitsutoshi Tsukimoto (Tokyo University of Science), and IMR-90 cells were provided 

by Dr. Eiko Yoshida (Tokyo University of Science).  1H (300 and 400 MHz), 13C (100 

MHz), and 11B (128 MHz) NMR spectra were recorded on a JEOL Always 300 (JEOL, 

Tokyo, Japan) and a JEOL Lamda 400 (JEOL, Tokyo, Japan) spectrometer.  

Tetramethylsilane (TMS) was used as an internal reference (0 ppm) for 1H and 13C NMR 

measurements in CDCl3, and acetone-d6 and DMSO-d6.  3-(Trimethylsilyl)propionic-

2,2,3,3-d4 acid sodium (TSP) was used as an internal reference (0 ppm) for 1H NMR 

measurements in D2O.  1,4-Dioxane was used as an internal reference (67.19 ppm) for 

13C NMR measurements in D2O.  11B NMR spectra were measured in quartz NMR tubes 

using boron trifluoride diethyl ether complex (BF3·OEt2) in CDCl3 as an internal 
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reference (0 ppm).  IR spectra were recorded on Perkin-Elmer FTIR Spectrum 100 

(ATR) (PerkinElmer, Massachusetts, USA).  Melting points were measured on a Yanaco 

Micro Melting Point apparatus and are uncorrected.  MS measurements were performed 

on a Sciex X500R QTOF (AB SCIEX, Framingham, Massachusetts, USA) and Varian 

910-MS (Varian Medical Systems, California, USA) spectrometer.  Elemental analyses 

were performed on a 2400 series Ⅱ CHNS elemental analyzer (PerkinElmer, 

Massachusetts, USA) to determine the purity (> 95%) of all compounds.  Isotopic purity 

of 10B were determined on ICP-MS (NexION300S, PerkinElmer, Waltham, 

Massachusetts, USA).  Thin-layer chromatography (TLC) and silica gel column 

chromatography were performed using Merck Silica gel 60 F254 plate (Merck KGaA, 

Darmstadt, Germany) and Fuji Silysia Chemical FL-100D (Fuji Silysia Chemical, Aichi, 

Japan), Fuji Silysia Chromatorex NH-DM1020 Silica Gel for chromatography (Fuji 

Silysia Chemical, Aichi, Japan), respectively. 

 

1-[(4-Boronopheny)methyl]-4,7-bis(tert-butoxycarbonyl)-1,4,7-triazacyclononane 

(61a)  

To a solution of 4-(bromomethyl)phenylboronic acid 60a68 (66.1 mg, 0.308 mmol, 1.2 

equiv) in MeCN (2.5 mL), 2Boc-tacn 5967 (84.7 mg, 0.257 mmol) and potassium 

carbonate (44.0 mg, 0.318 mmol, 1.2 equiv) were added and the resulting mixture was 

stirred at reflux for 4 h.  After adding H2O, the reaction mixture was extracted with 

CHCl3.  The organic layer was washed with brine, dried over Na2SO4, and concentrated 

under reduced pressure.  The resulting residue was purified by silica gel column 

chromatography (CHCl3/MeOH = 50/1) to afford 61a (122.3 mg, 0.264 mmol, quant.) as 

a colorless amorphous solid: mp 106–110 °C; 1H NMR (400 MHz, acetone-d6, TMS): δ 

= 1.44 (s, 9H), 1.51 (d, J = 5.2 Hz, 9H), 2.64–2.72 (m, 4H), 3.18–3.31 (m, 4H), 3.47–3.54 

(m, 4H), 3.66–3.74 (m, 2H), 7.07–7.10 (m, 2H), 7.39–7.42 (m, 2H), 7.76–7.86 (m, 2H); 

13C NMR (100 MHz, acetone-d6, TMS): δ = 27.86, 48.29–49.84 (m), 50.15–51.53 (m), 
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52.89–54.34 (m), 60.39–60.58 (m), 78.6–78.69 (m), 128.02–128.41 (m), 133.97–134.16 

(m), 142.53, 155.02, 155.20; 11B NMR (128 MHz, acetone-d6, BF3·OEt2): δ = 29.3 (brs); 

IR (ATR): ν = 3407, 2974, 1668, 1462, 1410, 1365, 1247, 1143, 999, 856, 752, 648, 532, 

491, 458, 436 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C23H39
10BN3O6, 463.2963; 

found, 463.2976; Anal. Calcd (%) for C23H38BN3O6·0.2CHCl3: C, 57.19; H, 7.90; N, 8.62. 

found: C, 57.32; H, 7.66; N, 8.42. 

 

1-[(3-Boronopheny)methyl]-4,7-bis(tert-butoxycarbonyl)-1,4,7-triazacyclononane 

(61b) 

To a solution of 3-(bromomethyl)phenylboronic acid 60b70 (70.1 mg, 0.326 mmol, 1.2 

equiv) in MeCN (2.5 mL), 2Boc-tacn 5967 (90.1 mg, 0.273 mmol) and potassium 

carbonate (46.0 mg, 0.333 mmol, 1.2 equiv) were added and the mixture was stirred at 

reflux for 26 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  

The organic layer was washed with brine, dried over Na2SO4 and concentrated under 

reduced pressure.  The resulting residue was purified by silica gel column 

chromatography (hexanes/AcOEt = 1/1 to CHCl3/MeOH = 50/1) to afford 61b (120.8 mg, 

0.261 mmol, 95%) as a colorless amorphous solid: mp 95–97 °C; 1H NMR (400 MHz, 

acetone-d6, TMS): δ = 1.43 (J = 3.6 Hz, 9H), 1.50 (J = 3.6 Hz, 9H), 2.67–2.74 (m, 4H), 

3.21–3.26 (m, 4H), 3.47–3.51 (m, 4H), 3.66–3.76 (m, 2H), 7.13 (s, 2H), 7.26–7.34 (m, 

1H), 7.49–7.57 (m, 1H), 7.73–7.86 (m, 2H); 13C NMR (100 MHz, acetone-d6, TMS): δ = 

28.70, 49.38–50.24 (m), 50.70–51.33 (m), 52.18, 53.75–53.98 (m), 55.09–55.25 (m), 

61.89–61.98 (m), 79.54–79.68 (m), 128.11–128.19 (m), 131.96–132.13 (m), 133.62, 

135.77–135.90 (m), 139.92, 155.88–156.13 (m); 11B NMR (128 MHz, acetone-d6, 

BF3·OEt2): δ = 29.0 (brs); IR (ATR): ν = 3407, 2974, 2931, 1669, 1460, 1413, 1364, 1246, 

1142, 1093, 997, 856, 751, 710, 665, 621, 527, 459, 436 cm-1; HRMS (ESI+): m/z calcd 

for [M+H]+, C23H39
10BN3O6, 463.2968; found, 463.2963; Anal. Calcd (%) for 

C23H38BN3O6: C, 59.62; H, 8.27; N, 9.07. found: C, 59.93; H, 8.24; N, 8.81. 
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1-[(4-Boronopheny)methyl]-1,4,7-triazacyclononane Trifluoroacetic Acid Salt 

(2TFA) (14a) 

TFA (1.5 mL) was added to a solution of 61a (122.3 mg, 0.264 mmol) in CH2Cl2 (1.5 

mL), and the resulting mixture was stirred at room temperature for 1 h.  After 

evaporation, the resulting residue was dissolved in MeCN and reprecipitated with Et2O 

to afford 14a (95.7 mg, 0.195 mmol, 74%) as colorless powder, which was determined to 

be the 2TFA salt by elemental analysis: mp 138–141 °C; 1H NMR (400 MHz, D2O, TSP): 

δ = 3.06 (t, J = 5.6 Hz, 4H), 3.24 (t, J = 5.6 Hz, 4H), 3.64 (s, 4H), 3.95 (s, 2H), 7.49 (d, J 

= 7.6 Hz, 2H), 7.83 (d, J = 7.6 Hz, 2H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 

42.84, 44.32, 48.35, 59.57, 116.93, 130.33, 134.65, 138.81, 163.43; 11B NMR (128 MHz, 

D2O, BF3·OEt2): δ = 29.0 (brs); IR (ATR): ν = 3005, 2774, 1665, 1610, 1485, 1420, 1397, 

1384, 1353, 1183, 1130, 1083, 1055, 1004, 875, 841, 795, 723, 696, 654, 518, 410 cm-1; 

HRMS (ESI+): m/z calcd for [M+H]+, C13H23
10BN3O2, 263.1920; found, 263.1914; Anal. 

Calcd (%) for C13H22BN3O2·2TFA: C, 41.57; H, 4.93; N, 8.55. found: C, 41.72; H, 4.85; 

N, 8.54. 

 

1-[(3-Boronopheny)methyl]-1,4,7-triazacyclononane Trifluoroacetic Acid Salt 

(2TFA) (14b) 

TFA (1.0 mL) was added to a solution of 61b (81.4 mg, 0.174 mmol) in CH2Cl2 (1.0 

mL), and the mixture was stirred at room temperature for 1 h.  After evaporation, the 

resulting residue was dissolved in MeCN and reprecipitated with Et2O to afford 14b (60.9 

mg, 0.124 mmol, 71%) as colorless powder, which was determined to be the 2TFA salt 

by elemental analysis: mp 136–138 °C; 1H NMR (400 MHz, D2O, TSP): δ = 3.00 (t, J = 

6.0 Hz, 4H), 3.15 (brs, 4H), 3.51 (brs, 4H), 3.94 (s, 2H), 7.51 (t, J = 8.0 Hz, 1H), 7.57 (d, 

J = 8.0 Hz, 1H), 7.79–7.80 (m, 2H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 42.84, 

44.17, 48.42, 59.82, 116.94, 129.02, 133.21, 133.94, 135.85, 136.01; 11B NMR (128 MHz, 
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D2O, BF3·OEt2): δ = 29.3 (brs); IR (ATR): ν = 2810, 1667, 1429, 1337, 1180, 1126, 1010, 

834, 797, 719, 582, 515, 441, 414 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, 

C13H23
10BN3O2, 263.1920; found, 263.1914; Anal. Calcd (%) for C13H22BN3O2·2TFA–

0.8H2O: C, 42.83; H, 4.74; N, 8.81. found: C, 42.88; H, 5.04; N, 8.81. 

 

1-[4-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-1,4,7-

triazacyclononane (17a) 

A mixture of 14a (30.0 mg, 0.0611 mmol) and bicyclohexyl-1,1´-diol 6269 (15.7 mg, 

0.0792 mmol, 1.3 equiv) in EtOH (0.8 mL) was refluxed for 6 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 20/1) to afford 17a (24.8 mg, 0.0583 mmol, 95%) as a colorless amorphous solid: mp 

65–67 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.13–1.32 (m, 6H), 1.63–1.81 (m, 

14H), 2.61–2.67 (m, 8H), 2.78 (s, 4H), 3.73 (s, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.82 (d, J = 

7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3, TMS): δ = 22.32, 25.81, 32.47, 46.40, 46.54, 

52.76, 61.71, 84.64, 128.33, 134.92, 142.61; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ 

= 31.5 (brs); IR (ATR): ν = 2929, 2851, 1611, 1449, 1398, 1356, 1284, 1238, 1131, 1087, 

1018, 937, 822, 750, 652, 506, 418 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, 

C25H41
10BN3O2, 425.3328; found, 425.3322; Anal. Calcd (%) for 

C25H40BN3O2·0.2CHCl3·0.6MeOH: C, 66.14; H, 9.17; N, 8.97. found: C, 66.05; H, 8.98; 

N, 8.70. 

 

1-[3-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-1,4,7-

triazacyclononane (17b) 

A mixture of 14b (20.0 mg, 0.041 mmol) and bicyclohexyl-1,1´-diol 6269 (10.5 mg, 

0.053 mmol, 1.3 equiv) in EtOH (0.5 mL) was refluxed for 6 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 20/1) to afford 17b (11.8 mg, 0.028 mmol, 68%) as a colorless amorphous solid: mp 
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57–58 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.14–1.33 (m, 6H), 1.63–1.84 (m, 

14H), 2.65–2.69 (m, 8H), 2.83 (s, 4H), 3.74 (s, 2H), 7.34 (t, J = 7.6 Hz 1H), 7.46 (d, J = 

8.0 Hz 1H), 7.75 (d, J = 7.6 Hz 1H), 7.79 (s, 1H); 13C NMR (100 MHz, CDCl3, TMS): δ 

= 22.34, 25.81, 32.48, 46.58, 46.86, 52.95, 61.54, 84.71, 127.75, 131,66, 133.64, 135.24, 

138.84; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 30.8 (brs); IR (ATR): ν = 2928, 2852, 

1448, 1353, 1285, 1239, 1200, 1145, 1131, 1076, 1040, 939, 779, 751, 708, 615, 507, 409 

cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C25H41
10BN3O2, 425.3323; found, 425.3327; 

Anal. Calcd (%) for C25H40BN3O2·0.1CHCl3·MeOH: C, 66.78; H, 9.47; N, 8.95. found: 

C, 66.88; H, 9.29; N, 8.57.  

 

1-[(4-Boronopheny)methyl]-4,7,10-tris(tert-butoxycarbonyl)-1,4,7,10-

tetraazacyclododecane (64a) 

 To a solution of 4-(bromomethyl)phenylboronic acid 60a68 (66.4 mg, 0.309 mmol, 1.5 

equiv) in MeCN (2.0 mL), 3Boc-cyclen 6372 (100 mg, 0.212 mmol) and potassium 

carbonate (58.1 mg, 0.420 mmol, 2.0 equiv) were added and the mixture was stirred at 

reflux for 4 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  The 

organic layer was washed with brine, dried over Na2SO4, and concentrated under reduced 

pressure.  The resulting residue was purified by silica gel column chromatography 

(CHCl3/MeOH = 100/1) to afford 64a (108.3 mg, 0.179 mmol, 84%) as a colorless 

amorphous solid: mp 112–115 °C; 1H NMR (300 MHz, CDCl3, TMS): δ = 1.44–1.49 (m, 

27H), 2.71 (brs, 4H), 3.30–3.40 (m, 8H), 3.59 (brs, 4H), 3.70–3.74 (m, 2H), 7.29 (d, J = 

8.0 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H), 8.18 (d, J = 7.6 Hz, 1H); 

13C NMR (100 MHz, CDCl3, TMS): δ = 18.45, 28.49, 28.72, 2872, 29.70, 47.39, 49.82, 

58.50, 79.68, 129.46, 129.97, 133.59, 135.61, 139.38, 155.34, 156.18, 158.78, 163.43, 

196.70, 209.38, 210.84; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 29.1 (brs); IR 

(ATR): ν = 3397, 2975, 2931, 1682, 1668, 1611, 1478, 1457, 1412, 1364, 1341, 1249, 

1151, 1109, 1019, 979, 856, 770, 754, 734, 649, 555, 516, 458 cm-1; HRMS (ESI+): m/z 
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calcd for [M+H]+, C30H52
10BN4O8, 606.3909; found, 606.3917; Anal. Calcd (%) for 

C30H51BN4O8·0.3CHCl3: C, 56.65; H, 8.05; N, 8.72. found: C, 56.73; H, 8.10; N, 8.66. 

 

1-[(3-Boronopheny)methyl]-4,7,10-tris(tert-butoxycarbonyl)-1,4,7,10-

tetraazacyclododecane (64b)54 

 To a solution of 3-(bromomethyl)phenylboronic acid 60b70 (67.8 mg, 0.316 mmol, 1.5 

equiv) in MeCN (2.0 mL), 3Boc-cyclen 6372 (100 mg, 0.212 mmol) and potassium 

carbonate (58.4 mg, 0.423 mmol, 2.0 equiv) were added and the mixture was stirred at 

reflux for 3 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  The 

organic layer was washed with brine, dried over Na2SO4, and concentrated under reduced 

pressure.  The resulting residue was purified by silica gel column chromatography 

(CHCl3/MeOH = 100/1) to afford 64b (121.8 mg, 0.201 mmol, 95%) as a colorless 

amorphous solid: The 1H and 13C and 11B NMR spectra of product were identical to 

previously reported data.54 

 

1-[(4-Boronopheny)methyl]-1,4,7,10-tetraazacyclododecane Trifluoroacetic Acid 

Salt (2TFA) (15a) 

TFA (1.0 mL) was added to a solution of 64a (94.2 mg, 0.155 mmol) in CH2Cl2 (1.0 

mL), and the mixture was stirred at room temperature for 1 h.  After evaporation, the 

resulting residue was dissolved in AcOEt and reprecipitated with hexanes to afford 15a 

(72.5 mg, 0.136 mmol, 88%) as colorless powder, which were determined to be the 2TFA 

salt by elemental analysis: mp 172–175 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.93–

3.01 (m, 8H), 3.17–3.25 (m, 8H), 3.88 (s, 2H), 7.44 (d, J = 8.0 Hz, 2H), 7.83 (d, J = 8.0 

Hz, 2H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 42.31, 42.46, 44.78, 48.38, 57.18, 

129.96, 134.87, 138.74; 11B NMR (128 MHz, D2O, BF3·OEt2): δ = 29.05 (brs); IR (ATR): 

ν = 3301, 3088, 2856, 1668, 1610, 1454, 1409, 1343, 1196, 1176, 1120, 1052, 1017, 829, 

796, 719, 693, 651, 596, 516, 435, 414 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, 
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C15H28
10BN4O2, 306.2342; found, 306.2336; Anal. Calcd (%) for C15H27BN4O2·2TFA: C, 

42.71; H, 5.47; N, 10.49. found: C, 42.75; H, 5.38; N, 10.44. 

 

1-[(3-Boronopheny)methyl]-1,4,7,10-tetraazacyclododecane (15b)54 

 TFA (2.0 mL) was added to a solution of 64b (110.2 mg, 0.182 mmol) in CH2Cl2 (2.0 

mL), and the mixture was stirred at room temperature for 1 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 20/1) to afford 15b (50.4 mg, 0.165 mmol, 91%) as a colorless amorphous solid: The 

1H, 13C and 11B NMR spectra of product were identical to previously reported data.54 

 

1-[4-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-1,4,7,10-

tetraazacyclododecane (18a) 

A mixture of 15a (40.0 mg, 0.0748 mmol) and bicyclohexyl-1,1´-diol 6269 (15.2 mg, 

0.0766 mmol, 1.0 equiv) in EtOH (1.0 mL) was refluxed for 6 h.  After evaporation, the 

resulting residue was dissolved in EtOH and reprecipitated with hexanes, and the 

resulting precipitate was purified by NH silica gel column chromatography 

(CHCl3/MeOH = 20/1) to afford 18a (34.5 mg, 0.0736 mmol, 98%) as a colorless solid: 

mp 129–131 °C; 1H NMR (300 MHz, CDCl3, TMS): δ = 1.13–1.31 (m, 6H), 1.62–1.83 

(m, 14H), 2.57 (t, J = 5.2 Hz, 8H), 2.67 (t, J = 5.2 Hz, 4H), 2.81 (t, J = 5.6 Hz, 4H), 3.63 

(s, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.81 (d, J = 8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3, 

TMS): δ = 22.31, 25.81, 32.45, 45.09, 46.34, 47.14, 51.26, 59.33, 84.51, 128.36, 134.95, 

141.93; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 31.1 (brs); IR (ATR): ν = 2933, 2856, 

2811, 1610, 1450, 1403, 1356, 1319, 1284, 1272, 1239, 1131, 1088, 1041, 1020, 937, 911, 

822, 801, 746, 725, 653, 540, 507 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, 

C27H46
10BN4O2, 468.3750; found, 468.3745; Anal. Calcd (%) for 

C27H45BN4O2·0.5MeOH: C, 68.17; H, 9.78; N, 11.56. found: C, 68.35; H, 9.79; N, 11.26.  
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1-[3-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-1,4,7,10-

tetraazacyclododecane (18b) 

 A mixture of 15b (27.0 mg, 0.0882 mmol) and bicyclohexyl-1,1´-diol 6269 (17.5 mg, 

0.0882 mmol, 1.0 equiv) in EtOH (0.9 mL) was refluxed for 3 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 20/1) to afford 18b (33.5 mg, 0.0714 mmol, 81%) as a colorless amorphous solid: mp 

46–48 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.22–1.32 (m, 6H), 1.63–1.83 (m, 

14H), 2.56–2.59 (m, 8H), 2.67 (t, J = 4.4 Hz, 4H), 2.81 (t, J = 4.4 Hz, 4H), 3.64 (s, 2H), 

7.32 (t, J = 7.6 Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 7.2 Hz, 1H), 7.77 (s, 1H); 

13C NMR (100 MHz, CDCl3, TMS): δ = 22.31, 25.80, 32.45, 45.34, 46.40, 47.39, 51.38, 

59.26, 84.57, 127.71, 131.79, 133.80, 135.43, 138.04; 11B NMR (128 MHz, CDCl3, 

BF3·OEt2): δ = 30.8 (brs); IR (ATR): ν = 2929, 2851, 1604, 1448, 1429, 1392, 1352, 1320, 

1284, 1272, 1253, 1239, 1200, 1146, 1131, 1114, 1077, 1039, 939, 909, 834, 803, 747, 

707, 681, 658, 541, 507 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C27H46
10BN4O2, 

468.3750; found, 468.3745; Anal. Calcd (%) for C27H45BN4O2·0.1CHCl3·2.4MeOH: C, 

63.58; H, 9.89; N, 10.05. found: C, 63.90; H, 9.63; N, 9.65. 

 

1-[(4-Boronopheny)methyl]-4,7,10,13-tetra(tert-butoxycarbonyl)-1,4,7,10,13-

pentaazacyclopentadecane (66a) 

To a solution of 4-(bromomethyl)phenylboronic acid 60a68 (48.3 mg, 0.225 mmol, 1.2 

equiv) in MeCN (1.5 mL), 6573 (113.9 mg, 0.185 mmol) and potassium carbonate (38.1 

mg, 0.276 mmol, 1.5 equiv) were added and the mixture was stirred at reflux for 2 h.  

After adding H2O, the reaction mixture was extracted with CHCl3.  The organic layer 

was washed with brine, dried over Na2SO4, and concentrated under reduced pressure.  

The resulting residue was purified by silica gel column chromatography (CHCl3/MeOH 

= 100/1) to afford 66a (115.0 mg, 0.153 mmol, 83%) as a colorless amorphous solid: mp 

94–96 °C; 1H NMR (400 MHz, acetone-d6, TMS): δ = 1.30 (s, 9H), 1.44 (s, 9H), 1.48 (s, 
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18H), 2.74 (s, 4H), 3.47 (s, 16H), 3.67 (s, 2H), 7.09 (s, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.83 

(d, J = 8.0 Hz, 2H); 13C NMR (100 MHz, acetone-d6, TMS): δ = 28.63, 31.99, 47.35, 

53.23, 55.49, 60.21, 69.71, 79.56, 79.89, 128.59, 135.05, 142.72, 155.59, 155.72; 11B 

NMR (128 MHz, acetone-d6, BF3·OEt2): δ = 29.7 (brs); IR (ATR): ν = 3420, 2976, 1682, 

1465, 1411, 1365, 1245, 1155, 1018, 858, 753, 648, 559, 458 cm-1; HRMS (ESI+): m/z 

calcd for [M+H]+, C37H65
10BN5O10, 749.4861; found, 749.4855; Anal. Calcd (%) for 

C37H64BN5O10·0.3H2O: C, 58.85; H, 8.62; N, 9.27. found: C, 58.88; H, 8.56; N, 9.06. 

 

1-[(3-Boronopheny)methyl]-4,7,10,13-tetra(tert-butoxycarbonyl)-1,4,7,10,13-

pentaazacyclopentadecane (66b) 

To a solution of 3-(bromomethyl)phenylboronic acid 60b70 (51.6 mg, 0.240 mmol, 1.2 

equiv) in MeCN (2.0 mL), 6573 (121.0 mg, 0.196 mmol) and potassium carbonate (40.6 

mg, 0.294 mmol, 1.5 equiv) were added and the mixture was stirred at reflux for 4 h.  

After adding H2O, the reaction mixture was extracted with CHCl3.  The organic layer 

was washed with brine, dried over Na2SO4, and concentrated under reduced pressure.  

The resulting residue was purified by silica gel column chromatography (CHCl3/MeOH 

= 100/1) to afford 66b (127.4 mg, 0.170 mmol, 87%) as a colorless amorphous solid: mp 

106–110 °C; 1H NMR (400 MHz, acetone-d6, TMS): δ = 1.29 (s, 9H), 1.45 (s, 9H), 1.47 

(s, 18H), 2.74 (s, 4H), 3.47 (s, 16H), 3.68 (s, 2H), 7.15 (s, 2H), 7.29 (t, J = 7.2 Hz, 1H), 

7.40 (d, J = 6.8 Hz, 1H), 7.72 (d, J = 5.6 Hz, 1H), 7.82 (s, 1H); 13C NMR (100 MHz, 

acetone-d6, TMS): δ = 28.61, 31.99, 46.54, 47.34, 53.22, 55.44, 60.19, 79.65, 79.89, 

128.26, 131.44, 133.58, 135.15, 155.74; 11B NMR (128 MHz, acetone-d6, BF3·OEt2): δ = 

30.0 (brs); IR (ATR): ν = 3419, 2976, 1682, 1464, 1413, 1365, 1244, 1155, 1043, 860, 

770, 710, 558, 462, 418 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C37H65
10BN5O10, 

749.4861; found, 749.4855; Anal. Calcd (%) for C37H64BN5O10·0.25CHCl3: C, 57.39; H, 

8.31; N, 8.92. found: C, 57.67; H, 8.21; N, 8.72. 
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1-[(2-Boronopheny)methyl]-4,7,10,13-tetra(tert-butoxycarbonyl)-1,4,7,10,13-

pentaazacyclopentadecane (66c) 

To a solution of 2-(bromomethyl)phenylboronic acid 60c71 (55.1 mg, 0.256 mmol, 1.2 

equiv) in MeCN (2.0 mL), 6573 (129.8 mg, 0.211 mmol) and potassium carbonate (44.3 

mg, 0.32 mmol, 1.5 equiv) were added and the mixture was stirred at reflux for 10 h.  

After adding H2O, the reaction mixture was extracted with CHCl3.  The organic layer 

was washed with brine, dried over Na2SO4, and concentrated under reduced pressure.  

The resulting residue was purified by silica gel column chromatography (CHCl3/MeOH 

= 100/1) to afford 66c (115.7 mg, 0.154 mmol, 73%) as a colorless amorphous solid: mp 

105–109 °C; 1H NMR (400 MHz, acetone-d6, TMS): δ = 1.47 (s, 36H), 2.82 (s, 4H), 3.45 

(s, 16H), 3.82 (s, 2H), 7.25–7.36 (m, 4H), 7.87 (br, 1H), 8.78 (br, 1H); 13C NMR (100 

MHz, acetone-d6, TMS): δ = 28.39, 28.63, 47.12, 50.94, 51.42, 55.49, 62.29, 79.77, 79.94, 

127.94, 130.61, 131.96, 137.26, 142.60, 155.44, 155.62; 11B NMR (128 MHz, acetone-

d6, BF3·OEt2): δ = 29.7 (brs); IR (ATR): ν = 2975, 2932, 1692, 1463, 1412, 1391, 1365, 

1309, 1244, 1156, 1032, 947, 894, 860, 770, 653, 550, 460 cm-1; HRMS (ESI+): m/z calcd 

for [M+H]+, C37H65
10BN5O10, 749.4861; found, 749.4864; Anal. Calcd (%) for 

C37H64BN5O10·1.5MeOH: C, 57.96; H, 8.84; N, 8.78. found: C, 57.84; H, 9.06; N, 9.07. 

 

1-[(4-Boronopheny)methyl]-1,4,7,10,13-pentaazacyclopentadecane Trifluoroacetic 

Acid Salt (3TFA) (16a) 

TFA (1.5 mL) was added to a solution of 66a (111.0 mg, 0.148 mmol) in CH2Cl2 (1.5 

mL), and the mixture was stirred at room temperature for 30 min.  After evaporation, 

the resulting residue was dissolved in MeCN and reprecipitated with Et2O to afford 16a 

(90.0 mg, 0.130 mmol, 88%) as colorless powder, which was determined to be the 3TFA 

salt by elemental analysis: mp 136–137 °C; 1H NMR (400 MHz, D2O, TSP): δ = 3.01 (t, 

J = 6.0 Hz, 4H), 3.17 (s, 4H), 3.26–3.33 (m, 8H), 3.38 (t, J = 6.0 Hz, 4H), 3.95 (s, 2H), 

7.43 (d, J = 8.0 Hz, 2H), 7.83 (d, J = 8.0 Hz, 2H); 13C NMR (100 MHz, D2O, 1,4-dioxane): 
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δ = 44.31, 45.30, 45.81, 50.24, 56.73, 116.92, 130.56, 134.66, 137.03, 163.59; 11B NMR 

(128 MHz, D2O, BF3·OEt2): δ = 29.2 (brs); IR (ATR): ν = 3029, 1668, 1410, 1382, 1359, 

1178, 1129, 1055, 1018, 888, 838, 798, 720, 698, 654, 517 cm-1; HRMS (ESI+): m/z calcd 

for [M+H]+, C17H33
10BN5O2, 349.2764 ; found, 349.2770; Anal. Calcd (%) for 

C17H32BN5O2·3TFA: C, 39.96; H, 5.10; N, 10.13. found: C, 39.97; H, 4.98; N, 10.05.  

 

1-[(3-Boronopheny)methyl]-1,4,7,10,13-pentaazacyclopentadecane Trifluoroacetic 

Acid Salt (3TFA) (16b) 

TFA (1.5 mL) was added to a solution of 66b (127.2 mg, 0.170 mmol) in CH2Cl2 (1.5 

mL), and the mixture was stirred at room temperature for 1 h.  After evaporation, the 

resulting residue was dissolved in MeCN and reprecipitated with Et2O to afford 16b 

(107.1 mg, 0.155 mmol, 91%) as colorless powder, which was determined to be the 3TFA 

salt by elemental analysis: mp 106–108 °C; 1H NMR (400 MHz, D2O, TSP): δ = 3.03 (t, 

J = 5.2 Hz 4H), 3.18 (s, 4H), 3.27–3.29 (m, 4H), 3.33 (t, J = 5.2 Hz 4H), 3.37–3.40 (m, 

4H), 3.98 (s, 2H), 7.48–7.55 (m, 2H), 7.73 (s, 1H), 7.80–7.83 (m, 1H); 13C NMR (100 

MHz, D2O, 1,4-dioxane): δ = 44.34, 45.21, 45.49, 45.79, 50.27, 56.94, 116.92, 129.09, 

133.53, 133.62, 134.35, 136.20, 163.58; 11B NMR (128 MHz, D2O, BF3·OEt2): δ = 28.6 

(brs); IR (ATR): ν = 3030, 2856, 1666, 1426, 1337, 1179, 1123, 834, 797, 719, 597, 517 

cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C17H33
10BN5O2, 349.2764; found, 349.2758; 

Anal. Calcd (%) for C17H32BN5O2·3.4TFA: C, 38.79; H, 4.82; N, 9.43. found: C, 38.66; 

H, 4.95; N, 9.33. 

 

1-[(2-Boronopheny)methyl]-1,4,7,10,13-pentaazacyclopentadecane Trifluoroacetic 

Acid Salt (3TFA) (16c) 

TFA (1.5 mL) was added to a solution of 66c (115.7 mg, 0.154 mmol) in CH2Cl2 (1.5 

mL), and the mixture was stirred at room temperature for 1 h.  After evaporation, the 

resulting residue was dissolved in AcOEt and reprecipitated with hexanes to afford 16c 
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(94.8 mg, 0.137 mmol, 89%) as colorless powder, which was determined to be the 3TFA 

salt by elemental analysis: mp 118–120 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.99 (t, 

J = 4.8 Hz 4H), 3.11 (m, J = 5.6 Hz 4H), 3.17 (s, 12H), 4.02 (s, 2H), 7.40 (d, J = 6.8 Hz 

1H), 7.47–7.51 (m, 2H), 7.70 (d, J = 7.2 Hz 1H); 13C NMR (100 MHz, D2O, 1,4-dioxane): 

δ = 44.60, 44.86, 45.50, 51.06, 60.39, 116.91, 128.88, 130.75, 131.36, 134.06, 138.21, 

163.60; 11B NMR (128 MHz, D2O, BF3·OEt2): δ = 29.7 (brs); IR (ATR): ν = 3023, 2843, 

1668, 1440, 1359, 1193, 1147, 1126, 1050, 1032, 836, 797, 767, 719, 624, 588, 517, 443, 

420 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C17H33
10BN5O2, 349.2764; found, 

349.2769; Anal. Calcd (%) for C17H32BN5O2·3TFA: C, 39.96; H, 5.10; N, 10.13. found: 

C, 39.67; H, 4.87; N, 9.84. 

 

1-[4-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-

1,4,7,10,13-pentaazacyclopentadecane (19a) 

A mixture of 16a (30.4 mg, 0.044 mmol) and bicyclohexyl-1,1´-diol 6269 (9.4 mg, 

0.0474 mmol, 1.1 equiv) in EtOH (0.8 mL) was refluxed for 2 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 100/1) to afford 19a (21.4 mg, 0.0419 mmol, 88%) as a colorless amorphous solid: mp 

43–44 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.16–1.31 (m, 6H), 1.73–1.80 (m, 

14H), 2.65 (s, 12H), 2.79 (s, 8H), 3.62 (s, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.81 (d, J = 7.6 

Hz, 2H); 13C NMR (100 MHz, CDCl3, TMS): δ = 22.31, 25.81, 32.47, 47.29, 47.79, 48.24, 

49.00, 54.55, 59.62, 84.68, 128.36, 134.93, 142.52; 11B NMR (128 MHz, CDCl3, 

BF3·OEt2): δ = 30.3 (brs); IR (ATR): ν = 3287, 2930, 2849, 1610, 1449, 1399, 1356, 1284, 

1238, 1130, 1087, 937, 823, 727, 652, 507 cm-1; HRMS (ESI+): m/z calcd for [M+Na]+, 

C29H50
10BN5O2Na, 533.3986; found, 533.4010; Anal. Calcd (%) for 

C29H50BN5O2·CHCl3: C, 57.11; H, 8.15; N, 11.10. found: C, 57.46; H, 8.13; N, 10.79. 

 

1-[3-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-
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1,4,7,10,13-pentaazacyclopentadecane (19b) 

A mixture of 16b (30.2 mg, 0.0437 mmol) and bicyclohexyl-1,1´-diol 6269 (8.7 mg, 

0.0439 mmol, 1.0 equiv) in EtOH (0.6 mL) was refluxed for 5 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 20/1) to afford 19b (15.6 mg, 0.0305 mmol, 70%) as a colorless amorphous solid: 1H 

NMR (400 MHz, CDCl3, TMS): δ = 1.17–1.33 (m, 6H), 1.76–1.80 (m, 14H), 2.62–2.80 

(m, 20H), 3.60 (s, 2H), 7.33 (t, J = 7.6 Hz, 1H), 7.47 (d, J = 8.0 Hz, 1H), 7.68 (s, 1H), 

7.76 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3, TMS): δ = 22.33, 25.78, 32.48, 

47.30, 47.85, 48.33, 48.96, 54.84, 59.63, 84.79, 127.70, 132.04, 133.90, 135.45, 138.83; 

11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 30.2 (brs); IR (ATR): ν = 3281, 2929, 2849, 

1550, 1449, 1353, 1272, 1238, 1201, 1130, 1077, 1041, 939, 910, 807, 760, 708, 611, 540, 

509 cm-1; HRMS (ESI+): m/z calcd for [M+Na]+, C29H50
10BN5O2Na, 533.3986; found, 

533.4010; Anal. Calcd (%) for C29H50BN5O2: C, 68.09; H, 9.85; N, 13.69. found: C, 

68.06; H, 10.15; N, 13.77. 

 

1-[2-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-

1,4,7,10,13-pentaazacyclopentadecane (19c)  

A mixture of 16c (26.5 mg, 0.0383 mmol) and bicyclohexyl-1,1´-diol 6269 (7.6 mg, 

0.0383 mmol, 1.0 equiv) in EtOH (0.4 mL) was refluxed for 6 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 30/1) to afford 19c (15 mg, 0.0293 mmol, 77%) as a colorless solid: mp 78–80 °C; 1H 

NMR (400 MHz, CDCl3, TMS): δ = 1.14–1.33 (m, 6H), 1.64–1.81 (m, 14H), 2.58–2.77 

(m, 20H), 3.94 (s, 2H), 7.23 (t, J = 7.2 Hz, 1H), 7.42 (td, J = 7.6, 1.2 Hz, 1H), 7.59 (d, J 

= 7.2 Hz,1H), 7.82 (dd, J = 7.2, 1.6 Hz, 1H); 13C NMR (100 MHz, CDCl3, TMS): δ = 

22.52, 25.78, 32.48, 47.57, 48.03, 48.52, 49.16, 55.40, 57.57, 84.76, 125.97, 129.34, 

130.78, 135.91, 147.03; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 30.4 (brs); IR 

(ATR): ν = 3285, 2932, 2814, 1598, 1568, 1439, 1345, 1311, 1284, 1272, 1236, 1132, 
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1110, 1064, 1039, 938, 805, 749, 733, 655, 545, 507 cm-1; HRMS (ESI+): m/z calcd for 

[M+H]+, C29H51
10BN5O2, 511.4167; found, 511.4173; Anal. Calcd (%) for 

C29H50BN5O2·0.25CHCl3: C, 64.89; H, 9.36; N, 12.94. found: C, 65.04; H, 9.60; N, 12.82. 

 

Complexation of 18a with Zn2+ (21a) 

To a solution of 18a (10.8 mg, 0.023 mmol) in EtOH (0.3 mL), Zn(NO3)2·6H2O (6.9 

mg, 0.0232 mmol, 1.0 equiv) in EtOH (0.2 mL) was added at room temperature.  After 

evaporation, the resulting residue was recrystallized from EtOH (0.1 mL) to provide 

colorless crystals of 21a (10.1 mg, 0.015 mmol, 67%): mp 257–259 °C; 1H NMR (400 

MHz, D2O, TSP): δ =1.26 (br, 2H), 1.49 (br, 4H), 1.66–1.81 (m, 14H), 2.73 (br, 2H), 2.86 

(br, 8H), 2.99 (br, 4H), 3.24 (br, 2H), 3.84 (br, 1H), 4.05 (s, 2H), 4.10 (brs, 2H), 7.46 (d, 

J = 7.6 Hz, 2H), 7.90 (d, J = 7.6 Hz, 2H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 

22.44, 25.51, 32.00, 42.75, 44.17, 45.09, 49.73, 56.24, 87.52, 131.42, 134.44, 135.30; 11B 

NMR (128 MHz, D2O, BF3·OEt2): δ = 29.3 (brs); IR (ATR): ν = 3243, 2928, 1611, 1482, 

1449, 1354, 1284, 1238, 1131, 1088, 992, 935, 856, 819, 730, 702, 673, 644, 538, 473 

cm-1; HRMS (ESI+): m/z calcd for [M]2+, C27H45
10BN4O2

64Zn, 265.6476 ; found, 

265.6474; Anal. Calcd (%) for C27H45BN6O8Zn·0.5H2O: C, 48.63; H, 6.95; N, 12.60. 

found: C, 48.58; H, 6.88; N, 12.47. 

 

Complexation of 18b with Zn2+ (21b) 

To a solution of 18b (15.5 mg, 0.0331 mmol) in EtOH (0.3 mL), Zn(NO3)2·6H2O (9.8 

mg, 0.033 mmol, 1.0 equiv) in EtOH (0.2 mL) was added at room temperature.  The 

generated crystalline sample of 21b was recrystallized from EtOH (0.5 mL) and Et2O (0.5 

mL) to provide colorless crystals (10.6 mg, 0.016 mmol, 49%): mp 208–210 °C; 1H NMR 

(400 MHz, D2O, TSP): δ =1.44–1.83 (m, 20H), 2.74 (br, 2H), 2.87 (br, 8H), 3.00 (br, 4H), 

3.26 (br, 2H), 3.83 (br, 1H), 4.04–4.11 (m, 4H), 7.52–7.57 (m, 2H), 7.74–7.92 (m, 2H); 

13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 21.90, 25.84, 30.08, 42.77, 44.17, 45.09, 
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49.67, 56.33, 77.05, 128.85, 131.42, 134.24, 134.52, 136.86; 11B NMR (128 MHz, D2O, 

BF3·OEt2): δ = 28.3 (brs); IR (ATR): ν = 3211, 2927, 1495, 1432, 1349, 1283, 1238, 1204, 

1131, 1092, 961, 937, 909, 808, 708, 694, 641, 614, 565, 502 cm-1; HRMS (ESI+): m/z 

calcd for [M]2+, C27H45
10BN4O2

64Zn, 265.6476 ; found, 265.6475; Anal. Calcd (%) for 

C27H45BN6O8Zn·0.5H2O: C, 48.63; H, 6.95; N, 12.60. found: C, 48.73; H, 7.11; N, 12.37. 

 

Synthesis of 10B-enriched compounds  

4-(Bromomethyl)phenylboronic acid (10B-60a)68 

To a solution of 4-bromotoluene 72a (904 mg, 5.28 mmol, 1.3 equiv) in THF (10 mL), 

1.6 N of n-butyllithium (n-BuLi) in hexanes (3.3 mL, 5.28 mmol, 1.3 equiv) was added 

at ‒78 °C and the reaction mixture was stirred at the same temperature for 1 h, after which, 

10B-enriched trimethylborate (> 99.5% of 10B) (450 μL, 4.06 mmol, 1.0 equiv) was slowly 

added.  After stirring at ‒78 °C to room temperature overnight, 2N aqueous HCl was 

added to the reaction mixture, which was further stirred at 0 °C for 3 h.  After extraction 

with CHCl3, the organic layer was washed with brine, dried over Na2SO4, and 

concentrated under reduced pressure.  The resulting residue was recrystallized from 

hexanes to afford 10B-73a (279 mg, 2.06 mmol, 51%) as a colorless needle crystal.   

A mixture of 10B-73a (270mg, 2.00 mmol), N-bromosuccinimide (NBS) (390 mg, 2.19 

mmol, 1.1 equiv), and benzoyl peroxide (BPO) (16 mg, 0.066 mmol, 0.03 equiv) in CCl4 

(13 mL) was refluxed for 6 h and then diluted with CHCl3.  The reaction mixture was 

washed with H2O and brine, dried over Na2SO4 and evaporated.  The resulting residue 

was recrystallized from hexanes/AcOEt to give 10B-60a (281mg, 1.31 mmol, 66%) as a 

colorless solid: isotopic purity of 10B: 98.5 ± 0.3%; mp 159–162 °C; 1H NMR (400 MHz, 

DMSO-d6, TMS): δ = 4.69 (s, 2H), 7.40 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 7.6 Hz, 2H), 

8.09 (s, 2H); 13C NMR (100 MHz, DMSO-d6, TMS): δ = 34.53, 125.42, 128.26, 134.39, 

139.62; IR (ATR): ν = 3268, 1613, 1518, 1398, 1373, 1230, 1178, 1110, 1094, 1028, 1014, 

844, 803, 744, 691, 659, 633, 601, 500, 442 cm-1; HRMS (ESI+): m/z calcd for [M+Na]+, 
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C7H8
10BBrO2Na, 235.9729; found, 235.9735; Anal. Calcd (%) for C7H8

10BBrO2·0.1H2O: 

C, 38.95; H, 3.83. found: C, 38.56; H, 3.52. 

 

3-(Bromomethyl)phenylboronic acid (10B-60b)70 

To a solution of 3-bromotoluene 72b (916 mg, 5.36 mmol, 1.7 equiv) in THF (6 mL), 

1.6 N of n-butyllithium (n-BuLi) in hexanes (3.5 mL, 5.6 mmol, 1.8 equiv) was added at 

‒78 °C and the reaction mixture was stirred at the same temperature for 1 h, after which, 

10B-enriched trimethylborate (> 99.5% of 10B) (350 μL, 3.16 mmol, 1.0 equiv) was slowly 

added.  After stirring at ‒78 °C to room temperature overnight, 2N aqueous HCl was 

added to the reaction mixture, which was further stirred at 0 °C for 3 h.  After extraction 

with CHCl3, the organic layer was washed with brine, dried over Na2SO4 and 

concentrated under reduced pressure.  The resulting residue was recrystallized from 

hexanes to afford 10B-73b (103 mg, 0.762 mmol, 24%) as a colorless needle crystal.   

A mixture of 10B-73b (98 mg, 0.721 mmol), N-bromosuccinimide (NBS) (140 mg, 

0.787 mmol, 1.1 equiv), and benzoyl peroxide (BPO) (6.0 mg, 0.025 mmol, 0.03 equiv) 

in CCl4 (4 mL) was refluxed for 7 h and then diluted with CHCl3.  The reaction mixture 

was washed with H2O and brine, dried over Na2SO4, and evaporated.  The resulting 

residue was recrystallized from hexanes/AcOEt to give 10B-60b (110.2 mg, 0.515 mmol, 

71%) as a colorless solid: isotopic purity of 10B: 98.8 ± 0.1%; mp 208–211 °C; 1H NMR 

(400 MHz, DMSO-d6, TMS): δ = 4.70 (s, 2H), 7.33 (t, J = 8.0 Hz, 1H), 7.48 (d, J = 7.6 

Hz, 1H), 7.73 (d, J = 7.6 Hz, 1H), 7.84 (s, 1H), 8.12 (s, 2H); 13C NMR (100 MHz, DMSO-

d6, TMS): δ = 34.90, 127.63, 130.81, 133.92, 134.95, 136.79; IR (ATR): ν = 3054, 1693, 

1604, 1486, 1434, 1370, 1331, 1222, 1200, 1079, 999, 926, 806, 739, 696, 612, 597, 553, 

431 cm-1; HRMS (ESI+): m/z calcd for [M+Na]+, C7H8
10BBrO2Na, 235.9729; found, 

235.9739; Anal. Calcd (%) for C7H8
10BBrO2·0.3AcOEt–3H2O: C, 43.39; H, 3.35. found: 

C, 43.66; H, 3.01. 

 



- 110 - 

 

 

1-[(3-Boronopheny)methyl]-1,4,7-triazacyclononane Trifluoroacetic Acid Salt 

(2TFA) (10B-14b) 

A mixture of 3-(bromomethyl)phenylboronic acid 10B-60b70 (35 mg, 0.164 mmol, 1.1 

equiv), 2Boc-tacn 5967 (50 mg, 0.152 mmol), and potassium carbonate (25.1 mg, 0.182 

mmol, 1.2 equiv) in MeCN (1.5 mL) were refluxed for 16 h.  After adding H2O, the 

reaction mixture was extracted with CHCl3.  The organic layer was washed with brine, 

dried over Na2SO4, and concentrated under reduced pressure.  The resulting residue was 

purified by silica gel column chromatography (CHCl3/MeOH = 50/1) to afford 10B-61b 

(62.1 mg) as a colorless amorphous solid. 

TFA (1.0 mL) was added to a solution of 10B-61b in CH2Cl2 (1.0 mL), and the mixture 

was stirred at room temperature for 1 h.  After evaporation, the resulting residue was 

dissolved in MeCN and reprecipitated with Et2O to afford 10B-14b (55.6 mg, 0.113 mmol, 

74%) as colorless powder: mp 134–136 °C; 1H NMR (400 MHz, D2O, TSP): δ = 3.03 (t, 

J = 6.0 Hz, 4H), 3.19 (brs, 4H), 3.57 (brs, 4H), 3.95 (s, 2H), 7.51 (t, J = 7.6 Hz, 1H), 7.57 

(d, J = 7.6 Hz, 1H), 7.78–7.80 (m, 2H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 

42.77, 44.17, 48.29, 59.74, 116.92, 129.03, 133.26, 134.00, 135.70, 135.91, 163.61; IR 

(ATR): ν = 2808, 1667, 1489, 1439, 1366, 1313, 1180, 1126, 1012, 834, 797, 719, 591, 

517, 417 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C13H23
10BN3O2, 263.1914; found, 

263.1922; Anal. Calcd (%) for C13H22
10BN3O2·2TFA: C, 41.64; H, 4.93; N, 8.57. found: 

C, 41.94; H, 5.02; N, 8.50. 

 

1-[3-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-1,4,7-

triazacyclononane (10B-17b) 

A mixture of 10B-14b (24 mg, 0.049 mmol) and bicyclohexyl-1,1´-diol 6269 (10.1 mg, 

0.043 mmol, 1.0 equiv) in EtOH (0.7 mL) was refluxed for 13 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 20/1) to afford 10B-17b (18.7 mg, 0.051 mmol, 90%) as a colorless amorphous solid: 
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mp 58–59 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.16–1.33 (m, 6H), 1.71–1.84 (m, 

14H), 2.63–2.69 (m, 8H), 2.81 (s, 4H), 3.74 (s, 2H), 7.33 (t, J = 7.6 Hz 1H), 7.46 (d, J = 

7.6 Hz 1H), 7.74 (d, J = 7.2 Hz 1H), 7.80 (s, 1H); 13C NMR (100 MHz, CDCl3, TMS): δ 

= 22.33, 25.80, 32.45, 46.51, 46.86, 52.95, 61.54, 84.69, 127.73, 131,66, 133.59, 135.22, 

138.86; IR (ATR): ν = 2930, 2854, 1612, 1449, 1397, 1372, 1284, 1242, 1146, 1132, 1091, 

1020, 937, 823, 750, 727, 678, 662,616, 495, 404 cm-1; HRMS (ESI+): m/z calcd for 

[M+H]+, C25H41
10BN3O2, 425.3323; found, 425.3323; Anal. Calcd (%) for 

C25H40
10BN3O2·0.4CHCl3·1.6MeOH: C, 61.93; H, 9.01; N, 8.02. found: C, 61.66; H, 

8.65; N, 7.65. 

 

1-[(3-Boronopheny)methyl]-1,4,7,10-tetraazacyclododecane Trifluoroacetic Acid 

Salt (2TFA) (10B-15b)54 

A mixture of 3-(bromomethyl)phenylboronic acid 10B-60b70 (25.7 mg, 0.12 mmol, 1.1 

equiv), 3Boc-cyclen 6372 (51.2 mg, 0.108 mmol), and potassium carbonate (18.5 mg, 

0.134 mmol, 1.2 equiv) in MeCN (1.5 mL) was refluxed for 10 h.  After adding H2O, 

the reaction mixture was extracted with CHCl3.  The organic layer was washed with 

brine, dried over Na2SO4, and concentrated under reduced pressure.  The resulting 

residue was purified by silica gel column chromatography (CHCl3/MeOH = 50/1) to 

afford 10B-64b (83.2 mg) as a colorless amorphous solid. 

TFA (1.0 mL) was added to a solution of 10B-64b in CH2Cl2 (1.0 mL), and the mixture 

was stirred at room temperature for 1 h.  After evaporation, the resulting residue was 

dissolved in MeCN and reprecipitated with Et2O to afford 10B-15b (54.4 mg, 0.102 mmol, 

94%) as colorless powder: mp 113–117 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.93–

3.02 (m, 8H), 3.16–3.23 (m, 8H), 3.89 (s, 2H), 7.51–7.53 (m, 2H), 7.75 (s, 1H), 7.79–

7.81 (m, 1H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 42.33, 42.45, 44.75, 48.37, 

57.23, 116.91, 129.22, 132.98, 134.07, 135.47, 135.53, 163.60; IR (ATR): ν = 3018, 2859, 

1668, 1404, 1175, 1123, 1064, 830, 796, 718, 629, 593, 517, 411 cm-1; HRMS (ESI+): 
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m/z calcd for [M+H]+, C15H28
10BN4O2, 306.2336; found, 306.2334; Anal. Calcd (%) for 

C15H27
10BN4O2·2.4TFA: C, 41.07; H, 5.12; N, 9.68. found: C, 40.84; H, 5.32; N, 9.79. 

 

1-[3-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-1,4,7,10-

tetraazacyclododecane (10B-18b) 

A mixture of 10B-15b (26 mg, 0.049 mmol) and bicyclohexyl-1,1´-diol 6269 (10.1 mg, 

0.051 mmol, 1.0 equiv) in EtOH (1.0 mL) was refluxed for 8 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 20/1) to afford 10B-18b (16.1 mg, 0.034 mmol, 71%) as a colorless amorphous solid: 

mp 56–58 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.13–1.32 (m, 6H), 1.62–1.80 (m, 

14H), 2.56–2.59 (m, 8H), 2.67 (t, J = 4.8 Hz, 4H), 2.81 (t, J = 4.8 Hz, 4H), 3.65 (s, 2H), 

7.32 (t, J = 8.0 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 7.2 Hz, 1H), 7.77 (s, 1H); 

13C NMR (100 MHz, CDCl3, TMS): δ = 22.31, 25.81, 32.44, 45.30, 46.43, 47.37, 51.38, 

59.18, 84.57, 127.69, 131.77, 133.77, 135.43, 138.06; IR (ATR): ν = 2930, 2851, 1579, 

1435, 1392, 1371, 1347, 1272, 1243, 1201, 1131, 1076, 1040, 939, 808, 748, 713, 660, 

618, 507, 412 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C27H46
10BN4O2, 468.3745; 

found, 468.3741; Anal. Calcd (%) for C27H45
10BN4O2·0.5CHCl3·MeOH: C, 61.19; H, 

8.92; N, 10.02. found: C, 61.27; H, 9.08; N, 9.64. 

 

1-[(4-Boronopheny)methyl]-1,4,7,10,13-pentaazacyclopentadecane Trifluoroacetic 

Acid Salt (3TFA) (10B-16a) 

A mixture of 4-(bromomethyl)phenylboronic acid 10B-60a68 (38.2 mg, 0.178 mmol, 1.2 

equiv), 6573 (92.1 mg, 0.150 mmol), and potassium carbonate (25.5 mg,0.184 mmol, 1.2 

equiv) in MeCN (1.5 mL) was refluxed for 11 h.  After adding H2O, the reaction mixture 

was extracted with CHCl3.  The organic layer was washed with brine, dried over Na2SO4 

and concentrated under reduced pressure.  The resulting residue was purified by silica 

gel column chromatography (CHCl3/MeOH = 50/1) to afford 10B-66a (112.2 mg) as a 
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colorless amorphous solid. 

TFA (1.5 mL) was added to a solution of 10B-66a in CH2Cl2 (1.5 mL), and the mixture 

was stirred at room temperature for 1 h.  After evaporation, the resulting residue was 

dissolved in MeCN and reprecipitated with Et2O to afford 10B-16a (79.1 mg, 0.115 mmol, 

77%) as colorless powder: mp 136–140 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.99 (t, 

J = 5.2 Hz,4H), 3.16 (s, 4H), 3.24–3.33 (m, 12H), 3.95 (s, 2H), 7.45 (d, J = 8.0 Hz, 2H), 

7.84 (d, J = 7.6 Hz, 2H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 44.29, 45.29, 45.78, 

50.21, 56.67, 116.90, 130.55, 134.65, 137.01, 163.59; IR (ATR): ν = 3045, 2852, 1671, 

1610, 1421, 1391, 1200, 1177, 1126, 1060, 1016, 836, 799, 735, 720, 699, 666, 518, 503, 

413 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C17H33
10BN5O2, 349.2758 ; found, 

349.2754; Anal. Calcd (%) for C17H32
10BN5O2·3TFA: C, 40.00; H, 5.11; N, 10.14. found: 

C, 40.13; H, 5.03; N, 10.07. 

 

1-[4-(13,15-Dioxa-15-boradispiro[5.0.5.3]pentadec-14-yl)phenyl]methyl-

1,4,7,10,13-pentaazacyclopentadecane (10B-19a) 

A mixture of 10B-16a (32.5 mg, 0.047 mmol) and bicyclohexyl-1,1´-diol 6269 (9.7 mg, 

0.049 mmol, 1.0 equiv) in EtOH (0.7 mL) was refluxed for 7 h.  After evaporation, the 

resulting residue was purified by NH silica gel column chromatography (CHCl3/MeOH 

= 20/1) to afford 10B-19a (20.9 mg, 0.041 mmol, 87%) as a colorless amorphous solid: 

mp 47–49 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.16–1.32 (m, 6H), 1.62–1.83 (m, 

14H), 2.64 (s, 12H), 2.78 (s, 8H), 3.61 (s, 2H), 7.33 (d, J = 7.6 Hz, 2H), 7.80 (d, J = 8.0 

Hz, 2H); 13C NMR (100 MHz, CDCl3, TMS): δ = 22.29, 25.80, 32.45, 47.34, 47.91, 48.41, 

49.14, 54.66, 59.54, 84.61, 128.30, 134.90, 142.52; IR (ATR): ν = 2929, 2849, 1612, 1517, 

1448, 1396, 1373, 1243, 1131, 1091, 1040, 1020, 937, 823, 747, 730, 677, 661, 507 cm-

1; HRMS (ESI+): m/z calcd for [M+H]+, C29H51
10BN5O2, 511.4167; found, 511.4166; Anal. 

Calcd (%) for C29H50
10BN5O2·0.3CHCl3·2MeOH: C, 61.56; H, 9.62; N, 11.47. found: C, 

61.77; H, 9.25; N, 11.15. 
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General procedure A 

An aqueous 48% solution of HBr (1.0 mL) was added to a solution of Boc-protected 

macrocyclic polyamine dimers in EtOH (4.0 mL), and the reaction mixture was stirred 

overnight at room temperature.  The resulting colorless solids were isolated on a filter, 

washed with Et2O and dried in vacuo.   

 

General procedure B 

A solution of boron-containing macrocyclic polyamine dimers in MeOH/H2O (2/1) was 

passed through an anion exchange resin column (Amberlite IRA-400) to produce the acid-

free forms, and the solvent was evaporated under reduced pressure.  The mixture of 

intermediates and bicyclohexyl-1,1´-diol 6269 (1.0 equiv) in EtOH was refluxed for 2 h.  

After evaporation, the resulting residue was purified by column chromatography using 

Fuji Silysia Chromatorex NH-DM1020 Silica Gel (CHCl3/MeOH = 100/1 to 20/1).  

 

3,5-Dimethylphenylboronic acid pinacol ester (81) 

Pinacol (1650 mg, 13.96 mmol, 1.0 equiv) was added to a solution of 3,5-

Dimethylphenylboronic acid 80 (2021 mg, 13.48 mmol) in toluene (60 mL), and the 

reaction mixture was refluxed for 2 h.  After evaporation, the residue was recrystallized 

from MeOH to afford 81 (3022 mg, 13.02 mmol, 97%) as colorless crystals; the 1H and 

13C NMR spectra of the product were identical to previously reported data.85 

 

3,5-Bis(bromomethyl)phenylboronic acid pinacol ester (82) 

A mixture of 81 (3000 mg, 12.92 mmol), N-bromosuccinimide (NBS) (4600 mg, 25.85 

mmol, 2.0 equiv) and benzoyl peroxide (BPO) (150 mg, 0.619 mmol, 0.05 equiv) in CCl4 

(70 mL) was refluxed for 9 h.  After adding hexanes, the resulting precipitate was 
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removed by filtration, and the solvent was evaporated under reduced pressure.  The 

residue was purified by silica gel column chromatography (hexanes/CH2Cl2 = 8/1 to 1/2) 

to afford 82 as a colorless syrup, which was further purified by recrystallization from 

CHCl3/MeOH at 0 °C to ‒78 °C to give 82 (1572 mg, 4.03 mmol, 31%) as a colorless 

needle crystal: mp 76–77 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.35 (s, 12H), 4.48 

(s, 4H), 7.53 (t, J = 1.6 Hz, 1H), 7.75 (d, J = 1.6 Hz, 2H); 13C NMR (100 MHz, CDCl3, 

TMS): δ = 24.88, 32.78, 84.18, 132.51, 135.26, 137.86; 11B NMR (128 MHz, CDCl3, 

BF3·OEt2): δ = 30.6 (brs); IR (ATR): ν = 2977, 1605, 1470, 1427, 1370, 1328, 1274, 1244, 

1215, 1167, 1138, 1109, 965, 898, 845, 705, 665, 601, 577, 552 cm-1; HRMS (ESI+): m/z 

calcd for [M+NH4]
+, C14H23

10B79Br2NO2, 405.0219; found, 405.0239; Anal. Calcd (%) 

for C14H19BBr2O2: C, 43.13; H, 4.91. found: C, 43.14; H, 4.81. 

 

1-[(3-(Bromomethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)methyl]-4,7,10-tris(tert-butoxycarbonyl)-1,4,7,10-tetraazacyclododecane 

(83)   

  To a solution of 3,5-Bis(bromomethyl)phenylboronic acid pinacol ester 82 (1050 mg, 

2.69 mmol, 1.5 equiv) in MeCN (18 mL), 3Boc-cyclen 6372 (848 mg, 1.79 mmol) and 

potassium carbonate (302 mg, 2.19 mmol, 1.2 equiv) were added, and the mixture was 

stirred at room temperature for 24 h.  After adding H2O, the reaction mixture was 

extracted with CHCl3.  The organic layer was washed with brine, dried over Na2SO4 and 

concentrated under reduced pressure.  The resulting residue was purified by silica gel 

column chromatography (hexanes/AcOEt = 10/1 to 3/1) to afford 83 (940 mg, 1.20 mmol, 

67%) as a colorless amorphous solid: mp 81–83 °C; 1H NMR (400 MHz, CDCl3, TMS): 

δ = 1.34 (s, 12H), 1.43–1.47 (m, 27H), 2.66 (br, 4H), 3.14–3.48 (m, 8H), 3.62 (s, 4H), 

3.72 (s, 2H), 4.46 (s, 2H), 7.42 (s, 1H), 7.62 (s, 1H), 7.71 (s, 1H); 13C NMR (100 MHz, 

CDCl3, TMS): δ = 24.87, 28.50, 28.69, 33.23, 47.63, 47.87, 48.40, 50.07, 55.70, 56.51, 

58.08, 79.19, 79.41, 83.97, 129.53, 133.97, 134.26, 136.70, 137.34, 155.30, 155.75, 
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156.21; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 31.0 (brs); IR (ATR): ν = 2975, 1682, 

1457, 1412, 1363, 1323, 1245, 1144, 1107, 969, 850, 771, 712, 558, 510 cm-1; HRMS 

(ESI+): m/z calcd for [M+H]+, C37H63
10BBrN4O8, 780.3953; found, 780.3953; Anal. Calcd 

(%) for C37H62BBrN4O8: C, 56.86; H, 8.00; N, 7.17. found: C, 56.88; H, 8.23; N, 6.96. 

 

1-[(3-(Bromomethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)methyl]-4,7,10,13-tetrakis(tert-butoxycarbonyl)-1,4,7,10,13-

pentaazacyclopentadecane (84)  

To a solution of 3,5-Bis(bromomethyl)phenylboronic acid pinacol ester 82 (614 mg, 

1.58 mmol, 1.5 equiv) in MeCN (10 mL), 6573 (632 mg, 1.03 mmol) and potassium 

carbonate (171 mg, 1.24 mmol, 1.2 equiv) were added, and the reaction mixture was 

stirred at room temperature for 24 h.  After adding H2O, the reaction mixture was 

extracted with CHCl3.  The organic layer was washed with brine, dried over Na2SO4 and 

concentrated under reduced pressure.  The resulting residue was purified by silica gel 

column chromatography (hexanes/AcOEt = 10/1 to 3/1) to give 84 (677 mg, 0.733 mmol, 

71%) as a colorless amorphous solid: mp 69–71 °C; 1H NMR (400 MHz, CDCl3, TMS): 

δ = 1.24 (s, 9H), 1.35 (s, 12H), 1.43–1.47 (m, 27H), 2.64 (br, 4H), 3.40 (br, 16H), 3.60 (s, 

2H), 4.50 (s, 2H), 7.47 (s, 1H), 7.59 (s, 1H), 7.68 (s, 1H); 13C NMR (100 MHz, CDCl3, 

TMS): δ = 24.89, 28.44, 33.60, 46.82 (br), 53.20 (br), 59.27, 79.59, 80.03, 83.96, 129.53, 

132.39, 134.17, 135.09, 137.29, 139.34, 155.25; 11B NMR (128 MHz, CDCl3, BF3·OEt2): 

δ = 30.1 (brs); IR (ATR): ν = 2976, 1689, 1464, 1411, 1365, 1320, 1240, 1144, 967, 950, 

892, 850, 772, 711, 560, 501, 458 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, 

C44H76
10BBrN5O10, 923.4899; found, 923.4897; Anal. Calcd (%) for C44H75BBrN5O10: C, 

57.14; H, 8.17; N, 7.57. found: C, 57.26; H, 8.53; N, 7.29. 

 

1-[(3-(1,4,7-Triazacyclononan-1-ylmethyl)-5-boronophenyl)methyl]-1,4,7,10-

tetraazacyclododecane heptahydrobromic acid salt (7HBr) (23)   
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A mixture of 83 (515 mg, 0.659 mmol), 2Boc-tacn 5967 (254 mg, 0.771 mmol, 1.2 

equiv) and potassium carbonate (111 mg, 0.802 mmol, 1.2 equiv) in MeCN (6.0 mL) was 

refluxed for 6 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  

The organic layer was washed with brine, dried over Na2SO4 and concentrated under 

reduced pressure.  The resulting residue was purified by silica gel column 

chromatography (hexanes/AcOEt = 4/1 to 2/1) to afford 85 (439 mg, 0.426 mmol, 65%) 

as a colorless amorphous solid. 

Using general procedure A, compound 85 (335 mg, 0.325 mmol) gave 23 (306 mg, 

0.301 mmol, 93%) as colorless powder, which was determined to be the 7HBr salt by 

elemental analysis: mp 213–215 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.99 (t, J = 4.8 

Hz, 4H), 3.06 (t, J = 5.6 Hz, 8H) 3.21 (t, J = 5.2 Hz, 4H) 3.27 (t, J = 4.8 Hz, 8H), 3.66 (s, 

4H), 3.99 (s, 2H), 4.00 (s, 2H), 7.56 (s, 1H), 7.75 (s, 1H), 7.79 (s, 1H); 13C NMR (100 

MHz, D2O, 1,4-dioxane): δ = 42.54, 42.66, 44.16, 44.82, 47.92, 48.42, 57.22, 59.06, 

134.84, 135.08, 135.54, 135.94, 136.03; 11B NMR (128 MHz, D2O, BF3·OEt2): δ = 29.5 

(brs); IR (ATR): ν = 3390, 2934, 2612, 1567, 1489, 1441, 1375, 1251, 1186, 1138, 1041, 

1005, 947, 912, 880, 757, 713, 678, 583, 560, 487, 439 cm-1; HRMS (ESI+): m/z calcd for 

[M+2H]2+, C22H44
10BN7O2, 224.1837; found, 224.1837; Anal. Calcd (%) for 

C22H42BN7O2·7HBr·0.2EtOH: C, 26.30; H, 4.95; N, 9.58. found: C, 26.30; H, 5.33; N, 

9.35. 

 

1-[(3-(1,4,7-Triazacyclononan-1-ylmethyl)-5-boronophenyl)methyl]-1,4,7,10,13-

pentaazacyclopentadecane octahydrobromic acid salt (8HBr) (26)    

A mixture of 84 (677 mg, 0.733 mmol), 2Boc-tacn 5967 (270 mg, 0.820 mmol, 1.1 

equiv) and potassium carbonate (123 mg, 0.886 mmol, 1.2 equiv) in MeCN (7.0 mL) was 

refluxed for 21 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  

The organic layer was washed with brine, dried over Na2SO4 and concentrated under 

reduced pressure.  The resulting residue was purified by silica gel column 
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chromatography (hexanes/AcOEt = 4/1 to 2/1) to afford 87 (551 mg, 0.469 mmol, 64%) 

as a colorless amorphous solid. 

Using general procedure A, compound 87 (234 mg, 0.199 mmol) gave 26 (198 mg, 

0.174 mmol, 87%) as colorless powder, which was determined to be the 8HBr salt by 

elemental analysis: mp 229–231 °C; 1H NMR (400 MHz, D2O, TSP): δ = 3.05–3.09 (m, 

8H), 3.24 (s, 4H), 3.27–3.47 (m, 16H), 3.67 (s, 4H), 4.00 (s, 2H), 4.07 (s, 2H), 7.59 (s, 

1H), 7.76 (s, 1H), 7.81 (s, 1H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 42.68, 44.21, 

44.25, 45.11, 45.61, 47.93, 50.00, 56.63, 58.97, 133.56, 135.40, 135.93, 136.10, 136.20; 

11B NMR (128 MHz, D2O, BF3·OEt2): δ = 28.6 (brs); IR (ATR): ν = 3362, 2971, 2640, 

1571, 1435, 1343, 1245, 1146, 1040, 878, 758, 716, 427 cm-1; HRMS (ESI+): m/z calcd 

for [M+2H]2+, C24H49
10BN8O2, 245.7048; found, 245.7048; Anal. Calcd (%) for 

C24H47BN8O2·8HBr·EtOH: C, 26.38; H, 5.19; N, 9.47. found: C, 26.17; H. 5.41; N, 9.21. 

 

1-[(3-(1,4,7,10-Tetraazacyclododecan-1-ylmethyl)-5-boronophenyl)methyl]-

1,4,7,10,13-pentaazacyclopentadecane nonahydrobromic acid salt (9HBr) (25)  

A mixture of 83 (236 mg, 0.301 mmol), 6573 (210 mg, 0.341 mmol, 1.1 equiv) and 

potassium carbonate (50 mg, 0.362 mmol, 1.2 equiv) in MeCN (3.0 mL) was refluxed for 

16 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  The organic 

layer was washed with brine, dried over Na2SO4 and concentrated under reduced pressure.  

The resulting residue was purified by silica gel column chromatography (hexanes/AcOEt 

= 4/1 to 2/1) to afford 86 (300 mg, 0.228 mmol, 76%) as a colorless amorphous solid. 

Using general procedure A, compound 86 (257 mg, 0.195 mmol) gave 25 (222 mg, 

0.176 mmol, 90%) as colorless powder, which was determined to be the 9HBr salt by 

elemental analysis: mp 224–226 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.95–3.21 (m, 

16H), 3.26 (s, 8H), 3.37–3.47 (m, 12H), 3.98 (s, 2H), 4.09 (s, 2H), 7.56 (s, 1H), 7.77 (s, 

1H), 7.78 (s, 1H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 42.48, 42.64, 44.15, 44.85, 

44.93, 45.37, 48.35, 49.94, 56.91, 57.07, 133.50, 135.20, 135.49, 136.00, 136.33; 11B 
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NMR (128 MHz, D2O, BF3·OEt2): δ = 29.2 (brs); IR (ATR): ν = 3362, 2929, 2638, 1568, 

1435, 1343, 1246, 1035, 754, 717, 442, 426, 414 cm-1; HRMS (ESI+): m/z calcd for 

[M+2H]2+, C26H54
10BN9O2, 267.2259; found, 267.2259; Anal. Calcd (%) for 

C26H52BN9O2·9HBr·0.3EtOH: C, 25.05; H, 4.96; N, 9.88. found: C, 25.23; H. 5.32; N, 

9.70. 

 

1-[(3-(1,4,7-Triazacyclononan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10-tetraazacyclododecane 

(28)          

Using general procedure B, compound 23 (110 mg, 0.109 mmol) gave 28 (49 mg, 

0.0808 mmol, 74%) as a colorless amorphous solid: mp 65–67 °C; 1H NMR (400 MHz, 

CDCl3, TMS): δ =1.16–1.33 (m, 6H), 1.62–1.81 (m, 14H), 2.56–2.80 (m, 28H), 3.63 (s, 

2H), 3.72 (s, 2H), 7.44 (s, 1H), 7.65 (s, 2H); 13C NMR (100 MHz, CDCl3, TMS): δ = 

22.33, 25.80, 32.44, 45.06, 46.34, 46.57, 47.15, 51.30, 52.67, 59.01, 61.52, 84.68, 132.38, 

134.34, 138.40, 138.96; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 30.2 (brs); IR 

(ATR): ν = 3296, 2927, 2849, 1602, 1449, 1354, 1272, 1231, 1146, 1130, 1115, 1041, 960, 

940, 910, 875, 832, 746, 712, 505 cm-1; HRMS (ESI+): m/z calcd for [M+2H]2+, 

C34H62
10BN7O2, 305.2542; found, 305.2542; Anal. Calcd (%) for 

C34H60BN7O2·0.2MeOH·0.4CHCl3: C, 62.60; H, 9.29; N,14.77. found: C, 62.65; H, 9.29; 

N,14.49. 

 

1-[(3-(1,4,7-Triazacyclononan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10,13-

pentaazacyclopentadecane (31)   

Using general procedure B, compound 26 (120 mg, 0.106 mmol) gave 31 (58 mg, 

0.0891 mmol, 84%) as a colorless amorphous solid: mp 69–71 °C; 1H NMR (400 MHz, 

CDCl3, TMS): δ = 1.17–1.33 (m, 6H), 1.64–1.81 (m, 14H), 2.65 (br, 20H), 2.71–2.77 (m, 
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8H), 2.80 (s, 4H), 3.58 (s, 2H), 3.73 (s, 2H), 7.39 (s, 1H), 7.57 (s, 1H), 7.72 (s, 1H); 13C 

NMR (100 MHz, CDCl3, TMS): δ = 22.34, 25.77, 32.47, 46.63, 47.02, 47.26, 47.86, 48.41, 

49.02, 53.23, 54.55, 59.40, 61.71, 84.76, 132.73, 134.36, 134.47, 138.68, 139.06; 11B 

NMR (128 MHz, CDCl3, BF3·OEt2): δ = 31.0 (brs); IR (ATR): ν = 3293, 2927, 2812, 

1602, 1449, 1354, 1271, 1231, 1130, 1062, 960, 940, 910, 874, 832, 746, 713, 657, 542, 

507 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C36H66
10BN8O2, 652.5433; found, 

652.5434; Anal. Calcd (%) for C36H65BN8O2·MeOH·0.5CHCl3: C, 60.50; H, 9.41; 

N,15.05. found: C, 60.46; H, 9.35; N,14.85. 

 

1-[(3-(1,4,7,10-Tetraazacyclododecan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10,13-

pentaazacyclopentadecane (30)         

Using general procedure B, compound 25 (150 mg, 0.119 mmol) gave 30 (64 mg, 

0.0917 mmol, 77%) as a colorless amorphous solid: mp 44–46 °C; 1H NMR (400 MHz, 

CDCl3, TMS): δ = 1.17–1.32 (m, 6H), 1.64–1.79 (m, 14H), 2.54–2.59 (m, 8H), 2.64 (br, 

16H), 2.71 (s, 4H), 2.74–2.79 (m, 8H), 3.58 (s, 2H), 3.61 (s, 2H), 7.32 (s, 1H), 7.57 (s, 

1H), 7.70 (s, 1H); 13C NMR (100 MHz, CDCl3, TMS): δ = 22.31, 25.78, 32.45, 45.18, 

46.33, 47.23, 47.85, 48.39, 49.01, 51.44, 54.34, 59.15, 59.34, 84.66, 133.00, 134.60, 

134.72, 138.28, 138.38; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 31.3 (brs); IR 

(ATR): ν = 3290, 2929, 2810, 1602, 1449, 1353, 1271, 1231, 1130, 1040, 959, 941, 910, 

876, 833, 745, 712, 657, 542, 507 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, 

C38H71
10BN9O2, 695.5855; found, 695.5855; Anal. Calcd (%) for 

C38H70BN9O2·MeOH·0.6CHCl3: C, 59.49; H, 9.41; N,15.77. found: C, 59.34; H, 9.46; N, 

15.74. 

 

1-[(3-(4,7,10-Tris(tert-butoxycarbonyl)-1,4,7,10-tetraazacyclododecan-1-

ylmethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methyl]-4,7,10-



- 121 - 

 

 

tris(tert-butoxycarbonyl)-1,4,7,10-tetraazacyclododecane (88)    

A mixture of 3,5-Bis(bromomethyl)phenylboronic acid pinacol ester 82 (107 mg, 0.275 

mmol), 3Boc-cyclen 6372 (260 mg, 0.551 mmol, 2.0 equiv) and potassium carbonate (96 

mg, 0.691 mmol, 2.5 equiv) in MeCN (2.5 mL) was refluxed for 8 h.  After adding H2O, 

the reaction mixture was extracted with CHCl3.  The organic layer was washed with 

brine, dried over Na2SO4 and concentrated under reduced pressure.  The resulting 

residue was purified by silica gel column chromatography (hexanes/AcOEt = 4/1 to 1/1) 

to afford 88 (217 mg, 0.185 mmol, 67%) as a colorless amorphous solid: mp 105–107 °C; 

1H NMR (400 MHz, CDCl3, TMS): δ = 1.32 (s, 12H), 1.42–1.48 (m, 54H), 2.64–2.68 (m, 

8H), 3.17–3.42 (m, 16H), 3.62 (s, 8H), 3.73 (s, 4H), 7.15 (s, 1H), 7.62 (s, 2H); 13C NMR 

(100 MHz, CDCl3, TMS): δ = 24.89, 28.54, 28.74, 47.49, 47.78, 48.17, 48.59, 50.01, 

54.90, 55.94, 57.33, 79.21, 79.44, 83.83, 128.94, 135.32, 135.92, 155.33, 155.73, 156.15; 

11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 31.1 (brs); IR (ATR): ν = 2975, 1684, 1458, 

1412, 1390, 1363, 1316, 1246, 1146, 978, 887, 852, 770, 751, 718, 555, 514 cm-1; HRMS 

(ESI+): m/z calcd for [M+2H]2+, C60H107
10BN8O14, 586.9013; found, 586.9012; Anal. 

Calcd (%) for C60H105BN8O14·1.5H2O: C, 60.04; H, 9.07; N, 9.34. found: C, 59.99; H, 

8.85; N, 9.10. 

 

1-[(3-(4,7,10,13-Tetrakis(tert-butoxycarbonyl)-1,4,7,10,13-

pentaazacyclopentadecan-1-ylmethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)methyl]-4,7,10,13-tetrakis(tert-butoxycarbonyl)-1,4,7,10,13-

pentaazacyclopentadecane (89)  

A mixture of 3,5-Bis(bromomethyl)phenylboronic acid pinacol ester 82 (76 mg, 0.196 

mmol), 6573 (240 mg, 0.39 mmol, 2.0 equiv) and potassium carbonate (68 mg, 0.492 

mmol, 2.5 equiv) in MeCN (2.0 mL) was refluxed for 16 h.  After adding H2O, the 

reaction mixture was extracted with CHCl3.  The organic layer was washed with brine, 

dried over Na2SO4 and concentrated under reduced pressure.  The resulting residue was 
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purified by silica gel column chromatography (hexanes/AcOEt = 3/1 to 1/1) to afford 89 

(211 mg, 0.145 mmol, 74 %) as a colorless amorphous solid: mp 89–91 °C; 1H NMR (400 

MHz, CDCl3, TMS): δ = 1.28–1.47 (m, 84H), 2.63 (br, 8H), 3.39 (br, 32H), 3.59 (s, 4H), 

7.28 (s, 1H), 7.57 (s, 2H); 13C NMR (100 MHz, CDCl3, TMS): δ = 24.91, 28.40, 46.74 

(br), 52.85 (br), 59.45, 79.44, 79.90, 83.66, 128.78, 132.65, 134.12, 138.14, 155.14; 11B 

NMR (128 MHz, CDCl3, BF3·OEt2): δ = 31.9 (brs); IR (ATR): ν = 2975, 1690, 1463, 

1410, 1390, 1364, 1303, 1239, 1156, 1044, 949, 894, 852, 771, 714, 554, 461 cm-1; HRMS 

(ESI+): m/z calcd for [M+H]+, C74H132
10BN10O18, 1458.9845; found, 1458.9843 

 

1-[(3-(1,4,7,10-Tetraazacyclododecan-1-ylmethyl)-5-boronophenyl)methyl]-

1,4,7,10-tetraazacyclododecane heptahydrobromic acid salt (7HBr) (24)    

Using general procedure A, compound 88 (165 mg, 0.141 mmol) gave 24 (119 mg, 

0.104 mmol, 74%) as colorless powder, which was determined to be the 7HBr salt by 

elemental analysis: mp 241–243 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.97 (t, J = 4.8 

Hz, 8H), 3.07 (br, 8H), 3.23 (t, J = 4.8 Hz, 8H), 3.31 (br, 8H), 3.99 (s, 4H), 7.49 (s, 1H), 

7.80 (s, 2H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 42.42, 42.59, 44.88, 48.26, 

56.99, 135.07, 135.39, 135.47; 11B NMR (128 MHz, D2O, BF3·OEt2): δ = 30.3 (brs); IR 

(ATR): ν = 3374, 2949, 2644, 1602, 1434, 1344, 1242, 1065, 1002, 967, 849, 757, 717, 

439 cm-1; HRMS (ESI+): m/z calcd for [M+2H]2+, C24H49
10BN8O2, 245.7048; found, 

245.7049; Anal. Calcd (%) for C24H47BN8O2·7HBr·0.5EtOH: C, 27.81; H, 5.32; N, 10.38. 

found: C, 27.86; H, 5.68; N, 10.11. 

 

1-[(3-(1,4,7,10,13-Pentaazacyclopentadecan-1-ylmethyl)-5-boronophenyl)methyl]-

1,4,7,10,13-pentaazacyclopentadecane decahydrobromic acid salt (10HBr) (27)  

Using general procedure A, compound 89 (150 mg, 0.103 mmol) gave 27 (115 mg, 

0.083 mmol, 81%) as colorless powder, which was determined to be the 10HBr salt by 

elemental analysis: mp 240–242 °C; 1H NMR (400 MHz, D2O, TSP): δ = 3.11 (t, J = 5.6 
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Hz, 8H), 3.27 (s, 8H), 3.37–3.48 (m, 24H), 4.09 (s, 4H), 7.63 (s, 1H), 7.78 (s, 2H); 13C 

NMR (100 MHz, D2O, 1,4-dioxane): δ = 44.24, 45.12, 45.55, 45.59, 50.00, 56.66, 133.73, 

135.89, 136.55; 11B NMR (128 MHz, D2O, BF3·OEt2): δ = 30.2 (brs); IR (ATR): ν = 3360, 

2957, 2650, 1574, 1435, 1342, 1238, 1064, 941, 750, 720, 500 cm-1; HRMS (ESI+): m/z 

calcd for [M+2H]2+, C28H59
10BN10O2, 288.7470; found, 288.7470; Anal. Calcd (%) for 

C28H57BN10O2·10HBr·EtOH: C, 25.17; H, 5.14; N, 9.78. found: C, 25.38; H. 5.48; N, 

10.06. 

 

1-[(3-(1,4,7,10-Tetraazacyclododecan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10-tetraazacyclododecane 

(29)          

Using general procedure B, compound 24 (110 mg, 0.0969 mmol) gave 29 (32 mg, 

0.0489 mmol, 50%) as a colorless amorphous solid: mp 83–85 °C; 1H NMR (400 MHz, 

CDCl3, TMS): δ = 1.16–1.32 (m, 6H), 1.65–1.79 (m, 14H), 2.52–2.57 (m, 16H), 2.65 (br, 

8H), 2.79 (br, 8H), 3.60 (s, 4H), 7.38 (s, 1H), 7.64 (s, 2H); 13C NMR (100 MHz, CDCl3, 

TMS): δ = 22.33, 25.82, 32.45, 45.12, 46.52, 47.24, 51.26, 58.97, 84.59, 132.90, 134.83, 

138.36; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 30.9 (brs); IR (ATR): ν = 3286, 2929, 

2811, 1602, 1460, 1353, 1272, 1231, 1146, 1130, 1114, 1041, 940, 910, 832, 746, 712, 

658, 543, 505, 420 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C36H66
10BN8O2, 652.5433; 

found, 652.5432; Anal. Calcd (%) for C36H65BN8O2·MeOH·0.5CHCl3: C, 60.50; H, 9.41; 

N, 15.05. found: C, 60.39; H, 9.54; N, 14.97. 

 

1-[(3-(1,4,7,10,13-Pentaazacyclopentadecan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10,13-

pentaazacyclopentadecane (32)         

Using general procedure B, compound 27 (90 mg, 0.0651 mmol) gave 32 (37 mg, 

0.0496 mmol, 76%) as a colorless amorphous solid: mp 98–100 °C; 1H NMR (400 MHz, 
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CDCl3, TMS): δ = 1.21–1.34 (m, 6H), 1.64–1.80 (m, 14H), 2.61–2.65 (m, 20H), 2.71 (s, 

8H), 2.73–2.78 (m, 12H), 3.59 (s, 4H), 7.35 (s, 1H), 7.60 (s, 2H); 13C NMR (100 MHz, 

CDCl3, TMS): δ = 22.33, 25.75, 32.48, 47.28, 47.83, 48.38, 49.03, 54.51, 59.57, 84.80, 

133.04, 134.60, 138.57; 11B NMR (128 MHz, CDCl3, BF3·OEt2): δ = 31.6 (brs); IR 

(ATR): ν = 3284 2930, 2885, 2813, 1449, 1369, 1340, 1285, 1270, 1233, 1129, 1040, 941, 

874, 831, 756, 713 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C40H76
10BN10O2, 

738.6277; found, 738.6277; Anal. Calcd (%) for C40H75BN10O2·0.2CHCl3: C, 63.30; H, 

9.94; N, 18.36. found: C, 63.55; H, 9.95; N, 18.07. 

 

Synthesis of 10B-enriched compounds  

3,5-Dimethylphenylboronic acid pinacol ester (10B-81)85,88 

To a solution of 5-bromo-m-xylene 90 (2724 mg, 14.72 mmol) in THF (40 mL), 1.6 N 

of n-butyllithium in hexanes (10 mL, 16.0 mmol, 1.1 equiv) was added at ‒78 °C and the 

reaction mixture was stirred at the same temperature for 1 h, after which, a solution of 

10B-enriched trimethyl borate (>99.5% of 10B) (2000 μL, 18.04 mmol, 1.2 equiv) in THF 

(30 mL) was slowly added.  After allowing the stirred solution to warm from ‒78 °C to 

room temperature overnight, 2N aqueous HCl was added to the reaction mixture, which 

was then stirred for a further 2 h.  After extraction with CHCl3, the organic layer was 

washed with brine, dried over Na2SO4 and concentrated under reduced pressure.  The 

resulting residue (2.1 g) was dissolved in toluene (60 mL) and treated with pinacol (1740 

mg, 14.72 mmol, 1.0 equiv) at reflux for 2 h.  After evaporation, the resulting residue 

was recrystallized from MeOH to afford 10B-81 (2493 mg, 10.78 mmol, 73%) as a 

colorless crystal: isotopic purity of 10B: 98.4 ± 0.8%: mp 98–99 °C; 1H NMR (400 MHz, 

CDCl3, TMS): δ = 1.34 (s, 12H), 2.32 (s, 6H), 7.10 (s, 1H), 7.44 (s, 2H); 13C NMR (100 

MHz, CDCl3, TMS): δ = 21.13, 24.85, 83.68, 132.38, 132.98, 137.16; IR (ATR): ν = 2977, 

1601, 1422, 1402, 1389, 1371, 1347, 1248, 1139, 1117, 964, 849, 719. 498 cm-1; HRMS 

(ESI+): m/z calcd for [M+H]+, C14H22
10BO2, 232.1744; found, 232.1744; Anal. Calcd (%) 
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for C14H21
10BO2: C, 72.69; H, 9.15. found: C, 72.80; H, 9.25. 

 

3,5-Bis(bromomethyl)phenylboronic acid pinacol ester (10B-82) 

A mixture of 10B-81 (2450 mg, 10.59 mmol), N-bromosuccinimide (NBS) (3750 mg, 

21.07 mmol, 2.0 equiv) and benzoyl peroxide (BPO) (122 mg, 0.504 mmol, 0.05 equiv) 

in CCl4 (60 mL) was refluxed overnight.  After adding hexanes, the precipitate was 

removed by filtration, and the solvent was evaporated under reduced pressure.  The 

resulting residue was purified by silica gel column chromatography (hexanes/CH2Cl2 = 

8/1 to 1/2) to afford 10B-82 as a colorless syrup, which was further purified by 

recrystallization from CHCl3/MeOH at 0 °C to ‒78 °C to give 10B-82 (1519 mg, 3.9 mmol, 

37%) as a colorless needle crystal: mp 79–80 °C; 1H NMR (400 MHz, CDCl3, TMS): δ 

= 1.35 (s, 12H), 4.48 (s, 4H), 7.53 (t, J = 1.6 Hz, 1H), 7.75 (d, J = 1.6 Hz, 2H); 13C NMR 

(100 MHz, CDCl3, TMS): δ = 24.89, 32.78, 84.19, 132.52, 135.27, 137.87; IR (ATR): ν 

= 2977, 1604, 1471, 1462, 1430, 1396, 1372, 1353, 1251, 1215, 1138, 966, 845, 713, 666, 

602, 578, 552 cm-1; HRMS (ESI+): m/z calcd for [M+NH4]
+, C14H23

10BBr2NO2, 405.0219; 

found, 405.0218; Anal. Calcd (%) for C14H19
10BBr2O2: C, 43.21; H, 4.92. found: C, 43.18; 

H, 4.93. 

 

1-[(3-(Bromomethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)methyl]-4,7,10-tris(tert-butoxycarbonyl)-1,4,7,10-tetraazacyclododecane 

(10B-83)  

  To a solution of 10B-82 (770 mg, 1.98 mmol, 1.5 equiv) in MeCN (13 mL), 3Boc-

cyclen 6372 (620 mg, 1.32 mmol) and potassium carbonate (220 mg, 1.59 mmol, 1.2 

equiv) were added and the mixture was stirred at room temperature for 24 h.  After 

adding H2O, the reaction mixture was extracted with CHCl3.  The organic layer was 

washed with brine, dried over Na2SO4 and concentrated under reduced pressure.  The 

resulting residue was purified by silica gel column chromatography (hexanes/AcOEt = 
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10/1 to 3/1) to afford 10B-83 (686 mg, 0.879 mmol, 67%) as a colorless amorphous solid: 

mp 77–79 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.34 (s, 12H), 1.43–1.47 (m, 27H), 

2.66 (br, 4H), 3.14–3.41 (m, 8H), 3.62 (br, 4H), 3.72 (s, 2H), 4.46 (s, 2H), 7.42 (s, 1H), 

7.62 (s, 1H), 7.71 (s, 1H); 13C NMR (100 MHz, CDCl3, TMS): δ = 24.89, 28.52, 28.71, 

33.27, 47.66, 48.37, 50.10, 55.71, 56.50, 58.03, 79.22, 79.45, 84.02, 129.59, 133.94, 

134.28, 136.68, 137.37, 155.34, 155.78, 156.24; IR (ATR): ν = 2975, 1682, 1461, 1405, 

1363, 1248, 1145, 969, 890, 850, 771, 719, 612, 557 cm-1; HRMS (ESI+): m/z calcd for 

[M+H]+, C37H63
10BBrN4O8, 780.3953; found, 780.3952; Anal. Calcd (%) for 

C37H62
10BBrN4O8·0.5H2O: C, 56.26; H, 8.04; N, 7.09. found: C, 56.43; H, 8.02; N, 6.78. 

 

1-[(3-(Bromomethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)methyl]-4,7,10,13-tetrakis(tert-butoxycarbonyl)-1,4,7,10,13-

pentaazacyclopentadecane (10B-84)  

To a solution of 10B-82 (360 mg, 0.925 mmol, 1.5 equiv) in MeCN (6.0 mL), 6573 (370 

mg, 0.601 mmol) and potassium carbonate (101 mg, 0.724 mmol, 1.2 equiv) were added 

and the mixture was stirred at room temperature for 24 h.  After adding H2O, the reaction 

mixture was extracted with CHCl3.  The organic layer was washed with brine, dried over 

Na2SO4 and concentrated under reduced pressure.  The resulting residue was purified by 

silica gel column chromatography (hexanes/AcOEt = 10/1 to 3/1) to afford 10B-84 (291 

mg, 0.315 mmol, 52%) as a colorless amorphous solid: mp 67–68 °C; 1H NMR (400 MHz, 

CDCl3, TMS): δ = 1.35 (s, 12H), 1.44–1.47 (m, 36H), 2.64 (br, 4H), 3.40 (br, 16H), 3.60 

(s, 2H), 4.50 (s, 2H), 7.47 (s, 1H), 7.60 (s, 1H), 7.68 (s, 1H); 13C NMR (100 MHz, CDCl3, 

TMS): δ = 24.89, 28.46, 33.60, 46.86 (br), 53.24, 59.27, 80.05, 83.98, 129.47, 132.39, 

134.17, 135.09, 137.35, 139.34, 155.23; IR (ATR): ν = 2976, 1690, 1465, 1406, 1364, 

1306, 1245, 1144, 1044, 967, 894, 850, 772, 718, 561, 460 cm-1; HRMS (ESI+): m/z calcd 

for [M+H]+, C44H76
10BBrN5O10, 923.4899; found, 923.4901; Anal. Calcd (%) for 

C44H75
10BBrN5O10·0.5H2O: C, 56.64; H, 8.21; N, 7.51. found: C, 56.62; H, 8.36; N, 7.17. 
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1-[(3-(1,4,7-Triazacyclononan-1-ylmethyl)-5-boronophenyl)methyl]-1,4,7,10-

tetraazacyclododecane heptahydrobromic acid salt (7HBr) (10B-23)  

A mixture of 10B-83 (330 mg, 0.432 mmol), 2Boc-tacn 5967 (170 mg, 0.516 mmol, 1.2 

equiv) and potassium carbonate (71 mg, 0.510 mmol, 1.2 equiv) in MeCN (4.0 mL) was 

refluxed for 11 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  

The organic layer was washed with brine, dried over Na2SO4 and concentrated under 

reduced pressure.  The resulting residue was purified by silica gel column 

chromatography (hexanes/AcOEt = 4/1 to 2/1) to afford 10B-85 (272 mg, 0.264 mmol, 

63%) as a colorless amorphous solid. 

Using general procedure A, compound 10B-85 (225 mg, 0.219 mmol) gave 10B-23 (197 

mg, 0.194 mmol, 89%) as colorless powder, which was determined to be the 7HBr salt 

by elemental analysis: mp 214–215 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.92 (t, J = 

5.6 Hz, 4H), 3.05 (t, J = 5.6 Hz, 8H) 3.18 (br, 4H) 3.28 (t, J = 6.4 Hz, 8H), 3.66 (s, 4H), 

3.94 (s, 2H), 3.98 (s, 2H), 7.48 (s, 1H), 7.76 (s, 1H), 7.79 (s, 1H); 13C NMR (100 MHz, 

D2O, 1,4-dioxane): δ = 42.39, 42.58, 42.68, 44.19, 44.90, 47.93, 48.20, 56.94, 59.05, 

134.05, 134.99, 135.34, 135.87, 135.97; IR (ATR): ν = 3379, 2934, 2609, 1605, 1567, 

1489, 1452, 1401, 1254, 1186, 1137, 1006, 947, 912, 880, 844, 756, 715, 585, 561 cm-1; 

HRMS (ESI+): m/z calcd for [M+2H]2+, C22H44
10BN7O2, 224.1837; found, 224.1836; 

Anal. Calcd (%) for C22H42
10BN7O2·7HBr·2H2O: C, 25.19; H, 5.09; N, 9.35. found: C, 

25.03; H. 5.21; N, 9.12. 

 

1-[(3-(1,4,7-Triazacyclononan-1-ylmethyl)-5-boronophenyl)methyl]-1,4,7,10,13-

pentaazacyclopentadecane octahydrobromic acid salt (8HBr) (10B-26)   

A mixture of 10B-84 (280 mg, 0.303 mmol), 2Boc-tacn 5967 (116 mg, 0.353 mmol, 1.2 

equiv) and potassium carbonate (52 mg, 0.373 mmol, 1.2 equiv) in MeCN (3.0 mL) was 

refluxed for 18 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  
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The organic layer was washed with brine, dried over Na2SO4 and concentrated under 

reduced pressure.  The resulting residue was purified by silica gel column 

chromatography (hexanes/AcOEt = 4/1 to 2/1) to afford 10B-87 (238 mg, 0.203 mmol, 

67%) as a colorless amorphous solid. 

Using general procedure A, compound 10B-87 (210 mg, 0.179 mmol) gave 10B-26 (192 

mg, 0.169 mmol, 94%) as colorless powder, which was determined to be the 8HBr salt 

by elemental analysis: mp 217–218 °C; 1H NMR (400 MHz, D2O, TSP): δ = 3.00–3.06 

(m, 8H), 3.21 (s, 4H), 3.27–3.43 (m, 16H) 3.67 (s, 4H), 3.99 (s, 2H), 4.02 (s, 2H), 7.50 (s, 

1H), 7.75 (s, 1H), 7.82 (s, 1H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 42.70, 44.21, 

44.31, 45.21, 45.73, 47.93, 50.02, 56.50, 58.97, 133.73, 135.36, 135.93, 136.07; IR 

(ATR): ν = 3363, 2934, 2642, 1570, 1498, 1446, 1385, 1254, 1041, 947, 759, 714, 444, 

418 cm-1; HRMS (ESI+): m/z calcd for [M+2H]2+, C24H49
10BN8O2, 245.7048; found, 

245.7048; Anal. Calcd (%) for C24H47
10BN8O2·8HBr·2H2O: C, 24.57; H, 5.07; N, 9.55. 

found: C, 24.63; H. 5.29; N, 9.30. 

 

1-[(3-(1,4,7,10-Tetraazacyclododecan-1-ylmethyl)-5-boronophenyl)methyl]-

1,4,7,10,13-pentaazacyclopentadecane nonahydrobromic acid salt (9HBr) (10B-25)  

A mixture of 10B-83 (320 mg, 0.410 mmol), 6573 (280 mg, 0.455 mmol, 1.1 equiv) and 

potassium carbonate (68 mg, 0.493 mmol, 1.2 equiv) in MeCN (4.0 mL) was refluxed for 

14 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  The organic 

layer was washed with brine, dried over Na2SO4 and concentrated under reduced pressure.  

The resulting residue was purified by silica gel column chromatography (hexanes/AcOEt 

= 4/1 to 2/1) to afford 10B-86 (385 mg, 0.292 mmol, 71%) as a colorless amorphous solid. 

Using general procedure A, compound 10B-86 (265 mg, 0.201 mmol) gave 10B-25 (192 

mg, 0.152 mmol, 76%) as colorless powder, which was determined to be the 9HBr salt 

by elemental analysis: mp 218–220 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.94 (t, J = 

5.2 Hz, 4H), 3.06 (t, J = 5.2 Hz, 8H), 3.19 (t, J = 4.8 Hz, 4H), 3.22 (s, 4H), 3.26–3.45 (m, 
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16H), 3.96 (s, 2H), 4.05 (s, 2H), 7.51 (s, 1H), 7.76 (s, 1H), 7.78 (s, 1H); 13C NMR (100 

MHz, D2O, 1,4-dioxane): δ = 42.37, 42.58, 44.29, 44.92, 45.19, 45.69, 45.73, 48.20, 50.04, 

56.57, 56.88, 133.86, 135.41, 135.49, 135.70, 136.14; IR (ATR): ν = 3369, 2934, 2641, 

1570, 1440, 1370, 1251, 1039, 756, 719, 423, 406 cm-1; HRMS (ESI+): m/z calcd for 

[M+2H]2+, C26H54
10BN9O2, 267.2259; found, 267.2259; Anal. Calcd (%) for 

C26H52
10BN9O2·9HBr·H2O: C, 24.42; H, 4.97; N, 9.86. found: C, 24.51; H. 5.27; N, 9.59. 

 

1-[(3-(1,4,7-Triazacyclononan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10-tetraazacyclododecane 

(10B-28)       

Using general procedure B, compound 10B-23 (102 mg, 0.101 mmol) gave 10B-28 (47 

mg, 0.0777 mmol, 77%) as a colorless amorphous solid: mp 74–76 °C; 1H NMR (400 

MHz, CDCl3, TMS): δ = 1.16–1.32 (m, 6H), 1.63–1.81 (m, 14H), 2.65 (br, 20H), 2.81 (br, 

8H), 3.61 (s, 2H), 3.71 (s, 2H), 7.45 (s, 1H), 7.63 (s, 2H); 13C NMR (100 MHz, CDCl3, 

TMS): δ = 22.35, 25.80, 32.46, 44.50 (br), 46.32 (br), 51.17, 58.97, 61.10, 84.71, 129.38, 

133.19, 134.82, 138.35, 139.38; IR (ATR): ν = 3286, 2930, 2851, 1557, 1463, 1399, 1348, 

1272, 1237, 1146, 1130, 1040, 961, 940, 910, 810, 748, 721, 600, 505, 415 cm-1; HRMS 

(ESI+): m/z calcd for [M+2H]2+, C34H62
10BN7O2, 305.2542; found, 305.2542; Anal. Calcd 

(%) for C34H60
10BN7O2·0.7MeOH·0.7CHCl3: C, 59.48; H, 8.95; N, 13.72. found: C, 

59.43; H, 9.17; N, 13.41. 

 

1-[(3-(1,4,7-Triazacyclononan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10,13-

pentaazacyclopentadecane (10B-31)         

Using general procedure B, compound 10B-26 (120 mg, 0.106 mmol) gave 10B-31 (57 

mg, 0.0866 mmol, 82%) as a colorless amorphous solid: mp 71–73 °C; 1H NMR (400 

MHz, CDCl3, TMS): δ = 1.17–1.33 (m, 6H), 1.64–1.78 (m, 14H), 2.65 (br, 20H), 2.72 (s, 
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4H), 2.74 (br, 4H), 2.80 (s, 4H), 3.58 (s, 2H), 3.72 (s, 2H), 7.39 (s, 1H), 7.56 (s, 1H), 7.72 

(s, 1H); 13C NMR (100 MHz, CDCl3, TMS): δ = 22.35, 25.78, 32.46, 46.86, 47.49, 48.35, 

54.27, 59.75, 61.31, 84.76, 129.26, 132.98, 134.45, 134.63, 138.75; IR (ATR): ν = 3290, 

2928, 2848, 1552, 1463, 1400, 1371, 1272, 1237, 1130, 962, 940, 910, 875, 832, 810, 747, 

720, 658, 507 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C36H66
10BN8O2, 652.5433; 

found, 652.5433; Anal. Calcd (%) for C36H65
10BN8O2·MeOH·0.5CHCl3: C, 60.56; H, 

9.42; N, 15.07. found: C, 60.54; H, 9.58; N, 15.03. 

 

1-[(3-(1,4,7,10-Tetraazacyclododecan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10,13-

pentaazacyclopentadecane (10B-30)   

Using general procedure B, compound 10B-25 (130 mg, 0.103 mmol) gave 10B-30 (42 

mg, 0.0609 mmol, 59%) as a colorless amorphous solid: mp 69–71 °C; 1H NMR (400 

MHz, CDCl3, TMS): δ = 1.17–1.32 (m, 6H), 1.65–1.79 (m, 14H), 2.55–2.58 (m, 8H), 

2.64 (br, 16H), 2.71 (s, 4H), 2.74–2.79 (m, 8H), 3.58 (s, 2H), 3.61 (s, 2H), 7.32 (s, 1H), 

7.57 (s, 1H), 7.70 (s, 1H); 13C NMR (100 MHz, CDCl3, TMS): δ = 22.33, 25.80, 32.46, 

45.15, 46.32, 47.24, 47.87, 48.41, 49.02, 51.44, 54.37, 59.12, 59.35, 84.69, 133.02, 

134.61, 134.72, 138.29, 138.40; IR (ATR): ν = 3281, 2929, 2848, 1555, 1462, 1401, 1372, 

1272, 1237, 1130, 1040, 961, 940, 909, 809, 758, 720, 505, 422 cm-1; HRMS (ESI+): m/z 

calcd for [M+H]+, C38H71
10BN9O2, 695.5855; found, 695.5855; Anal. Calcd (%) for 

C38H70
10BN9O2·0.5MeOH·1.5H2O: C, 62.65; H, 10.24; N, 17.08. found: C, 62.49; H, 

10.38; N, 16.79. 

 

1-[(3-(4,7,10-Tris(tert-butoxycarbonyl)-1,4,7,10-tetraazacyclododecan-1-

ylmethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methyl]-4,7,10-

tris(tert-butoxycarbonyl)-1,4,7,10-tetraazacyclododecane (10B-88)   

A mixture of 10B-82 (140 mg, 0.360 mmol), 3Boc-cyclen 6372 (340 mg, 0.719 mmol, 
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2.0 equiv) and potassium carbonate (126 mg, 0.914 mmol, 2.5 equiv) in MeCN (3.5 mL) 

was refluxed for 24 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  

The organic layer was washed with brine, dried over Na2SO4 and concentrated under 

reduced pressure.  The resulting residue was purified by silica gel column 

chromatography (hexanes/AcOEt = 4/1 to 1/1) to afford 10B-88 (255 mg, 0.217 mmol, 

60%) as a colorless amorphous solid: mp 104–106 °C; 1H NMR (400 MHz, CDCl3, 

TMS): δ = 1.32 (s, 12H), 1.42–1.47 (m, 54H), 2.63–2.68 (m, 8H), 3.17–3.41 (m, 16H), 

3.62 (br, 8H), 3.73 (br, 4H), 7.15 (s, 1H), 7.62 (s, 2H); 13C NMR (100 MHz, CDCl3, 

TMS): δ = 24.88, 28.52, 28.73, 47.48, 47.76, 48.11, 48.61, 50.01, 54.92, 55.95, 57.38, 

79.19, 79.42, 79.52, 83.82, 128.85, 135.31, 135.94, 155.31, 155.70, 156.15; IR (ATR): ν 

= 2976, 1682, 1457, 1410, 1391, 1363, 1315, 1246, 1146, 969, 887, 852, 751, 723, 666, 

555, 515 cm-1; HRMS (ESI+): m/z calcd for [M+H]+, C60H106
10BN8O14, 1172.7952; found, 

1172.7952; Anal. Calcd (%) for C60H105
10BN8O14·0.5H2O: C, 60.99; H, 9.04; N, 9.48. 

found: C, 60.98; H, 8.66; N, 9.31. 

 

1-[(3-(4,7,10,13-Tetrakis(tert-butoxycarbonyl)-1,4,7,10,13-

pentaazacyclopentadecan-1-ylmethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)methyl]-4,7,10,13-tetrakis(tert-butoxycarbonyl)-1,4,7,10,13-

pentaazacyclopentadecane (10B-89)  

A mixture of 10B-82 (108 mg, 0.278 mmol), 6573 (340 mg, 0.552 mmol, 2.0 equiv) and 

potassium carbonate (96 mg, 0.695 mmol, 2.5 equiv) in MeCN (2.5 mL) was refluxed for 

16 h.  After adding H2O, the reaction mixture was extracted with CHCl3.  The organic 

layer was washed with brine, dried over Na2SO4 and concentrated under reduced pressure.  

The resulting residue was purified by silica gel column chromatography (hexanes/AcOEt 

= 3/1 to 1/1) to afford 10B-89 (272 mg, 0.186 mmol, 67%) as a colorless amorphous solid: 

mp 88–90 °C; 1H NMR (400 MHz, CDCl3, TMS): δ = 1.28–1.47 (m, 84H), 2.63 (br, 8H), 

3.39 (br, 32H), 3.59 (s, 4H), 7.28 (s, 1H), 7.57 (s, 2H); 13C NMR (100 MHz, CDCl3, 
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TMS): δ = 24.91, 28.41, 46.74 (br), 52.86 (br), 59.46, 79.93, 83.68, 128.78, 132.63, 

134.16, 138.15, 155.15; IR (ATR): ν = 2975, 1691, 1464, 1409, 1364, 1305, 1241, 1157, 

1044, 949, 895, 852, 771, 721, 548, 463 cm-1; HRMS (ESI+): m/z calcd for [M+2H]2+, 

C74H133
10BN10O18, 729.9959; found, 729.9959; Anal. Calcd (%) for 

C74H131
10BN10O18·0.5H2O: C, 60.55; H, 9.06; N, 9.54. found: C, 60.34; H, 9.08; N, 9.32. 

 

1-[(3-(1,4,7,10-Tetraazacyclododecan-1-ylmethyl)-5-boronophenyl)methyl]-

1,4,7,10-tetraazacyclododecane heptahydrobromic acid salt (7HBr) (10B-24) 

Using general procedure A, compound 10B-88 (180 mg, 0.154 mmol) gave 10B-24 (144 

mg, 0.127 mmol, 82%) as colorless powder, which was determined to be the 7HBr salt 

by elemental analysis: mp 214–216 °C; 1H NMR (400 MHz, D2O, TSP): δ = 2.95 (t, J = 

5.2 Hz, 8H), 3.04 (br, 8H), 3.20 (t, J = 5.2 Hz, 8H), 3.27 (br, 8H), 3.97 (s, 4H), 7.49 (s, 

1H), 7.76 (s, 2H); 13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 42.41, 42.58, 44.90, 48.22, 

56.96, 135.05, 135.41; IR (ATR): ν = 3425, 2992, 2907, 2775, 2611, 1568, 1488, 1455, 

1417, 1351, 1249, 1026, 998, 954, 930, 889, 829, 759, 740, 721, 546, 437 cm-1; HRMS 

(ESI+): m/z calcd for [M+2H]2+, C24H49
10BN8O2, 245.7048; found, 245.7048; Anal. Calcd 

(%) for C24H47
10BN8O2·7HBr·3H2O: C, 25.97; H, 5.45; N, 10.09. found: C, 25.85; H. 

5.14; N, 9.72. 

 

1-[(3-(1,4,7,10,13-Pentaazacyclopentadecan-1-ylmethyl)-5-boronophenyl)methyl]-

1,4,7,10,13-pentaazacyclopentadecane decahydrobromic acid salt (10HBr) (10B-27) 

Using general procedure A, compound 10B-89 (220 mg, 0.151 mmol) gave 10B-27 (207 

mg, 0.149 mmol, 99%) as colorless powder, which was determined to be the 10HBr salt 

by elemental analysis: mp 242–244 °C; 1H NMR (400 MHz, D2O, TSP): δ =3.08 (t, J = 

4.8 Hz, 8H), 3.25 (s, 8H), 3.35–3.47 (m, 24H), 4.08 (s, 4H), 7.60 (s, 1H), 7.78 (s, 2H); 

13C NMR (100 MHz, D2O, 1,4-dioxane): δ = 44.27, 45.19, 45.67, 50.02, 56.55, 133.86, 

135.84, 136.45; IR (ATR): ν = 3377, 2951, 2649, 1567, 1440, 1372, 1250, 1036, 756, 720 
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cm-1; HRMS (ESI+): m/z calcd for [M+2H]2+, C28H59
10BN10O2, 288.7470; found, 

288.7470; Anal. Calcd (%) for C28H57
10BN10O2·10HBr: C, 24.28; H, 4.88; N, 10.11. 

found: C, 24.50; H, 4.61; N, 9.75. 

 

1-[(3-(1,4,7,10-Tetraazacyclododecan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10-tetraazacyclododecane 

(10B-29)    

Using general procedure B, compound 10B-24 (100 mg, 0.088 mmol) gave 10B-29 (41 

mg, 0.0629 mmol, 72%) as a colorless amorphous solid: mp 80–82 °C; 1H NMR (400 

MHz, CDCl3, TMS): δ = 1.16–1.31 (m, 6H), 1.62–1.79 (m, 14H), 2.52–2.57 (m, 16H), 

2.65 (br, 8H), 2.79 (br, 8H), 3.60 (s, 4H), 7.38(s, 1H), 7.64 (s, 2H); 13C NMR (100 MHz, 

CDCl3, TMS): δ = 22.33, 25.83, 32.45, 45.25, 46.66, 47.37, 51.25, 58.99, 84.53, 132.81, 

134.86, 138.19; IR (ATR): ν = 3274, 2929, 2849, 1557, 1462, 1399, 1346, 1272, 1236, 

1146, 1130, 1041, 960, 940, 811, 748, 720, 601, 501, 408 cm-1; HRMS (ESI+): m/z calcd 

for [M+H]+, C36H66
10BN8O2, 652.5433; found, 652.5433; Anal. Calcd (%) for 

C36H65
10BN8O2·MeOH·0.5CHCl3: C, 60.56; H, 9.42; N, 15.07. found: C, 60.66; H, 9.65; 

N, 15.01. 

 

1-[(3-(1,4,7,10,13-Pentaazacyclopentadecan-1-ylmethyl)-5-(13,15-dioxa-15-

boradispiro[5.0.5.3]pentadec-14-yl)phenyl)methyl]-1,4,7,10,13-

pentaazacyclopentadecane (10B-32)  

Using general procedure B, compound 10B-27 (125 mg, 0.0904 mmol) gave 10B-32 (45 

mg,  0.0608 mmol, 67%) as a colorless amorphous solid: mp 88–90 °C; 1H NMR (400 

MHz, CDCl3, TMS): δ = 1.18–1.34 (m, 6H), 1.64–1.80 (m, 14H), 2.62–2.65 (m, 20H), 

2.71 (s, 8H), 2.73–2.78 (m, 12H), 3.59 (s, 4H), 7.34 (s, 1H), 7.60 (d, J = 1.6 Hz, 2H); 13C 

NMR (100 MHz, CDCl3, TMS): δ = 22.33, 25.75, 32.47, 47.24, 47.82, 48.36, 49.00, 54.51, 

59.55, 84.84, 133.05, 134.61, 138.60; IR (ATR): ν = 3286, 2927, 2812, 1599, 1447, 1402, 
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1360, 1272, 1236, 1129, 1063, 940, 876, 720 cm-1; HRMS (ESI+): m/z calcd for [M+2H]2+, 

C40H77
10BN10O2, 369.8175; found, 369.8175; Anal. Calcd (%) for 

C40H75
10BN10O2·0.2MeOH·0.3CHCl3: C, 62.34; H, 9.83; N, 17.95. found: C, 62.48; H, 

10.23; N, 17.60. 

 

 

X-ray data collection and refinement 

The crystals of 21a (ZnL3) were suitable for a single-crystal X-ray structure analysis, 

which were performed on a Bruker APEX CCD diffractometer equipped with a Rigaku 

Instruments low-temperature attachment.  Data were collected at 93K using 

monochromated Mo-Kα radiation (λ = 0.71073 Å).  The frames were indexed, 

integrated, and scaled using the SMART and SAINT software packages.  An empirical 

absorption correction was applied to the collection reflections with SADABS using 

XPREP.  The structure was solved by the direct method and refined on F2 by the full-

matrix least squares technique using the SHELX-2015 program package.  All non-

hydrogen atoms were refined anisotropically.  The crystal data in this manuscript can be 

obtained free of change from The Cambridge Crystallographic Data Centre via 

www.cccdc.cam.ac.uk/data_request/cif.  Crystal data for 21a C29H51BN6O9Zn, Mr = 

703.93, orthorhombic, P 21 21 21, a = 10.008 (4), b = 10.967 (4), c = 30.483 (12) Å, V = 

3346 (2) Å3, Z = 4, ρcalc = 1.397 g·cm-3, R = 0.0553 (7083 reflections), Rw = 0.1229 (7656 

reflections), GOF = 1.195.  CCDC 2058200 contains the supplementary 

crystallographic data for the paper. 

 

Cell cultures 

  HeLa S3 cells (human cervical carcinoma) were cultured in Minimum Essential 

Medium (MEM) containing 10% fetal bovine serum (FBS), penicillin, and streptomycin.  

A549 cells (human caucasian lung carcinoma) and IMR-90 cells (normal human 
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fibroblast) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% 

FBS, penicillin and streptomycin.  All cells were cultured at 37 °C in a humidified 

atmosphere containing 5% CO2. 

 

MTT assays  

HeLa S3, A549, and IMR-90 cells (1×104 cells/well) were seeded on 96-well plates 

(Watson) in cell culture medium.  After incubation overnight at 37 °C under 5% CO2., 

the cells were treated with 10B-BSH 4 (Stella Chemifa, Japan, 10B-enrichment ≥ 95%), 

BPA 5 (Fluka, USA)-D-fructose complex, 14–22 (0–200 μM), and 23–48 (0–400 μM) in 

cell culture medium under same conditions for 24 h, and then, 0.5% MTT (3-(4,5-di-

methylthiazol-2yl)-2,5-diphenyltetrazolium bromide) reagent in PBS (10 µL) was added 

to each well.  After incubation for 4 h, a formazan lysis solution (10% sodium dodecyl 

sulfate (SDS) in 0.01 N HCl aq.) (100 µL) was added and the resulting solution was 

incubated under same conditions overnight.  The absorbance at λ = 570 nm was 

measured with a microplate reader (Bio-Rad).     

 

Measurement of intracellular uptake of boron compounds into HeLa S3, A549, and 

IMR-90 cells evaluated by ICP-MS  

  HeLa S3, A549, and IMR-90 cells (5×105 cells/well) were seeded on 6-well plates 

(TrueLine, USA) in cell culture medium.  After incubation overnight at 37 °C under 5% 

CO2. and 18–20% O2 (normoxic conditions), the cells were washed gently with PBS (1 

mL) and treated with the boron compounds 4, 5, and 14–22 (30 μM), and 23–48 (100 

μM) in cell culture medium (2 mL) under same conditions for 24 h (n = 4).  To count 

the number of cells after treatment with the boron compounds, the cells (n = 1) were 

washed with PBS, detached by trypsin, and counted with a hemocytometer.  For 

measurement of boron uptake, the cells (n = 3) were washed with PBS (1 mL×3) and 

digested with 60% HNO3 aq. (0.5 mL) at room temperature for 24 h, which were 
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transferred to 15 mL centrifuge tubes with Milli-Q water (3.5 mL).  These tubes were 

centrifuged at 3000 rpm and 4 °C for 10 min, and the resulting sample solutions were 

filtered.  The concentration of boron atoms was determined by ICP-MS (NexION300S, 

PerkinElmer, Waltham, Massachusetts, USA).     

 

Active energy-dependent uptake of boron-containing macrocyclic polyamine 

derivatives into HeLa S3 and A549 cells 

HeLa S3 and A549 cells (5×105 cells/well) were seeded on 6-well plates (TrueLine, 

USA) and incubated in cell culture medium at 37 °C under 5% CO2 (n = 4).  After 

incubation for 2 days, the cells were washed with PBS (1 mL) and treated with boron 

compounds 5 and 17a–19a (30 μM) in cell culture medium (2 mL) at 37 °C or 4 °C for 1 

h (n = 4).  To count the number of cells after treatment with the boron compounds, the 

cells (n = 1) were washed with PBS, detached by trypsin, and counted with a 

hemocytometer.  For measurement of boron uptake, the cells (n = 3) were washed with 

PBS (1 mL×3) and digested with 60% HNO3 aq. (0.5 mL) at room temperature for 24 h, 

and then transferred to 15 mL centrifuge tubes with Milli-Q water (3.5 mL).  These tubes 

were centrifuged at 3000 rpm and 4 °C for 10 min and then sample solution was filtered.  

The concentration of boron atoms was determined by ICP-MS (NexION300S, 

PerkinElmer, Waltham, Massachusetts, USA).     

 

Effect of inhibitors on the intracellular uptake of 19a   

HeLa S3 and A549 cells (5×105 cells/well) were seeded on 6-well plates (TrueLine, 

USA) and incubated in cell culture medium at 37 °C under 5% CO2 for 2 days (n = 4).  

After preincubation with inhibitors in cell culture medium (2 mL) at 37 °C for 1 h, the 

cells were treated with boron compounds 5 and 19a (30 μM) in the presence of inhibitors 

at 37 °C for 1 h.  To count the number of cells after treatment with the boron compounds, 

the cells (n = 1) were washed with PBS, detached by trypsin, and counted with a 
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hemocytometer.  For measurement of boron uptake, the cells (n = 3) were washed with 

PBS (1 mL×3) and digested with 60% HNO3 aq. (0.5 mL) at room temperature for 24 h, 

which were transferred to 15 mL centrifuge tubes with Milli-Q water (3.5 mL).  These 

tubes were centrifuged at 3000 rpm and 4 °C for 10 min and then sample solutions were 

filtered.  The concentration of boron atoms was determined by ICP-MS (NexION300S, 

PerkinElmer, Waltham, Massachusetts, USA).     

 

Evaluation of the anti-tumor effect of boron-containing macrocyclic polyamine 

derivatives with thermal neutron irradiation (colony formation assay)  

A549 cells (5×105 cells/well) were seeded on 6-well plates (TrueLine, USA) and 

incubated in cell culture medium at 37 °C under 5% CO2 for 1 day.  After removing the 

cell culture medium, the cells were washed gently with PBS.  Cell culture medium 

containing boron compounds 4, 5, 17–22 (30 μM), and 23–47 (100 μM) (2 mL) was added 

to the wells, which was incubated for 24 h under same conditions.  After removing the 

medium, the cells were washed twice with PBS (1.0 mL) and collected by trypsinization.  

After centrifugation, the supernatant was removed, and cell culture medium was added to 

prepare a cell suspension (5×104 cells/mL).  The cells (5×104 cells/mL, 1 mL) in 1.5 mL 

tubes were irradiated with thermal neutrons (Institute for Integrated Radiation and 

Nuclear Science, Kyoto University, Osaka, Japan) for 0, 15, 30, and 45 min, respectively.  

The thermal neutron flux (1.5×109 n/cm2·s) was measured by two gold foils which were 

attached to the surface of the 1.5 mL tube.  To evaluate the cell proliferation, the 

irradiated cells (3×103 cells/well, 1.0 mL) were seeded on 12-well plates (TrueLine, USA) 

and incubated for 7 days at 37 °C under 5% CO2 in cell culture medium.  After removing 

the medium, the attached cells were washed gently with PBS, fixed with EtOH, stained 

by 0.1% crystal violet and washed with PBS three times.       

For analyzing the cell proliferation, images of the stained colony were acquired using 

a Bio-Rad ChemidocTM MP Imaging System (Bio-Rad, Hercules, CA, USA), which were 
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automatically examined by ImageJ-plugin Colony Area to determine the percentage of 

colony area of each wells.77  The surviving fractions were calculated as the colony area 

and normalized by the result for non-irradiated condition.     

 

Effect of boron-containing macrocyclic polyamine derivatives on the melting 

temperature of ctDNA  

Thermal denaturation experiments of ctDNA (50 μM in phosphate) in 10 mM HEPES 

buffer (pH 7.4) with I = 0.02 (NaNO3) were performed on a JASCO V-550 UV/vis 

spectrophotometer (JASCO, Tokyo, Japan) equipped with a thermoelectric temperature 

controller (± 0.5 °C), a stirring unit, and a 10 mm quartz cuvette.  All aqueous solutions 

were made with purified water.  The concentration of ctDNA was determined by UV 

absorption spectroscopy based on its molar extinction coefficient at 253 nm (ε253 = 

6.6×103).65d,79  Thermal melting curves for ctDNA with and without additives (49, 18b, 

21b, 19a, 22a, 28–32, 37, 44–46, and 48) were obtained by following the absorption 

change at 260 nm as a function of the temperature (the temperature was raised at the rate 

of 1 °C/min).  The Tm value was graphically determined from the spectral data, and the 

ΔTm value for each condition was calculated from the results in the presence and absence 

of additives.  
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