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Abstract 

A stereoselective synthesis of closo carborane analogues of Tamoxifen 

was developed where the products represent a new platform for developing 

metabolically robust Selective Estrogen Receptor Modulators (SERMs). Using an 

ionic liquid-mediated insertion reaction and a highly conjugated ene-yne 

prepared stereoselectively, the A-ring in the backbone of Tamoxifen was 

replaced with an ortho carborane cluster. X-ray crystal structures of a key 

intermediate and the final target along with NMR spectroscopy confirmed that the 

product was in fact the desired Z isomer, which showed superior chemical 

stability to Tamoxifen both in solution and the solid state even when exposed to 

light for extended periods of time. Using microwave heating, it was however 

possible to convert up to 50% of a sample of the Z isomer to the corresponding E 

isomer, which was isolated by HPLC and fully characterized. Inhibition assays 

using both isomers and a simple aryl carborane that is known to target the ER 

were conducted using estrogen receptor (ER) positive and ER negative human 

breast cancer cell lines with and without estradio l (E2) present. The Z carborane 

isomer was able to inhibit cell proliferation better than Tamoxifen in an E2 free 

environment, while the E isomer was ab le to inhibit cell growth better than 

Tamoxifen when E2 is present. 

Degradation of the clasa carborane Tamoxifen analogue to the nida 

species under basic and aqueous conditions , using traditional or microwave 

iii 



heating, resulted in E-Z isomerization, but is was found that in the presence of 

aprotic solvents, the nido species could be prepared as a sing le geometric 

isomer. With the nido species in hand the carborane Tamoxifen analogue was 

metalated (Re/99mTc) and iodinated (1271). The technetium analogue was 

evaluated in a cell uptake assay which showed binding to human breast cancer 

cells MCF-7. 
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1.0 Introduction 

1.1 Breast Cancer 

Currently in Ontario, genetic screening is underway for high risk women as 

a way to detect the presence of the BRCA 1 and BRCA2 gene mutations . Women 

identified with mutations on the BRCA 1 and/or BRCA2 genes will be 

recommended for further screening and preventative therapies. While this 

screening process is making great strides in the field of cancer prevention , it has 

been shown that the BRCA 1 gene mutation results largely in estrogen receptor 

(ER) negative breast cancer.1 To date there is no routine method to screen for 

hormone dependent breast cancer (ER positive) which accounts for as many as 

one in three cases.2 

The ER is a nuclear receptor which binds the natural substrate 17 -f3-

estradiol (Figure 1.1) with sub-nanomolar affinity.3 A recent review by Song and 

Santen has shown that binding of 17 -[3-estradiol to the estrogen receptor initiates 

a signaling pathway involving multiple kinases which are known to regulate cell 

growth and apoptosis. 4 

OH 

HO 

Figure 1.1: 17 -[3-estrad iol 

1 
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In healthy tissue, when 17 -13-estradiol binds to the ER there is stimulation 

of growth factors which result in the growth of adjacent non-ER positive cells. In 

contrast, when 17-I3-estradiol binds to the ER in estrogen positive malignant 

cells , cell growth is initiated and apoptosis is inhibited.4 Following binding , the ER 

and estrogen form an activated dimer that subsequently binds to a specific DNA 

sequence; (Figure 1.2) this binding initiates transcription which causes cell 

growth. 5 

Figure 1.2: X-Ray Structure of 17 -13-estradiol-ER Dimer 6, 7 

1.2 Selective Estrogen Receptor Modulators (SERMs) 

The ER in either the alpha or beta form is found in many locations within the 

body, including the uterus8 and breast9 and to a lesser extent in bone,lO 

prostate,11 brain,12 and heart.13 Given that malignant cells are stimulated to grow 

via binding of 17 -13-estrad iol to the ER, a common cancer treatment involves the 

use of drugs that can inhibit formation of the hormone-receptor complex. 

2 
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Originally, drugs that were ab le to inhibit estradiol binding to the ER were known 

as anti-estrogens. In recent years , anti-estrogens have come to be referred to as 

Selective Estrogen Receptor Modulators (SERMs). Examples of potent SERMs 

that are currently in use, or have been screened as potential therapeutics, are 

shown in Figure 1.3. 

HO 

OH 0-

1.2 1.3 1.4 

Figure 1.3: Structures of Diethylstilbestrol (1.2) , Ethamoxytripphetol (MER-25) 
(1.3) and Tamoxifen (1.4) The various rings of Tamoxifen are labeled A-C. 

The search for anti-estrogens began in 1938 with the synthesis of the 

estrogenic compound diethylstilbestrol (1.2).14. 15 During the next 20 years , other 

estrogenic compounds were identified, though it was not until 1958 that a true 

anti-estrogen was synthesized . Ethamoxytripphetol (MER-25, 1.3) was the first 

compound found to inhibit estrogen binding 14 and, although encouraging resu lts 

were obtained in animal studies,16-18 the human trials were not conducted due to 

the drug 's low potency and high toxicity. Success was realized in 1971 when 

Tamoxifen (1.4) was discovered and reported to be an effective anti-estrogen . 

3 
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1.3 Tamoxifen 

Tamoxifen is currently used as a frontline treatment in cases of hormone 

dependent breast cancer 19 and is described by the World Health Organization 

(WHO) as an essential drug for the treatment of breast cancer. 20 In addition to 

cancer treatment, Tamoxifen is used as a preventative treatmene1 for high risk 

women as well as in long term adjuvant therapy. 22 Furthermore, the National 

Surgical Adjuvant Breast and Bowel Project P-1 study was able to show a 

decrease in the rate of invasive breast cancer with an occurrence of 2.48% in 

women who were taking tamoxifen for 5 years compared to 4.25% in women 

taking a placebo after a 7 year follow up (N = 13,388) .23 

Several Tamoxifen analogues (Figure 1.4) have been produced ; some of 

the more notable ones include: Raloxifen (1.5), Idoxifen (1.6) and the Tamoxifen 

metabolite, 4-hydroxy-Tamoxifen (1.7) . Many of the analogues retain key 

elements of the Tamoxifen structure that have been shown to aid in binding to 

the ER. One key element is the pendant amino group which, when modified, can 

reduce binding of the agent to the ER. 24, 25 It has been found that the addition of 

certain groups to the para position of the A ring (Figure 1.3) does not adversely 

affect binding ;26 in the case of 1.7, the hydroxyl group has been shown to 

increase binding to the ER.27 

4 
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HO CN~O \~O 
N 

~ 
/ 

~ 

~ Ij ~ 

C N
J O HO 

1.5 1.6 1.7 

Figure 1.4: Tamoxifen Analogues: Raloxifen (1 .5) , Idoxifen (1 .6) and 4-Hydroxy­
tamoxifen (1 .7) 

1.4 Breast Cancer Imaging 

1.4.1 Mammography 

Currently mammography (x-ray) is the standard screening modality used 

worldwide for the detection of breast cancer. During the last 10 years , there has 

been doubt about the advantages of screening women routinely in terms of 

mortality,28, 29 cost ,30 efficacl8, 31 and the psychological effects of false positive 

results and recalis .32 A specific case where the use of mammography is not 

favorable is when women have dense breast tissue. The breast contains two 

major tissue components : fibroglandular tissue and fat ; the higher the amount of 

fibroglandular tissue the denser the breast. 33 When x-rays pass through the fatty 

portion of the breast a low attenuation to the x-ray beam is observed (Figure 

1.5), which results in a dark image. The x-ray attenuation coefficient for tumours 

is much higher than that of fatty tissue and therefore a bright spot is seen on the 

image. However, fibroglandular tissue has a similar x-ray attenuation coefficient 

to breast tumours and it is therefore difficult to distinguish between the twO. 34 

5 
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This can be seen in Figure 1.6 which shows mammograms of women who range 

from zero to over 75% fibroglandular tissue.35 

1.0 

0.8 

0.6 

0.2 

- Breast Tumour 
- - FibroglaneJular Tissue 
. . AdiPose TIssue 

0.1 '-----~_~_~~_~~~..L..........II 

ao 20 40 6Q 80 100 

Figure 1.5: X-ray attenuation coefficients of fat and fibroglandular tissue34 

Figure 1.6: Fraction of fibroglandular tissue in the breast (a) 0, (b) <10%, (c) 10-
25%, (d) 26-50%, (e) 51-75%, (f) >75%35 

6 
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At present the only other method for breast cancer screening is Magnetic 

Resonance Imaging (MRI). Several large scale trials have shown that MR has 

significantly higher sensitivity than mammography (71-100% vs 33-40% 

~ respectively). Nevertheless, it has been shown that the specificity of MR is lower 

I 

than that of mammography, and it therefore has a higher false positive rate 

resulting in unnecessary biopsies. 36
-
39 In addition to MR's poor specificity it is 

also cost prohibitive with a bilateral MR procedure costing over $4,000 (cost of 

mammogram is approximately $200) . 

With this knowledge and because of the key role played by the ER in the 

growth of breast cancer tumours and the importance of using hormone 

dependency in designing an effective treatment regime, it is highly desirable to 

be able to visualize and monitor ER expression non-invasively. More specifically, 

the use of molecular imaging to detect the ER would aid in the identification of 

ER positive malignant cells and would avoid sampling errors common to 

biopsies.4o The ability to effectively image the ER requires the development of a 

potent ER probe, which has the potential to facilitate earlier detection of tumours 

and metastases compared to other screening techniques such as mammography 

and MRI. 

1.4.2 Molecu!ar Imaging 

Molecular imaging (MI) is the process of visualizing or monitoring a 

specific in vivo process with a targeted probe. There are several MI modalities 
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including optical and ultrasound imaging, Single Photon Emission Computed 

Tomography (SPECT) and Positron Emission Tomography (PET) . In addition to 

these modalities, many hybrid systems like PET-CT and SPECT-CmT 

(Computed Mammotomography) have been developed and are able to show the 

structure and function of the region of interest. The research at hand will focus 

on radioimaging probes for SPECT. 

1.4.3 SPECT 

Single Photon Emission Computed Tomography (SPECT) is an imaging 

technique that is based on the detection of gamma emitting rad ionuclides having 

the appropriate energy. SPECT uses a gamma "camera" that is comprised of 

scintillation crystals and a collimator fitted onto a rotating gantry. To generate 

tomographic images the camera is rotated around the patient to give a series of 

two dimensional projections which can be combined to give a three dimensional 

image of the subject. 41 

1.4.4 Radionuclides for SPECT 

1.4.4.1 Meta-Stable Technetium 99 - 99mTc 

Of all the radionuclides used in SPECT, the metastable isotope of 

technetium-99 (99mTc) is the most widely employed 41 This widespread use is a 

result of the fact that technetium can be obtained in high purity and at low cost 

using a 99Mo/99mTc generator. The generator contains 99Mo bound to a so lid 
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support of alumina (Ab03) in the form of molybdate (MoO/l A saline solution 

(0.9% NaCI) is passed through the alumina column to selectively elute 99mTc as 

pertechnetate (TC04l41 Not only is this system simple and inexpensive, it is also 

easily shielded and can be handled effortlessly. 99Mo/99mTc generators are 

shipped around the world where they are used for one to two weeks before 

requiring replacement. This is a significant advantage over other isotopes like 18F 

where a cyclotron must be present in close proximity to the clinic in order to 

efficiently produce sufficient quantities of the isotope and tracer. 

In add ition to the convenience of the generator, 99mTc has several other 

favorable properties, the most notable being its 6 hour half-life. This re latively 

long half-life allows adequate time for preparation of the radioimaging agent and 

performance of an imaging study. Another favorable nuclear property is that the 

gamma ray energy emitted from 99mTc is 140 KeV, which is sufficient to escape 

all depths in a patient and be detected by the camera , but low enough that the 

dose to the patient is minimal and external shielding can be achieved with small 

quantities of lead .41 

1.4.4.2 Radio-Iodine 1231/1251/1311 

Radioactive isotopes of iodine have been used for over 50 years in the 

field of cancer therapy.42 Table 1.1 summarizes the three most widely used of 

the thirty radioisotopes of iodine. lodine-125 is an ideal radionuclide for method 
9 
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development and small animal imaging43 due to its low cost (reactor produced) , 

although it does not have significant energy to be used for clinical studies. In its 

place iodine-123 can be employed as a result of its half life and gamma energy of 

159 KeV (similar to 99mTc).44 1241 can be used for PET imaging while 131 1 can be 

used for imaging and therapy. The ability to select the appropriate isotope to fit 

the desired application (imaging and therapy) is a real benefit to developing 

agents based on iodine. 

Table 1-1: Medically Relevant Radioisotopes of Iodine 

1.4.5 PET 

Positron Emission Tomography (PET) is an imaging technique that utilizes 

the annihilation radiation that is produced from positron emitting radionuclides. 

When a positron is emitted from the nucleus, it combines with an electron to 

undergo an annihilation process that results in two 511 KeV photons that are 

expelled from the tissue at 180 degrees from each other. The photons are 

detected by a ring of detectors that sense coincidence interactions and can use 

the information to generate an image of the tracers location. 
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1.5 Organometallic Radiopharmaceuticals 

The majority of technetium radiopharmaceuticals are based on classical 

Werner coordination compounds. 55 Progress has been made recently on 

developing organometallic radiopharmaceuticals. 56 This is a particularly 

challenging field because reactions done at the tracer level are performed in 

aqueous reaction media, under highly dilute reaction conditions ; which are not 

usually amenable to organometallic chemistry. A further challenge is that, 

reactions must be high yielding and complete within one half-life to be clinically 

useful. 

Alberto et al. 57 developed a convenient starting material to prepare 

organometallic radiopharmaceuticals derived from 99mTc. [Tc(COh(OH2hr (1.8) 

can be prepared in water at the tracer level by heating pertechnetate in the 

presence of CO and a reducing agent in a saline solution (Figure 1.8). The three 

labile water molecules in 1.8 can then be displaced by a variety of tridentate 

ligands to form very stable Tc(l) complexes. 

99mT C04 - _ 0_. 9_%_o_N_a_C_I -I.~ 
CO / NaBH4 

.. n 
1.0 

Figure 1.7: Synthesis of 1.857 
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Given the availability of 1.8, Katzenellenbogen et al.58 began designing and 

testing CpRe(COh (Cp = cyclopentadienyl) derivatives as novel antiestrogens in 

the hopes of discovering a potent ligand whose Tc analogue could be used to 

image the ER. Compounds containing up to 4 aryl substituents on the Cp ring 

were prepared and in select cases Re complexes having relative binding 

affinities of 20% compared to estradiol were reported . One of the limitations of 

this approach is that it is extremely difficult to prepare the Tc analogues of the 

compounds as Cp derivatives are not soluble in water and the ligand has a 

tendency to oligomerize rather than form the desired metal complex. 58 A new 

class of organometallic ligands could reduce these limitations. 

1.6 Carboranes 

The Valliant group has been investigating the use of carboranes as an 

alternative to Cp as an organometallic ligand for technetium . Carboranes are 

polyhedral clusters of boron and carbon atoms that can be prepared using an 

alkyne insertion reaction (Figure 1.9). Here a closo-carborane is formed by 

combining an alkyne with the bisacetonitrile adduct of 1.9. 

Figure 1.8: Alkyne insertion reaction 
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Carboranes have been investigated previously in medicinal chemistry as 

boron neutron capture therapy (BNCT) agents as a result of their high boron 

content. Beyond being boron rich , carboranes are promising synthons in 

medicinal chemistry due to their high thermal stability as well as their resistance 

to catabolism in vivo. 59 It should be pointed out that carboranes can be obtained 

in three isomeric forms: ortho, meta and para. The latter two are formed by 

heating ortho carborane to high temperatures under an inert atmosphere. In the 

work described here, only the ortho isomer was used. 

Ortho-carboranes can be degraded under mild conditions to give the 

corresponding nido-carboranes (Figure 1.9). Removal of the bridging hydrogen 

atom generates the dicarbollide dianion which binds to metals in a similar fashion 

as Cpo The Valliant group has demonstrated that it is possible to produce Tc­

carborane complexes at the tracer level using 1.8 as well as nido-carborane 

complexes that are stable indefinitely. In this way, carboranes can be used as 

surrogates for Cp to produce organometallic molecular imaging agents. 

In addition to being able to metallate a carborane in an aqueous 

environment, carboranes can also be radiohalogenated 6o (Figure 1.10). This 

makes carboranes one of the most versatile synthons avai lable in that they can 

be used to generate SPECT, PET and therapeutic agents using radiometals (Tc 

and Re) and radiohalogens. 
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Figure 1.9: Degradation of a closo-carborane to form nido-carborane 

x e \ :l 

~. 
x = II Br I At 

x 
Oxidant 

Q = B-H 
0 = C-H 
0 = B 

Figure 1.10: Metallation (right) and halogenations (left) of orlho-carborane 

1.7 Carborane-Estrogen Analogues 

Endo et al. have produced several carborane estrogen analogues that have been 

shown to bind the estrogen receptor (Figure 1.11) ,61-63 where the key structural 

components needed for binding are a phenol ring and a closo carborane unit. 

What is less commonly known is that carboranes are interesting hydrophobic 

structural motifs for use in medicinal chemistry due to their unique 3-D structures, 

ease of synthesis and functionalization, and low toxicity. Recently, work 

published in the Valliant group has showed promising results when compounds 

similar to those synthesized by Endo were metallated in an attempt to produce 

an ER imaging agent.64 
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0 = 8-H 
0 = C-H 

~ 
HO~ 

OH 

Figure 1.11: Clasa carbarane derivatives which bind the estrogen receptor63 

1.8 Imaging and the ER 

There are a limited number of examples of radioimaging agents that have 

been developed to target the ER. These include iodo-vinylestradiol ,65 18F_ 

fluorotamoxifen 66-68 , 1231-iodomethyl-N,N-diethyltamoxifen,69 1231-4-hydroxy-

Tamoxifen,7o 99mTc-Tamoxifen conjugates71 and 18F-fluoroestradiol (FES) .72. 73 

FES is the only probe to have been used regularly in the clinic, however, the high 

cost of producing the material and questions regarding poor specificity have 

motivated a search for a superior technetium or iodine ER probe. 

One possible approach to addressing the limitations of the existing agents 

is to design a radiopharmaceutical based on a preexisting antiestrogen like 

Tamoxifen. Unfortunately it is not possible to directly label Tamoxifen with a 

widely available radionuclide like Tc, as the resulting complex would not be 

sufficiently stable in vivo and introduction of the metal in this manner would likely 

destroy the pharmaceutical activity of the complex. Alternatively, it is 

conceivable that one of the aryl rings of Tamoxifen could be replaced with a 

carborane. This way the corresponding Tc complex or iodinated carborane 
15 
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derivative could be prepared using existing strategies . The carborane-Tamoxifen 

analogue itself would also be of interest if it has retained its affinity for the ER as 

it would represent a metabolically resistant form of Tamoxifen . 

Structure activity data have shown that the A ring of Tamoxifen can be 

substituted without having a detrimental impact on activity .74, 75 Carboranes can 

be used in place of existing aryl rings as they occupy a similar volume as a 

rotating phenyl ring .59 In addition, Katzenellenbogen's work shows that the ligand 

binding domain of the ER has sufficient space to accommodate bulky CpRe(CO)3 

derivatives and in fact , the additional hydrophobicity of the metal-tricarbonyl core 

increased the RBA compared to the free ligand . This provides add itional 

evidence that a metallocarborane analogue of Tamoxifen with the cluster located 

in place of the A ring would be a viable ER imaging probe. 

1.9 Rational and Objectives 

Taking advantage of the favorable binding of Tamoxifen to the ER, and the 

fact that rhenacarboranes derived from arylcarboranes have been shown to have 

affinity to the ER, the research at hand is designed to develop a means to 

substitute the phenyl ring A with a closo ortho carborane as a platform to create a 

new class of imaging and therapeutic agents. Carboranes offer versatility, as 

they can be radio-metallated and halogenated , thus PET and SPECT imaging 

agents can be synthesized from a sing le core . By producing an imaging agent 

that will specifically target the ER with minimal non-specific binding , there is a 
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potential for an increase in sensitivity and specificity when compared to 

traditional breast screening methods. 
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2.0 The Synthesis and In Vitro Evaluation of a Carborane Analogue of 
Tamoxifen 

2.1 Introduction 

l Tamoxifen is used as a preventative treatment' for high risk woman as 

well as in long term adjuvant therapy.2 The use of Tamoxifen however has also 

been associated with increased risk in developing endometrial3.4 and uterine5 

cancers as well as increased possibi lity of suffering a pulmonary embolism, 

stroke or deep vein thrombosis .6 In light of this, several Tamoxifen analogues 

(vide supra) have been developed in hopes of retaining the benefits of the parent 

drug while reducing possible side effects. 

To date, there have been no reports of a closo carborane analogue of 

Tamoxifen. We previously reported? the synthesis of a nido carborane analogue 

but were not ab le to prepare the complementary closo structures or to evaluate 

the E versus Z isomers . Given the prom ising results of simple carborane phenol 

derivatives in binding to the ER,8-14 a synthetic method to E and Z carborane 

analogues of Tamoxifen (Scheme 1) was developed and the products tested in 

ER positive and negative ce ll lines. 

2.2 Synthesis of Z-1-(1 ,2-dicarba-closo-dodecaborane-1 -yl)-1-(4-
hydroxyphenol)-2-phenyl-but-1-ene (2.7) 

The first step in the synthesis of 2.7 (Scheme 2.1) was the preparation of 

the methoxy ketone (2.0) which was performed using a Friedel-Crafts acylation. 
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The synthetic method was adapted from Smyths and Corby,15 whose work 

focused on developing a "green" Friedel-Crafts acylation reaction . The scale up 

of this reaction facilitated the preparation over 0.5kg of 2.0 . A minor variation 

from the literature was that hydroxide pellets were used to neutralize the reaction 

rather than the reported di lute solution in order to reduce the overall reaction 

volume and amount of waste. In addition, the reaction mixture was cooled using 

an ice and salt water bath (circa -10°C) during th is procedure to control the 

exothermic neutralization reaction . 

One possible side reaction in the Friedel-Crafts preparation of 2.0 was the 

formation of the ortho-substituted isomer. 1H NMR spectroscopy was employed 

to verify that the correct isomer had been isolated (Figure 2.1 ). The two doublets 

at 8.15 and 6.85 ppm are indicative of the sole formation of the para-substituted 

product. Some additional features of the 1H NMR spectrum include the multiplets 

at 1.90 and 2.35 ppm which arise from the methylene protons (H4) . The 

appearance of the mu ltip let is consistent with coupling to the ethyl protons (H5) 

as well as proton H3. 
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Figure 2.1: 1H NMR of 2.0 (500 MHz, CDCI3) and proton numbering scheme 
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Scheme 2.1: Synthesis of 2.7: a) 1. TMS-acetylene, n-BuLi , -78De, THF ; 2. 
Saturated ammon ium chloride b) pyridine, th ionyl chloride, -78De c) 1. NaOMe, 
MeOH 2. H20 d)1-Butyl-3-methylimidazolium ch loride, B1OH14, to luene e) BBr3, 
dich loromethane, -78De. 

The methoxy ketone product was combined with TMS-protected lithium 

acety lide (Scheme 2.1), result ing in the tert iary alcohol 2.1, which was iso lated 

as pale yellow oil and used without further purification . To form the ene-ynes (2.2 

and 2.3) an elimination reaction was performed using pyridine and thionyl 
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chloride at -78°C to produce the protected ene-yne in an 89 % yield . The 1H NMR 

of 2.2/2.3 showed Z:E ratio of 15: 1. 

The ratio of the formation of isomers 2.2 and 2.3 is an important 

consideration because they can have significantly different biological activities in 

vivo.16 For instance, the Z isomer of Tamoxifen is anti-estrogenic wh ile the E­

isomer is estrogenic. The Felkin-Ahn model and mechanism of elimination can 

be used to rationalize the product ratio .17 The Felkin-Ahn model is based on the 

Curtin-Hammet principle which states that the relative energy of the transition 

state will control selectivity, not the relative energy of the starting materials .17 

Applying the Felkin-Ahn model , nucleophilic attack on the carbonyl group will 

occur at the Burgi-Dunitz angle of 107° on one of the two conformers shown in 

Figure 2.2. Examining the Newman projections (Figure 2.2), illustrates that the 

conformer on the left would be less sterically hindered and the transition state of 

the conformer on the left would be lower in energy than the conformer on the 

right. 
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Figure 2.2: Nucleophilic attack on (2.1) - a prochiral carbonyl carbon atom 

The subsequent elimination reaction occurs via a concerted E2 elimination 

mechanism which controls the overall ratio of the isomers (Figure 2.3) . For the 

E2 elimination to occur, the sigma orbital from the proton that is abstracted (C-H) 

as well as the sigma antibonding orbital of the leaving group (C-O-S02CI) need 

to lie in the same plane. In other words to obtain the required orbital geometry 

the intermediate needs to adopt an anti-periplanar conformation. i8 Conversely, if 

this reaction were to proceed via an E1 mechanism, the E isomer would be 

produced in greater quantities as it is thermodynamically favoured. 
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Figure 2.3: Conformations lead ing to the two isomer 2.2 and 2.3 

The TMS protecting group was removed by treating 2.2 and 2.3 with 

sod ium methoxide in methanol (0 .30 M). The reaction mixture was stirred for 24 

hours whereupon analysis of the mixture by thin layer chromatography (TLC) 

indicated complete consumption of the starting material. The light sensitive 

products 2.4 and 2.5 were isolated in 81 % yield as a mixture via simple liquid-

liquid extraction . Using 1H nuclear Overhauser effect (nOe) spectroscopy the 

major product was clearly identified as the Z isomer. Integration of the signals 

arising from the protons on the ethyl group (Figure 2.4) indicated that that the 

Z:E ratio was 93:7. The residual E isomer was later removed following isolation 

of the target carborane. 
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Figu;e" 2.4: '1 H NMR ~t"2.4/2:5 f~lI~wi~gC liq~id-liq~id e~tr~cti~~. Integrati~n of the " C 
triplets in the highlighted region show a Z:E ratio of 15: 1 (600 MHz, CDCI3) 

With significant quantities of the acetylene derivative (2.4) having the 

appropriate stereochemistry in hand, the alkyne insertion reaction was performed 

to generate the desired carborane. Initial attempts to obtain 2.6 utilizing a 

traditional alkyne insertion reaction failed to yield the target compound. This is 

likely the result of a combination of the highly conjugated nature of the ene-yne, 

which would reduce the overall activity of the compound to carborane formation, 
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and the steric bulk around the reaction centre . The ultimately successful 

approach involved the use of 1-butyl-3-methylimidazolium chloride (Bmim-CI) , an 

ionic liquid.19 Decaborane and catalytic amounts of Bmim-CI were dissolved in 

toluene to create a biphasic mixture to which 2.4 and 2.5 were added, the 

mixture was heated at reflux for 12 hours under argon . The removal of the 

reaction solvent yielded a dark solid that was purified via sil ica gel 

chromatography and recrysta llization gave the product as a white solid in 25% 

yield . 

The 1H NMR of 2.6 (Figure 2.5) was sim ilar to that of the deprotected 

acetylene derivative with the exception that purification lead to the isolation of a 

single Z isomer. This was evident looking at the triplet at 0.92 ppm which lacks 

the correspond ing signal from the E isomer (see Figure 2.4) . A broad peak was 

observed at 3.15 ppm that is attributable to the C-H of the carborane cage while 

the B-H groups of the carborane form another broad signal spanning from 1-4 

ppm. 20 The peaks in the 11B NMR spectrum and the MS isotope pattern were 

consistent with the presence of a closo carborane cage while the IR spectrum 

showed B-H stretches at 2605 cm-1 . 
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Figure 2.5: 1H NMR of 2.6 (600 MHz, CDCb) 

X-ray quality sing le crystals of 2.6 were obtained by dissolving the white 

solid in boiling petroleum ether, followed by slow evaporation over nine days. The 

crystal structure of the closo carborane was consistent with the results of the nOe 

experiments and confirmed that the product was in fact the Z- isomer. The 

average C-C bond length of the carborane was 1.600(2) while the average B-B 

and C-B bond lengths were 1.782(3) and 1.719(2) respectively which was similar 

to the values reported for simple aryl-carboranes.14 

Removal of the methoxy protecting group in 2.6 was carried out using 

BBr3 in dichloromethane to produce the phenol closo carborane 2.7 in 57% yield 

after recrystallization . The removal of the methoxy protecting group proved to be 

difficult and required a longer reaction time than generally described in the 

38 



MSc Thesis Michael L Beer McMaster University - Chemistry 

literature. 26 This may be a result of the extended conjugation in 2.6 which would 

reduce the electron density on the methoxy oxygen , thereby slowing the rate of 

reaction . Despite the poor reactivity, the 1H NMR spectrum of 2.7 clearly 

j indicated the formation of the phenol through the loss of the signal associated 

with the methoxy group and appearance of signal associated with the phenol 

proton (84.47 ppm). The IR spectrum further confirmed the formation of the 

phenol group (v = 3566 cm-\ 

Single crystals of 2.7 were obtained by slow evaporation of a methanol 

solution and the crystal structure (Figure 2.6) confirmed that 2.7 remained as the 

Z-isomer. The crystallographic data allowed for comparison of the structural 

backbone where the introduction of the carborane seemed to have a negligible 

effect on the structure of the Tamoxifen backbone in the solid state. For instance 

the C1 '-C9' as well as the C1'-C2' and C9'-C10' bond lengths were found to be 

1.348(2), 1.504(2) and 1.502(2) A respectively. The corresponding bond lengths 

in Tamoxifen were found to be: 1.34 , 1.49 and 1.50 A.21 The torsion angles for 

the aromatic rings for 2.6 and 2.7 were found to be 90.470 and 78.59 0 and 79.24 

o and 80.95 0 respectively (defined by the C2 , C7 and C 1, C9 planes and C 10, 

C15 and C1 and C9 planes). This is a noteworthy difference from Tamoxifen 
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61ro 
A B 

Figure 2.6: Crystal structures and atomic numbering schemes for 2.6 and 2.7 
(50% thermal ellipsoids) . Hydrogen atoms were omitted for clarity. 

2.3 Isomerization of 2.7 and the synthesis of E-1-(1,2-dicarba-c/oso­
dodecaborane-1-yl)-1-(4-hydroxyphenol)-2-phenyl-but-1 -ene (2.8) 

When compounds 2.2-2.5 are dissolved in a solvent and exposed to light 

they isomerize and degrade to form a mixture of compounds. In contrast, 

compound 2.7 can be stored for several months as a solid in an open container 

and as a methanol solution exposed to sunlight without any evidence of 

degradation. To further investigate the stability of 2.7 , a temperature course 

study was conducted (Table 2.1) by dissolving the compound in 95% ethanol 

and heating in a Biotage initiator 60 microwave. 1H NMR of the reaction mixture 
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showed that the compound did not degrade but in fact isomerized to form a 

mixture of land E isomers (Figure 2.7). The re lative amount of each isomer 

present was determined by LC-MS. 

Table 2.1: Ell Isomerization of 2.7 in 95% ethanol using microwave heating 

Temperature Time l (%) E (%) 
_eC) (min) (2.7) (2.8) 

80 20 100 0 
100 20 100 0 
120 20 100 0 
140 20 99 1 
160 20 85 15 
180 20 56 44 

2.7 

Figure 2.7: Thermal E-l isomerization of 2.7 

In order to determine the identities of the two signals observed in the 

HPLC of 2.7 (Figure 2.8) following heating, the peak eluting at 20.8 minutes was 

isolated and the product fully characterized. The 1H NMR spectrum showed that 

the product were the E-isomer 2.8 as opposed to the starting l -isomer (Figure 
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2.9). The most notable differences in the NMR was that the upfield shift of the 

signals associated with the methylene group from 2.80 ppm in 2.7 to 1.89 ppm in 

2.8 and the significant (0.5 ppm) downfield shift of the aromatic protons of 2.8 

relative to those in 2.7. 

Figure 2.8: HPLC chromatogram of 2.7 following microwave heating at 180°C for 
20 min in 95% ethanol (elution conditions: Solvent A = Water, Solvent B = 
Acetonitrile: Gradient elution 0-10 min, 80-720% A, 10-25 min , 20-70% A; 
column: Zorbax RX-C18 (4.6x250mm); flow rate : 1 mLlmin) 
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Figure 2.9: 1H NMR spectra of 2.7 (top , 500 MHz, CDCI3) and 2.8 (bottom) (600 
MHz, CDCI3) 

2.4 Gel/Inhibition Assay - Biological Evaluation 

2.4.1 Introduction 

Prior to screening, the purities of 2.7, 2.8 and 1-(4-hydroxyphenyl)-1,2-

dicarba-closo-dodecaborane (2.9) were determined by reversed phase HPLC 

and found to be 98, 97 and 99% respective ly. Their abil ity to inhibit cell growth 

was evaluated using MCF-7 cells which are known to over-express the estrogen 

receptor (ER)22 as well as the MDA MB 231 ce lls that are known to have low 
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endogenous ER expression. 23 Assays were done in comparison to 2.9, a 

compound that has been previously been prepared by our group24 and Endo ef 

al.25 that has shown the ability to bind the ER. Compounds were evaluated at five 

j different concentrations (0.001, 0.01, 0.1, 1 and 1 0 ~M) in the presence and 

absence of estradiol (E2) at four time points (1, 4 , 7 and 10 days).lnhibition 

assays using MDA MB 231 cells showed no appreciable difference between the 

control wells and the wells containing compounds 2.7, 2.8 and 2.9 which is 

expected given the cells low ER expression. 

2.4.2 Results and Discussion 

In the MCF-7 cells, at the highest concentration, 2.7 without E2 present 

(Figure 2.10A), showed nearly identical results to Tamoxifen with an average 

percent inhibition of 15.3 ± 2.1 % and 16.6 ± 5.1 %, respectively. At 0.001 iJM 

Tamoxifen performed approximately 20% better than 2.7, showing an average of 

51.0 ± 3.0% viable cells compared to 60 .8 ± 0.3% for 2.7 (Figure 2.108) . In the 

presence of 1 iJM E2 (Figure 2.10C) the impact of Tamoxifen changed 

significantly over time with percent of control ranging from 69.7 ± 6.7% on day 

one to 14.4 ± 1.3% on day ten , which differs considerably from that for 2.7 (20.0 

± 8.8% to 18.4 ± 1.7 %) under the same conditions. This result indicates that the 

onset of inhibitory action of 2.7 is faster than Tamoxifen, which could in the future 

be potentially advantageous. From Figure 2.10C it is evident that Tamoxifen 
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starts to inhibit proliferation slightly better than 2.7 (14.4 ± 1.3 vs . 18.40 ± 1.7) 

between days seven to ten. The plot also illustrates that 2.8 exhibits inhibitory 

action similar to Tamoxifen , in that is most effective at the later time points, 

I although its ability to inhibit cell growth better than 2.7 occurs after day four. The 

E Tamoxifen analogue (2.8) also exhibits superior inhibition to Tamoxifen on 

days four, seven and ten, showing an inhibition of 23.6 ± 7.5%, 13.4 ± 2.1 % and 

8.6 ± 6.4% in comparison to 35.2 ± 3.5%, 23 .3 ± 2.3% and 14.4 ± 1.3%. At 1IJM 

in the presence of E2 2.8 is ab le to inhibit proliferation better than Tamoxifen , 

2.7 and 2.9, however as the concentration of each drug was decreased with the 

level of E2 remaining constant, proliferation increased, which was expected as 

E2 stimulates cell growth in MCF7 cells. At the lowest concentration in the 

presence of E2 (Figure 2.100) 2.9 showed the fewest number of viable cells 

(45.48 ± 1.8%). 
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Figure 2.10: The results of cell inhibition assays reported a percentage of control 
for compounds 2.7, 2.8, 2.9 and Tamoxifen at days 1, 4, 7 and 10: A: 11JM, B: 
0.001IJM, C: 1 IJM with E2, D: 0.0011JM with E2. 
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2.5 Conclusion 

The stereoselective synthesis of a closo carborane Tamoxifen analogue 

was achieved in reasonable overall yield . It was demonstrated that the closo (Z-) 

carborane Tamoxifen analogue has greater stability towards degradation than 

Tamoxifen itself. It was also determined that isomerization could be carried out 

using microwave heating to obtain a mixture of the E and Z cIa so carborane 

isomers which could be separated in sufficient quantity for characterizing and 

screening. The results of the inhibition assay indicate that the Z carborane 

Tamoxifen analogue (14) shows similar inhibition to Tamoxifen in an E2 free 

environment, while in the presence of E2 the E carborane Tamoxifen analogue 

(15) showed the lowest number of viable cells remaining after four days. These 

results illustrate the potential of the carborane analogues of Tamoxifen as a new 

class of inorganic SERMs. 

2.6 Experimental Section 

2.6.1 General 

All reactions were carried out under argon that had been passed through 

drierite, using commercial grade solvents dried using a Pure Solv MD-6 solvent 

purification system (Innovative Technology Inc.). Chemicals were purchased 

from Sigma-Aldrich or SGF chemicals and used without further purification. 
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Decaborane was purchased from Katchem . Reactions requiring microwave 

heating were performed using a Biotage Initiator 60 instrument. Compound 7 was 

prepared following literature procedure.26 1H, 13C and 11B NMR spectra were 

~ recorded on a Bruker AV600, Bruker DRX500, or Bruker AV200 spectrometers 

with probe temperatures of 30, 25 and 25°C, respectively . 1H NMR chemical 

shifts are reported in ppm relative to the residual proton signal of the NMR 

solvent. Coupling constants (J) are reported in Hertz (Hz). 13C chemical shifts 

are reported in ppm relative to the carbon signal of the solvent while 11B chemical 

shifts are reported in ppm relative to an externa l standard of BF3· Et20. Thin layer 

chromatography plates (Merck F254 silica gel on aluminum plates) were 

visualized using 0.1 % PdCI2 in 3 M HCI(aq) and/or UV light. Infrared spectra 

were acqu ired using a BioRad FTS-40 FT-IR or Nicolet 510 FTIR spectrometer. 

High resolution mass spectra were obtained on a Waters/micromass Q-ToF 

Ultima Global spectrometer. Low resolution LCMS were obtained on a Waters 

2695 LC with a QuaUro Ultima triple quadrupole mass spectrometer. Analytical 

and semi preparative HPLC were performed using a Varian Pro Star model 330 

PDA detector, model 410 auto sampler, model 230 solvent delivery system and 

model 710 fraction collector. Analysis was conducted using Agilent Zorbax SB-

C18 (2a. 4.6x250mm and 2b. 9.8x250mm) columns. Analytical HPLC 

experiments were monitored at 254nm using a flow rate of 1.0mLmin-1 at 30°C. 

Semi preparative HPLC experiments were monitored at 254nm using a flow rate 

of 4.0 mLmin-1at room temperature. The elution protocol used was as follows : 
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HPLC Method A : Solvent A = Water, Solvent B = Acetonitrile : Gradient elution 0-

10 min, 80-720% A, 10-25 min , 20-70% A. 

2.6.2 Crystallographic Details 

X-ray crystallographic data for 2.6 was collected from a single crystal 

frozen in paratone oil. Data was collected at 173 K on a Bruker Smart27 Apex2 

Mo diffractometer using an Apex2 detector (512x512 mode) at 5cm from the 

sample, 3-circle D8 goniometer, 50kV/30mA fine focused sealed tube with 

graphite monochromator and 0.50 mm pinhole collimator. Data was collected 

with omega and phi scans. Data for 2.7 was collected on a 3-circle D8 Bruker 

diffractometer equipped with a Bruker SMART 6000 CCD area detector and a 

rotating anode utilizing cross-coupled parallel focusing mirrors to provide 

monochromated Cu Ka. radiation (A = 1.54178 A) . Data processing for both 

compounds was carried out by use of the program SAINT,28 while the program 

SADABS29 was utilized for the scaling of diffraction data, the application of a 

decay correction and an empirical absorption correction based on redundant 

reflections . The structures were solved by using the direct-methods procedure in 

the Bruker SHELXTL program librarlo and refined by full -matrix least-squares 

methods on F2. All non-hydrogen atoms were refined using anisotropic thermal 

parameters and hydrogen atoms were iocated using the difference map and 

refined using isotropic thermal parameters. 
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2.6.3 Experimental 

(Z/E)-(3-(4-Methoxyphenyl)-4-phenylhex-3-en-1-ynyl)trimethylsilane 
(2.2/2.3) 

Trimethylsilyl acetylene (35 mL, 250 mmol) was added to dry THF (750 mL) that 

had been cooled to _78°C. To this , n-BuLi (100 mL, 250 mmol) was added 

dropwise to form a clear colourless solution. Compound 2.0, (63 .5 g, 250 mmol) 

dissolved in dry THF (500 mL) was added over 30 minutes whereupon the 

reaction turned bright pink. The reaction mixture was allowed to warm to room 

temperature over 12 hours. To the pale yellow solution chilled to O°C, saturated 

ammonium chloride solution (400 mL) was added followed by water (800 mL). 

The mixture was separated into two fractions and each was extracted with diethyl 

ether (3 x 500 mL) which was pooled and dried over anhydrous sodium sulfate 

and evaporated giving yellow oil. The oil (2.1) was dissolved in 40 mL of 

anhydrous pyridine and THF (500 mL) , the solution cooled to _78°C, and thionyl 

chloride (16 mL, 185 mmol) added dropwise over 30 minutes . The reaction 

mixture was allowed to warm to room temperature over a 12 hour period . Water 

(200 mL) was added to the pale yellow solution , followed by 2M HCI (100 mL) . 

The organic and aqueous layers were separated and the organic fraction washed 

with 2M HCI (2 x600 mL) . The aqueous fractions were washed with diethyl ether 

sulfate and evaporated to give brown oil (75g, 89%) . TLC (7.5 : 1 hexanes : ethyl 

acetate) Rf = 0.78; 1H NMR (200 MHz, CDCI3): 0 7.13 (m, 2H , aryl) , 7.06 (m, 3H, 
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ary l) , 6.64 (d, 4H, aryl) , 3.73 (s, 3H , OCH3), 2.89 (q , J=7.5Hz, 2H , CH3), 1.05 (t, 

J=7.5Hz, 3H , CH2) , 0.25 (s , 9H , -Si-(CH3h) ; 13C NMR (50 MHz, CDCI3): 15 158.1 , 

151.8, 140.8, 131.0, 129.0,128.0,126.8, 119.4, 113.0, 105.9,98.3, 55.1 , 31.4, 

12.3,0.1; m/z calculated for [M+Ht C22H270Si: 335.1831 , HRMS EI+ [M+Ht 

335.1847; FTIR (NaCI , cm-1) v: 1608, 2138, 2962. 

(Z/E)-1-Methoxy-4-(4-phenylhex-3-en-1 -yn-3-yl)benzene (2.4/2.5) 

Compounds 2.2 and 2.3 (75 g, 225 mmol) were dissolved in a solution of sodium 

methoxide (16 g, 306 mmol) in methanol (1 L) . The reaction was stirred for 24 

hours at room temperature . Water (500 mL) was added, and the mixture 

extracted with dichloromethane (3 x600 mL), which in turn was extracted with 

water (3 x600 mL) . The organic layer was evaporated to give yellow oil. Yield 

(53g , 81%) . TLC (7.5:1 hexanes : ethyl acetate): Rf = 0.46; 1H NMR (600 MHz, 

CDCI3): (major isomer, 11) 15 7.18 (m , 4H , aryl) , 7.07 (m , 3H , aryl), 6.66 (d , 2H , 

ary l) 3.73 (s , 3H, OCH3), 3.32 (s , 1 H, CH) , 2.93 (q , J=7.5Hz, 2H , CH2) , 1.05 (t, 

J=7.5Hz, 3H, CH3); (minor isomer, 12) 15 7.49 (d , 3H , aryl) , 7.38 (m, 2H , aryl) , 

6.96 (d, 4H, aryl) 3.85 (s, 3H , OCH3), 2.29 (s, 1 H, CH), 2.52 (q , J=7.5Hz, 2H , 

CH2) , 0.90 (t, J=7.5Hz, 3H , CH3); 13C NMR (150 MHz, CDCb) :(major isomer 11) 

15158.1, 152.2,140.5, 130.4 ,128.6, 127.6, 126.4, 118.3, 112.6, 84.3, 80.8 , 54.6, 

30.8, 12.0; m/z calculated for [M+Ht C19H190 : 263.1436 , HRMS [M+Ht EI+ 

263 .1430; FTIR (NaCI, cm-\ v: 1608,2088, 2969 , 3288 . 
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Z-1-(1 ,2-Dicarba-c/oso-dodecaborane-1-yl)-1-(4-methoxyphenyl)-2-phenyl­
but-1-ene (2.6) 

1-Butyl-3-methylimidazolium chloride (2 .8 g, 89 mmol) and decaborane (12 g, 99 

mmol) were dissolved in dry toluene (500 mL) forming a biphasic solution. A 

solution containing the mixture of 2.4 and 2.5 (22 g, 84 mmol) dissolved in dry 

toluene was added dropwise and the resulting solution heated to reflux for 12 

hours. The mixture was filtered and subsequently evaporated to yield a dark solid 

which was purified by silica gel column chromatography (100% hexanes 77.5:1 

hexane: ethyl acetate) to yield a pale yellow liquid , which upon cooling yielded a 

white solid. The white solid was recrystallized from low boiling petroleum ether to 

yield white crystals (8.0g, 25%); mp: 120-121°C ; TLC (7.5:1 hexanes : ethyl 

acetate): Rf = 0.55; 1H NMR (600 MHz, CDCI3): 06.99 (m , 2H, aryl), 6.78 (m , 3H , 

aryl), 6.59 (d , 4H, aryl), 3.67 (s, 3H, OCH3), 3.15 (s, 1 H, Ccarborane-H), 2.93 (q , 

J=7 .0Hz, 2H, CH2), 0.91 (t, J=7.0Hz, 3H , CH3); 11B{1H} (160 MHz, CDCI3): 0 -3.7 , 

-8 .9, -10.0, -12.3, -14.2; 13C NMR (150 MHz, CDCI3): 0 158.6, 151.1 , 142.6, 

131.8, 131.4, 129.4, 129.3, 128.5, 127.5, 126.1 , 113.7, 63.2, 55.2, 27 .7, 12.8; 

m/z calculated for C19H2SB1QO: [M+formater and [M+acetater 425.3129 and 

439.3286, HRMS TOF Er [M+formater and [M+acetater 425.3120 and 

439 .3281 ; FTIR (NaCI , cm-1): v: 1605, 2605, 3071 . 

Z-1-(1 ,2-Dicarba-c/oso-dodecaborane-1-yl)-1-(4-phenol)-2-phenyl-but-1-ene 
(2.7) 

Compound 2.6 (1.0g , 2.6 mmol) was dissolved in dry dichloromethane and 

cooled to -78°C. BBr3 (4.0 mL, 4.0 mmol) was added over 5 minutes and the 
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reaction was allowed to warm to room temperature over 12 hours and stirred for 

an additional 36 hours. The reaction was evaporated to dryness and the residue 

red issolved in methanol and evaporated . The brown solid was recrysta ll ized from 

low boiling petroleum ether yielding 2.7 as a colourless solid (0.5g , 57%) ; mp: 

179-181 °C ; TLC (7.5:1 hexanes : ethyl acetate) : Rf = 0.27; 1H NMR (500 MHz, 

CDCI3): 0 7.02 (m , 2H , aryl), 6.77 (m , 2H , aryl ), 6.66 (m, 3H , aryl), 6.43 (m , 2H , 

aryl) , 4.47 (s , 1 H, OH) , 3.06 (s , 1 H, Ccarborane-H) , 2.80 (q , J=7. 5Hz, 2H, CH2) , 

0.81 (t, J=7.5Hz, 3H , CH3).
13C NMR (125 MHz, CDCI3) 0 154.5, 151 .2, 142.5, 

131 .9, 131 .6, 128.3, 127.4, 126.0, 115.1, 63 .0, 27.5, 12.6; 11 B{ 1 ~-n (160 MHz, 

:365.2918, HRMS TOF Er [M-Hr 365.2910; FTIR (NaCI , cm-1): v: 1603, 2518 , 

2974, 3566 . 

E-1-(1 ,2-Dicarba-closo-dodecaborane-1-yl) -1-(4-phenol)-2-phenyl -but-1-ene 
(2.8) 

Compound 2.7 (1 .0g, 2.6 mmol) was dissolved in dry dich loromethane and 

cooled to -78°C. BBr3 (4.0 mL, 4.0 mmol) was added over 5 minutes and the 

reaction was allowed to warm to room temperature over 12 hours and stirred for 

an additional 36 hours. The reaction was evaporated to dryness and the residue 

redissolved in methanol and evaporated . The brown solid was recrystallized from 

low boiling petroleum ether yielding 2.8 as a colourless solid (0 .5g , 57%); mp: 

179-181 °C ; TLC (7.5:1 hexanes : ethyl acetate): Rf = 0.27 ; 1H NMR (500 MHz, 

CDCI3): 0 7. 02 (m , 2H , aryl) , 6.77 (m , 2H, aryl) , 6.66 (m , 3H, aryl), 6.43 (m , 2H, 
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aryl), 4.47 (s , 1 H, OH), 3.06 (s, 1 H, Ccarborane-H), 2.80 (q, J=7.5Hz, 2H , CH2), 

0.81 (t , J=7.5Hz, 3H , CH3).
13C NMR (125 MHz, CDCI3) 0 154.5, 151.2, 142.5, 

131 .9, 131.6,128.3, 127.4, 126.0, 115.1, 63.0, 27.5 , 12.6; 11B{1ri} (160 MHz, 

C3D60): 0 -3.1, -8.4, -9.2, -11 .1, -13.2; m/z calculated for [M-Hr C1sH 25B100-

:365.2918, HRMS TOF Er [M-Hr 365.2910; FTIR (NaCI , cm-\ v: 1603, 2518, 

2974, 3566 . 

2.6.4 Cell Lines and Tissue Culture 

MCF-7 and MDA MB 231 human breast adenocarcinoma cells lines were 

obtained from ATCC (Manassas, VA). Both cell lines were cultured in DMEM 

without Phenol red (CA 12001 -630 ; VWR International , Mississauga ON) 

supplemented with 10% charcoal-stripped fetal bovine serum (CA95039-622; 

VWR International), 1 % L-Glutamine (25030-081; Invitrogen , Mississauga ON) 

and 1 % antibiotic/antimycotic (AB/AM) (15240-062 ; Invitrogen). All cells were 

maintained at 3rC in 5% CO2. 

2.6.5 Growth Inhibition Study 

MCF-7, and MDA-MB-231 cell lines were used to assess whether 2.7, 2.8 

and 2.9 were effective inhibitors of cell proliferation in ER positive and ER 

negative expressing cel ls. Both cell lines were plated (5.0 x 104 cells) in each 

well of 6-well plates (9.51 cm2 growth surface) in 2 mL medium 24 hours prior to 

the start of the experiment to al low for cell adhes ion to growth surface and 

repopulation of ce ll surface receptors. Each cell line had 46 treatment groups (3 

54 



MSc Thesi s Michael L Beer McMaster University - Chemistry 

replicate wells per group) which included: control (no treatment) , 0.001 , 0.01 , 0.1, 

1 and 10 I-IM of estradiol , Tamoxifen , 2.7 , 2.8 or 2.9 alone, or in conjunction with 

10 nM estradiol (excluding the estradiol group). At the start of the experiment 

j (Day 0), the media was removed from each culture and replaced with 2 mL 

supplemented media containing the appropriate concentration of the 

experimental compound . The compound levels were maintained by replacing the 

culture media with fresh compound containing media every 3 days . 

Trip licate wells of each treatment group were harvested on Day 1, 4, 7 and 

10 to determine total cell number/well. Media was removed from each well and 

discarded , the ce lls were gently rinsed with 1 mL phosphate buffered solution 

(PBS). Cells were released from the growth surface by the addition of 500 1-11 

0.05% trypsin/EDTA to each well , followed by the addition of 1ml media to 

inactivate the trypsin . The growth surface was flushed three times to ensure the 

remova l of all ce lls. An aliquot (50 I-IL) of the resulting cell suspension was placed 

in a microcentrifuge tube for counting . An equivalent volume of the viability dye 

Trypan Blue was added to the cell suspension and mixed well and 10 1-11 of the 

resulting solution was pipetted onto a hemocytometer. The cells within 4 grids 

were counted and averaged to obtain a count of the total cells in each well. A 

Leitz Dia!ux light microscope was used for the analysis . 
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3.0 Radiolabelling and Evaluation of a Carborane Analogue of Tamoxifen 

for Imaging Estrogen Receptor Expression 

3.1 Introduction 

The effectiveness of a particu lar cancer treatment depends largely on the 

specific biology of the tumours present in a patient. Endocrine therapy, for 

example, is effective at treating only 6-10% of ER- breast cancers, while ER+ 

cancers are found to have a positive response 50-60% of the time.i , 2 The ability 

to image expression of the ER would be advantageous in determining primary 

and metastatic ER+ tumours, and assist in providing the most effective treatment. 

To date several ER imaging agents have been developed with varying levels of 

success; the majority of these have been based on either estradiol or Tamoxifen 

(Figure 3.1 ).3-8 
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Figure 3.1: Estrogen receptor imaging agents: 3.1 : (Z)-2-(4-(1 ,2-diphenylbut-1-
enyl)-2-iodophenoxy)-N,N-dimethylethanamine,8 3.2: (Z)-2-(4-(2-(2-iodophenyl)-
1-phenylvinyl)phenoxy)-N,N-dimethylethanamine,6 3.3: 2-(4-(3 ,3-
Bis(thioacetamidomethylene )propanamido )phenyl) -1-( 4-(2 -(N, N­
dimethylamino)ethoxy)phenyl)-1-phenyl-1 (EIZ)-butene Oxotechnetium-99m ,7 3.4: 
FES3 and 3.5: Z-MIVE.9 

Both FES and Z-MIVE are currently being investigated in humans. To 

date, high FES uptake has been shown to correlate well with the effective 

response of endocrine therapy; however, FES exhib its poor target to background 

ratios. 10, 11 Initial trials with Z-MIVE (24 participants) have shown potential for use 

in predicting antiestrogen effectiveness within weeks of the start of treatment; 

however, the compound is susceptible to de-iodination in ViVO .
12 
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To date there have been no reports of Tc analogues of Tamoxifen capable 

of both binding the estrogen receptor with high affinity or being easily 

synthesized in an aqueous environment, nor has there been an iodo-Tamoxifen 

analogue that does not suffer from de-iodination in vivo. Utilizing the carboranes 

unique properties, Tc-Tamoxifen and I-Tamoxifen analogues were successfully 

synthesized and evaluated . 

3.2 Synthesis of E/Z-1-(1 ,2-dicarba-nido-undecaborane-1 -yl)-1-(4-
hydroxyphenyl)-2-phenyl-but-1-ene 

With the closo Carborane Tamoxifen analogue (2.7) prepared , it was 

possible to create labeled analogues by converting the carborane cluster to the 

corresponding nido carborane. Conversion of a closo carborane to a nido 

carborane can be achieved by heating the cluster to reflux in the presence of 

aqueous sod ium fluoride. The data in Table 2.1 suggested that the closo to nido 

conversion using fluoride was feasible so long as the reaction was performed at 

a temperature lower than 120°C, in order to minimize E/Z isomerization. A more 

detailed temperature course study was completed with temperatures ranging 

between 60 and 185°C (microwave heating) in 56% 2-propanol and sodium 

fluoride (Table 3.1) . 
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Yes 
Yes 

Yes 

From Table 3.1 it can be seen that all temperatures that were evaluated 

resulted in an isomerized product except for 60°C. unfortunately at this 

temperature no nido carborane product formed; which was verified by 1H NMR 

(Figure 3.2). Evan at this low temperature, the 1 H NMR (Figure 3.2) of the 

reaction showed the formation of both the E and Z isomers 3.6 and 3.7 (Scheme 

3.1). The isomerization of 2.7 can occur thermally and via deprotonation of the 

phenol as the data from Table 3.1 suggests. To test this , 2.7 was dissolved in a 

solution of ethanol with hydroxide and heated to 60°C (conventional heating) , 

which resulted in a 50:50 mixture of the E and Z isomers suggesting that 

formation of the phenolic anion reduces the barrier to isomerization. 
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Figure 3.2: 1H NMR of 3.6 and 3.7 (500 MHz, CH 30D) 

2.7 

NaF .-
6 

Scheme 3.1 :Synthesis of 3.6 and 3.7 

+ 

3.6 3.7 

To show that the isomerizaton was due to the phenolate anion , 2.6 was 

dissolved in aqueous ethanol with sodium hydroxide (4 days, 70°C). The product 

was obtained as a single isomer (Z) as the nido carborane 3.8 (Scheme 3.2). 
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3.7 

Scheme 3.3: Proposed mechanism for the isomerization of 3.6 to 3.7 

3.3 Synthesis of piperidinium Z-1-(1,2-dicarba-nido-undecaborane-1-yl)-1-
(4-phenol)-2-phenyl-but-1-ene 

While attempting alkylation reactions on the phenol group in anhydrous 

pyridine it was found that 2.7 did not isomerizes even when heated. A 

temperature course study was performed (Table 3.2) where 2.7 was dissolved in 

anhydrous pyridine and heated with microwave radiation for 20 minutes. The 

relative yield of each isomer was determined using HPLC-ESMS. Even at 

elevated temperatures, little isomerization was observed . It is also interesting to 

note that no nido formation (to give 3.6) was observed. These results clearly 
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indicate that the isomerization process is also solvent dependent, suggesting that 

formation of the nido carborane as a single isomer should be feasible. 

160 
o 9 1 

Having shown that 2.7 can be heated to high temperatures in anhydrous 

pyridine without isomerizing , the next step was to select a more basic amine to 

promote formation of the nido species 3.8 as a single isomer. It was found that 

2.7 dissolved in neat piperidine (pKb = 2.8) at room temperature for 10 minutes 

resulted in the quantitative formation of 3.8 (Scheme 3.4) . In addition to the 

formation of a single isomer, the purification of the compound with a piperidinium 

cation was found to be far simpler since the organic cation product was not water 

soluble and thus could be purified via C18 solid phase extraction (SPE) . 

Compound 3.8 was isolated in a 85% yield as an orange coloured semi-solid . 

Scheme 3.4: Steroselective Formation of 3.8 Using Piperidine 
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The MS data of the isolated product was consistent with the expected 

mass while the 1H NMR spectrum clearly showed a single isomer; additionally, 

the FTIR spectrum exhibited 8-H stretches (2515 cm-\ The 118 NMR spectrum 

further confirmed the product was nido in that two peaks appeared at -35.1 ppm 

and -31.4 ppm (Figure 3.3) which are indicative of the two boron atoms 

connected to the bridging proton . 

.... ..... 00 1'"- '" r- ..... 
'" '" 00 '" '" \D 

0 1'"-
\D U) (- '" .,. ..... -'" 0 
00 ,,; 4' \D '" ..... ..... u) 

Z-NidQ-plwnol carborane 1'"- ..... .......... .... '" ~) ~) , I I I I I I I 

I I I I I I I I 

T-........ ,...T~ ........ rr- Tr"<....- ..... T~-.. • ... T·-. r'-"1'--'~ """""--'r""'''''''''r ~ ·'r"'r'''''-· l" .,...,.r-.......... · .. r ......... ..-'-..· .... l .. - .TI···· 

20 15 10 5 0 - 5 10 15 20 25 - 3 0 35 4 0 4 5 :, 0 5:' ppm 

Figure 3.3: 118{1H} NMR of 2.9 (160 MHz, CD30D) 
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3.4 Isomerization of piperidinium Z-1-(1,2-dicarba-nido-undecaborane-1-
yl)-1-(4-phenol)-2-phenyl-but-1-ene 

While attempting to grow X-ray quality crystals of 3.8 by the slow 

~ evaporation of a methanol solution of the carborane, it was found that 3.8 

undergoes E/Z isomerization and degradation. The isomerization of Tamoxifen 

is well established 13 and it has been shown that in solution under UV light the Z 

isomer of Tamoxifen will convert to both the E isomer and phenanthrenes.14 

Figure 3.4 shows the proton NMR of compound 3.8 after one week in a solution 

of methanol at room temperature . The triplets observed at 0.65 and 0.95 ppm 

can be attributed to 3.7 and 3.8, respectively , while the third triplet displayed at 

1.2 ppm could be due to the formation of a phenanthrene derivative (3 .9) of 2.9 

(Scheme 3.5) . 
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1 . 2 1 . 1 1 . 0 0 . 9 0 . 8 0 . 7 ppm 

I I I I I I I I ! ( , I I I I 

7 . 5 7 . 0 6 . 5 6 . 0 5 . 5 5 . 0 4 . 5 4 . 0 3 . 5 3 . 0 2 . 5 2 . 0 1. 5 1. 0 0 . 5 ppm 

Figure 3.4: Compound 3.8 after one week in a solution (methanol) (600 MHz, 
CD30D) 

HO 

uv 

3.9 
Scheme 3.5: Possible phenanthrene derivative of 3.8 

There are many possible ways to rationalize the isomerization of 2.7 and 

3.8. The most widely accepted mechanism for cis-trans isomerization involves 
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the concept of the triplet excited region. 15 It has been shown that for polyenes, 

electrons in the middle of a conjugated molecule can be excited into a triplet 

state and thus become single bond-like, allowing for free rotation .16 The solvent 

that is used in a reaction can also potentially stabilize or destabilize certain 

transition states thus promoting or hindering cis-trans isomerization . 

3.4.1 Preparation of the Rhenium Complex 3.10 

In the past, the first step in synthesizing a rhenium carborane standard , which 

is needed to fully characterize the 99mTc analogue, involves formation of the nido 

species. This is followed by microwave heating the cluster in aqueous alcohol at 

high temperature and pressure (200°C, 20 bar) with [Re(COh(H 20h]Br 

(Scheme 3.6). With the knowledge that 2.7 can be heated to high temperatures 

in an amine base, the metallation reaction was attempted using dry piperidine in 

the presence of [Re(COh(H20h]Br. After twice heating the reaction in a 

microwave at 180°C for 15 minutes HPLC was employed to isolate the desired 

rhenium Tamoxifen analogue. 1H NMR indicated the isomeric purity , which was 

determined to be 6:1 (E:Z) (E:3.10, Z:3.11, Scheme 3.6). 
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Pyridine ---r 
+ 

or 
20% EtOH 

[Re(COht 
(OChReHgBg 0 -

H ~ 
3.6 

Z 

3.7 

E 

3.10 

E 

Scheme 3.6: Synthesis of rhenium Tamoxifen analogues 3.10 and 3.11 

Since the metalalation reaction in anhydrous amine resulted in both the E 

and Z isomer and not a single E isomer as expected the reaction was repeated in 

water in the presence of sodium fluoride using a mixture of 3.6 and 3.7. The 

crude sample was purified via preparative HPLC collecting all peaks that 

corresponded to the mass of the target compound (Figure 3.5: m/z=625, Tr= 4.9-

6.0 minutes) 

o DAD 1 A. Si g"'2!54 A Ret-360 ,100 (C \C HEM32\nDATA\Z·RE· T AM'>Z·RE· T AI>oIDOO0 21 .0) 

\ f\ - ~ L ___ ~ 
.. ------------------------------------------------------------;---=----~----------- --------------~~..::.:. ----------------------------- ""«.:::.:::.::----. 

m, 

Figure 3.5: Crude preperative HPLC trace of the reaction of 3.6 and 3.7 with 
[Re(COh(H20ht in 20% EtOH NaF. The red box indicates the peaks with a m/z 
of 625. (Zorbax SB C18 21x250 mm, 18 mLlmin, 50:50 ACN : 5 mM ammonium 
acetate) 

72 

3.11 

Z 



MSc Thesis Michael L Beer McMaster University - Chemistry 

The HPLC was successful at removing unreacted starting materials 

consequently the next step was to separate the E and Z isomers 3.10 and 3.11 . 

This was achieved using the same HPLC method employed to purify the bulk 

sample employing a smaller injection volume (Figure 3.6). Following HPLC 

purification, samples were lyophilized and 1H NMR was utilized to identify the 

purity of the fractions. The NMR spectra obtained from the two HPLC peaks were 

identical. showing a E:Z ratio of 25:1 based on the integration of the ethyl signals 

(Figure 3.7) . The data also suggests that the Z nido isomer (3.6) is more reactive 

than the E nido isomer (3.7) and that the two peaks observed in the HPLC trace 

were not geometric isomers of the Tamoxifen backbone but possible carborane 

isomers (Figure 3.8) . 

c:J DAD I A. S l g~254.4 R ~fs360 . 100 (C.\CH EM32\I'DATA'tZ-RE· T AIt.~\Z· RE· TA>AOOOO2Q.O) 

"""" 

.,.,. ~ 

...., 

""'"' 

'''''' 

..". 

\ ..". 

CJ!l 

0 \ 

\ - ~ 
~---~ co ....---' 

·n 2 :0 .. ~ ti " "' .. 

Figure 3.6: HPLC Trace of the HPLC purified reaction of 3.6 and 3.7 with 
[Re(COh(H20ht in 20% EtOH NaF. (Zorbax SB C18 21x250 mm, 18 mLlmin, 
50:50 ACN : 5 mM ammonium acetate) 
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Figure 3.7 : 1H NMR spectra of 3.10 and 3.11 Showing a E:Z Ratio of 25:1 
(CD30D, 600MHz) 

3.4.2 Rhenium Standard - Carborane Isomerization 

A recent publication from our group 17 has outlined the role that sterics and 

electronics play in the isomerization of the carborane group upon reaction with 

Re(COh +. There are three possible carborane isomers that can form 'vvhen the 

open faced nido ligand is recapped with the rhenium tricarbonyl species; these 

include the 3,1,2 (3.12a), 2,1,8 (3.12b) and 2,1,8 (3 .12c) isomers (Figure 3.8) . 
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The steric bulk of the Tamoxifen backbone would favour isomerization to the 

2,1,8 species 3.12b, followed by 3.12c, which is also a 2,1,8 species. Several 

pieces of evidence support that the rhenium Tamoxifen analogue was in fact a 

mixture of the two 2,1,8 isomers. First, a large change in chemical shift for the 

carborane C-H is observed; for the closo carborane analogue (2.7) which is 

known to have a 3,1,2 configuration the carborane C-H signal is at at 3.5 ppm, 

while 3.12b/c has a C-H signal at 1.6 ppm. In addition to the carborane C-H 

shift, a 20 NOESY spectrum was obtained in which no enhancement of any of 

the Tamoxifen backbone protons was seen when the carborane C-H was 

irradiated; which is consistent with studies on other 2,1,8 isomers. 

Figure 3.8: Possible rhenium carborane Isomers 3.12. (Structures drawn using 
HyperChem Release 7.5) 

3.4.3 Tc - Tamoxifen 

With the rhenium standard fully characterized , the next step was to 

perform the metallation reaction using [99mTc(COh(H20hr (3.13, Schemes 
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3.14). Starting with 1.2 G8q (32 mCi) of 3.13,6 mg of the mixed E/Z nido 

carboranes (3.6 and 3.7) in 20% ethanol was added and the reaction was 

subjected to microwave heating (30 min , 200°C) . The mixture was purified using 

SPE to remove unreacted [99mTc(COh(H20hr, followed by HPLC purification to 

remove excess starting material. The HPLC fractions were again passed 

through a SPE cartridge to remove the ammonium acetate buffer from the HPLC 

eluent and the solution was evaporated using a V10 evaporation system. The 

purified Tc Tamoxifen analogue (3.14a/b) was injected on an analytical HPLC 

column and the retention time was compared with the rhenium standard (Figure 

3.9). From Figure 3.9 it can be seen that the Tc Tamoxifen analogue HPLC trace 

has two signals that correspond to the two 2,1,8 rhenium isomers (3.14 a and b). 

The overall uncorrected yield for the 6 hour synthesis was 5.9 ± 1.5% (n=3) . The 

low yield of the radiolabeling reaction is most likely due to the steric crowding of 

the open face of the nido carborane. While by no means suitable for clinical use, 

the yield is sufficient for running in vitro assays and it represents the most 

sterically crowded carborane labeled to date. 

L:. ~ [Tc(COh(H20ht 
Na2C03 

K2(BH3C02) 

Na/K Tartrate 

Na2B40710H20 

3.13 

Scheme 3.7: Synthesis of 3.14 

15 

16 
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Figure 3.9: HPLC trace of 3.12b/c (Top) and 3.14a/b (Bottom) . (Zorbax SB C18, 
4.6x250mm, 60% ACN with 5 mM ammonium acetate) . 

3.5 Cell uptake assay 

3.5.1 Introduction 

Once compounds 3.14a and 3.14b had been synthesized with 

radiochemical purity >98% the next step was to determine if either compound 

would bind the ER specifically and if there was a difference between the two 

carborane isomers. The uptake assay consisted of four treatment groups 

outlined in Table 3.3 and the human MCF-7 cell line was used as it is known to 

over express the ER. 18 Each isomer was evaluated at five time points (15 min, 

30 min, 1 hr, 2 hr, 4hr) at 3rC. 
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Table 3.3: Ce ll Uptake Assay Protocol for 3.14a/b 

Treatment Group 
A - Control 9.5 ml media + 0.5% BSA, 0.5 ml Tc-Tamoxifen (3.14a or 

3.14b) 
8 - 3.14 + 10nM 3.12 9.5 ml media+0.5% BSA, 0.5 ml Tc-Tamoxifen (3.14a or 

3.14b), 101J 120IJM Re-Tamoxifen (3.12) 
C - 3.14 + 10IJM 3.12 9.3 ml media+0.5% BSA, 0.5 ml Tc-Tamoxifen (3.14a or 

3.14b), 200IJI 2mM Re-Tamoxifen (3.12) 
D - 3.14 + 10nM 3.12 + 9.5 ml media+0.5% BSA 100nM Tamoxifen , 0.5ml Tc-
1 OOnM Tamoxifen Tamoxifen (3.14a or 3.14b), 1 OIJ I 20IJ M Re- Re-Tamoxifen 

(3.12) 

3.5.2 Results and Discussion 

From Figure 3.10 it can seen that the minor Tc-Tamoxifen analogue 

(3.14a) was able to bind the MFC-7 cel ls with increasing affinity as the incubation 

time was increased, with a percent uptake of 1 0.15±1 .5% at the fifteen minute 

time point and 83 .81 ±13.17% at the 4 hour mark (group A). With the addition of 

10 nM 3.12a (group 8), no significant difference was seen when compared with 

treatment group A . To determine non specific bind ing of 3.14a, a blocking study 

using a high concentration of 3.12a (group C, 10 IJM) was completed. From 

group C it can be seen that the cold Re-Tamoxifen analogue (3.12a) is able to 

significantly block the uptake of 3.14a at the two and four hour time points with a 

percent uptake of 44.31±4.45 and 48.60±5.52% compared with 68.64±7.65 and 

83.81 ±13.17% seen in the control group, which represents a blocking of 35 and 

42% of the activity respectively. The final treatment group (D) ; using a high 
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concentration of Tamoxifen (10 nM) showed minimal difference in uptake when 

I compared with group A (74.30±13.17% versus 83 .81 ±13.17% at 4 hours) . 

I 

I 
The results from the uptake assay of 3.14b show notable differences. The 

% uptake for group A (Figure 3.11) shows a similar uptake at the fifteen minute 

and one hour time points with a percent uptake of 20.68±2.88 and 26.87±4.60% 

respectively. A significant increase is seen at the two hour mark with a percent 

uptake of 75.13±15.56%, while at the four hour time point there is a significant 

decrease in uptake seen (35.11 ±3.1 0%) . This data suggests that the kinetics of 

binding of 3.14b is faster than 3.14a. 

Simi lar to 3.14a, sign ificant blocking of 3.14b was seen with group C at 

the two and four hour time point, but unlike 3.14a blocking was also seen at the 

fifteen minute time point. The percent activity blocked was found to be 53, 61 

and 72% for the fifteen minute , two and four hour time points respectively. 

The results suggest that 3.14a and 3.14b behave significantly different in 

vitro . The most notable difference is seen in the binding profiles from group A , 

with the time to achieve maximum binding and subsequent clearance being 

significantly different. Both compounds show specific binding , but the results 

from group 0 suggest, that this biding is either not to the ER or that Tamoxifen is 

not able to completely inhibit 3.14a and 3.14b. 
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Figure 3.10: Cell Uptake Assay Results for 3.14a 

Figure 3.11: Cell Uptake Assay Results for 3.14b 
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3.6 Synthesis of lodo-Tamoxifen 

As mentioned in section 1.6, carboranes can be labeled with both 

technetium and iodine. To optimize the radiolabelling of 3.8 with various radio 

isotopes of iodine, a cold standard was first required. Iodination of the nido 

carborane cage by the addition of 12 in absolute ethanol was first investigated by 

Hawthorne et al. in 1965.19 The iodination of 3.8 was achieved by adding 0.9 

equivalents of b in a 95% ethanol solution to the nido carborane in the absence 

of light and quenching the reaction after 30 seconds to ensure no di-iodinated 

product was formed (Scheme 3.8). The expected product (3.15) was isolated by 

reversed-phase HPLC in a 38% yield. 

HO 

+ 
95% EtOH 

2.7 3.8 3.15 3.16 

Scheme 3.8: Iodination of 3.8 in 95% ethanol 

There are two possible positional isomers of 3.15 that can be formed 

because 3.8 has two possible iodination sites (Figure 3.12) . The positional 

isomers can be seen in the HPLC-MS trace (Figure 3.13) where each peak was 

confirmed to be the same mass. It is interesting to note the 2: 1 ratio seen in the 
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HPLC trace. This ratio is most likely due to the preferential formation of the 

iodination product on the less sterically hindered boron (83) (Figure 3.13). 

R 
I 

C C:c--H 

3.8 

/~ 
R H 
I I 
C H C 1- 8/ ' C-- R--C/ ' 8 ---. ---3.15 

R= 

e =8-H 
e =8-H. Iodination Site 

Figure 3.12: Representation of the top face of nido carborane 3.8 and 3.15 
showing two possible iodination sites (the rest of the carborane has been omitted 
for clarity) . 

Figure 3.13: HPLC-ESMS (ion-trap) spectrum of 3.15 showing two distinct 
signals with the same mass (482 m/z) (Zorbax S8 C18, 1 mLlmin, 70% ACN with 
15 mM ammonium acetate) 
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To confirm the two peaks in the HPLC trace were a result of the two 

different iodination sites of 3.8, the 1H spectrum (Figure 3.14) was collected and 

analyzed in detail. The aliphatic region (Figure 3.14) showed significant shifts of 

~ the methyl signal (0.3 and 0.4 ppm), which is similar to the shift seen in the 

conversion of 2.7 to 2.8 (E and Z closo carborane analogues). Four triplets are 

clearly seen where the resolution of the two triplets at 1.3 ppm was enhanced by 

reprocessing the data using Gaussian multiplication (Figure 1.15). These two 

peaks most likely arose from the two Z iodinated products (see Table 3.4) . The 

specific chemical shifts and most probable iodination sites are summarized in 

Table 3.4. 
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ppm 

I i I I I I I I I I I I I I I I I 
9 . 0 8 . 5 8.0 7 . 5 7.0 6 . 5 6 . 0 5 . 5 5.0 4 . 5 4.0 3 . 5 3 . 0 2 . 5 2.0 1.5 1. 0 ppm 

Figure 3.14: 1H NMR Spectrum of the products from the treatment of 3.8 with 12 
(3 .15 and 3.16) (Pyridine-ds, 700MHz) 
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I , I I I I I I I 
~ . 3 ~ ~. 30 1.29 ~. 2B ppm ~.05 ~.OO 0 . 95 0.90 0.65 ppm 

Figure 3.15: Expansions of the aliphatic regions of the 1 H NMR spectrum of ethyl 
groups of 3.15 I 3.16 (Pyridine-ds, 700MHz, Gaussian multiplication) 

Table 3.4: Assignments of the E/Z Isomers of 3.15 and 3.16 

1H Shift 1.299 1.295 1.030 0.852 
Isomer l (3.15) Z (3.15) E (3.16) E (3.16) 
Iodination 

I /B" 
B B 

I /B" site B/ "S-- -I B/ "B--I --B B --B B 
\ / \ / \ / \ / 
C- C 

/ \ 
C- C 

/ \ 
C- C 

/ \ 
C- C 

/ \ 
H R H R H R H 

Since 3.15 undergoes Ell isomerization under aqueous conditions, and to 

date the only solvents that are able to prevent this isomerization are not 

amenable to biological testing , it was determined that the best course of action 

would be to prepare the mixed Ell mono iodinated analogues (3.15 and 3.16) 
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starting from the mixed E/Z nido carborane analogues (Scheme 3.9). The 

iodination reaction was repeated as describe above, although no precaution was 

taken to shield the reaction from light. The product was purified using semi 

j preparative HPLC, followed by analytical HPLC to verify the purity (Figure 3.16) . 

The product was characterized using multi-NMR which indicated the presence of 

four isomers as expected . In addition the HRMS showed the distinctive 

carborane isotope pattern and the IR spectrum showed a signal at 2517 cm-1 

also confirming the presence of the carborane cage. 

HO 

+ 
95% EtOH 

3.6 3.7 3.15 3.16 

Scheme 3.9: Iodination of a mixture of 3.6 and 3.7 
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Figure 3.16: HPLC trace of: nido carboranes 3.6 and 3.7 (top) and the cold 
iodine standards 3.15 and 3.16 (bottom) . (Zorbax SB-C18, 254nm, 1mLlmin, 
50% ACN (5 mM ammonium acetate. The early eluting peaks at 5.6 min (top , 
3.7) and 9.2 min (bottom, 3.16) corresponds to the E isomer while the late eluting 
peaks at 6.3 min . (top, 3.6) and 10.7 (bottom, 3.15) correspond to the Z isomer. 

An initial radiolabelling of 3.6/3.7 with iodine-125 proved successful with 

good correlation found between the iodo standard and the peaks seen in the 

gamma trace (Figure 3.17) . The next step would be to repeat the rad iolabelling 

experiment and isolate the two product peaks which correspond to the two peaks 

seen at 10 and 12.5 min in the HPLC trace (Figure 3.17, top) . Once the pure 

samples of the iodinated carborane Tamoxifen analogue have been isolated they 
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cou ld be evaluated for their ability to bind the ER in the same manor that was 

used for the Tc analogue. 

~ 
I 

I 

I 

o 

75 

50 

25 

10 15 

Minutes 

Figure 3.17: HPLC trace of the reaction mixture involving the labeling of 3.6/3.7 
with Nal[1251] in the presence of lodogen. (3.16 and 3.17, gamma, top) co­
injected with the cold standard (3.12 and 3.13, UV, bottom). (Zorbax SB C18, 1 
mLlmin, 60% ACN with 0.05 mM 
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3.7 Conclusion 

Labelling of the lead compound (2.7) with technetium and iodine was 

successful. The Tc(COh+ complex (3.14) was isolated in poor yield (5%) , but 

high purity . Initial biological results of the technetium analogue (3.14) have 

shown the ability to bind MFC-7 cells, although further work is required to verify 

that the ER is in fact the target. Preliminary radio iodination experiments indicate 

incorporation of 125
1 onto the carborane and good correlation with the cold iodine 

standard . 

3.8 Experimental 

General 

All reactions were carried out under argon that had been passed through 

drierite, using commercial grade solvents dried using a Pure Solv MD-6 solvent 

purification system (Innovative Technology Inc.). Chemicals were purchased 

from Sigma-Aldrich or SGF chemicals and used without further purification . 

Decaborane was purchased from Katchem. Reactions requiring microwave 

heating were performed using a Biotage Initiator 60 instrument. Compound 7 was 

prepared following literature a procedure .20 
1 H, 13C and 11 B NMR spectra were 

recorded on Bruker AV600, Bruker DRX500, or Bruker AV200 spectrometers 

with probe temperatures of 30, 25 and 25°C, respectively . 1H NMR chemical 
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shifts are reported in ppm relative to the residual proton signal of the NMR 

solvent. Coupling constants (J) are reported in Hertz (Hz) . 13C chemical shifts 

are reported in ppm re lative to the carbon signal of the solvent while 11B chemical 

shifts are reported in ppm relative to an external standard of BF3·Et20 . Thin layer 

chromatography plates (Merck F254 si lica gel on aluminum plates) were 

visualized using 0.1 % PdCb in 3 M HCI(aq) and/or UV light. Infrared spectra 

were acquired using a BioRad FTS-40 FT-IR or Nicolet 510 FTIR spectrometer. 

High resolution mass spectra were obtained on a Waters/Micromass Q-ToF 

Ultima Global spectrometer. Low resolution LCMS were obtained on a Waters 

2695 LC with a QuaUro Ultima triple quadrupole mass spectrometer. Analytical 

and semi preparative HPLC were performed using a Varian Pro Star model 330 

PDA detector, model 410 auto sampler, model 230 solvent delivery system and 

model 710 fraction collector. Analysis was conducted using Agilent Zorbax SB­

C18 (4.6x250 mm (5 ~), 9.8x250 mm (5 ~) and 21x250 mm (7 ~)) columns. 

Cell Lines and Tissue Culture 

MCF-7 human breast adenocarcinoma cells lines were obtained from 

ATCC (Manassas, VA) , and were cultured in DMEM without Phenol red 

(CA12001 -630; VWR International , Mississauga ON) supp lemented with 10% 

charcoal-stripped fetal bovine serum (CA95039-622: VWR International), 1 % L­

Glutamine (25030-081 ; Invitrogen, Mississauga ON) and 1 % 
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antibiotic/antimycotic (AB/AM) (15240-062; Invitrogen). All cells were maintained 

at 3rC in 5% CO2 . 

Cell Uptake Assays 

6-well plates were seeded with 1 x1 05 MCF-7 cells/well 48 hours prior to 

the start of the experiment with 2 mL of media per well . After incubation the 

media from wells was removed and washed twice with 2 mL PBS+0.5 % BSA. 

500 IJI of incubation solution (group A, B, C or D) was added to each well and 

incubate for appropriate amount of time. After incubation, the incubation solution 

was aspirated and the cells were washed twice by adding 1 mL PBS+0.5% BSA 

to each well and rocking gently in succession. To release the cells from the 

growth surface 500 IJI of Trypsin/EDTA was added to each well and incubated at 

room temperature until cells released from growth surface (repeat twice) . 500ul 

PBS+0.5% BSA was added to wash growth surface and the cells were 

transferred into test tubes and counted on a gamma counter. 

Sodium Z-1-(1 ,2-Dicarba-nido-undecaborane-1-yl)-1-(4-methoxy phenyl)-2-
phenyl-but-1-ene (3.8) 

2.6 (1.0 g, 2.68 mmol) was dissolved in absolute 2-propanol (IPA) and 

water was added to form a 60% IPA solution (total volume 400 mL) . Sodium 

hydroxide (10.0 g, 250 mmol) was added to the solution and heated to 70°C . 

The reaction was monitored by TLC for the conversion of closo to nido (48 
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hours). The solvent was concentrated (- 150 mL) under vacuum, and CO2 was 

bubbled through the aqueous mixture to form a milky solution which was filtered 

to remove the white precipitate. The sample was lyophilized yielding a 

hydroscopic white solid (0.845 g, 85 %). TLC (1: 1 dichloromethane : Methanol) 

Rf =0.87; 1H NMR (500 MHz, CD30D) : 0 7.12 -6.60 (m , 9H , aryl) , 2.73 (m , 2H , 

CH2), 2.24 (s, 1 H, Ccarborane-H), 1.01 (t, 3 J=7.40, 3H, CH3); 13C{1 H} NMR (125 

MHz, CD30D) : 0 13.1, 29.6, 55.4, 112.4, 125.8, 127.9, 130.5, 132.7, 137.1, 

143.1,144.7, 145.3,158.1; 118{1rU (160 MHz, CD30D): -8.3, -11.0, -15.2, -17.4,-

19.9, -21.6, -31.9, -35.5; m/z calculated for [Mr C1gH2S8g0- 371 .2978 HRMS TOF 

Er [Mr 371.3307; FTIR (NaCI, cm-1) v: (2517,2974,3566,3632) . 

Piperidinium Z-1-(1 ,2-Dicarba-nido-undecaborane-1-yl)-1-(4-phenol)-2-
phenyl-but-1-ene (2.9) 

2.7 (440 mg, 1.2 mmol) was dissolved in of piperidine (100 mL) and stirred 

at room temperature for 40 minutes . Excess piperidine was removed under 

vacuum to yield a pale yellow semi solid . The product was purified by dissolving 

the solid in 20% aqueous methanol and eluting through a C 18 solid phase 

extraction cartridge to yield a sticky dark orange semi-solid (451 mg, 85 %) TLC 

(1:1 hexanes : dichloromethane) Rf = 0.31 ; 1H NMR (500 MHz, CD30D) : 07.05 -

6.41 (m , 9H , ary l) , 2.64 (m, 2H, CH2), 2.14 (s, 1 H, Ccarborane-H) , 1.00 (t , 3 J=7.40, 

3H, CH3); 13C{1H} NMR (125 MHz, CD30D): 0 13.2, 23.7 , 24.8, 29.5, 46.2 , 52 .7, 

66.8 , 113.8,125.8 , 127.8, 130.4, 132.7, 135.9,143.0, 144.5, 145.1 , 155.0; 

118CH} (160 MHz, CD30D) : -7. 9, -10.6, -14.8, -17.0, -19.5, -21 .2, -31.4, -35.1; 
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m/z calculated for [Mr Ci8H26BgO- 357.2821 HRMS TOF Er [Mr 357.2805; FTIR 

(NaCI, cm-i ) v: (2515, 2955, 3171, 3495) . 

Sodium rac-8-(E-1-(1 ,2-Dicarba-nido-undecaborane-1-yl)-1-(4-phenol)-2-
phenyl-but-1-ene) 2,2,2-tricarbonyl-2-rhenium-2,1 ,8-dicarba-closo-
dodecaborate (3.12b) and Sodium rac-1-(E-1-(1,2-Dicarba-nido-
undecaborane-1-yl)-1-(4-phenol)-2-phenyl-but-1-ene) 2,2,2-tricarbonyl-2-
rhenium-2,1 ,8-dicarba-closo-dodecaborate (3.12a) 

34 mg (0.8 mmol) of NaF and 75 mg (0.2 mmol) of 2.7 was dissolved in 3 

mL of 20% ethanol, sealed in a microwave vial and heated to 180°C for 10 

minutes to produce compounds 3.6 and 3.7 . To this mixture 325 mg (0.8 mmol) 

of [Re(COh(OH2h]Br was added and the mixture was heated to 180°C for 15 

minutes. Th is was again repeated with 311 mg (0.77 mmol) of [Re(COh(OH2h]Br 

and heated again to 180°C for 15 minutes. The product was purified by passing 

the crude reaction mixture (20% ethanol) through a C 18 solid phase extraction 

cartridge and eluted with acetonitrile. The product was subsequently dried at 

reduced pressure. The product was then twice purified via semi preparative 

HPLC (Zorbax SB C18, 60% acetonitrile, 40% 5 mM ammonium acetate, 5 

mLlmin) and dried for at reduced pressure. The product subsequently dissolved 

in water, frozen and lyophilized to yield a white powder (2 .9 mg, 4.6x10-3 mmol , 

2.3 %). i H NMR (700 MHz, CD30D, major isomer): (5 6.94-6.91 (t, aryl) , 6.83-

6.81 (t, aryl) , 6.72-6.71 (d , aryl), 6.69-6 .67 (dd , aryl), 6.64-6 .62 (dd , aryl) , 6.40-
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6.6 .38 (dd, aryl) , 6 .36-6 .35 (dd, aryl), 2.83-2.79 and 2.73-2 .69 (m , 2H , CH3) , 1.66 

(s , 1 H, carborane C-H), 0.75 (t, J=7.5Hz, 3H , CH2); 1H NMR (700 MHz, CD30D, 

minor isomer): 07.24-7.21 (m , aryl), 7.19-7.17 (m , aryl) , 7.13 (m, aryl) , 1.75 (q , ! J; 7.5 Hz, 2H, CH,), 1 .30 (s, 1 H, carborane C-H), 0.58 (t, J; 7. 5Hz, 3H, CH,); 13C 

NMR (175 MHz, CD30D, Major isomer) : 0; 200.8, 155.4, 146.5, 146.1, 139.6, 

138.0, 133.0, 130.5, 127.8, 125.6, 114.2, 59.2 , 29.5, 28.8 , 13.5; 11 B NMR (160 

MHz, CD30D) : 0; -5.2, -8.5, -12.8, -19.5, -21.1; m/z calculated for [Mr 

C21H2S04BgRe: 625.2208, HRMS ES- [Mr 625.2224; FTIR (KBr, cm-1) v: (1869 , 

1903, 1998, 2559 , 2928) . 

Sodium rac-3- (lodo-4-nido-carboranyl)-(z-1-(1 ,2-Dicarba-nido­
undecaborane-1-yl)-1-(4-phenol)-2-phenyl-but-1-ene) and Sodium rac-3-
(lodo-6-nido-carboranyl)-(z-1 -(1 ,2-Dicarba-nido-undecaborane-1-yl)-1-(4-
phenol)-2-phenyl-but-1-ene) (3.15) 

Sodium rac-3- (lodo-4-nido-carboranyl)-(E-1-(1 ,2-Dicarba-nido­
undecaborane-1-yl)-1-(4-phenol)-2-phenyl-but-1-ene) and Sodium rac-3-
(lodo-6-nido-carboranyl)-(E-1-(1 ,2-Dicarba-nido-undecaborane-1-yl)-1-(4-
phenol)-2-phenyl-but-1-ene) (3.16) 

22 mg (0 .55 mmol) of NaF and 50 mg (0 .14 mmol) of 2.7 was dissolved in 2 

mL of 20% ethanol , sealed in a microwave vial and heated to 180°C for 10 

minutes to produce compounds 3.6 and 3.7. 1 mL of the nido carborane mixture 

was diluted to 5 mL with 95% ethanol and 15 mg (0 .06 mmol) of Iz dissolved in 5 

mL of 95% ethanol was added . The reaction was manually agitated for thirty 

seconds and subsequently quenched with 5 mL solution of saturated sodium 
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metabisulfite, transforming the solution from brown to colourless with a white 

precipitate. The reaction mixture was filtered using a 0.22 IJm filter and the filtrate 

volume was reduced to 5 mL under vacuum . The product was purified using 

preparative HPLC (Zorbax SB C18, 21 x250 mm 71J , 18 mLlmin, 50% aceton itrile 

50% 5 mM ammonium acetate) . The HPLC fractions were combined , 

evaporated ; re dissolved in water and lyophilized yielding a white powder (10 .9 

mg , 0.023 mmol , 38 %) . 1H NMR (500 MHz, CD30D): (57.70 -6.31 (m , 9H , aryl) , 

2.63-2.53 (m, 2H) , 2.50-2.43 (m , 2H) , 2.25 (5, 1 H), 2.07 (5, 1 H) , 2.05-1.88 (m , 

2H), 1.99 (5, 1 H) , 1.66 (s , 1 H), 1.31 -1.26 (m, 2H), 0.97-0.93 (2 x t, 6H) , 0.71 (t, 

3H) , 0.64 (t, 3H); 13C{1 H} NMR (125 MHz, CD30D) : (5 12.8, 13.5, 13.8, 29 .6, 30.6, 

31.4 , 31 .5,113.6, 114.1,114.6, 114.9, 125.9, 126.1, 126.8, 127.6, 127.9, 128.1 , 

128.9, 129.4, 130.4, 130.6,130.9,131.3 , 131.5, 132.8, 132.9, 133.0, 135.7, 

136.3, 141.5, 144.5,144.7, 145.1, 145.4, 156.2; 11B{11-j} (160 MHz, CD30D): -6.8, 

-13.3, -14.6, -16.5, -18.7, -21 .7, -25 .3, -28.9, 30.3, -36.2; m/z calculated for [Mr 

C1sH25BgOr 482.1837 HRMS TOF Er [Mr 482.1849 ; FTIR (KBr, cm-1) v: (2529, 

3182) . 
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4.0 Future Work 

4.1 Carborane Tamoxifen Analogue for the treatment of Estrogen 
Receptor Positive Breast Cancer 

To determine to what extent 2.7 and 2.8 bind the estrogen receptor (ERa 

or ER~) a competitive in vitro assay with 3H-estradiol needs to be completed to 

and the relative binding affinities (RBA) determined. Once the RBA values have 

been determined the next step would be to determine the ability to shrink 

tumours in the MCF-7 rodent model, followed by toxicity testing of 2.7 and 2.8 in 

two different species. 

4.2 Carborane Tamoxifen Analogue for imaging Estrogen Receptor 

To determine if compound 3.14 binds specifically, a cell uptake assay 

needs to be done with a compound that has the ab ility to block the ER (i.e . 

estradiol or sti lbene) . If 3.14 is able to bind the ER specifically, a biodistribution 

study in the above mentioned tumour model needs to be completed in order to 

quantify the uptake of 3.14 in the tumour. In addition previous work completed in 

this group found that negatively charged metalocarboranes had a lower affinity of 

the ER compared with their charge compensated analogues. A method has been 

established within our group to replace a CO group with a NO+ moiety in order to 

obtain the neutral metalocarborane compound . This same technique cou ld be 

used to generate a neutral analogue of 3.14 (Scheme 4.1) 
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~ Scheme 4.1: Charge Compensation of Tc Tamoxifen with NO+ 
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