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Abbreviation list (alphabetical order) 

[18F]EF5 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)-acetamide 

[18F]FDG [18F]Fluorodeoxyglucose  

18F-BPA 4-10B-Borono-2-18F-fluoro-L-phenylalanine 

6-[18F]FDOPA 3,4-dihydroxy-6-[18F]fluoro-L-phenylalanine  

ABNS Accelerator-based neutron sources  

BNCT Boron Neutron Capture Therapy 

BPA L-Boronophenylalanine  

BSH Sodium borocaptate  

CAs Contrast agents  
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CuAAC Copper-catalyzed azide-alkyne cycloaddition, click reaction 

EGFR Epidermal growth factor receptors  

EPR Enhanced permeability and retention effect 

FBY Fluoroboronotyrosine 

FDA  Food and Drug Administration 

GB-10 Sodium decaborate  

GBM Glioblastoma multiforme  

Gd-DTPA  Gadolinium-Diethylenetriaminepentacetate 

GLUT Facilitative sugar transporter  
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ICP‐MS Inductively coupled plasma mass spectrometry 
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LDLs Low-density lipoproteins  

mAbs Monoclonal antibodies  

MRI Magnetic Resonance Imaging  

NSAID Non-steroidal anti-inflammatory drug  

PAMAM Polyamidoamine 

PEG Polyethylene glycol  
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SPECT Single‐photon emission computed tomography  

T1 Longitudinal relaxation time 
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1. Boron 1 

Boron (B) is the only nonmetallic element in Group 13. Discovered in 1808, its name 

derives from the Arabic “buraq” word for borax2. It occurs naturally as borax and kernite and has a 

low cosmic and terrestrial abundance due to the unlikely nucleosynthesis reactions for light 

elements. Boron exists in two isotopes: 11B is the most abundant (80%), while 10B counts only for 

20%. Like the other first elements from the other groups, boron differs from its congeners because 

of its small atom radius. This property correlates with high ionization energy, high 

electronegativity, and a tendency to form covalent bond. Starting from an electronic configuration 

with three external electrons ([He]2s2 2p1), boron can reach up to six electrons in the valence shell 

by forming three covalent bonds. As a result, many of its compounds act as Lewis acids, accepting 

a pair of electrons from a donor to complete the octet. 

1.1   Boron trihalides 

Boron trihalides (BX3) are widely used Lewis acids in daily lab practice. Unlike the halides of 

the other elements in Group 13, they are monomeric in the gas, liquid, and solid states. Boron 

trifluoride and trichloride are gases, the tribromide is a volatile liquid, and the triiodide is solid. 

The order of acidity is contrary to the order of electronegativity of the attached halogen 

(BF3<BCl3<BBr3). The tetrafluoridoborate anion, BF4
-, is used in preparative chemistry when large 

noncoordinating ions are needed. Both BCl4- and BBr4
- can be prepared in non-aqueous solvents, 

but they are too unstable to be convenient. The corresponding organotrifluoroborates (R-BF3
-) are 

handy reagents in organic chemistry with a wide range of applications. 

1.2   Boric acid 

Boric acid, B(OH)3, is a weak Brønsted acid in an aqueous solution. In concentrated neutral 

or basic solution, B(OH)3 tends to form polynuclear anions of formula [B3O3(OH)4]-. Boric acid 

reacts with alcohol in the presence of sulfuric acid and forms simple borate esters B(OR)3. 1,2-Diols 

have a particularly strong tendency to form borate esters due to the chelate effects, producing 

cyclic structures such as the pinacol ester. Organoboronic acids, R-B(OH)2, are of primary 

importance for the Suzuki-Miyaura coupling reactions. They are subjected to the formation of 

trimeric cyclic anhydrides called boroxines. This equilibrium has no bearing on the coupling 

process but can influence the reaction stoichiometry3.  
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1.3 Boron hydrides 

Among the compounds containing just B and H, the 

simplest hydride of boron is the gaseous diborane (B2H6). 

Controlled pyrolysis of B2H6 in the gas phase – extensively 

studied by Alfred Stock - provides a route to higher boranes 

and borohydrides. Boron clusters have delocalized molecular 

orbitals that stabilize the entire molecule, but their relative 

stability depends on the cage structure.  According to Wade’s 

rules - developed by Kenneth Wade in the 1970s4,5 - the 

species of formula [BnHn]-2 have a closo structure, with a B 

atom at each corner of a closed deltahedron and no B-H-B 

bonds. This series of ion range from n=5 to n=12, with the 

icosahedral [B12H12]2- ion as a prominent exponent (Figure 

1A). Boron clusters of formula BnHn+4 have the nido structure. They can be considered as closo-

boranes which has lost a vertex but has B-H-B bond as well as B-B bonds (Figure 1B). Clusters of 

formula BnHn+6 have an arachno structure. They are richer in hydrogen but highly unstable even at 

room temperature. They can be regarded as closo-structures less two vertices.  

Reactions of boron hydrates with Lewis bases range from cleavage of the BHn unit from the cage 

to deprotonation of the cluster, cluster enlargement, and abstraction of one or more protons. 

Instead, the electrophilic displacement of H+ catalyzed by a Lewis acid led to Friedel-Crafts 

reactions and provides a route to alkylated and 

halogenated species 6. 

 

 

 

 

 

 

 

 

 

Figure 1A - [B12H12]2- structure.  
By Ben Mills - 01.10.2022 Own work, Public 
Domain, 
https://commons.wikimedia.org/w/index.
php?curid=99571007 

Figure 1B – B10H14 structure. 
By Ben Mills - 01.10.2022 Own work, Public 
Domain, 
https://commons.wikimedia.org/w/index.php?c
urid=98714789 

Figure 1C – 1,2-B10C2H12 structure. 
 Public Domain, 01.10.2022 

https://commons.wikimedia.org/w/index.php?curid
=1405900 

https://commons.wikimedia.org/w/index.php?curid=99571007
https://commons.wikimedia.org/w/index.php?curid=99571007
https://commons.wikimedia.org/w/index.php?curid=98714789
https://commons.wikimedia.org/w/index.php?curid=98714789
https://commons.wikimedia.org/w/index.php?curid=1405900
https://commons.wikimedia.org/w/index.php?curid=1405900
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1.4  Carboranes7  

Closely related to the polyhedral boranes are the carboranes, a large family of clusters that 

contains both B and C atoms (Figure 1C). From the decaborane (B10H14, nido structure) via 

displacement of H2 by a weak base (typically R2S or CH3CN) and subsequent addition of an alkyne 

is possible to obtain a closo-1,2-B10C2H12 structure. 

The chemistry of closo-carboranes is grouped in five kinds of reactions: thermal cage 

rearrangement, base promoted deboronation, substitution at carbon, substitution at boron, and 

reductive cage opening without loss of boron. 

Closo-carboranes survive in the air and can be heated without decomposition, but they undergo 

cage isomerization upon heating. At 500°C in an inert atmosphere, they convert into 1,7-B10C2H12, 

which in turn isomerize at 700°C to the 1,12-isomer (Figure 2). 

Although 1,2-B10C2H12 is stable, the cluster can be partially fragmented in strong base and 

deboronated to yield nido-[B9C2H12]-. The H atoms attached to the carbons are mildly acidic, a 

consequence of the polarity induced by the electron withdrawing carbon atoms. It is important to 

note that the electron-withdrawing character of the skeletal carbons is a local effect due to the 

higher electronegativity of carbon atoms compared to their boron neighbors and is not indicative 

of an overall electron “deficiency” of the electron density in the cage.  The C-H acidity is highest in 

1,2-isomers (o-carborane), decreases in the 1,7-isomer (m-carborane), and is zero in the 1,12-

isomer (p-carborane). It is possible to obtain C-metallated derivatives by treatment with 

butyllithium or Grignard reagents. The resulting product undergoes many reactions characteristic 

of organolithium reagents to afford C-substituted organo-derivatives. 

The B-H bonds exhibit virtually no acidic behavior because of the low electronegativity of boron. 

Moreover, the presence of ten boron vertexes in four different electronic environments in the 1,2-

B10C2H12 cage often produces complex substitutions pattern. However, the electron-delocalized 

character of the o-carborane cage renders it, much like an aromatic ring, susceptible to attack by 

electrophiles. Reactions with halogenating agents afford a range of B-fluoro, -chloro, -bromo, and -

iodo derivatives that can be exploited in cross-coupling reactions. Usually, only the relatively 

negative boron atoms at vertexes 9, 12, 8, and 10 are halogenate, and no substitution takes place 

at carbon. B (9)-alkyl, alkenyl, or aryl derivatives can be synthesized from 1,2-R2B10C2H9-9-I by 

reaction with Grignard reagents mediated by phosphino-palladium complexes. 
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Figure 2 – Carborane structures. Orto-carboranes survive in the air and can be heated without decomposition, but 
they undergo cage isomerization upon heating. At 500°C in an inert atmosphere, they convert into meta-carboranes, 
which in turn isomerize at 700°C to the para-carboranes. Closo-carboranes can be partially fragmented in strong base 
and deboronated to yield nido-[B9C2H12]-. 

1.4.1 Medical application for Carboranes 

 

Today, medicinal chemistry heavily relies on organic chemistry; most of the marketed drugs 

are purely organic molecules that can incorporate nitrogen, oxygen, and halogens besides carbon 

and hydrogen. Commercial boron‐based drugs are still rare, but there is an increasing interest in 

carboranes clusters due to their unique properties that are not present in organic countreparts8,9. 

These unique properties are ascribed to the boron atoms, thanks to their inherent electron 

deficiency, lower electronegativity, and smaller orbital size compared to carbon10. 

Currently, the main application for carboranes is the design of agents for Boron Neutron Capture 

Therapy (BNCT) via coupling with tumor-targeting vectors11–15. Recently, carboranes were 

exploited as scaffolds for imaging probes and boron‐dipyrromethene (BODIPY) dyes16–18.  

An upcoming application for carboranes clusters is their employment as pharmacophores19. A 

pharmacophore is a partial structure in which important functional groups and hydrophobic 

structures are arranged in suitable positions for binding to a receptor20. Though carboranes may 

not intuitively appear to be appropriate moieties for incorporation into pharmaceuticals, the 

H2C2B10H10 carborane cage occupies approximately the same volume as a rotating phenyl ring and 

is likewise a hydrophobic entity8. Their hydrophobicity – due to the presence of hydridic B–H units 

– can be a beneficial property for transport across cell membranes and the blood–brain barrier 

(BBB) as well as for hydrophobic interactions with binding pockets in enzymes21. The inorganic 

nature of carborane clusters prevents enzymatic degradation, and their non‐toxicity lowers the 

toxic side effects of the potential drugs10. The unique three-dimensional structure and superior 

synthetic flexibility of carboranes compared to aryl rings can be used to probe and optimize 
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protein binding in an unprecedented manner and fine-tune the pharmacokinetics of new drug 

candidates8. Moreover, the unique spatial arrangement of the cage carbon atoms 

in ortho, meta, and para-carboranes can serve as a scaffold to direct the relative orientation of 

substituents optimizing the binding affinity19. 

Carborane-containing structures have been used in the design of numerous receptor ligands19. The 

pioneering studies in this field were conducted in early 2000 on the development of novel ligands 

for the nuclear (intracellular) estrogen receptors (ERs)22. Estrogen receptors play a central role in 

the treatment of breast cancers as well as other pathologies correlated to the reproductive 

system23. They exist as two subtypes, α and β24,25. Over the years, carborane-containing ligands 

have demonstrated both agonistic and antagonistic activities, as well as a selective affinity for 

specific ER subtypes 26–28. 

Using the same approach, hundred of carborane-containing ligands have been developed for some 

of the most relevant receptors, including but not limited to the purinergic receptor, vitamin D 

receptor, and epidermal growth factor receptor19. 

Among the proteins targeted with these types of structures, the cyclooxygenase (COX) enzymes 

are relevant for better understanding part of this thesis (see Result and Discussion - section 4). 

COX is a homodimer and integral membrane protein that exists in two isoforms: COX-1, which is 

constitutively expressed in most tissues and is known as a “housekeeping” enzyme, and COX-2, 

which is inducible and primarily associated with pain, fever, and inflammation29. Most 

nonsteroidal anti-inflammatory drugs (NSAIDs) used for treating pain and inflammation are non-

specific and target both isoforms. The side effects correlated with the non-selective inhibition of 

COX-1 and COX-2 range from gastrointestinal disorders to more severe consequences for long-

term use29.  Moreover, recent studies have revealed that COX-2 is overexpressed in various 

cancers and is often associated to a bad prognosis30,31.  

The isoforms share a similar structure and high sequence identity, but the active site of COX-2 is 

approximately 25% larger than that of COX-129. Based on this data, the size-extension of classical 

NSAIDs has successfully yielded inhibitors with COX-2 selectivity. Accordingly, celecoxib and 

rofecoxib, larger molecules compared to other NSAIDs, were introduced as COX-2 selective 

inhibitors32. Unfortunately, a high number of these drugs has been withdrawn from the market 

after a few years due to the increased risk of cardiovascular events33,34.  
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This fact spurred the research of new COX-2 inhibitors with better safety profiles. Some meta-

analyses hinted that the more selectivity of drugs for COX-2 leads to higher risks of cardiovascular 

toxicities, which in turn demands moderately selective COX-2 35. In this contest, Hey-Hawkins and 

coworkers developed several carborane-containing analogs of indomethacin, rofecoxib, and 

mefenamic acid. Often, the nido-containing structures were more potent than the parent closo 

compounds, and the activity greatly depended on the isomer employed29,36,37.  
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2. Boron Neutron Capture Therapy  

Boron Neutron Capture Therapy (BNCT) is a cancer treatment based on a nuclear reaction 

between boron atoms and neutrons38. 10B nuclei have a very high nuclear cross section for 

neutron capture compared to other more abundant elements. Thanks to this property, 10B has 

been employed both for emergency reactivity control in nuclear reactors and the BNCT 

development. Upon neutron capture, 10B becomes 11B in an excited state. This unstable species 

spontaneously decays to high linear energy transfer (high-LET) α particle (4He) and a recoiling 7Li 

nucleus. The fission process also frees a small amount of γ radiation and approximately 2.4 MeV of 

kinetic energy39 (Figure 3A). The high-LET α particles generated show cytotoxic effects only within 

the cell in which they were released, as their path length in tissues is approximately 5-9 µm40. So, 

upon accumulation of the 10B-containing molecules inside the cancer cells and irradiation of the 

area with low-energy neutrons, the malignant cells can be selectively killed sparing the 

surrounding healthy tissues (Figure 3B)38. However, two requirements must be fulfilled to ensure a 

successful treatment: enough 10B atoms (thousand) must be – exclusively – inside the cancer cells 

and a sufficient flux of neutrons (ten million per second) must be directed toward the tumor38.  

Over the last 50 years, BNCT has been used in clinical trials on a variety of tumors, including but 

not limited to glioblastoma multiforme (GBM)41, primary and recurrent head and neck cancer42,43, 

lung cancer44, liver cancer, and primary and metastatic melanoma45.  

 

 

Figure 3A - Boron neutron capture reaction 
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Figure 3B – The mechanism of selective killing of tumor cells with BNCT 

 

 

2.1   Epithermal neutron sources  

For BNCT, neutrons must be delivered with a high flow rate, at the “right” energy, and with 

minimal contaminants in the radiation beam. The low-energy – epithermal - neutrons required for 

the therapy have energy between 0.5eV and 10 KeV and can be obtained from two sources: 

nuclear reactors or particle accelerators46. The former source of neutrons is the historical one, but 

nowadays there are fewer facilities able to carry on BNCT clinical trials, the legislation is becoming 

stricter, and it is not conceivable the hypothesis to install nuclear reactors in hospital 

environments. On the other hand, accelerator-based neutron sources (ABNS) are a rising reality in 

BNCT47. They are more compact than nuclear reactors, can be sited in hospitals, and are subjected 

to lighter regulations. Unfortunately, the neutron beam generated from the accelerator has a 

lower intensity flux compared to the one from a nuclear source. However, many companies are 

investing in developing new technologies that are helping to bridge the gap48. 
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2.2   Boron delivering agents. 

The ideal boron-containing compound, or carrier, should display the following 

characteristics39: 

• Low systemic toxicity. 

• Deliver therapeutics amount of 10B to the tumor, estimated to be around at least 20 µg of 

10B/g of tumor or approximately 109 10B atoms/tumor cell. 

• High tumor-to-normal tissue ratio (TNTR) and tumor-to-blood concentrations ratio (TBR). 

• Rapid clearance from the blood while persisting in the tumor during the irradiation 

process. 

• Ready quantification of tissue-localized boron. 

Between these characteristics, obtaining the highest TNTR possible – for the BNCT treatment it 

should be greater than 4:148 - is the desired outcome for all cancer treatments. Targeted therapy 

has been one of the main goals of biotechnology research in the last 20 years. Reducing side 

effects and doses by delivering the drug exclusively to the tumor is slowly becoming a reality49,50. 

However, BNCT has a second big challenge to face: quantifying the boronated compound inside 

the tumor cells over the time. BNCT is a binary treatment that relies on two components that have 

no effects by themself. To ensure optimal therapeutic results, both the boron delivery agent and 

the neutrons must be present inside the cancer cells at the highest possible concentration51. To 

date, the concentration of boronated compounds inside the tumor can only be determined by 

analyzing peripheral blood samples and using pharmacokinetic models52. Clinically, the value of 

TBR is strictly correlated with TNTR48. The inductively coupled plasma-atomic emission 

spectrometry (ICP-AES) is the method of choice for boron quantification in both clinical trials and 

basic research53–55. However, as other analytic techniques proposed over the years, ICP-AES can 

only provide discrete data on boron concentration, limiting the BNCT applications56. To better 

understand the biodistribution of boronated compounds, in the last years, several imaging 

techniques – like Positron Emission Tomography (PET) and Magnetic Resonance Imaging (MRI) - 

have been coupled to BNCT aiming to a theranostic approach (see Introduction - section 3.1 for 

further details)48,56. 
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2.2.1 Approved boron delivering agents. 

 

To date, only three boron delivery agents have been approved for clinical trials (Figure 4A): 

• Sodium decaborate (GB-10) 

• Sodium borocaptate (BSH) 

• L-Boronophenylalanine (BPA) 

 

Figure 4A - Boron delivery agents approved for clinical trials. 

While GB-10 has an approved FDA Investigational New Drug designation but has never been used 

clinically, BSH and BPA are the agents used in human clinical trials since the 1970’ 57. Both 

compounds have low system toxicity and recorded efficacy in BNCT treatment but are far from the 

ideal boronated agent48. BSH is a closo-borohydride first synthesized by Miller et al. in 196458. It 

was first used clinically by Hatanaka and Nakagawa in Japan59,60, and by Sauerwein and his 

research group in the Netherlands in Phase I/II clinical trial to treat patients with high-grade 

gliomas61.  

L-Boronophenylalanine was first synthesized by Snyder et al. in 195862. Initially, assuming that 

melanin-synthesizing cells would have shown a preferential uptake, BPA was employed in the 

BNCT treatment of patients with cutaneous melanoma45,63. Then, further data suggested a 

potential application also in treating brain cancers.  

The fructose complex of BPA64 (Figure 4B) - which is 

definitively more soluble than BPA – rapidly entered the 

clinical use for high-grade gliomas, outrunning the use of 

BSH65,66.  

Figure 4B – BPA- fructose complex. 



20 
 

The main limitation of both BSH and BPA is their uneven distribution inside tumors, especially in 

brain tumors. It has been demonstrated that tumor boron concentrations varied both within 

different regions of the tumor, as well as among different patients67. This phenomenon is more 

evident for BSH, but also BPA is affected68. It is most likely due to the high histological, genomic, 

and epigenomic heterogeneity typical of high-grade gliomas69, but nevertheless is a substantial 

drawback to the effective BNCT application70. 
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2.2.2 Boron delivering agents under evaluation. 

 

The need for more performing boron-delivering agents has led to the flourishing synthesis 

of hundreds of new candidates over the last fifty years. The major challenge in their design has 

been the requirement of selective tumor cell targeting and the delivery of a therapeutic dose of 

boron with minimal uptake and retention by healthy cells57. A strategy to increase the selectivity 

has involved incorporating boron atoms into tumor-targeting molecules, such as amino acids, 

nucleosides, peptides, proteins, and sugars. On the other hand, nanomaterials – like liposomes 

and nanoparticles - can exploit the enhanced permeability and retention (EPR) effect to ensure a 

higher period of persistence inside the tumor cells71–73. 

 It is possible to divide the new candidates based on their molecular weight: low-molecular-weight 

and high-molecular-weight compounds74.  

In the low-molecular-weight class, there are boronated amino acids containing a single boron 

atom or polyhedral borohydrides.75–77 Boron-containing cyclic amino acids, developed by Kabalka 

and Chandra et al., showed promising behavior in preclinical BNCT applications.78–80   

Boronated nucleosides could theoretically place the boron atom in the closest proximity to the 

DNA after their incorporation into the macromolecule. This fact can increase the radiobiological 

effectiveness (RBE) of BNCT81. Several groups focused on synthesizing carborane derivatives of all 

the canonical nucleosides. The susceptibility of the compounds to phosphorylation by cytosolic 

kinases can be an indication of the possible DNA incorporation82,83. 

Peptides able to bind receptors or transporters overexpressed in tumor cells with high affinity and 

selectivity have attracted tremendous interest as targeted boron delivery agents 74. Peptides 

targeting the epidermal growth factor receptors (EGFR)84, or the vascular endothelial growth 

factor receptors (VEGFR)85, as well as neuropeptide Y 15and cyclic Arg-Gly-Asp (cRDG),86 have been 

successfully modified with boron-containing moieties. A similar approach can be applied to the 

conjugation with monoclonal antibodies (mAbs) able to recognize tumor-associated epitopes87.   

An increased glycolysis rate is one of the hallmarks of tumor cells88, therefore boron-containing 

carbohydrates have recently sparked much interest89. The facilitative sugar transporter (GLUT) is a 

family of 14 proteins that have different affinities for glucose, galactose, and mannose. GLUT1 and 

GLUT3 are usually overexpressed in several types of tumors and are well-known targets in many 

chemotherapeutic approaches90,91. Substitutions on the glucose structure must be carefully 

evaluated to retain a good affinity for GLUT1. To date, modifications on C1, C2, and C6 have been 
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the most explored and seem to be well tolerated92,93. Boron-containing carbohydrates have been 

synthesized in two ways: through the addition of a single boron atom into the monosaccharide 

structure or through conjugation with a polyhedral borohydride structure. In the first case, the 

products are boronic acid derivatives that mimic the native sugars 94–97,  in the second instance, 

sugars are exploited also to increase the poor hydrophilic behavior of carboranes and 

borohydrides98,99. 

Into the category of high-molecular-weight compounds a wide range of nanomaterials can be 

enclosed, like dendrimers, liposomes, and nanoparticles. Nanomaterials can deliver higher 

concentrations of boron and can be used as multipurpose platforms74. 

Dendrimers, especially boron-rich polyamidoamine (PAMAM), have been conjugated to several 

cells-targeting peptides, confirming their potential applications in preclinical BNCT studies100,101. 

Liposomes are non-toxic nanocarriers made of cholesterol and phospholipids that can deliver both 

hydrophobic as well as hydrophilic bioactives102. Hydrophilic boronated compounds – like nido-

carboranes or BSH – can be encapsulated into the aqueous core, while lipophilic molecules such as 

closo-boranes can be incorporated into the bilayer103–105. These kinds of nanostructures can carry 

enormous quantities of boron aiding in the delivery of the required amount of 20 µg of boron for a 

gram of tumor tissue. 

Polymeric nanoparticles106, gold nanoparticles107, as well as magnetic nanoparticles108 have been 

proposed over the years as promising boron carriers to meet both the biocompatibility and the 

tumor-targeting requirements. 

The ideal boron delivery agent has to be yet discovered, not because of the lack of trying but due 

to the complexity of the task at hand. Other aspects must be also addressed, normalized 

treatment protocols, safe neutron sources, and creation of multidisciplinary centers. Many experts 

in this field recommend a joint effort between very different disciplines, ranging from nuclear 

physics to surgery, from chemistry to radiation oncology, and from mathematics to radiation 

biology. Steps in this direction were made in recent years thank to the creation of the 

international program RENOVATE.  
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3. Theranostic 

The term “theranostic” was coined by Funkhouser, the CEO of PharmaNetics Inc., in the 

early ‘2000109. It identifies a material that combines the modalities of therapy and diagnostic 

imaging. The idea is to treat the disease while visualizing it. In this way, undesirable differences in 

biodistribution and selectivity that currently exist between distinct imaging and therapeutic agents 

would be eliminated or at least detected110. A generic theranostic agent consists of a carrier, a 

targeting ligand, a proper therapeutic compound, and a signal emitter (Figure 5). The last two 

elements have to be wisely chosen based on the therapy and imaging techniques used111. 

Chemotherapy, photodynamic therapy, and radiation therapy are just examples of therapeutic 

approaches that have been coupled with imaging techniques to improve their precision110. On the 

other hand, magnetic resonance imaging (MRI), nuclear imaging (PET/SPECT/CT), and ultrasound 

imaging - among other imaging techniques - have been successfully employed in this kind of 

approach112. Nanomaterials are often the carrier of choice as they can be easily engineered to 

facilitate the construction of multi-modal formulations113. Polysaccharide-based theranostic 

agents have recently sparked much interest thanks to their low toxicity, high biodegradability, and 

physiological stability112,114.  

One of the most renowned findings in the theranostic field has been 177Lu-DOTATATE (Lutathera), 

a drug for peptide receptor radionuclide therapy. This agent targets the somatostatin receptors - 

overexpressed in the neuroendocrine tumor – and delivers the radioisotope to the cancer cells 

with high precision. The Food and Drug Administration approved 177Lu-DOTATATE in 2018 for the 

treatment of neuroendocrine tumors in the gastrointestinal tract or pancreas in adults, and in 

2021 it was also approved in Japan115–117.  

 

Figure 5 - A generic theranostic agent structure 
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3.1   Theranostic approach and BNCT  

The effectiveness of BNCT strongly depends on the amount of energy locally deposited by 

the 10B nuclear fission reaction. The energy is proportional to the product of 10B concentration and 

the thermal neutron flux inside the tumor volume at the irradiation time118. In this contest, a 

theranostic approach can be fundamental for making BNCT more effective51. As described in the 

Introduction - section 2.2, to date a direct and noninvasive way to determine the 10B 

concentration in the tumor and surrounding tissues is still lacking. This fact is an enormous 

disadvantage that has been addressed by the scientific community only recently48. 

Among the imaging techniques that can be paired with BNCT, positron emission tomography 

(PET), single‐photon emission computed tomography (SPECT), and magnetic resonance imaging 

(MRI) are the most promising. 

 

3.1.1 Positron Emission Tomography (PET) 

 

Since its introduction in the 1970s, Positron Emission Tomography (PET) has been widely 

used as an imaging technique in the medical field for diagnosis and therapy control119. The 

technique relies on the emission of positrons (β+) from a neutron-deficient radionuclide and the 

following annihilation reaction with an electron present in the biological environment. The two 

high-energy photons generated from the annihilation event travel in opposite directions along an 

approximately straight line and reach a PET detector. The detector amplifies the signal and 

converts it into an imagine120. The physical integration of PET and computed tomography (CT) in 

hybrid PET-CT scanners allows combined anatomical and functional imaging. The radionuclides 

most used for this kind of application are fluorine-18 (18F), carbon-11 (11C), nitrogen-13 (13N), and 

oxygen-15 (15O), mainly because they have a radio decay process that is almost exclusively by 

positron emission. They are also isotopes of elements largely present in organic molecules that 

can be quickly produced in a cyclotron121. Fluorine is rather uncommon in biomolecule structures, 

but its similarity to atomic hydrogen - Van der Waals radius and covalent bond length to carbon - 

makes fluorine-18 the most widely used PET radionuclide122.  

Embedding a fluorine-18 atom into a BNCT agent permits localizing and quantifying the molecule 

before and after the treatment. In 1991, Ishiwata et al. developed 4-10B-Borono-2-18F-fluoro-L-
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phenylalanine (18F-BPA) (Figure 6A) for in vivo evaluations of BPA biodistribution in brain 

tumors123. In 18F-BPA, the radio-labeled fluorine atom replaces a hydrogen atom from BPA, and 

this may slightly increase lipophilicity in comparison to the parent cold compound. Over the years, 

many groups conducted studies to confirm the relationship between the biodistributions of the 

two molecules124. However, the BPA/ 18F-BPA approach is not the ultimate solution to the boron 

quantification problem; mainly because they are two distinct molecules that are administered in 

rather different doses. BPA is usually administered by drip infusion with a therapeutic dose of 500 

mg/kg, while 18F-BPA is administered by a single bolus of a few µg51.  

 

Figure 6A - 4-10B-Borono-2-18F-fluoro-L-phenylalanine (18F-BPA) structure 

 

More recently, Liu et al. developed an interesting new derivative based on the BPA structure. Their 

fluoroboronotyrosine (FBY) is a boron-derived tyrosine, in which the carboxylic acid has been 

substituted with a trifluoroborate group (Figure 6B). In this case, the cold compound and the 18F-

labeled FBY ([18F] FBY) share the same molecular structure because the fluorine-18 is introduced 

through an isotope exchange125. The authors report very promising data, both in vitro and in 

preclinical in vivo studies. Two recent articles describe clinical trials of [18F] FBY. It has been tested 

on healthy volunteers and on patients who were suspected of having primary, recurrent, or 

metastatic malignant brain tumors. [18F] FBY was well tolerated by all healthy volunteers, and its 

uptake increased consistently with tumor grade126,127. 

 

Figure 6B - Fluoroboronotyrosine (FBY) and 18F-labeled FBY ([18F] FBY) structures. 
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3.1.2 Single-Photon Emission Computed Tomography (SPECT) 

 

SPECT relies on the emission of γ-radiation from specific radionuclides. The γ-decay emits a 

single γ-photon that is collected by the detector. The presence of a collimator ensures that only 

photons perpendicular to the detector surface are registered, which allows the user to trace back 

the spatial origin of the photons. The measurement is carried out from different angles, and with 

an algorithm like the one used for CT, a 2D or 3D image can be reconstructed114. The radionuclides 

of choice for this kind of application decay mainly through γ emission, like 123I, 99mTc, and 111In128. 

During BNCT the following nuclear reactions take place: 

→ 7Li + α + 2.79 MeV (6.1 %) 

10B + n → 11B*  

→ 7Li* + α + 2.31 MeV → 7Li + γ + 0.478 MeV (93.9%) 

    

The prompt γ rays from 10B(n, α)7Li reactions are yielded from 7Li* which has about 10-14 s half 

time129. It is possible to use the 0.478 MeV photon emitted after the 10B capture reaction as a 

signal to obtain a SPECT image130. Considering the following equation 𝐷 ~ ∫ 𝑛𝐵𝜎𝜙𝑑𝑉 where D = 

the dose, nB= the density of 10B nuclei, σ = the cross section for neutron capture, Φ = the neutron 

flux, and V = the tumor volume. The number of γ-photons emitted after the nuclear reaction is a 

direct estimation of the product ΦnB and consequently of the dose D118.  

In this case, there is no need to develop a specific tracer, since the molecule required for the 

imaging technique is the same needed for the therapy, but there are other problems to face. 

Measuring the 478 keV gamma-rays can be troublesome due to the high background noise, which 

means images with poor resolution, and collateral annihilation reactions that reduce the 

signal131,132. The detector material plays a crucial role in assuring spatial resolution and accuracy. 

Recent studies suggest the Cadmium-Telluride, Lutetium-Yttrium-Oxyorthosilicate, or Gadolinium-

Aluminium-Gallium Garnet as promising componentsfor new BNCT-SPECT imaging devices133,134. 
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3.1.3 Nuclear Magnetic Resonance Imaging (1H-MRI) 

 

The typical MRI signal arises from the longitudinal (T1) and transverse (T2) relaxation times 

of water protons that behave differently based on the interactions with biological macromolecules 

and membranes. Usually, the images obtained are highly resolved and give detailed morphological 

and functional information without the need for any contrast agent. However, the endogenous 

contrast can be increased using contrast agents (CAs) that alter the T1 and T2 of water protons in 

the tissues where they distribute.  

Contrast agents are usually extremely stable macrocyclic complexes of Gadolinium (III). Combining 

paramagnetic ions and boron structure into the same molecule can lead to a dual-modality 

probes, but the biodistribution profiles have to be carefully evaluated135. In two different works, 

boron cluster and BPA were conjugated to the commonly used MRI contrast agent Gd-DTPA 

(Diethylenetriaminepentacetate). Their uptake was evaluated in vivo, but the results obtained 

were not completely positive136,137.  A further step in this field was accomplished by Geninatti 

Crich’s group with the synthesis of a Gd-carborane compound delivered to tumor cells thanks to 

low-density lipoproteins (LDLs). The synthesized product tends to self-assemble in micellar 

aggregates, but after treatment with β-cyclodextrin, the authors were able to obtain stable 

supramolecular adducts with LDL. This formulation was tested in vitro and in vivo, and it was 

possible to draw a strict correlation between the result of the MRI assessment and the amount of 

boron taken up by tumor cells measured by ICP‐MS138,139.  
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3.1.4 Fluorine Magnetic Resonance Imaging (19F-MRI) 

 

19F-MRI is a promising and complementary modality for 1H-MRI. 19F MRI is well-suited for 

functional imaging if an appropriate fluorine-containing probe is administered because fluorine-

containing compounds are found only in teeth and bones, in the form of solid salts. This means the 

lack of background signals and the possibility to obtain high-resolution images. On the other hand, 

a high concentration of 19F nuclei of at least 0.2–1 mM is necessary for useful MRI140. 

Capuani et al. have done some in deep studies over the past decade on the use of 19F-BPA as a 

dual-modality probe for BNCT and 19F-MRI141,142. In their most recent work, they evaluated the 19F-

BPA internalization in pancreatic cancer cells using three independent techniques: neutron 

autoradiography to quantify boron, liquid chromatography to quantify 19F-BPA, and 19F-MRS to 

quantify fluorine-19. The internalization results obtained using 19F-MRS agreed with the data 

obtained by the well-established techniques to quantify boron compounds, confirming the 

usefulness of this approach143. 

 

  

https://www.sciencedirect.com/topics/medicine-and-dentistry/liquid-chromatography
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4. Fluorine 18 

Positron Emission Tomography (PET), as mentioned in the Introduction - section 3.1.1, is 

an imaging technique suitable for diagnosing cardiac, neurological, and tumor conditions144, as 

well as inflammatory and infectious diseases145. Moreover, the technique has a sufficient speed of 

acquisition to allow the determination of the pharmacokinetics of radiotracer. PET imaging can 

provide important insights for drug discovery and development and for potentially limiting side 

effects due to off-target binding146. 

Fluorine-18 is the most widely used PET radionuclide. It has a Van der Waals radius similar to that 

of atomic hydrogen (atomic radii of 1.35 and 1.20 Å, respectively) and forms a covalent bond with 

carbon about the same length (which results in only a little steric difference when replacing 

hydrogen with fluorine)122. Additionally, it has a relatively long half-life (109.8 min) - compared to 

other radionuclides – which allows for multistep synthesis, extended imaging procedures, and off-

site use in satellite PET facilities without a cyclotron121.  

[18F]Fluorodeoxyglucose ([18F]FDG) and 3,4-dihydroxy-6-[18F]fluoro-L-phenylalanine (6-[18F]FDOPA) 

are the radiotracers of choice for the diagnosis of tumor and Parkinson conditions, respectively 

(Figure 7)147,148. Glucose transporters actively absorb [18F]FDG into cells. Then, once it has entered 

the glycolytic pathway is phosphorylated by hexokinase. By this point, the metabolic pathway 

can’t proceed further due to the fluorine atom in position two, and the [18F]-FDG-6-phosphate is 

trapped irreversibly inside the cells128. Instead, [18F]FDOPA follows the classical steps of 

catecholamine synthesis. Upon entering the brain cells, [18F]FDOPA exhibits irreversible binding 

characteristics in the early hours post-injection. It is decarboxylated by aromatic amino acid 

decarboxylase yielding [18F]fluorodopamine, which is retained for several hours within dopamine 

vesicles and thereafter degraded. The resulting acidic metabolites, [18F]dihydroxyphenylacetic acid 

and [18F]homovanillic acid, are free to diffuse out of the brain149. Alongside these two radiotracers, 

many other fluorine-18-containing compounds have been approved for clinical practice, while 

thousand have been developed over the last forty years147.   
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Figure 7 - [18F]Fluorodeoxyglucose ([18F]FDG) and 3,4-dihydroxy-6-[18F]fluoro-L-phenylalanine (6-[18F]FDOPA) 
structures 

 

4.1  Fluorine-18 production 

Fluorine-18 is produced with a cyclotron primarily by proton (1H) irradiation of 18O, a stable 

naturally occurring isotope of oxygen. When the target is liquid H2
18O, an aqueous solution of 18F-

fluoride ion is obtained; when the target is 18O2 gas, [18F]F2 gas is obtained150. 18F-fluoride ions act 

as nucleophiles in a range of reactions, while [18F]F2 behaves as an electrophile121.  The key 

difference between these two chemical forms is the specific activity (SA = radioactivity/mol) of the 

produced 18F isotope. Nucleophilic 18F-fluoride is obtained with high SA, thanks to the efficient 

nuclear reaction 18O (p, n) 18F. Electrophilic [18F]F2 has much lower specific activity because 

fluorine-19 gas must be added as a carrier to extract the [18F]F2 from the cyclotron. Moreover, 

since only one of the fluorine atoms carries the 18F label the maximum theoretical radiochemical 

yield (RCY) is limited to 50%128,151. 
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4.2  Labeling methods with fluorine-18 

Irrespective of the isotope used, all synthetic routes to radiolabeled compounds require 

that the incorporation of the expensive or unstable isotope is carried out at a late stage of the 

synthesis. Hence, the utilization of the isotope is maximized152. Generally, the synthesis and 

purification timeframe should not exceed two to three times the half-life of the radionuclide in 

use128. The labeling methods with fluorine-18 can be divided into two main categories based on 

the reagent used, [18F]F2 or [18F]F-. Electrophilic approaches are less common due to the difficulties 

in obtaining [18F]F2 with a high specific activity. Nevertheless, new types of reagents have been 

developed to overcome this issue121. Instead, nucleophilic approaches are well established and can 

be applied to aromatic as well as nonaromatic compounds. Usually, fluorine-18 is introduced on 

carbon atoms, but an interesting application for [18F]F- is the formation of noncanonical bonds 

with other elements like boron, silicon, or aluminium121.  

The direct fluorination of biomolecules – like proteins or peptides - is not always possible due to 

the harsh conditions typically required for such reactions (e.g. high temperatures, and 

nonaqueous solvents). In these cases, indirect fluorination employing a suitable prosthetic group 

can help solve the problem153. This approach requires the installation of a prosthetic group on the 

biomolecule, the radiosynthesis of the 18F-radiolabelled motif that will react with the prosthetic, 

and a final coupling step154. 

 

4.2.1 Electrophilic radiofluorination 

 

For years, the use of [18F]F2 has been burdensome due to its poor chemo- and 

regioselectivity. These characteristics are a consequence of its high chemical reactivity and usually 

resulted in low RCYs. Despite this fact, [18F]F2 has been successfully employed for the synthesis of 

[18F]FDG155, 6-[18F]FDOPA156, and 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)-

acetamide ([18F]EF5)157, a promising radiotracer for which no route from [18F]F- has been reported 

to date154. Figure 8 shows some electrophilic 18F-fluorinating reagents prepared from [18F]F2. 

These reagents provided new opportunities for enantio- and diastereoselective 18F-fluorination 

leading to new chemical space154. 
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Figure 8 – Structures of some electrophilic 18F-fluorinating reagents.  

  

 

4.2.2 Nucleophilic radiofluorination 

 

Both aliphatic or aromatic substrates can undergo nucleophilic substitution leading to 

C(sp3) -18F or C(sp2) -18F bonds121. In both cases, [18F]F- can not be used directly from the cyclotron 

but need a pretreatment. Although fluoride ion is a strong nucleophile, in aqueous solutions it 

forms hydrogen bonds with the surrounding water molecules and becomes unreactive for 

nucleophilic substitution. To be useful, the 18F-fluoride must be dehydrated by evaporation of the 

water and then treated with a phase transfer catalyst - such as the cryptand Kryptofix222 - or by 

the addition of bulky tetrabutylammonium cation. The second step is needed to enhance the 

solubility and nucleophilicity of fluoride ions in organic solvents since nucleophilic fluorinations are 

typically conducted in polar aprotic organic solvents with poorly nucleophilic bases (carbonate or 

bicarbonate ions). Thus, the aqueous solution of [18F]F- obtained from the cyclotron target is 

treated with the desired salt before evaporation of the water; water removal is assisted by 

azeotropic distillation of water using CH3CN150.  

Aliphatic nucleophilic substitutions usually follow an SN2 mechanism. These kinds of reactions are 

greatly influenced by temperature, base, and leaving group used158. This is the synthetic approach 
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of choice to [18F]FDG, in which the axial triflate on the C-2 of mannose is replaced by the [18F]F- 

with epimerization155. 

18F nucleophilic aromatic substitution requires sufficient activation of the phenyl ring, which can 

be achieved by electron-withdrawing groups (such as −NO2, −CN, −CF3, or carbonyl groups) in the 

ortho or para position to the leaving group. Aromatic nucleophilic substitutions are usually 

conducted in a polar aprotic solvent and require higher temperatures than aliphatic substitution 

(typically above 100 °C)146. 

 

4.2.3 Noncanonical bonds (B-18F, Si-18F) 

 

In the last decays, many noncanonical 18F-labelings through bond formations with Si, B, Al, 

and Ga have been proposed as valid alternatives to the C-18F approach. Numerous groups have 

become interested in harnessing the inherently high fluorophilicity of these elements as a way to 

introduce 18F into molecules of biological interest159.  

The use of silicon as a fluoride acceptor dates back to 1985 when Rosenthal et al. proposed 

[18F]fluorosilanes as labeling synthons. They treated chlorotrimethylsilane with 18F− in aqueous 

acetonitrile isolating the corresponding [18F]fluorosilane in 65 % yield. A preliminary in vivo 

evaluation revealed fast hydrolysis of the compound accompanied by high radioactivity (18F) 

uptake by the bone making it unsuitable as a labeling synthon160. In 2006 Schirrmacher et al. 

reported the syntheses of substituted [18F]organofluorosilanes and their in vitro and in vivo 

stability. They described two approaches: one using organochlorosilanes as labeling precursors 

and a second based on the 18F–19F isotopic exchange (IE) using [19F]di-tert-butylphenyl fluorosilane 

as a highly efficient silicon-based fluoride acceptor (SiFA compound)161,162. 

Almost concomitantly, Perrin et al. published a paper on the boron-18F chemistry together with 

the synthesis of a [18F]-tetrafluoroborate. The radiolabeling procedure was performed through IE 

in acqueus solvent at room temperature163. From 2005 on, the same group focused on the 

development of organotrifluoroborates (R-BF3) as prosthetic groups for a single-step 18F-

labeling164. In particular, the in vivo stability of these kind of molecules has been studied for years 

since the hydrolysis of R-BF3 to their corresponding boronic acids (B(OH)2) can be problematic in 

an aqueous biological environment. Hydrolytic release of 18F-fluoride in vivo should be avoided 

since it would result in accumulation in calcium-rich fluorophilic bones, increasing background 
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noise, and obscuring imaging results165. Both Perrin and Gabbai investigated the solvolytic lability 

of aryltrifluoroborates (Ar-BF3) and discovered that electron withdrawing substituents retard the 

rate of Ar-BF3 solvolysis, while electron-donating groups enhance it166,167. In 2015, Perrin’s group 

studied the solvolysis rates of aliphatic trifluoroborates; in this case, too, they discovered 

increased stability for molecules bearing electron-withdrawing substituents168. The rate of R-BF3 

hydrolysis is governed by the dissociation of the first fluorine atom, followed by rapid hydrolysis to 

the boronic acid with no detectable mono- or difluoroborate intermediates. Thus, complete 

hydrolysis can be approximated as pseudo-first order where the observed kinetic rate is congruent 

with the rate of initial defluorination166. 

The higher stability toward hydrolysis due to electron-withdrawing substituents has been 

exploited in the design of new potential PET radiotracers165. Among the most prominent results 

was the development of two 18F-BF3 peptides that target the somastotine type-2 receptor 

overexpressed by the neuroendocrine tumor, and numerous trifluoroborate probes able to target 

the prostate-specific membrane antigen169–171.  
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B. OUTLINE OF THE THESIS 

My Ph.D. project focused on the synthesis of boron-containing compounds for two medical 

applications, such as Boron Neutron Capture Therapy (BNCT) and drug development. This thesis 

can be divided into four parts: the first three regard the synthesis of potential boron delivery 

agents for BNCT, while the last one discusses the development of boron-containing drug analogs. 

Chapter 1 and Chapter 2 describe the main project of the thesis concerning the synthesis of 

potential boron-delivery agents for a BNCT guided by Positron Emission Tomography (PET). As 

presented in the Introduction – section 3, pairing the BNCT with a proper imaging technique could 

greatly increase the efficacy and applicability of the therapy. This goal can be achieved by 

developing new theranostic agents. In this context, our aim has been the development of 

glycoconjugates bearing a stable trifluoroborate group (BF3).  

We conceived these molecules as typical theranostic agents: the carbohydrate moiety for the 

targeting and the BF3 group as the active part for BNCT and PET.  

Chapter 1 details the synthesis and subsequent studies performed on trifluoroborates stabilized by 

internal ammonium salts. We designed two reliable synthetic routes that granted us twelve 

compounds in satisfying yield. Then, thanks to the collaboration of many colleagues, we 

thoroughly investigated their chemical and biological properties. We tested their cytotoxicity in 

vitro and their stability under pseudo-physiological conditions, discovering a fascinating 

relationship between the two properties. On a couple of compounds, we performed the 

radiolabeling procedure through isotope exchange - as described in the Introduction – section 4 - 

and eventually, one of them was injected in vivo for a PET imaging acquisition. 

In the meanwhile, the second part of this project took place. Chapter 2 describes the synthesis of a 

second family of glycoconjugates containing sulfonium ions instead of ammonium. From the data 

collected from the first class of compounds, we decided to move toward molecules bearing the 

trifluoroborates stabilized by internal sulfonium salts. This time, the synthesis required a thorough 

and time-consuming optimization because of the lower nucleophilicity of the sulfur atom 

compared to nitrogen. I carried out part of this project during my stay at the University of Leipzig 

under the supervision of professor Hey-Hawkins. Eventually, we obtained four compounds from 
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two different synthetic routes. The stability of these molecules was tested similarly to the 

ammonium family, and their applications are still under evaluation. 

Chapter 3 focuses on a small side project steamed from the collaboration between the University 

of Milan, the University of Firenze, and the University of Pavia. In this case, we wanted to 

approach another open issue in the BNCT field, the difficulty of delivering a high amount of boron 

to cancer cells. Our idea has been the preparation of a nanomaterial decorated with boranes. We 

performed a straightforward synthesis to obtain the desired borane with a short azido linker 

suitable for conjugation.  

Chapter 4 explains the synthetic efforts made to obtain a carborane analog of naproxen, a well-

known non-steroidal anti-inflammatory drug (NSAID). This project has been part of a broader 

effort ongoing in the Hey-Hawkins’s laboratory to perform isosteric substitutions of aromatic rings 

in common drug scaffolds with inorganic structures, such as carboranes. As described in the 

Introduction – section 1.4, carboranes can be successfully employed to improve some 

pharmacological properties, like extending the circulation time or enhancing the interaction with 

the receptors.  
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C. RESULTS AND DISCUSSION 
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1. Organotrifluoroborate Sugar Conjugates – part I 

1.1  Synthetic project 

The first part of the main project of my Ph.D. thesis concerns the synthesis of a small library 

of twelve organotrifluoroborate sugar conjugates whose generic structure is shown in Figure 1. 

 

Figure 2 – General structure for the Organotrifluoroborate sugar conjugates containing ammonium salts 

We designed the products as potential theranostic agents for a BNCT guided by PET.  They consist 

of a monosaccharide unit linked to a trifluoroborate group (BF3) stabilized by an internal 

ammonium salt. Sugars can act as targeting moieties for cells with enhanced consumption of 

carbohydrates, a well-known hallmark of cancers and other related pathologies88. Instead, as 

extensively described in the Introduction -section 4.2.3, the trifluoroborate group plays the role of 

the active part of the molecule - when exposed to the neutron flux - and precursor for the PET 

tracer.  

The short triethylene glycol that connects the anomeric position of the sugar to the trifluoroborate 

also enhances the molecules' biocompatibility. Polyethylene glycol (PEG) is a polymer widely used 

in various formulations thanks to its biocompatibility172. PEGylation of proteins, drugs, and 

bioactive molecules, is known to increase the solubility of hydrophobic compounds in aqueous 

media, extend the circulation time, reduce the nonspecific uptake, and achieve specific tumor 

targetability173.  

Starting from a common intermediate, we introduced the stabilized trifluoroborate group in two 

ways: via nucleophilic substitution or via copper-catalyzed azide-alkyne cycloaddition (CuAAC, click 

reaction).  

Table 1 shows the twelve synthesized products divided into two families based on the synthetic 

methodology. 
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Table 1 - Structures of the twelve synthesized products 

Family A 

 
 

 

  

 

 
 

 

Family B 
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“Family A” was made via nucleophilic substitution with three amines – dibutylamine, morpholine, 

and piperidine – on three different monosaccharides – glucose, galactose, and mannose. Scheme 

1 shows the overall synthetic pathway that was first tested and optimized for the glucose 

derivative Glc1.  

 

 

Scheme 1 – Overall synthetic pathway for Glc1.  i)  Dibutylamine, CH3CN, 82°C, ii) Iodomethylboronyl pinacolate, Et2O, 
r.t., iii) KHF2, CH3CN, H2O, r.t., iv) KOH, MeOH, r.t. 

 

The first step of our work was to carefully plan the synthetic route, especially with regards to the 

protecting groups for the sugar moiety. Protecting groups are installed in the first synthetic step, 

but they have to be removed at the end of the synthesis without endangering the structural 

integrity of the molecule.  



41 
 

Very little is known about the stability of the trifluoroborate group to the deprotection conditions, 

but our previous studies on this subject evidenced an incompatibility with the hydrogenolysis 

conditions required to remove the benzyl esters – a routine protective group for carbohydrates. 

Therefore, we decided to use the acetates as sugar-protecting groups. They allow easy control 

over the glycosylation stereochemistry outcome and can be easily removed in mild basic 

conditions. Starting from the known compound 1174, the first nucleophilic substitution with an 

excess of dibutylamine in acetonitrile at reflux gave product 2 in satisfactory yield. The nitrogen 

atom was then alkylated with iodomethylboronyl pinacolate in diethyl ether at room temperature 

yielding the intermediate ammonium salt. 

At this point, in a first attempt to obtain the final product, we tried to deprotect the intermediate, 

fearing that the required basic conditions would have been incompatible with the final BF3. 

Unfortunately, this approach did not work; the obtained product was too polar and almost 

impossible to purify. 

So, the protected boronyl pinacolate was first converted into the corresponding trifluoroborate by 

treatment with an aqueous solution of potassium hydrogen difluoride. The reaction required 

acetonitrile as a cosolvent due to the limited solubility of the ammonium salt in water. Product 3 

was easily purified over silica gel and obtained in good yield. The final deprotection was carried 

out with a catalytic amount of potassium hydroxide in methanol, avoiding the stronger basic pH 

from sodium methoxide, typical of Zemplen conditions.  

Luckily, the mild basic conditions and the short reaction time allowed the synthesis of the first 

target compound Glc1 in satisfactory yield without affecting the molecule integrity. Glc1 didn’t 

require any purification.  

Glc2 and Glc3 were synthesized with the same reaction scheme using morpholine and piperidine 

respectively. The remaining product of “Family A” – Gal1, Gal2, Gal3, Man1, Man2, and Man3 – 

were obtained in the same way from the proper common precursors. 

“Family B” consists of three products - Glc4, Gal4, and Man4 - synthesized through a click 

reaction. The synthetic scheme was optimized for Glc4 and then repeated for the other 

compounds (Scheme 2).  
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Scheme 2 - Overall synthetic pathway for Glc4. i) NaN3, DMF, 70°C, ii) Sodium ascorbate, CuSO4•5H2O, t-BuOH, H2O, 
r.t., iii) KOH, MeOH, r.t. 

The key compound 1 was converted into the azido derivative 4 following a literature procedure174. 

Then, the click reaction between 4 and the known zwitterionic alkynyl trifluoroborate 5168 gave 

product 6 in satisfactory yield. The reaction was conducted in a mixture of water and tert-butanol 

with sodium ascorbate and catalytic amounts of copper sulfate. The last deprotection, in mild 

basic conditions, afforded the target compound Glc4 without the need for further purification.  

The same approach was employed for the synthesis of Gal4 and Man4 from the corresponding 

azido derivatives (Detailed reaction schemes, synthetic procedures, and characterizations are 

reported in the Experimental Details - section 1.1). 
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1.2  Cytotoxicity evaluation 

The cytotoxicity of all twelve compounds was tested on human fibroblasts using 

boronophenylalanine (BPA) as the reference compound. Figure 2 shows the unexpected results 

found by our colleague, Silvia Fallarini (Further experimental details in Experimental Details - 

section 1.2).  

 

Although at low concentrations all products are harmless, the compounds of “Family A”, minus 

Man3, showed higher toxicity than BPA at the highest concentration tested (1 mM).  

“Family B” and Man3 instead showed a behavior like BPA at all the concentrations tested.  

This fact slightly altered our plans since further experiments in the BNCT field would have required 

the use of high concentrations of the compounds, clearly unsafe from the toxicology point of view. 

For this reason, we moved forward whit PET experiments, which required way lower amount of 

material and could have been performed under safe conditions. 
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Figure 2 - Effects of (A) tested compounds (Glc1-4, Gal1-4, and Man1-4), and (B) boronophenylalanine (BPA) on cell 
viability. The effect of tested compounds on human primary fibroblast viability were assessed by MTT assay after 24 h, 
48 h, and 72 h of treatment with increasing concentrations (0.001 – 1 mM) of each compound. The concentration-
response curves show the percentage of cells. The data represent the mean ± SD of at least three independent 
experiments run in triplicate. 
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1.3  Stability evaluation 

First, we monitored the stability of the trifluoroborate group at physiological pH by [19F] 

NMR spectroscopy. We chose to test just the glucose-containing compounds (Glc 1-4), assuming 

that all the molecules with the same zwitterionic part share the same stability since the sugar part, 

being far from the BF3 group, should exert a negligible influence.  

 

Each compound was dissolved in phosphate buffer (pH 7.5) at a very low concentration (2 mg/mL) 

to assure a pseudo-first-order kinetic. The [19F] spectra were acquired at fixed times (320 scans, 

298K). The peaks of the starting material (ca. -135 ppm) and of the free fluoride (ca. -120 ppm) 

were integrated and plotted in the graph showing the fraction of starting material present ([BF3]/ 

([BF3] + [F-])) versus time values (t). The results were fit to the equation ([BF3]/ ([BF3] + [F-]))t = 

([BF3]/ ([BF3] + [F-]))0*e-kt to calculate the rate constants (k) and half-life value (t1/2) for each tested 

compound168. 

Scheme 3 shows the kinetic curves for all the products tested, while Table 2 resumes the values 

for k and t1/2. ([19F] spectra for each compound are reported in Experimental Details - section 1.3) 

 

 

Scheme 3 – Kinetic curves for Glc1, Glc2, Glc3, and Glc4 
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Table 2 – Significant values for Glc1, Glc2, Glc3, and Glc4 

Sample k t ½ (h) t ½ (days) 

Glc3 2.7 * 10-2 28 1.16 

Glc1 1.2 * 10-2 62 2.58 

Glc2 5.0 * 10-3 124 5.15 

Glc4 6.0 * 10-4 1142 47.58 

 

Glc3 was the less stable compound with a half-life value of 28h. Glc4 showed the highest stability, 

with a rate constant two orders of magnitude smaller (k = 7*10-4) and an extrapolated half-life 

value of 47 days. Glc1 and Glc2 exhibited similar behaviors and were situated in the middle.  

Comparing the stability data with the cytotoxicity ones seemed that the more stable compounds 

were less cytotoxic, while the easily hydrolyzed compounds showed higher toxicity. 

Only one cytotoxicity data did not match the trend, Man3 was far less cytotoxic than the 

corresponding Glc3 and Gal3 derivatives. For this reason, we performed a stability study also on 

Man3 (Scheme 4).  

 

 

Scheme 4 – Comparison between Man3 and Glc3 hydrolysis rates  

 

The results confirm the marginal influence of the carbohydrate moiety on the trifluoroborate 

stability. Man3 hydrolyzes similarly to Glc3, with a half-life value of 43h. 

On the other hand, these results do not justify the Man3 cytotoxicity profile. In the future, it coud 

be useful to repeat the cytotoxic evaluation on Man3 to confirm the data obtained. 

y = 1.0799e-0.027x

y = 1.0263e-0.016x

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

1,00

1,10

0 24 48 72 96 120 144 168 192 216

B
F 3

/F
 t

o
t

t (h)

Hydrolysis rates

Glc3

Man3



47 
 

1.4  Radiolabeling optimization 

Then, Glc1 and Glc4 were selected to undergo the radiolabeling procedure. This project 

phase required a deep optimization by Dr. Alvaro Erhard at Centro Nacional de Aceleradores 

(Spain).  

According to the literature procedures167,175,176, the trifluoroborates radiolabeling can be 

performed at room temperature in an acidic aqueous solution containing [18F] F-. Temperature, 

pH, and [18F] form played crucial roles in the procedure optimization. Table 3 reports part of the 

conditions tested. Further experimental details are reported in the Experimental Details - section 

1.4. 

Table 3 – Results of the different radiolabeling methods applied on Glc1. a) the method described as “Direct from 
cyclo” means that [18F] F- was used without any further purification and obtained from the liquid [18O] target (1.85 - 
2.22 GBq in 50 mL unfixed target 18O water). b) the method described as “Dissolved” means that Glc1 was dissolved in 
a physiological solution, then treated with the [18F] F- solution. c) the maximum radiochemical yield (RCY) has been 
obtained by radio-TLC at the time specified. d) the purity of [18F] Glc1 has been determined after purification over 
Alumina cartridge. 

[18F] F- source a Glc1b  T (°C) max RCY (%) c t max RCY (min) Purity (%) d 

Direct from cyclo Solid 40 64.3 120 96.9 

Direct from cyclo Solid 85 42.4 20 96.6 

Direct from cyclo Dissolved 40 23.1 150 -- 

Direct from cyclo Dissolved 85 41.7 60 -- 

Acidified [18F] solid 85 49.9 20 97.2 
 

[18F] Glc1 was obtained with a radiolabeled purity of 97.2% through a reaction with acidified [18F] 

at 85°C. Compared to the optimal conditions found in the next section (Result and Discussion – 

section 1.5) the reaction temperature employed is indeed higher. This has been a compromise 

between the compound stability and the need to operate in a narrow timeframe due to the short 

half-life of [18F].  

On the other hand, Glc4 did not respond in the same way, and it was impossible to obtain a 

radiolabeled equivalent with enough activity to be tested in vivo. This unexpected result may be 

due to the greater stability of Glc4 compared to the other glucose-containing compounds, and its 

lower tendency to exchange fluoride ions.  

 

The in vitro stability of [18F] Glc1 was investigated in human plasma and physiological solutions. 

Scheme 5 shows that at 37 °C [18F] Glc1 is stable for 1 hour in human plasma and 100 min in a 

physiological solution. The stability limit was set at 95% of the radiochemical (RC) purity, which 

means a 5% maximum of free [18F] F-, a quantity considered safe for in vivo experiments. 
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Scheme 5 - Radiolabeling stability for [18F] Glc1 obtained with the acidified [18F]- method. The study was conducted in 

physiological solution and human plasma. The stability of [18F] Glc1 was 60 min in human plasma and 100 min in 

physiological solution  
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1.5  HR-MS stability studies for the radiolabeling optimization. 

To screen the temperature and pH conditions for the optimization of the radiolabeling, 

together with Dr. Daniela Imperio e Dr. Erika Del Grosso, we performed further stability studies on 

Glc1 and Glc4. In particular, we tested the effects of temperature and acidic pH on the molecules’ 

integrity, first by TLC (Table 4) and then through mass spectrometry (Figure 3). Glc1 and Glc4 were 

dissolved in demineralized water, and the pH was adjusted with HCl 1M. This sort of experiment 

allowed us to collect data about the compounds’ stability in different reaction conditions but did 

not indicate the effectiveness of the radiolabeling. 

From the analysis, we confirmed that the main degradation product, as expected, was the boronic 

acid derivative, which tends to increase at lower pH, higher temperature, and prolonged time. At 

40°C, no degradation was recorded, but the temperature was too low to promote a fast 

radiolabeling (see Result and Discussion – section 1.4). 85°C and pH 2 have been a compromise 

between the need to preserve the compounds integrity and  to promote the radiochemical 

reaction. 

Table 4 – Stability experiments carried out on Glc1 and Glc4. 1 mg of compound was dissolved in 0.5 mL of 
demineralized water and the pH was adjusted with HCl 1M. The samples were heated, and TLC were performed at 
given times. 

Substrate pH T (°C) t (min)a Result 

Glc1 0.5 85 15 Extensive degradation 

Glc4 0.5 85 15 Extensive degradation 

Glc1 2.0 85 15 Partial degradation 

Glc4 2.0 85 15 Partial degradation 

Glc1 2.0 40 15, 30, 60 No degradation 

Glc4 2.0 40 15, 30, 60 No degradation 
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Figure 3A and 3B - HR-MS analysis of Glc1 at pH 2.0. Glc1 was dissolved in 100 μL of a solution of KF (3.7 x 10-9 M), 
and the pH was adjusted to 2 with HCl 1N. The mixture was warmed at 85 °C, and mass spectrometry analyses were 
performed at rt at time zero (t0), and after 20’(t1), 30’(t2), 45’(t3), and 60’(t4): 
  

A. t0 at r.t. – found m/z 528.29242 [Glc1+Na] + (vs calculated 528.29260) 

B. t1 at 85°C – found m/z 528.29242 [Glc1+Na] + (vs calculated 528.29260), found m/z 482.31298 [boronic 

acid derivative] + (vs calculated 482.31299) 
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Figure 3C and 3D - HR-MS analysis of Glc1 at pH 2.0. Purification step from boronic acid derivative through an 
Alumina cartridge (Sep-Pak) after 20’ at 85°C: 
  

 
C. t0 after alumina cartridge purification 
D. 20' at 85°C, after alumina cartridge purification. 
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1.6  In vivo PET imaging 

To conclude this first part, Professor Marcin Balcerzyk at Centro Nacional de Aceleradores 

(Spain) performed an initial in vivo PET experiment using [18F] Glc1.  

Figure 4A shows the PET/CT scan performed with [18F] Glc1 on healthy white mice 8-week-old, 

while Figure 4B represents a [18F] FDG scan. (Further experimental details are reported in 

Experimental Details - section 1.5). 

 

 

A 

B 
Figure 4B. The PET/CT study of the 

radiopharmaceutical [18F] FDG in healthy 

mouse. Uptake was observed in the brain and 

heart. 

 

Figure 4A. The PET/CT study of the 

radiopharmaceutical [18F] Glc1 in healthy mice. 

Uptake in the liver and elimination through the 

bladder are observed. No metabolism is 

observed in the brain or heart. 
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The behavior of the two compounds is remarkably different. In particular, [18F] Glc1 localizes in the 

lower part of the mice – in the liver and the bladder – does not cross the Blood-Brain Barrier and is 

not metabolized in the heart. [18F] FDG shows typical metabolism in the heart, brain, and brown 

fat.  

In both scans show no uptake in the bones relative to free fluoride ions, so [18F] Glc1 does not 

hydrolyze in the time frame required for the imaging. These observations suggest the need to 

optimize the biodistribution but prove the stability of these types of structures. 
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2. Organotrifluoroborate Sugar Conjugates – part II 

2.1  Synthetic project 

The second part of this main project started shortly after the [19F] NMR stability studies on 

the glucose-containing compounds. We aimed to obtain more stable compounds, with hopefully 

less cytotoxicity. Our research in the literature showed a possible solution in the trifluoroborates 

stabilized by a sulfonium salt168. We opted for synthesizing products with the general structure 

shown in Figure 5. Table 5 shows a library of compounds obtained either via nucleophilic 

substitution or via click reactions. 

 

Figure 5 - General structure for the Organotrifluoroborate sugar conjugates containing sulfonium salts 

Table 5 - Structures of the synthesized products 

via nucleophilic substitution 

 
via click reaction 
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The first four compounds were synthesized through nucleophilic substitution with nonaromatic 

thiols or carborane - containing thiols starting from the key common intermediate 1. I carried out 

this part of the project in the laboratory of professor Hey-Hawkins (Universität Leipzig, Leipzig, 

Germany), where I was able to access their catalog of functionalized carboranes. We decided to 

add these kinds of moieties to our products to increase the quantity of boron per molecule. 

 

The synthesis, even if very similar to the one already developed for the ammonium salts, required 

an accurate optimization and much more careful evaluation due to the sulfur atom’s lower 

nucleophilicity.  

Scheme 5 illustrates the synthetic pathway developed on the benzylic derivative used just as a 

model. 

 

Scheme 5 – Synthetic pathway developer for the synthesis of compound 9. Table 5 and Table 6 list the reaction 
conditions used for both synthetic steps. 

 

The benzyl mercaptan 7 was synthesized from the corresponding benzyl bromide according to 

literature procedures and used as a crude product177,178. Then, as reported in Table 6 we screened 

a few conditions for the first substitution reaction on the key intermediate 1. We needed to find 

the right combination of base and solvent to promote the thiol deprotonation without 

endangering the starting material. 
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Table 6 – Reaction conditions tested for the nucleophilic substitution with benzyl mercaptan. 

Trial Base Solvent Temperature Result yield 

1 KOH MeOH r.t. Deacetilated product  

2 NaH DMF r.t. to 80°C Unreacted starting material and byproducts  

3 DBU CH3CN r.t. to 80°C Byproducts  

4 K2CO3 CH3CN r.t. to 80°C product (8) 12% 

5 K2CO3 CH3CN 80°C product (8) 65% 
 

In the end, the best combination has been K2CO3 in CH3CN at 80°C. In this way, we were able to 

obtain compound 8 in a quite satisfactory yield. Right after the optimization of this first step, we 

focused on the synthesis of the trifluoroborate 9. We started with the same conditions used for 

the ammonium derivatives, iodomethylboronyl pinacolate in diethyl ether at room temperature, 

but this time the typical sticky precipitate did not form. As suggested in the literature, in a second 

attempt we added a silver salt to the reaction to promote the alkylation. Unfortunately, as we 

discovered during further research in the literature179,180, silver salts also promote molecule 

deboronation giving the byproduct 9b (Scheme 6). Table 7 resumes some of the conditions used, 

but despite all attempts made, we were unable to increase the yield above 30%. 

The quantity of byproduct 9b can be reduced by carefully working in anhydrous conditions and 

removing the silver salts before the second reaction step. In fact, during the first reaction step, 

silver iodide precipitates from the reaction solution as yellow solid. It is important to completely 

remove the solid from the reaction before starting the second step; otherwise, the aqueous 

solution if KHF2 further promotes the side reaction. 

Even if the second step had not an encouraging yield, we decided to move forward and started to 

work on the synthesis of the remaining sulfonium-containing compounds. 
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Scheme 6 – Alkylation reaction on compound 8. The byproduct 9b is unavoidable but can be reduced by carefully 
working in anhydrous conditions and removing the silver iodide from the first step. 

Trial Silver salt Solvent Result yield 

1 no Et2O Unreacted starting material  

2 AgOTf (1.5 eq) CH3CN Deboronated product (9b)  

3 AgOTf (1.1 eq) CH3CN product (9) 30% 

4 AgOTf (1.1 eq) THF Unreacted starting material   

5 AgClO4 (1.3 eq) CH3CN product (9) 28% 
  

Table 7 – Reaction conditions tested for the alkylation with iodomethylboronyl pinacolate. 

 

The procedure for the first synthetic step was successfully employed for all remaining compounds, 

using the proper thiol reagents. Surprisingly, the conditions were also compatible with the 

carborane structures, and all the products were obtained with satisfactory yields as shown in 

Scheme 7. 
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Scheme 7 – Substitution reactions on key intermediate 1. The reaction conditions optimized for product 8 were 

successfully employed for the synthesis of the remaining products with the proper thiols. 

As shown in Scheme 8, the aliphatic thioethers 8.1 and 8.2 underwent the next alkylation step 

without any further problems, even with a slight improvement in the yield for product 9.2. 

Instead, for the carborane-containing products – 8.3 and 8.4 – there was the need to switch the 

order of the reagents to avoid the direct interaction between the starting materials and the silver 

salt. For these reactions, AgOTf was premixed with the iodomethylboronyl pinacolate and then 

added to the solution of starting material. In this way, the reaction yields increased and no traces 

of the nido-carboranes were detected. The product containing meta-carborane – 9.3 – was easier 

to purify and less prone to degradation compared to the product containing the orto-carborane, 

9.4.   
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Scheme 8 – Alkylation reactions with iodomethylboronyl pinacolate. i) Iodomethylboronyl pinacolate, AgOTf, CH3CN, 
0°C. ii) KHF2 10M in H2O, CH3CN, r.t. 

In a similar way to the ammonium salts previously reported, we performed the last deprotection 

step under mild basic conditions with a catalytic amount of potassium hydroxide in methanol. 

Target products Glc5, Glc6, and Glc7 were obtained with excellent yield and did not require any 

further purification (Scheme 9).  

 

Scheme 9 – Deacetylation reactions for the final products synthesis. i) KOH (0.1 eq), MeOH, r.t. 
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Glc8: C15H36B11F3O8S  Exact Mass: 554.31066 

[Glc8 + NH4]+: C15H40B11F3NO8S+  Exact Mass: 572.34448 

[Glc8 + Na]+: C15H36B11F3NaO8S+ Exact Mass: 577.29988 

Unfortunately, the deprotection of 9.4 gave some problems and it was not possible to obtain Glc8. 

A possible explanation for this unexpected result is the higher sensitivity of orto-carborane 

towards the basic environment and the consequent starting material degradation to partially 

deacetylated nido-structures. From the HRMS (+p ESI) spectrum of Glc8, Figure 6A, is evident the 

lack of signals corresponding to compound exact mass. Instead, in the HRMS spectrum acquired in 

negative ionization (-p ESI), Figure 6B, it is possible to identify a set of signals corresponding to the 

partially deacetylated nido-structures (Table 8). 

 

  

 

Figure 5A – HR-MS spectrum for Glc8. RT: 1.13-1.26 AV: 8 NL: 8.28E7 T: FTMS + p ESI Full ms [100.0000-1500.0000] 
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Figure 6B – HR-MS spectrum for Glc8. RT: 1.12-1.27 AV: 9 NL:4.60E7 T: FTMS - p ESI Full ms [100.0000-1500.0000] 
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Table 8 – Possible structures explaining the results from the HR-MS   
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The last product of this family, Glc9, was obtained through a click reaction between the 

corresponding azido derivative 4 and the properly functionalized alkyne as shown in Scheme 10. 

 

 

Scheme 10 – Overall synthetic scheme for Glc9. i) Sodium ascorbate, CuSO4•5H2O, t-BuOH, H2O, r.t. ii) KOH, MeOH, 
r.t. 

The synthesis of the suitable alkyne required many optimizations and a carefully designed 

synthetic plan. We wanted a structure as similar as possible to alkyne 5 – the one used for the 

synthesis of “Family B” – so we envisioned compound 10 (Figure 7). 

A possible retrosynthetic approach to 10 consists in the introduction of a protected sulfur atom on 

a propargyl structure, followed by initial alkylation with iodomethylboronyl pinacolate, and then 

with methyl triflate. The last step is the formation of the trifluoroborate group (Scheme 11A). 

 

Figure 7 – Compound 5 was used in the synthesis of “Family B”. Compound 10 was envisioned as similar structure 
containing sulfur instead of nitrogen. 

 

 

Scheme 11A – Retrosynthetic approach to 10. Introduction of a protected sulfur atom on a propargyl structure. 
Alkylation of the sulfur atom with iodomethylboronyl pinacolate. Alkylation with methyl triflate and formation of the 
trifluoroborate group. 
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We started this synthesis from either propargyl bromide or propargyl alcohol - activated as mesyl 

derivative - but both approaches were quite difficult, mainly because of the volatile nature of the 

intermediates (Scheme 11B). 

 

Scheme 11B – Synthetic approaches to propargyl thioacetate. i) KSAc, DMF, 0°C to r.t. ii) MsCl, Et3N, DCM, -10°C iii) 
KSAc, K2CO3, H2O 

Therefore, we applied what we had learned to a slightly longer carbon chain and realized the 

synthetic path described in Scheme 12 to obtain the functionalized alkyne 11. 

 

 
Scheme 12 – Synthetic scheme for alkyne 11. i) TsCl, Et3N, DCM, 0°C to r.t. ii) KSAc, DMF, 60°C iii) KOH, 

iodomethylboronyl pinacolate, MeOH, 0°C to r.t. iv) MeOTf, Et2O, r.t. v) KHF2 10M in H2O, CH3CN, r.t. 

 

We activated the commercially available 4-pentyl-1-olo as tosyl derivative 12, obtaining a really 

pure product after column purification with a satisfactory yield181. Then, substitution with 

potassium thioacetate in DMF at 60°C gave the intermediate 13 without any complications182. 13 

was deacetylated with a solution of potassium hydroxide in methanol and alkylated in situ with 

iodomethylboronyl pinacolate. The intermediate 14 was used as crude in the following step, 

alkylated with methyl triflate, and then converted into the trifluoroborate 11. The overall yield 

over four steps was 25%.  
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In a first attempt to obtain 11, we purified compound 14 over silica gel, but the combined yield 

over the four steps was only 16% because 14 was difficult to purify. The completely characterized 

alkyne 11 reacted with the azido derivative 4 in the click reaction to give the intermediate product 

15, as shown in Scheme 10. Upon deacetylation, the final product Glc9 was obtained in good yield 

with a reliable synthetic pathway (Detailed synthetic procedures and characterizations are 

reported in the Experimental Details - section 2.1). 

 

2.2  Stability evaluation 

In the same fashion as the ammonium-containing compounds, we tested the stability of Glc5, 

Glc6, Glc7, and Glc9 in pseudo-physiological conditions. 

Each compound was dissolved in phosphate buffer (pH 7.5) at a very low concentration (2 mg/mL) 

to assure a pseudo-first-order kinetic. The [19F] spectra were acquired at fixed times (320 scans, 

298K). The peaks of the starting material (ca. -135 ppm) and of the free fluoride (ca. -120 ppm) 

were integrated and plotted in the graph showing the fraction of starting material present ([BF3]/ 

([BF3] + [F-])) versus time values (t). The results were fit to the equation ([BF3]/ ([BF3] + [F-]))t = 

([BF3]/ ([BF3] + [F-]))0*e-kt to calculate the rate constants (k) and half-life value (t1/2) for each tested 

compound168. 

Scheme 13 shows the kinetic curves for all the products tested, while Table 9 resumes the values 

for k and t1/2. ([19F] spectra for each compound are reported in Experimental Details - section 2.2) 

 

This time, all compounds were significantly stable. The rate constants (k) were all in the same 

order of magnitude, and the half-life values ranged from 35 to over 140 days. If these encouraging 

results are going to be backed up by the cytotoxicity results, these compounds should be 

evaluated for further biological applications as potential theranostic agents for BNCT guided by 

PET or 19F-MRI. 
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Scheme 14 – Kinetic curves for Glc5, Glc6, Glc7, and Glc9  

 

Table 9 – Significant values for Glc5, Glc6, Glc7, and Glc9 

Sample k t ½ (h) t ½ (days) 

Glc5 2 * 10-4 3407 142 

Glc6 2 * 10-4 3375 140 

Glc7 8 * 10-4 843 35 

Glc9 2 * 10-4 3415 142 
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3. Nanomaterial decorated with borane structures. 

This project stems from a collaboration between the University of Milan, the University of 

Piemonte Orientale, the University of Firenze, and the University of Pavia. 

The aim of the project is the synthesis, characterization, and biological evaluation of a 

functionalized nanomaterial for potential BNCT applications. Our contribution has been the 

synthesis of a specific borane structure 1 that has been conjugated to the nanomaterial.  

 

Figure 1 – Borane structure 1 

The borane structure 1a was synthesized as shown in Scheme 1 following the literature 

procedures. Starting from the closo-docedaborate ion, as tetrabutylammonium salt, by treatment 

with a proton source is possible to obtain the high unstable [B12H13]- ion. This molecule eliminates 

molecular hydrogen and gives [B12H11]- that is subjected to the attack of 1,4-dioxane. Compound 2 

was obtained in 39% yield without the need of further purification6. Compound 2 reacted with 

freshly prepared tetrabutylammonium azide to give the product as tetrabutylammonium salt 1a. 

The reaction lasted 24 hours and gave the product in a satisfying 90% yield183. 
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Scheme 1 – Synthesis of product 1a. i) NaBF4, HCl 2M in Et2O, 1,4-dioxane, r.t. to reflux. ii) N3Bu4N, diclotomethane, r.t.  

The last step of the synthesis consisted of the counter ion exchange between 

tetrabutylammonium (TBA) and sodium (Scheme 2). The former counter ion was not suitable for 

the subsequent characterization of the nanomaterial. In fact, our colleagues in Firenze evaluate 

the efficacy of the click reaction thought elemental analysis of nitrogen. A counter ion like the 

tetrabutylammonium would have impaired the results. 

 

Scheme 2 – Counter ion exchange between TBA+ and Na+ 
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We tried all the conditions for the counter ion exchange listed in Table 1, but none of them 

worked. 

Table 1 – Conditions used for the counter ion exchange. Method A consists in stirring a solution of 1a with the proper 
resin or salt. Method B consists in pouring a solution of 1a over a column packed with the resin. (*) Sodium resin 
freshly activated with NaOH.  

Trial Reagent Solvent Method Result 

1 Amberlite Na+ CHCl3 A None 

2 Amberlite Na+ MeOH: CHCl3 1:1 A None 

3 CsF MeOH A None 

4 CaCO3 and Amberlite H+ MeOH A None 

5 Amberlite Na+ (*) MeOH B None 

 

From the 1H-NMR spectra was easy to determine the presence of the TBA+ ion after each trial.  

 

 

 

Figure 3 – 1H-NMR recorded in CD3OD. 

16H TBA+ and CH2N3 TBA signals increased by B-H signals. 
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After further research in the literature184, we found a promising method involving the sodium 

tetraphenyl borate salt (BPh4Na). In this case the exchange was made in a heterogeneous system, 

product 1 as TBA salt was dissolved in dichloromethane, while the sodium tetraphenyl borate was 

dissolved in water. The two solutions were mixed and vigorously stirred for 3 hours. Over time, the 

aqueous solution become less clear, then the two phases were divided. The water phase 

containing the product as sodium salt was concentrated to dryness under reduced pressure. Table 

2 resumes all the attempts made using this procedure and the results obtained. 

Table 2 – Experimental conditions used for the cation exchange between compound 1a and BPh4Na. 

Trials Equivalents of 
BPh4Na  

[BPh4Na] (g/L) Results 

1 2 13 Product + traces of BPh4Na and BPh4TBA 

2 2 5 Product + lower quantities of BPh4Na and BPh4TBA 

3 1.92 5 Product + traces of BPh4TBA* 

*The last traces of BPh4TBA were successfully removed through extraction with dichloromethane 
 

Analyzing the 1H-NMR spectra it was possible to track the progress made. It can be observed that 

the signals above 7 ppm corresponding to the aromatic rings are progressively less present, as well 

as the diagnostic signal of the TBA at 3.2 ppm. Moreover, the ratio between these two sets of 

signals allowed us to roughly estimate the presence of residual traces of BPh4Na. If the aromatic 

part exceeded the quantity of TBA present, there was some BPh4Na left. 
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Figure 3 – 1H-NMR recorded in 500µL of CD3OD + 100µL CD3Cl. 

Signals from BPh4Na and BPh4TBA 

Residual signals from TBA+ 

Only signals from BPh4TBA 

1° Trial 

3° Trial – Before extraction with dichloromethane 

Figure 4 - 1H-NMR recorded in 500µL of CD3OD + 100µL CD3Cl. 
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Figure 5 - 1H-NMR recorded in 500µL of CD3OD + 100µL CD3Cl. 

Eventually, we obtained 75 mg of compound 1 as sodium salt. It was sent to our colleagues in 

Firenze for the conjugation with the nanomaterial and further biological tests. 

  

NO signals from BPh4TBA 
3° Trial – After extraction with dichloromethane 
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4. Carborane-containing drug analogs. 

During my stay at the University of Leipzig, I took part in a broad project ongoing in 

Professor Hey-Hawkins’ laboratories about the synthesis of carborane-containing drug analogs. As 

described in the Introduction - section 1.4, carboranes can replace part of the organic molecules 

used as drugs to improves some pharmacological aspects185. 

In this case, the project focused on the synthesis of two carborane-containing molecules having a 

structure like Diclorofenac or Naproxen (Figure 1), two well-known non-steroidal anti-

inflammatory drugs (NSAIDs). These kinds of medications are non-selective inhibitor of both 

cyclooxygenase (COX) isozymes. Since the active site of COX-2 is slightly larger than that of COX-1 

– approximately 25% larger - a size-extension of classical NSAIDs can lead to inhibitors with COX-2 

selectivity19.  

 

Figure 1 – Naproxen structure 

I took care of the synthesis of the Naproxen analog, starting from a bis-carborane (bis-mCb) 

already present in the Hey-Hawkins’ laboratory. The molecule consists in two meta-carborane 

joint together through a C-C bond (Figure 2A). This bond disposition leaves two C-H position, with 

identical reactivity, free and twenty B-H groups. We wanted to use 

the bis-carborane as backbone for the analog and attached the 

methoxy and carboxyilic group as substituent. The two substituents 

and the two types of atoms present in the carborane structure – 

boron or carbon – give rise to four different regioisomer listed in 

Figure 2B. Isomers A and B have both the substituents linked to the 

same kind of atom, both carbon or boron. Instead, in isomers C and 

D the substituents are jointed to different atoms.  

 

Figure 2A - bis-meta-carborane structure 
(bis-mCb) 
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Figure 2B – The four possible regioisomers for our target molecule. Isomers A and B have both the substituents linked 
to the same kind of atom, both carbon or boron. Instead, in isomers C and D the substituents are jointed to different 
atoms. 

Among the four regioisomers we decided to start with C, the one that has the methoxy group 

attached to a boron atom and the carboxylic group to a carbon atom. We thought of the 

retrosynthetic Scheme 1. First, the methoxy group would have been introduced through a 

palladium mediated cross-coupling reaction between the bis-mCb iodine derivative and sodium 

methoxide. Then, the carboxylic group would have been linked to the C-metallated derivative. 
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Scheme 1 – Retrosynthetic approach to compound C.  

The first step consisted in the synthesis of the mono iodinate derivative 1, which required a careful 

optimization to avoid the formation of the bis iodinate derivative 1b (Scheme 2).  

The course of the electrophilic halogenation on a simple m-carborane is dictated by charge 

distribution in the carborane framework. The halogen substitution occours preferentially at the 

most electronegative BH vertexes, which in m-carborane are B(9,10) (the only borons not adjacent 

to carbon) followed by B(4,6,8,11) and then B(5,12). When conducted under less than forcing 

conditions, halogenation of m-carborane does not usually proceed beyond B(9,10) substitution, 

which parallels the action of o-carborane in that only those boron atoms not adjacent to carbon 

[B(8,9,10,12)] are attacked7. 

 

On a bis-mCb structure, there are four boron atoms susceptible to halogenations; B(9,10) on each 

cage. The reaction can be facilitated by aluminum (III) or iron (III) salts or protonic acid.  

Table 1 shows the reaction conditions tried for optimizing the electrophilic halogenation. The 

reactions were performed using 0.5 eq of Iodine (I2) respect to the bis-mCb, and glacial acetic acid 
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as solvent186. Heating the reaction mixture from the beginning and for a brief period of time 

resulted the best way to promote the product formation and minimized the byproduct. 

Compounds 1, 1b, and the unreacted starting material were easily separated by silica gel 

chromatography.  

Table 1 – Reaction conditions for the electrophilic halogenation. a) Amount of acid mixture (H2SO4:HNO3 1:1) express 
in mL for mg of bis-mCb. b) Yields were calculated after purification on column chromatography. 

Trials T (°C) Amount of 
acid a 

Time 
(h) 

Unreacted 
starting material 

Byproduct (1b) Yield b 

1 r.t. → 60 0.01 (mL/mg) 6 45% 7% 25% 

2 60 → 80 0.01 (mL/mg) 3 37% 17% 44% 

3 60 → 80 0.02 (mL/mg) 1.5 n.d. 30% 54% 

4 60 → 80 0.01 (mL/mg) 2 18% 19% 46% 

 

The second step of the synthesis consisted in the formation of the B-O bond via Palladium-

Catalyzed Cross-Coupling (Scheme 3a). Starting from a literature procedure187, we tried different 

combination of temperatures, sodium methoxide equivalents, and reaction times. Unfortunately, 

too harsh conditions lead to the cage degradation, while blander combinations just afforded 

unreacted starting material or de-iodinated product (Table 2). 

 

 

Scheme 3a – Formation of the B-O bond through a Palladium-catalyzed cross-coupling reaction. 
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Table 2 – Reaction conditions for the Palladium catalyzed cross-coupling reaction.  

Trials 
Solid NaOCH3 

(eq) 
T (°C) Time (h) Results 

1 8 70 1 cage degradation 

2 4 r.t. 1 only starting material 

3 4 r.t. → 50 overnight + 3h 
starting material + de-iodinated 

product 

4 4 r.t. → 70 3h 
starting material + de-iodinated 

product 

 

 

To better understand the reaction, we tried the condition of the first trial on the 9-Br-meta-

C2B10H11 described in the article (Scheme 3b). Also in this case, the reaction didn’t work. A possible 

explanation could have been the difficulties encountered in obtaining a reproducible solid sodium 

methoxide. 

 

Scheme 3b – Palladium-catalyzed cross-coupling reaction on 9-Br-meta-C2B10H11 

At this point, we choose to change our target compound and moved on with the synthesis of the 

regioisomers A, which has both substituents liked to the C atoms (Figure 2B). Scheme 4 shows our 

first approach to the synthesis of A. We decided to start from the commercially available meta-

carborane, adding the methoxy group to one carbon, and then create the bis-mCb structure. 

Compound 3 was synthesized with a satisfying yield following a literature procedure with a slight 

variation188. In the described procedure, the authors employed H2O2 and an acidic additive to 

promote the oxidative rearrangement of the intermediate carboranyl boron ester. The additive is 

considered to activate H2O2 by forming the peracetic acid in situ189. Our variation consisted in 

using directly the peracetic acid, avoiding the unstable H2O2. Then, compound 3 was converted 

into compound 4, but the reaction condition required some adjustment. Table 3 summarized all 

the conditions tried, starting from the ones described in the literature190. 
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Scheme 4 – First synthetic approach to the synthesis of compound A. i) nBuLI 1.6M in Hexane, Et2O dry, 0°C to r.t.; 
B(OMe)3, -30°C to r.t.; CH3COOOH 35% w/w, 0°C to r.t.; NaOH 10%, NaHSO4 

Table 3 – Reaction conditions used for the synthesis of compound 4. The first trial was carried out with the 
parameters described in the literature, but they were too harsh. Milder conditions gave better results. 

Trials Base Solvent Temperature t (h) Yield product 4 

1 NaH (60%) DME reflux 1 35% + degradation products 

2 K2CO3 DMF r.t. 1 only traces 

3 K2CO3 DME r.t. overnight 65% 

 

The optimal conditions were a weaker base, potassium carbonate instead of sodium hydride, and 

a longer reaction time at lower temperature. Then, we approached the synthesis of the 

asymmetrical bis-mCb structure 5. In the literature, there are few articles about this kind of 

synthesis, and the reaction is usually performed on unfunctionalized carboranes191,192. The 

coupling takes place on the mono lithiated m-carborane, and it is mediated by copper (II) chloride. 

In our case, the possibility of having more than one product due to homocoupling reactions was 
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far than remote. Indeed, the reaction yielded a rather complex mixture of products and unreacted 

materials difficult to separate. 

Since the first approach did not work, we thought to a new synthetic route shown in Scheme 5. 

We applied what we have learnt on the mCb to the bis-mCb cage. The first two steps went quite 

smoothly, and we were able to obtain compound 5 in a quite satisfying yield. 

 

Scheme 5 – Second synthetic approach to the synthesis of compound A. i) nBuLI 1.6M in Hexane, 0°C to r.t.; B(OMe)3,    
-30°C to r.t.; CH3COOOH 35% w/w, 0°C to r.t.; NaOH 10%, NaHSO4 . ii) CH3I, K2CO3, DME, r.t. 
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Then, we focused on the last step for the synthesis of the target compound A, the formation of the 

C-metallated intermediate and the following reaction with the acid 2-bromo-propanoic protected 

as terz-butanoic ester. We performed this reaction several times changing the conditions, but we 

only obtained starting material. 

To better understand the formation of the C-metallated intermediate, we performed the reaction 

shown in scheme 6. The reaction worked well, confirming that the problem in our approach 

regarded the propanoic derivative. 

 

 

Scheme 6 – Iodination reaction on the C-metallated intermediate. This reaction was performed to better understand 
the mechanism of the first reaction step. 

A possible explanation for the difficulties encountered in this reaction step could have been the 

presence of an acidic proton in the protected propanoic acid that impaired the reaction result. 

Unfortunately, due to the end of my stay at the University of Leipzig, I was not able to complete 

the last step of the synthesis.   
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E. EXPERIMENTAL DETAILS 
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1. Organotrifluoroborate Sugar Conjugates – part I 

1.1  Chemistry 

1.1.1 General 

 

The products of the glycosylation reactions 1174, 1a193,194, and 1b194 were synthesized as 

reported in the literature. As well as the corresponding azido derivatives 4174, 4a194, and 4b194, and 

the alkyne 5168 synthesized by Perrin and coworkers. 

All reagents and solvents were purchased from Sigma-Aldrich (Milan) and used as supplied 

without further purification unless otherwise stated. Thin-layer chromatography was performed 

on silica gel plates with a fluorescent indicator (Merck, Milan) and visualized at the UV light (254 

nm) and/or by staining in ceric ammonium molybdate or sulfuric acid solution (5% in methanol). 

Anhydrous solvents were obtained using activated molecular sieves (0.3 or 0.4 nm based on the 

type of solvent).  

All reactions (if not specifically containing water as reactant, solvent, or co-solvent) were 

performed under a nitrogen atmosphere. Flash column chromatography was performed with 230–

400 mesh silica gel (Merck, Milan).  

NMR spectra were recorded using a Bruker Avance Neo 400 MHz spectrometer (Bruker, Italy). 

Singlets are presented as parts per million (ppm), and the resonance multiplicities are identified as 

“s” (singlet), “d” (doublet), “t” (triplet), “q” (quartet), or “m” (multiplet). Broad resonances are 

indicated as “br”. 13C, 11B, and 19F experiments were recorded with proton NMR decoupling. The 

carbon atoms bound to boron are usually not detectable. 

The 11B-19F coupling constant varies remarkably with the concentration, the ligands bound to the 

boron nuclei, the symmetry of the molecule, and the type of solvent. It can be well appreciated in 

small and symmetric molecules, while it is negligible in larger compounds195,196.  

11B nuclear spin is 3/2, so,  if the coupling constant is visible, the 19F spectra show one resonance 

signal with four peaks. Instead, 19F nuclear spin is 1/2, so the 11B spectra show one resonance 

signal with four peaks due to the presence of three fluorine atoms199. 
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 Mass spectrometry analysis was recorded on a Thermo Scientific Q-Exactive Plus; data were 

acquired and processed using Xcalibur® software. Optical rotations were measured on a JASCO 

P1010 polarimeter at 20 °C. Infrared Spectroscopy was performed using a Bruker Alpha II FTIR. 

1.1.1 Abbreviations 

DCM = Dicloromethane 

H = Hexane 

EA = Etyl Acetate 

TEA = Triethylamine 

cHex = Ciclohexane 
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1.1.2  General Procedures 

 

General procedure A: Nucleophilic substitution with morpholine, piperidine, or dibutylamine to 

obtain compounds 2.  

 

The amine of choice (from 3 to 8 eq.) was added dropwise to a solution of 1 (1 eq.) in dry 

acetonitrile (0.1 M). The reaction was heated at 82°C until the disappearance of starting material 

in TLC. The solvent was then removed under reduced pressure. The crude was dissolved in 30 mL 

of DCM and washed with NaHCO3 aq. The aqueous phase was extracted 2 x 20 mL of DCM. The 

combined organic extracts were washed with 2 x 20 mL of water, and brine, and dried over 

anhydrous Na2SO4. The evaporation of the solvent gave the crude product that was purified 

through silica gel column chromatography.  

 

General procedure B: Synthesis of the stable trifluoroborate group in compounds 3. 

 

The iodomethylboronyl pinacolate (2.5 eq.) was added dropwise to a solution of 2 (1eq.) in dry 

diethyl ether (0.2M). The reaction was allowed to stir at room temperature until the 

disappearance of the starting material in TLC. Over time, the formation of a sticky precipitate was 

observed. At the end of the reaction, the supernatant was taken off, and the solid triturated twice 

with fresh diethyl ether to remove the excess of the reagent. The crude was dissolved in 

acetonitrile and a solution of KHF2 (5.0 M, 10 eq.) was added to the reaction. The reaction was 

stirred at room temperature and monitored with TLC until the disappearance of the starting 

material. After the reaction ended, the solvent was removed under reduced pressure and the solid 

was dissolved in 20 mL of CHCl3 and 20 mL of water. The aqueous phase was extracted five times 

with 20mL of fresh CHCl3. The combined organic phases were washed with water, and brine, and 

dried over anhydrous Na2SO4. The evaporation of the solvent gave the crude product that was 

purified through silica gel column chromatography. 

 

General procedure C: Base catalyzed deprotection to obtain Glc1-4, Gal1-4, and Man1-4. 

   

A solution of potassium hydroxide in methanol (0.27 M, 0.1 eq.) was added to a solution of 3 or 6 

(1 eq.) in methanol (0.03M). The reaction was stirred at room temperature for 12h. The solution 

was then neutralized with Dowex® hydrogen form, filtered, and concentrated. 

 

General procedure D: Copper-catalyzed azide-alkyne cycloaddition (CuAAC) to obtain compound 

6.   

An aqueous solution of sodium ascorbate (0.6 M, 0.8 eq.) was added to a suspension of 4 (1 eq.) 

and alkyne 5 (1 eq.) in tert-Butyl alcohol (0.3 M). Then, a solution of copper (II) sulfate 

pentahydrate (0.3 M, 0.4 eq.) was added under high stirring conditions at room temperature. 

After the reaction ended, it was diluted with water and the mixture was extracted with CHCl3. The 

combined extracts were dried over anhydrous Na2SO4 and concentrated to dryness. The crude 

product was purified through silica gel column chromatography using DCM: MeOH 95:5.  



87 
 

1.1.3  Synthetic Schemes 
 

 

 

 

 

Scheme 1 – Synthesis of Glc1, Glc2, and Glc3 (Substrates named *.1 contain Morpholine, *.2 contain Piperidine) 
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Scheme 2 – Synthesis of Gal1, Gal2, and Gal3 (Substrates named *a contain Galactose, *.1 contain Morpholine, *.2 

contain Piperidine) 
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Scheme 3 – Synthesis of Man1, Man2, and Man3 (Substrates named *b contains Mannose, *.1 contain Morpholine, 
*.2 contain Piperidine) 
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Scheme 4 – Synthesis of Glc4, Gal4, and Man4 (Substrates named *a contains Galactose, *b contains Mannose) 
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1.1.4 Products characterizations 

 

Synthesis of 2  

 

 

 

 

 

 

 

1 (300 mg, 0.47 mmol) reacted with dibutylamine (3 eq.) according to the general procedure A. 

Purification over silica gel (DCM: MeOH from 95:5 to 8:2) gave 2 (Rf product 0.5 in DCM: MeOH 

95:5 + 1% TEA) as a yellowish amorphous solid (208 mg, 88%).  

 

[α]20
D: -11.6 (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.20 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 4.99 (dd, J = 9.6, 

8.0 Hz, 1H, H2), 4.60 (d, J = 8.0 Hz, 1H, H1), 4.26 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.14 (dd, J = 12.3, 

2.4 Hz, 1H, H6b), 3.99 - 3.90 (m, 1H, H1’a linker), 3.78 – 3.56 (m, 10H, H5, H1’b linker, 4CH2 linker), 

2.80 (br s, 2H, 2H6’ linker), 2.62 (br s, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 2.09, 2.04, 2.02, 2.00 

(4s, 3H each, CH3), 1.58 – 1.45 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 1.38 – 1.24 (m, 4H, 2 

NCH2CH2CH2CH3 dibutylamine), 0.92 (t, J = 7.3 Hz, 6H, 2 NCH2CH2CH2CH3 dibutylamine). 13C{1H} 

NMR (101 MHz, CDCl3/MeOD 3:2, 50°) δ 174.90 (C, C=O), 174.33 (C, C=O), 173.74 (C, C=O), 173.66 

(C, C=O), 104.67 (CH, C1), 81.47 (CH, C3), 76.95 (CH, C-5), 75.66 (CH, C2), 75.50 (CH2, C linker), 

74.38 (CH2, C linker), 74.23 (CH2, C linker), 74.07 (CH2, C linker), 72.93 (CH2, C1’ linker), 72.60 (CH, 

C4), 71.82 (CH2, C6), 65.98 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 58.05 (CH2, C6’ linker), 56.88 

(CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 33.40 (CH3), 31.52 (CH3), 24.23 (CH3), 24.07 (CH3), 23.95 

(CH2, 2C, NCH2CH2CH2CH3 dibutylamine), 17.34 (CH3, 2C, 2 NCH2CH2CH2CH3 dibutylamine). IR (neat, 

cm-1): 3600, 3402, 2956, 2934, 2872, 1753, 1457, 1366, 1220, 1172, 1118, 1037, 908, 803, 741, 

697. HRMS (C28H49NO12, MW 591.32); found m/z 592.33911 [M+H]+ (vs 592.32883 calculated). 
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Synthesis of 2.1 

 

 

 

 

 

 

1 (200 mg, 0.32 mmol) reacted with morpholine (3 eq.) according to the general procedure A. 

Purification over silica gel (DCM: MeOH 95:5) gave 2.1 (Rf product 0.5) as a yellowish amorphous 

solid (158 mg, 90%).  

 

[α]20
D = -13.0° (c = 1.0 g/100 mL, chloroform).  

1H NMR (400 MHz, CDCl3) δ 5.19 (t, J = 9.5 Hz, 1H, H3), 5.07 (t, J = 9.7 Hz, 1H, H4), 4.98 (dd, J = 9.6, 

8.0 Hz, 1H, H2), 4.59 (d, J = 8.0 Hz, 1H, H1), 4.25 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.12 (dd, J = 12.3, 

2.4 Hz, 1H, H6b), 3.98 - 3.88 (m, 1H, H1’a linker), 3.77 – 3.66 (m, 6H, H5, H1’b linker, 2 NCH2CH2O 

morpholine), 3.65 - 3.53 (m, 8H, 4CH2 linker), 2.59 (t, J = 5.8 Hz, 2H, 2H6’ linker), 2.55 – 2.47 (m, 

4H, 2 NCH2CH2O morpholine), 2.07, 2.03, 2.01, 1.99 (4s, 3H each, CH3). 13C{1H} NMR (101 MHz, 

CDCl3) δ 170.63 (C, C=O), 170.24 (C, C=O), 169.39 (C, C=O), 169.32 (C, C=O), 100.83 (CH, C1), 72.80 

(CH, C3), 71.77 (CH, C5), 71.25 (CH, C2), 70.66 (CH2, C linker), 70.36 (CH2, C linker), 70.26 (CH2, C 

linker), 69.08 (CH2, C1’ linker), 68.59 (CH2, C linker), 68.40 (CH, C4), 66.79 (CH2, 2C, NCH2CH2O 

morpholine), 61.93 (CH2, C6), 58.16 (CH2, C6’ linker), 54.02 (CH2, 2C, NCH2CH2O morpholine), 20.71 

(CH3), 20.65 (CH3), 20.59 (CH3), 20.57 (CH3). IR (neat, cm-1): 2918, 2858, 2312, 2110, 1745, 1434, 

1365, 1325, 1215, 1173, 1115, 1034, 946, 909, 858, 771. HRMS (C24H39NO13, MW 549.24); found 

m/z 550.24891 [M+H]+ (vs 550.24550 calculated). 
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Synthesis of 2.2  

 

 

 

 

 

 

1 (300 mg, 0.47 mmol) reacted with piperidine (2 eq.) according to the general procedure A. 

Purification over silica gel (DCM: MeOH 95:5 + 1% TEA) gave 2.2 (Rf product 0.3) as a yellowish 

amorphous solid (198 mg, 77%).  

 

[α]20
D: -12.1 (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.21 (t, J = 9.5 Hz, 1H, H3), 5.09 (t, J = 9.7 Hz, 1H, H4), 5.00 (dd, J = 9.6, 

8.0 Hz, 1H, H2), 4.61 (d, J  = 8.0 Hz, 1H, H1), 4.27 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.14 (dd, J = 12.3, 

2.4 Hz, 1H, H6b), 3.95 (dt, J = 11.0, 4.3 Hz, 1H, H1’a linker), 3.79 – 3.57 (m, 10H, H5, H1’b linker, 

4CH2 linker), 2.62 (t, J = 6.0 Hz, 2H, 2H6’ linker), 2.51 (br s, 4H, 2 NCH2CH2CH2 piperidine), 2.10, 

2.05, 2.03, 2.01 (4s, 3H each, CH3), 1.64 (dt, J = 11.1, 5.6 Hz, 4H, 2 NCH2CH2CH2 piperidine), 1.50 – 

1.41 (m, 2H, NCH2CH2CH2 piperidine). 13C{1H} NMR (101 MHz, CDCl3) δ 170.69 (C, C=O), 170.28 (C, 

C=O), 169.42 (C, C=O), 169.38 (C, C=O), 100.86 (CH, C1), 72.85 (CH, C3), 71.78 (CH, C5), 71.27 (CH, 

C2), 70.66 (CH2, C linker), 70.34 (CH2, C linker), 70.28 (CH2, C linker), 69.11 (CH2, C1’ linker), 68.70 

(CH2, C linker), 68.42 (CH, C4), 61.95 (CH2, C6), 58.33 (CH2, C6’ linker), 54.95 (CH2, 2C, NCH2CH2CH2 

piperidine), 25.55 (CH2, 2C, NCH2CH2CH2 piperidine), 24.02 (CH2, NCH2CH2CH2 piperidine), 20.75 

(CH3), 20.68 (CH3), 20.62 (CH3), 20.60 (CH3). IR (neat, cm-1):  2935, 2859, 2105, 1746, 1639, 1438, 

1365, 1213, 1172, 1033, 907, 805, 780, 759. HRMS (C25H41NO12, MW 547.26); found m/z 

548.26951 [M+H]+ (vs 548.26623 calculated). 
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Synthesis of 2a  

 

 

 

 

 

 

 

 

1a (250 mg, 0.40 mmol) reacted with dibutylamine (8 eq.) according to the general procedure A. 

Purification over silica gel (DCM: MeOH 9:1) gave 2a (Rf product 0.3 cHex: EA 3:7) as a yellowish 

amorphous solid (215 mg, 92%).  

 

[α]20
D: -12.75 (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) ẟ 5.39 (dt, J = 5.9, 2.9 Hz, 1H, H4), 5.21 (dd, J = 10.5, 8.0 Hz, 1H, H2), 

5.02 (dd, J = 10.5, 3.4 Hz, 1H, H3), 4.56 (d, J = 8.0 Hz, 1H, H1), 4.23 – 4.09 (m, 2H, 2H6), 4.01 – 3.89 

(m, 2H, H5, H1'a linker), 3.81 – 3.70 (m, 3H, H1'b linker, 2H5' linker), 3.68 – 3.58 (m, 6H, 3CH2 

linker), 2.93 (br s, 2H, 2H6' linker), 2.76 (br s, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 2.15 (s, 3H, 

CH3), 2.06 (s, 3H, CH3), 2.05 (s, 3H, CH3) 1.99 (s, 3H, CH3), 1.60 (br s, 4H, 2 NCH2CH2CH2CH3 

dibutylamine), 1.41 – 1.28 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 0.94 (t, J = 7.4 Hz, 6H, 2 

NCH2CH2CH2CH3 dibutylamine). 13C{1H} NMR (101 MHz, CDCl3) ẟ  170.19 (C, C=O), 170.06 (C, C=O), 

169.93 (C, C=O), 169.25 (C, C=O), 101.42 (CH, C1), 70.96 (CH, C3), 70.82 (CH, C5), 70.58 (CH2, C 

linker), 70.50 (CH2, C linker), 70.23 (CH2, C linker), 68.97 (2C, C1’ linker and C2), 67.74 (CH2, C5’ 

linker), 67.18 (CH, C4), 61.27 (C6), 53.85 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 52.91 (CH2, C6’ 

linker), 27.04 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 20.62 (CH3), 20.48 (2C, CH3), 20.40 (CH3), 

20.32 (CH2, 2C, NCH2CH2CH2CH3 dibutylamine), 13.65 (CH3, 2C, 2 NCH2CH2CH2CH3 dibutylamine). IR 

(neat, cm-1):  3367, 2932, 2958, 2873, 2373, 2120, 1988, 2015, 1746, 1646, 1457, 1368, 1217, 

1174, 1043, 955, 917, 900, 800, 737, 706. HRMS (C28H49NO12, MW 591.32); found m/z 592.33000 

[M+H]+ (vs 592.32883 calculated). 

  



95 
 

Synthesis of 2a.1  

 

 

 

 

 

 

1a (200 mg, 0.32 mmol) reacted with morpholine (3 eq.) according to the general procedure A. 

Purification over silica gel (DCM: MeOH 95:5) gave 2a.1 (Rf product 0.5) as a yellowish amorphous 

solid (181 mg, 89%).  

 

[α]20
D = -9.55° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.40 (d, J = 3.3 Hz, 1H, H4), 5.22 (dd, J = 10.4, 8.0 Hz, 1H, H2), 5.03 (dd, 

J = 10.5, 3.4 Hz, 1H, H3), 4.57 (d, J = 8.0 Hz, 1H, H1), 4.16 (qd, J = 11.2, 6.7 Hz, 2H, 2H6), 4.01 – 3.89 

(m, 2H, H5, H1’a linker), 3.82 – 3.71 (m, 5H, H1’b linker, 2 NCH2CH2O morpholine), 3.71 – 3.58 (m, 

8H, 4CH2 linker), 2.63 (br s, 2H, 2H6’ linker), 2.55 (br s, 4H, 2NCH2CH2O morpholine), 2.16, 2.07, 

2,06,  2.00 (4s, 3H each, CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 170.40 (C, C=O), 170.27 (C, C=O), 

170.17 (C, C=O), 169.46 (C, C=O), 101.39 (CH, C1), 70.91 (CH, C3) , 70.69 (CH2, C linker), 70.67 (CH, 

C5), 70.40 (CH2, C linker), 70.27 (CH2, C linker), 70.11 (CH2, C linker) 69.11 (CH2, C1’ linker), 68.81 

(CH, C2), 68.58 (CH2, NCH2CH2O), 67.06 (CH, C4), 66.75 (CH2, NCH2CH2O), 61.28 (CH2, C6), 58.16 

(CH2, C6’ linker), 54.02 (CH2, 2C, NCH2CH2O), 20.79 (CH3), 20.67 (CH3), 20.59 (CH3), 1.01(CH3). IR 

(neat, cm-1): 2860, 2316, 2106, 1744, 1436, 1454, 1368, 1217, 1175, 1115, 1045, 954, 915, 900, 

859, 803, 772, 738, 710. HRMS (C24H39NO13, MW 549.24); found m/z 550.24951 [M+H]+ (vs 

550.24550 calculated). 
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Synthesis of 2a.2  

 

 

 

 

 

 

1a (200 mg, 0.32 mmol) reacted with piperidine (3 eq.) according to the general procedure A. 

Purification over silica gel (DCM: MeOH 9:1 + 1% TEA) gave 2a.2 (Rf product 0.3 in DCM: MeOH 

95:5 + 1% TEA) as a yellowish amorphous solid (177 mg, 98%).  

 

[α]20
D: -9.25 (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) ẟ 5.40 (dd, J = 0.9 Hz, 3.4, 1H, H4), 5.21 (dd, J = 8.0 Hz, 10.5, 1H, H2), 

5.02 (dd, J = 3.4 Hz, 10.5, 1H, H3), 4.57 (d, J = 8.0 Hz, 1H, H1), 4.21 – 4.11 (m, 2H, 2H6), 4.01 – 3.88 

(m, 2H, H5, H1'a linker), 3.76 (ddd, J = 4.0, 7.1, 11.0 Hz, 1H, H1'b linker), 3.69 – 3.56 (m, 8H, 4CH2 

linker), 2.59 (t, J = 6.1 Hz, 2H, 2H6' linker), 2.47 (br s, 4H, 2 NCH2CH2CH2 piperidine), 2.16 (s, 3H, 

CH3), 2.06 (2s, 3H each, CH3), 1.99 (s, 3H, CH3), 1.62 (dt, J = 5.6, 11.1 Hz, 4H, 2 NCH2CH2CH2 

piperidine), 1.49 – 1.40 (m, 2H, NCH2CH2CH2 piperidine). 13C{1H} NMR (101 MHz, CDCl3) ẟ  170.40 

(C, C=O), 170.28 (C, C=O), 170.17 (C, C=O), 169.50 (C, C=O), 101.40 (CH, C1), 70.93 (CH, C3), 70.69 

(CH, C5), 70.66 (CH2, C linker), 70.33 (CH2, C linker), 70.27 (CH2, C linker), 69.12 (CH2, C1’ linker), 

68.83 (CH2, C linker), 68.82 (CH, C2), 67.07 (CH, C4), 61.30 (CH2, C6), 58.41 (CH2, C6’ linker), 54.98 

(CH2, 2C, NCH2CH2CH2 piperidine), 25.69 (CH2, 2C, NCH2CH2CH2 piperidine), 24.13 (CH2, 

NCH2CH2CH2 piperidine), 20.78 (CH3), 20.67 (2C, CH3), 20.59 (CH3). IR (neat, cm-1): 3301, 2933, 

2119, 1746, 1651, 1435, 1368, 1216, 1174, 1074, 1041, 955, 918, 899, 863, 758, 779, 737, 708. 

HRMS (C25H41NO12, MW 547.26); found m/z 548.26998 [M+H]+ (vs 548.26623 calculated). 
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Synthesis of 2b  

1b (450 mg, 0.71 mmol) reacted with dibutylamine (8 eq.) 

according to the general procedure A giving 2b (Rf product 

0.3 cHex: EA 3:7) as a crude product. 

 

 

 

 

Synthesis of 2b.1  

 

 

 

 

 

 

 

1b (300 mg, 0.47 mmol) reacted with morpholine (3 eq.) according to the general procedure A. 

Purification over silica gel (DCM: MeOH 9:1) gave 2b.1 (Rf product 0.5) as a yellowish amorphous 

solid (245 mg, 94%).  

[α]20
D = +31.88° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) ẟ 5.40 – 5.26 (m, 3H, H2, H3, H4), 4.88 (d, J = 1.6 Hz, 1H, H1), 4.31 (dd, J 

= 12.1, 4.9 Hz, 1H, H6a), 4.15 – 4.04 (m, 2H, H5, H6b), 3.82 (ddd, J = 13.7, 7.4, 4.8 Hz, 1H, H1'a 

linker), 3.78 – 3.72 (m, 4H, 2 NCH2CH2O morpholine), 3.71 – 3.60 (m, 9H, H1'b linker, 4CH2 PEG), 

2.63 (t, J = 5.6 Hz, 2H, 2H6' linker), 2.55 (s, 4H, 2NCH2CH2O morpholine), 2.17 (s, 3H, CH3), 2.12 (s, 

3H, CH3), 2.05 (s, 3H, CH3), 2.00 (s, 3H, CH3). 13C{1H} NMR (101 MHz, CDCl3) ẟ   170.68 (C, C=O), 

170.04 (C, C=O), 169.91 (C, C=O), 169.72 (C, C=O), 97.74 (CH, C1), 70.71 (CH2, C linker), 70.39 (CH2, 

C linker), 70.00 (CH2, C linker), 69.57 (CH, C2), 69.08 (CH, C3), 68.56 (CH2, C linker), 68.43 (CH, C5), 

67.41 (CH2, C1’ linker), 66.76 (2CH2, NCH2CH2O), 66.14 (C4), 62.40 (C6), 58.17 (CH2, C6’ linker), 

54.01 (2CH2, NCH2CH2O), 20.90 (CH3), 20.76 (CH3), 20.72 (CH3), 20.69 (CH3). IR (neat, cm-1):  2860, 

2125, 1742, 1653, 1541, 1558, 1507, 1454, 1368, 1217, 1116, 1134, 1081, 1044, 978, 915, 937, 859 

772, 792. HRMS (C24H39NO13, MW 549.24); found m/z 550.24913 [M+H]+ (vs 550.24550 

calculated). 

 

Synthesis of 2b.2  

 

1b (400 mg, 0.63 mmol) reacted with piperidine (3 eq.) according 

to the general procedure A giving 2b.2 (Rf product 0.3 in DCM: 

MeOH 95:5 + 1% TEA) as a crude product. 
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Synthesis of 3  

 

 

 

 

 

 

2 (200 mg, 0.34 mmol) reacted according to the general procedure B. Purification over silica gel 

(DCM: MeOH 98:2) gave 3 (Rf product 0.8) as a yellowish amorphous solid (174 mg, 76%).  

 

[α]20
D = -8.8° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.21 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 4.99 (dd, J = 9.5, 

8.0 Hz, 1H, H2), 4.58 (d, J = 7.9 Hz, 1H, H1), 4.27 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.15 (dd, J = 12.3, 

2.4 Hz, 1H, H6b), 3.99 – 3.86 (m, 3H, H1’a linker, 2H5’ linker), 3.76 – 3.66 (m, 2H, H5, H1’b linker), 

3.65 – 3.56 (m, 6H, 3CH2 linker), 3.51 – 3.44 (m, 2H, 2H6’ linker), 3.36 – 3.16 (m, 4H, 2 

NCH2CH2CH2CH3 dibutylamine), 2.47 (q, J = 4.4 Hz, 2H, NCH2B), 2.09, 2.04, 2.03, 2.01 (4s, 3H each, 

CH3), 1.71 – 1.56 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 1.43 – 1.30 (m, 4H, 2 NCH2CH2CH2CH3 

dibutylamine), 0.99 (t, J = 7.3 Hz, 6H, 2 NCH2CH2CH2CH3 dibutylamine). 13C{1H} NMR (101 MHz, 

CDCl3) δ 170.62 (C, C=O), 170.22 (C, C=O), 169.45 (C, C=O), 169.29 (C, C=O), 100.86 (CH, C1), 72.77 

(CH, C3), 71.82 (CH, C5), 71.23 (CH, C2), 70.50 (CH2, C linker), 70.43 (CH2, C linker), 70.16 (CH2, C 

linker), 69.10 (CH2, C1’ linker), 68.39 (CH, C4), 65.28 (CH2, C5’ linker), 61.94 (CH2, C6), 61.71 (CH2, 

2C, 2 NCH2CH2CH2CH3 dibutylamine), 60.22 (CH2, C6’ linker), 24.21 (CH2, 2C, 2 NCH2CH2CH2CH3 

dibutylamine), 20.73 (CH3), 20.68 (CH3), 20.60 (2C, 2CH3), 19.72 (CH2, 2C, 2 NCH2CH2CH2CH3 

dibutylamine), 13.68 (CH3, 2C, 2 NCH2CH2CH2CH3 dibutylamine). 11B{1H} NMR (128 MHz, CDCl3) δ 

1.62 (br s). 19F{1H} NMR (376 MHz, CDCl3) δ -140.16 (s). IR (neat, cm-1): 3625, 2962, 2876, 2116, 

1746, 1637, 1459, 1366, 1215, 1172, 1117, 1031, 895, 832, 806, 752. HRMS (C29H51BF3NO12, MW 

673.51); found m/z 696.33451 [M+Na]+ (vs 696.33486 calculated). 
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Synthesis of 3.1  

 

 

 

 

 

 

 

2.1 (150 mg, 0.27 mmol) reacted according to the general procedure B. Purification over silica gel 

(DCM: MeOH 95:5) gave 3.1 (Rf product 0.5) as a yellowish amorphous solid (139 mg, 81%).  

 

[α]20
D = -8.9° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.21 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 4.99 (dd, J = 9.6, 

8.0 Hz, 1H, H2), 4.56 (d, J = 8.0 Hz, 1H, H1), 4.28 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.14 (dd, J = 12.3, 

2.4 Hz, 1H, H6b), 4.09 – 3.90 (m, 7H, H1’a linker + 6H), 3.76 – 3.43 (m, 14H, H5, H1’b linker + 12H), 

2.76 – 2.65 (m, 2H, NCH2B), 2.09, 2.05, 2.03, 2.01 (4s, 3H each, CH3). 13C{1H} NMR (101 MHz, 

CDCl3) δ 170.64 (C, C=O), 170.24 (C, C=O), 169.45 (C, C=O), 169.40 (C, C=O), 100.95 (CH, C1), 72.68 

(CH, C3), 71.87 (CH, C5), 71.16 (CH, C2), 70.32 (CH2), 70.18 (CH2), 70.14 (CH2), 69.33 (CH2, C1’ 

linker), 68.35 (CH, C4), 65.15 (CH2), 62.74 (CH2), 62.10 (CH2), 61.88 (CH2, 2C, C6), 60.92 (CH2), 60.85 

(CH2), 20.72 (CH3), 20.70 (CH3), 20.60 (CH3), 20.59 (CH3). 11B{1H} NMR (128 MHz, CDCl3) δ 1.85 (br 

s). 19F{1H} NMR (376 MHz, CDCl3) δ -139.05 (s). IR (neat, cm-1):  2881, 2110, 1745, 1639, 1438, 

1366, 1216, 1170, 1124, 1030, 952, 900, 806, 751. HRMS (C25H41BF3NO13, MW 631.41); found m/z 

654.25171 [M+Na]+ (vs 654,25153 calculated). 
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Synthesis of 3.2  

 

 

 

 

 

 

2.2 (170 mg, 0.31 mmol) reacted according to the general procedure B. Purification over silica gel 

(DCM: MeOH 95:5) gave 3.2 (Rf product 0.5) as a yellowish amorphous solid (144 mg, 74%).  

 

[α]20
D = -15.3° (c = 1.0 g/100 mL, chloroform).  

1H NMR (400 MHz, CDCl3) δ 5.20 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 4.97 (dd, J = 9.6, 

8.0 Hz, 1H, H2), 4.57 (d, J = 8.0 Hz, 1H, H1), 4.27 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.14 (dd, J = 12.3, 

2.4 Hz, 1H, H6b), 3.99 – 3.91 (m, 3H, H1’a linker, CH2 linker), 3.76 – 3.67 (m, 2H, H5, H1’b linker), 

3.65 – 3.55 (m, 8H, 4CH2 linker), 3.49 – 3.30 (m, 4H, 2 NCH2CH2CH2 piperidine), 2.54 (q, J = 4.4 Hz, 

2H, NCH2B), 2.09, 2.04, 2.03, 2.01 (4s, 3H each, CH3), 1.97 – 1.77 (m, 4H, 2 NCH2CH2CH2 

piperidine), 1.74 – 1.55 (m, 2H, NCH2CH2CH2 piperidine). 13C{1H} NMR (101 MHz, CDCl3) δ 170.62 

(C, C=O), 170.21 (C, C=O), 169.46 (C, C=O), 169.34 (C, C=O), 100.88 (CH, C1), 72.75 (CH, C3), 71.81 

(CH, C5), 71.23 (CH, C2), 70.37 (CH2, C linker), 70.32 (CH2, C linker), 70.15 (CH2, C linker), 69.22 

(CH2, C1’ linker), 68.38 (CH, C4), 65.27 (CH2, C linker), 63.22 (CH2, 2C, NCH2CH2CH2 piperidine), 

61.93 (CH2, C6), 61.26 (CH2, C6’ linker), 21.40 (CH2, NCH2CH2CH2 piperidine), 20.74 (CH3), 20.69 

(CH3), 20.60 (2C, CH3), 20.21 (CH2, 2C, NCH2CH2CH2 piperidine). 11B{1H} NMR (128 MHz, CDCl3) δ 

1.84 (s). 19F{1H} NMR (376 MHz, CDCl3) δ -139.38 (s). IR (neat, cm-1): 2944, 2875, 2113, 1744, 1638, 

1436, 1366, 1325, 1215, 1172, 1031, 941, 907, 891, 837, 804, 752. HRMS (C26H43BF3NO12, MW 

629.41); found m/z 652.27192 [M+Na]+ (vs 652.27226 calculated). 
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Synthesis of 3a  

 

 

 

 

 

 

 

2a (200 mg, 0.34 mmol) reacted according to the general procedure B. Purification over silica gel 

(DCM: MeOH 97:3) gave 3a (Rf product 0.5) as a colorless amorphous solid (191 mg, 83%).  

 

[α]20
D = -8.36° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) ẟ 5.40 (dd, J = 6.5, 3.8 Hz, 1H, H4), 5.20 (dd, J = 10.5, 8.0 Hz, 1H, H2), 

5.03 (dd, J = 10.5, 3.4 Hz, 1H, H3), 4.54 (d, J = 8.0 Hz, 1H, H1), 4.23 – 4.10 (m, 2H, 2H6), 4.01 – 3.88 

(m, 4H, H5, H1'a linker, 2H5' linker), 3.75 – 3.68 (m, 1H, H1'b linker), 3.67 – 3.58 (m, 6H, 3CH2 

linker), 3.52 – 3.46 (m, 2H, 2H6' linker), 3.35 – 3.16 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 2.48 

(d, J = 4.4 Hz, 2H, NCH2B), 2.16 (s, 3H, CH3), 2.06 (2s, 3H each, CH3), 2.00 (s, 3H, CH3), 1.76 – 1.59 

(m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 1.45 – 1.31 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 

1.00 (t, J = 7.3 Hz, 6H, 2 NCH2CH2CH2CH3 dibutylamine). 13C{1H} NMR (101 MHz, CDCl3) ẟ  170.42 

(C, C=O), 170.22 (C, C=O), 170.13 (C, C=O), 169.40 (C, C=O), 101.41 (CH, C1), 70.85 (CH, C3), 70.71 

(CH, C5), 70.51 (CH2, C linker), 70.44 (CH2, C linker), 70.18 (CH2, C linker), 69.12 (CH2, C1’ linker), 

68.77 (CH, C2), 67.02 (CH, C4), 65.30 (CH2, C5’ linker), 61.70 (CH2, 2C, 2 NCH2CH2CH2CH3 

dibutylamine), 61.18 (CH2, C6), 60.22 (CH2, C6’ linker), 24.22 (CH2, 2C, 2 NCH2CH2CH2CH3 

dibutylamine), 20.79 (CH3), 20.68 (CH3), 20.65 (CH3), 20.58 (CH3), 19.72 (CH2, 2C, 2 NCH2CH2CH2CH3 

dibutylamine), 13.69 (CH3, 2C, 2 NCH2CH2CH2CH3 dibutylamine). 11B{1H} NMR (128 MHz, CDCl3) δ 

1.77 (br s).  19F{1H} NMR (376 MHz, CDCl3) δ -140.20 (s). IR (neat, cm-1): 3648, 2962, 2875, 2119, 

1743, 1459, 1368, 1217, 1175, 1042, 896, 835, 806, 738. HRMS (C29H51BF3NO12, MW 673.51); 

found m/z 696.33441 [M+Na]+ (vs 696.33486 calculated). 
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Synthesis of 3a.1  

 

 

 

 

 

 

2a.1 (180 mg, 0.32 mmol) reacted according to the general procedure B. Purification over silica gel 

(DCM: MeOH 95:5) gave 3a.1 (Rf product 0.5) as a yellowish amorphous solid (116 mg, 56%).  

 

[α]20
D = -7.42° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.40 (dd, J = 3.4, 0.9 Hz, 1H, H4), 5.17 (dd, J = 10.5, 7.9 Hz, 1H, H2), 

5.03 (dd, J = 10.5, 3.4 Hz, 1H, H3), 4.51 (d, J = 8.0 Hz, 1H, H1), 4.20 (dd, J = 11.2, 6.5 Hz, 1H, H6a), 

4.12 (dd, J = 11.3, 6.8 Hz, 1H, H6b), 4.09 – 3.90 (m, 8H, H5, H1’a linker, 3CH2), 3.74 – 3.64 (m, 3H), 

3.64 – 3.44 (m, 11H, H1’b linker, 3CH2 linker, 2CH2), 2.71 (q, J = 4.4 Hz, 2H, NCH2B), 2.17, 2.063, 

2.057, 2.00 (4s, 3H each, CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 170.43 (C, C=O), 170.24 (C, C=O), 

170.13 (C, C=O), 169.46 (C, C=O), 101.51 (CH, C1), 70.77 (CH, 2C, C3 and C5), 70.32 (CH2, C linker), 

70.15 (CH2, C linker), 70.14 (CH2, C linker), 69.44 (CH2, C1’ linker), 68.71 (CH, C2), 67.02 (CH, C4), 

65.16, 62.52, 62.12,62.07, 61.22 (CH2, C6), 60.93, 60.91, 20.79 (CH3), 20.68 (CH3), 20.60 (CH3), 

20.59 (CH3). 11B{1H} NMR (128 MHz, CDCl3) δ 1.65 (s). 19F{1H} NMR (376 MHz, CDCl3) δ -139.15 (s). 

IR (neat, cm-1): 3622, 2881, 2116, 1741, 1644, 1437, 1368, 1216, 1174, 1126, 1032, 952, 898, 917, 

751. HRMS (C25H41BF3NO13, MW 631.41); found m/z 654.25161 [M+Na]+ (vs 654.25153 calculated). 
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Synthesis of 3a.2  

 

 

 

 

 

 

 

2a.2 (140 mg, 0.26 mmol) reacted according to the general procedure B. Purification over silica gel 

(DCM: MeOH 98:2) gave 3a.2 (Rf product 0.5) as a yellowish amorphous solid (104 mg, 64%).  

 

[α]20
D = -8.46° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) ẟ 5.40 (dt, J = 6.4, 3.2 Hz, 1H, H4), 5.19 (dd, J = 10.5, 7.9 Hz, 1H, H2), 

5.03 (dd, J = 10.5, 3.4 Hz, 1H, H3), 4.54 (d, J = 8.0 Hz, 1H, H1), 4.16 (ddd, J = 27.4, 11.2, 6.7 Hz, 2H, 

H6), 4.00 – 3.90 (m, 4H, H5, H1'a linker, 2H6' linker), 3.75 – 3.68 (m, 1H, H1'b linker), 3.66 – 3.56 

(m, 8H, 4CH2 linker), 3.51 – 3.41 (m, 2H, NCH2CH2CH2 piperidine), 3.36 (dd, J = 10.3, 6.8 Hz, 2H, 

NCH2CH2CH2 piperidine), 2.56 (d, J = 4.4 Hz, 2H, NCH2B), 2.16 (s, 3H, CH3), 2.07 (2s, 3H each, CH3), 

2.00 (s, 3H, CH3), 1.97 – 1.80 (m, 4H, 2xNCH2CH2CH2), 1.77 – 1.56 (m, 2H, NCH2CH2CH2). 13C{1H} 

NMR (101 MHz, CDCl3) ẟ  170.43 (C, C=O), 170.20 (C, C=O), 170.13 (C, C=O), 169.45 (C, C=O), 

101.43 (CH, C1), 70.83 (CH, C5), 70.71 (CH2, C linker), 70.36 (CH2, C linker), 70.17 (CH2, C linker), 

69.26 (CH2, C1’ linker), 68.76 (CH, C2), 67.03 (CH, C4), 65.30 (CH2, C6’ linker), 63.31 (CH2, 2C, 

NCH2CH2CH2 piperidine), 61.19 (CH2, 2C, C6, C linker), 21.44 (CH2, NCH2CH2CH2 piperidine), 20.80 

(CH3), 20.69 (CH3), 20.66 (CH3), 20.59 (CH3), 20.22 (CH2, 2C, NCH2CH2CH2 piperidine). 11B{1H} NMR 

(128 MHz, CDCl3) δ 1.95 (d, J = 28.1 Hz). 19F{1H} NMR (376 MHz, CDCl3) δ -139.50 (s). IR (neat, cm-

1): 3854, 3649, 3287, 2921, 2325, 2213, 2234, 2166, 2116, 1990, 2015, 1952, 1966, 1743, 1652, 

1434, 1368, 1298, 1218, 1075, 1018, 941, 893, 864, 797, 704, 729. HRMS (C26H43BF3NO12, MW 

629.41); found m/z 652.27161 [M+Na]+ (vs 652.27226 calculated). 
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Synthesis of 3b  

 

 

 

 

 

 

 

2b (250 mg crude product, 0.42 mmol) reacted according to the general procedure B. Purification 

over silica gel (DCM: MeOH 97:3) gave 3b (Rf product 0.5) as a yellowish amorphous solid (235 mg, 

50% over three steps). 

 

[α]20
D = +30.64° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.36 – 5.24 (m, 3H, H2, H3, H4), 4.87 (d, J = 1.4 Hz, 1H, H1), 4.29 (dd, J 

= 12.2, 5.1 Hz, 1H, H6a), 4.12 (dd, J = 12.3, 2.4 Hz, 1H, H6b), 4.07 – 3.99 (m, 1H, H5), 3.95 – 3.88 

(m, 2H, 2H5' linker), 3.81 (ddd, J = 12.5, 7.6, 2.8 Hz, 1H, H1'a linker), 3.70 – 3.59 (m, 7H, H1'b 

linker, 3CH2 liker), 3.54 – 3.47 (m, 2H, 2H6’ linker), 3.34 – 3.18 (m, 4H, 2 NCH2CH2CH2CH3 

dibutylamine), 2.48 (d, J = 4.4 Hz, 2H, NCH2B), 2.17 (s, 3H, CH3), 2.11 (s, 3H, CH3), 2.06 (s, 3H, CH3), 

2.00 (s, 3H, CH3), 1.66 (dt, J = 15.7, 8.0 Hz, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 1.44 – 1.30 (m, 

4H, 2 NCH2CH2CH2CH3 dibutylamine), 0.99 (t, J = 7.3 Hz, 6H, 2 NCH2CH2CH2CH3 

dibutylamine).13C{1H} NMR (101 MHz, CDCl3) δ 170.64 (C, C=O), 170.10 (C, C=O), 169.98 (C, C=O), 

169.73 (C, C=O), 97.75 (CH, C1), 70.50 (PEG), 70.42 (CH2, C linker), 69.99 (CH2, C linker), 69.47 (CH, 

C2), 69.06 (CH, C3), 68.51 (CH, C5), 67.34 (CH2, C1’ linker), 66.09 (CH, C4), 65.29 (CH2, C5’ linker), 

62.43 (CH2, C6), 61.72 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 60.19 (CH2, C6’ linker), 24.21 

(CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 20.88 (CH3), 20.75 (CH3), 20.70 (CH3), 20.69 (CH3), 19.72 

(CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 13.69 (CH3, 2C, 2 NCH2CH2CH2CH3 dibutylamine).11B{1H} 

NMR (128 MHz, CDCl3) δ 1.75 (br s). 19F{1H} NMR (376 MHz, CDCl3) δ -140.25 (s). IR (neat, cm-1):  

2962, 2876, 2377, 2126 1742, 1653, 1541, 1558, 1507, 1457, 1368, 1218, 1134, 1042, 978, 1003, 

936, 895, 831, 793, 753. HRMS (C29H51BF3NO12, MW 673.51); found m/z 696.33411 [M+Na]+ (vs 

696.33486 calculated). 
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Synthesis of 3b.1  

 

 

 

 

 

 

 

 

2b.1 (200 mg, 0.39 mmol) reacted according to the general procedure B. Purification over silica gel 

(DCM: MeOH 95:5) gave 3b.1 (Rf product 0.5) as a yellowish amorphous solid (190 mg, 77%).  

 

[α]20
D = +24.24° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.34 – 5.29 (m, 2H, H3, H4), 5.25 (dd, J = 2.9, 1.8 Hz, 1H, H2), 4.88 (d, J 

= 1.7 Hz, 1H, H1), 4.28 (dd, J = 12.2, 5.2 Hz, 1H, H6a), 4.13 (dd, J = 12.2, 2.6 Hz, 1H, H6b), 4.09 – 

3.99 (m, 5H, H5, 2H5' linker, NCH2CH2O morpholine), 3.94 (br d, J = 13.8 Hz, 2H, NCH2CH2O 

morpholine), 3.86 – 3.77 (m, 1H, H1'a linker), 3.77 – 3.71 (m, 2H, 2H6' linker), 3.71 – 3.61 (m, 7H, 

H1'b linker, 3CH2 linker), 3.61 – 3.45 (m, 4H, 2NCH2CH2O morpholine), 2.71 (dd, J = 8.8, 4.3 Hz, 2H, 

NCH2B), 2.17 (s, 3H, CH3), 2.11 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.01 (s, 3H, CH3).13C{1H} NMR (101 

MHz, CDCl3)  δ 170.66 (C, C=O), 170.19 (C, C=O), 170.14 (C, C=O), 169.72 (C, C=O), 97.66 (CH, C1), 

70.30 (CH2, 2C linker), 69.95 (CH2, C linker), 69.47 (CH, C2), 69.07 (CH, C3), 68.57 (CH, C5), 67.37 

(CH2, C1’ linker), 66.05 (CH, C4), 65.18 (CH2, C5’ linker), 62.58 (CH2, C6’ linker), 62.44 (CH2, C6), 

61.97 (CH2, 2C,  NCH2CH2O), 60.91 (CH2, 2C, NCH2CH2O), 20.89 (CH3), 20.75 (CH3), 20.71 (2C, CH3). 
11B{1H} NMR (128 MHz, CDCl3) δ 1.90 (s). 19F{1H} NMR (376 MHz, CDCl3) δ -139.21 (s). IR (neat, cm-

1):  2881, 1844, 1869, 1829, 1792, 1739, 1670, 1684, 1636, 1653, 1541, 1558, 1507, 1521, 1472, 

1488, 1457, 1437, 1368, 1289, 1218, 1130, 1038, 899, 917, 791, 731. HRMS (C25H41BF3NO13, MW 

631.41); found m/z 654.25051 [M+Na]+ (vs 654.25153 calculated). 
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Synthesis of 3b.2  

 

 

 

 

 

 

 

 

2b.2 (300 mg crude product, 0.54 mmol) reacted according to the general B. Purification over silica 

gel (DCM: MeOH 95:5) gave 3b.2 (Rf product 0.5) as a yellowish amorphous solid (189 mg, 55% 

over three steps).  

 

[α]20
D = +36.04° (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.36 – 5.22 (m, 3H, H2, H3, H4), 4.87 (d, J = 1.4 Hz, 1H, H1), 4.28 (dd, J 

= 12.2, 5.1 Hz, 1H, H6a), 4.16 – 4.09 (m, 1H, H6b), 4.06 – 3.94 (m, 3H, H5, 2H5'linker), 3.85 – 3.76 

(m, 1H, H1'a linker), 3.71 – 3.57 (m, 9H, H1'b linker, 4CH2 linker), 3.40 (ddd, J = 21.4, 16.2, 11.9 Hz, 

4H, 2 NCH2CH2CH2 piperidine), 2.55 (d, J = 4.3 Hz, 2H, NCH2B), 2.17 (s, 3H, CH3), 2.11 (s, 3H, CH3), 

2.06 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.97 – 1.76 (m, 4H, 2 NCH2CH2CH2 piperidine), 1.74 – 1.57 (m, 

2H, NCH2CH2CH2 piperidine). 13C{1H} NMR (101 MHz, CDCl3) δ 170.66  (C, C=O), 170.14 (C, C=O), 

170.03 (C, C=O), 169.73 (C, C=O), 97.70 (CH, C1), 70.34 (CH2, C linker), 70.28 (CH2, C linker), 69.95 

(CH2, C linker), 69.45 (CH, C2), 69.09 (CH, C3), 68.51 (CH, C5), 67.38 (CH2, C1’ linker), 66.06 (CH, 

C4), 65.27 (CH2, C5’ linker), 63.21 (CH2, 2C, NCH2CH2CH2 piperidine), 62.43 (CH2, C6), 60.99 (CH2, 

C6’ linker), 21.36 (CH2, NCH2CH2CH2 piperidine), 20.89 (CH3), 20.76 (CH3), 20.71 (2C, CH3), 20.24 

(CH2, 2C, NCH2CH2CH2 piperidine). 11B{1H} NMR (128 MHz, CDCl3) δ 1.94 (s). 19F{1H} NMR (376 

MHz, CDCl3) δ -139.53 (s). IR (neat, cm-1):  2943, 2877, 2376, 2318, 2126, 1740, 1636, 1653, 1541, 

1558, 1507, 1521, 1436, 1456, 1368, 1218, 1171, 1134, 1041, 940, 892, 837, 792, 754. HRMS 

(C26H43BF3NO12, MW 629.41); found m/z 652.27051 [M+Na]+ (vs 652.27226 calculated). 
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Synthesis of Glc1  

 

 

 

 

 

 

 

3 (120 mg, 0.18 mmol) reacted according to the general procedure C to give Glc1 (77 mg, 86%) as 

a white foam.  

 

[α]20
D = -11.0° (c = 1.0 g/100 mL, methanol).  

1H NMR (400 MHz, CD3OD) δ 4.32 (d, J = 7.8 Hz, 1H, H1), 4.04 (dt, J = 8.5, 3.8 Hz, 1H, H1’a linker), 

3.89 (dd, J = 7.5, 2.8 Hz, 3H, H6a, CH2 liker), 3.80 – 3.62 (m, 8H, H6b, H1’b linker, 3CH2 liker), 3.56 – 

3.47 (m, 2H, 2H6’ linker), 3.37 (t, J = 4.5 Hz, 1H, H3),  3.34 – 3.25 (m, 6H, H4, H5, 2 NCH2CH2CH2CH3 

dibutylamine), 3.22 (dd, J = 9.0, 8.98 Hz, 1H, H2), 2.44 (q, J = 4.9 Hz, 2H, NCH2B), 1.82 – 1.61 (m, 

4H, 2 NCH2CH2CH2CH3 dibutylamine), 1.46 – 1.34 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 1.02 (t, 

J = 7.4 Hz, 6H, 2 NCH2CH2CH2CH3 dibutylamine). 13C{1H} NMR (101 MHz, CD3OD) δ 103.13 (CH, C1), 

76.61 (CH, 2C, C3, C5*), 73.68 (CH, C2), 70.25 (CH, C4*), 70.08 (CH2, 2C, C linker), 70.00 (CH2, C 

linker), 68.33 (CH2, C1’ linker), 64.73 (CH2, C linker), 61.40 (CH2, 3C, C6, 2 NCH2CH2CH2CH3 

dibutylamine), 59.77 (CH2, C6’ linker), 23.86 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 19.39 (CH2, 

2C, 2 NCH2CH2CH2CH3 dibutylamine), 12.69 (CH3, 2C, 2 NCH2CH2CH2CH3 dibutylamine) *may be 

interchanged. 11B{1H} NMR (128 MHz, CD3OD) δ 2.00 (s). 19F{1H} NMR (376 MHz, CD3OD) δ -

140.32 (s). IR (neat, cm-1): 3393, 2961, 2932, 2875, 2105, 1638, 1460, 1352, 1301, 1254, 1162, 

1033, 896, 805, 737, 717. HRMS (C21H43BF3NO8, MW 505.31); found m/z 528.29361 [M+Na]+ (vs 

528.29261 calculated). 
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Synthesis of Glc2  

 

 

 

 

 

 

3.1 (120 mg, 0.19 mmol) reacted according to the general procedure C to give Glc2 (85 mg, 97%) 

as a white foam. [α]20
D = -9.8° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) δ 4.32 (d, J = 7.8 Hz, 1H, H1), 4.07 – 3.93 (m, 7H, H1’a linker, 6H), 3.89 

(dd, J = 11.9, 1.5 Hz, 1H, H6a), 3.78 – 3.64 (m, 10H, H6b, H5, H1’b linker, 7H), 3.61 – 3.48 (m, 4H), 

3.41 – 3.38 (m, 1H, H3), 3.31 – 3.27 (m, 2H, H4), 3.21 (dd, J = 7.8, 9.0 Hz, 1H, H2), 2.68 (q, J = 9.1, 

4.4 Hz, 2H, NCH2B). 13C{1H} NMR (101 MHz, CD3OD) δ 103.11 (CH, C1), 76.62 (CH, C3)*, 76.61(CH, 

C4)*, 73.66 (CH, C2), 70.22 (CH, C5), 70.01 (CH2), 69.86 (CH2), 69.79 (CH2), 68.46 (CH2, C1’ linker), 

64.62 (CH2), 61.37 (CH2, 3C, C6), 60.59 (CH2, 2C).  *may be interchanged. 11B{1H} NMR (128 MHz, 

CD3OD) δ 1.86 (s). 19F{1H} NMR (376 MHz, CD3OD) δ -139.07 (s). IR (neat, cm-1): 3387, 2880, 2083, 

1639, 1460, 1352, 1299, 1254, 1222, 1197, 1163, 1065, 1029, 952, 918, 899, 849, 818, 779. HRMS 

(C17H33BF3NO9, MW 463.21); found m/z 486.20911 [M+Na]+ (vs 486.20927 calculated). 

 

Synthesis of Glc3  

 

 

 

 

 

 

 

3.2 (115 mg, 0.18 mmol) reacted according to the general procedure C to give Glc3 (81 mg, 95%) 

as a white foam. [α]20
D = -11.3° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) δ 4.32 (d, J1,2 = 7.8 Hz, 1H, H1), 4.09 – 4.00 (m, J = 7.7, 4.3 Hz, 1H, H1’a 

linker), 3.99 – 3.93 (m, 2H, CH2 liker), 3.89 (d, J = 11.4 Hz, 1H, H6a), 3.80 – 3.64 (m, 8H, H6b, H1’b 

linker, 3CH2 liker), 3.64 – 3.59 (m, 2H, 2H6’ linker), 3.44 (t, J = 5.4 Hz, 4H, 2 NCH2CH2CH2 

piperidine), 3.40 – 3.26 (m, 3H, H3, H4, H5), 3.21 (dd, J = 8.9, 7.9 Hz, 1H, H2), 2.53 (q, J = 4.6 Hz, 

2H, NCH2B), 2.00 – 1.82 (m, 4H, 2 NCH2CH2CH2), 1.72 – 1.60 (m, 2H, NCH2CH2CH2). 13C{1H} NMR 

(101 MHz, CD3OD) δ 103.11 (CH, C1), 76.60 (CH, 2C, C3, C5), 73.69 (CH, C2), 70.25 (CH, C4), 70.05 

(CH2, C linker), 69.96 (CH2, C linker), 69.84 (CH2, C linker), 68.38 (CH2, C1’ linker), 64.74 (CH2, C 

linker), 62.46 (CH2, 2C, NCH2CH2CH2 piperidine), 61.40 (CH2, C6), 60.71 (CH2, C6’ linker), 21.00 (CH2, 

NCH2CH2CH2 piperidine), 19.91 (CH2, 2C, NCH2CH2CH2 piperidine). 11B{1H} NMR (128 MHz, CD3OD) 

δ 2.00 (d, J = 45.0 Hz). 19F{1H} NMR (376 MHz, CD3OD) δ -139.55 (s). IR (neat, cm-1): 3385, 2876, 

2094, 1638, 1462, 1351, 1326, 1300, 1250, 1195, 1165, 1029, 1008, 989, 940, 89, 837, 793. HRMS 

(C18H35BF3NO8, MW 461.21); found m/z 484.2091 [M+Na]+ (vs 484. 20331 calculated). 
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Synthesis of Gal1  

 

 

 

 

 

 

3a (120 mg, 0.17 mmol) reacted according to the general procedure C to give Gal1 (85 mg, 95%) as 

a white foam. [α]20
D = -15.18° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) ẟ 4.27 (d, J = 7.4 Hz, 1H, H1), 4.07 – 4.01 (m, 1H, H1'a linker), 3.91 – 

3.84 (m, 3H, H4, 2H5' linker), 3.79 – 3.62 (m, 9H, H1'b linker, 3CH2 liker, 2H6), 3.56 – 3.47 (m, 5H, 

H2, H3, H5, 2H6' linker), 3.35 – 3.30 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 2.44 (dd, J = 9.1, 4.4 

Hz, 2H, NCH2B), 1.80 – 1.60 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 1.45 – 1.33 (m, 4H, 2 

NCH2CH2CH2CH3 dibutylamine), 1.01 (t, J = 7.4 Hz, 6H, 2 NCH2CH2CH2CH3 dibutylamine). 13C{1H} 

NMR (101 MHz, CD3OD) ẟ 103.75 (CH, C1), 75.31 (CH, C5), 73.55 (CH, C3), 71.11 (CH, C2), 70.09 

(CH2, 2C, C linker), 69.99 (CH2, C linker), 68.87 (CH, C4), 68.24 (CH2, C1’ linker), 64.73 (CH2, C5’ 

linker), 61.37 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 61.12 (CH2, C6), 59.77 (CH2, C6’ linker), 

23.86 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 19.39 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 

12.69 (CH3, 2C, 2 NCH2CH2CH2CH3 dibutylamine). 11B{1H} NMR (128 MHz, CD3OD) δ 1.88 (br s). 
19F{1H} NMR (376 MHz, CD3OD) δ -140.31 (s). IR (neat, cm-1): 3396, 2934, 2960, 2875, 2107, 1989, 

1652, 1541, 1558, 1507, 1463, 1352, 1378, 1300, 1254, 1045, 894, 757, 781, 738, 702. HRMS 

(C21H43BF3NO8, MW 505.51); found m/z 523.33749 [M+NH4]+ (vs 523.33776 calculated). 

 

Synthesis of Gal2  

 

 

 

 

 

 

3a.1 (120 mg, 0.19 mmol) reacted according to the general procedure C to give Gal2 (88 mg, 99%) 

as a white foam. [α]20
D = -4.65° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) δ 4.27 (d, J = 7.4 Hz, 1H, H1), 4.09 – 3.92 (m, 7H, H1’a linker, 2H5’ 

linker, 2 NCH2CH2O morpholine), 3.85 (d, J = 2.5 Hz, 1H, H4), 3.81 – 3.64 (m, 11H, 2H6, H1’b linker, 

2H6’ linker, 3CH2 liker), 3.61 – 3.46 (m, 7H, H2, H3, H5, 2 NCH2CH2O morpholine), 2.68 (q, J = 4.6 

Hz, 2H, NCH2B). 13C{1H} NMR (101 MHz, CD3OD) δ 103.77 (CH, C1), 75.33 (CH, C5), 73.56 (CH, C3), 

71.11 (CH, C2), 70.05 (CH2, C linker), 69.86 (CH2, C linker), 69.80 (CH2, C linker), 68.90 (CH, C4), 

68.39 (CH2, C1’ linker), 64.67 (CH2, C5’ linker), 61.40 (CH2, 2C, NCH2CH2O), 61.17 (CH2, C6), 60.59 

(CH2, 2C, NCH2CH2O). 11B{1H} NMR (128 MHz, CD3OD) δ 1.94 (d, J = 43.4 Hz). 19F{1H} NMR (376 

MHz, CD3OD) δ -139.45 (br s). IR (neat, cm-1): 3387, 2921, 2883, 2118, 1638, 1461, 1329, 1352, 

1298, 1254, 1222, 1120, 1020, 947, 896, 918, 849, 758, 778, 701. HRMS (C17H33BF3NO9, MW 

463.41); found m/z 486.20902 [M+Na]+ (vs 486.20927 calculated). 
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Synthesis of Gal3 

 

 

 

 

 

 

 

3a.2 (120 mg, 0.19 mmol) reacted according to the general procedure C to give Gal3 (85 mg, 98%) 

as a white foam.  

 

[α]20
D = -3.09° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) ẟ 4.27 (d, J = 7.3 Hz, 1H, H1), 4.04 (ddd, J = 9.4, 5.0, 2.7 Hz, 1H, H1'a 

linker), 3.96 (dd, J = 8.9, 4.3 Hz, 2H, 2H5' linker), 3.85 (dd, J = 3.1, 0.7 Hz, 1H, H4), 3.81 – 3.74 (m, 

3H, 2H6, H1'b linker), 3.74 – 3.64 (m, 6H, 3CH2 liker), 3.62 (dd, J = 9.5, 4.8 Hz, 2H, 2H6' linker), 3.51 

(ddt, J = 13.5, 7.0, 2.8 Hz, 3H, H2, H3, H5), 3.43 (t, J = 5.7 Hz, 4H, 2 NCH2CH2CH2 piperidine), 2.53 

(d, J = 4.8 Hz, 2H, NCH2B), 1.98 – 1.82 (m, 4H, 2 NCH2CH2CH2 piperidine), 1.74 – 1.57 (m, 2H, 

NCH2CH2CH2 piperidine). 13C{1H} NMR (101 MHz, CD3OD) δ 103.73 (CH, C1), 75.30 (CH, C5), 73.53 

(CH, C3), 71.12 (CH, C2), 70.08 (CH2, C linker), 69.96 (CH2, C linker), 69.84 (CH2, C linker), 68.88 (CH, 

C4), 68.32 (CH2, C1’ linker), 64.76 (CH2, C5’ linker), 62.47 (CH2, 2C, NCH2CH2CH2 piperidine), 61.16 

(CH, C6), 60.65 (CH2, C6’ linker), 21.00 (CH2, NCH2CH2CH2 piperidine), 19.90 (CH2, 2C, NCH2CH2CH2 

piperidine). 11B{1H} NMR (128 MHz, CD3OD) δ 2.02 (d, J = 42.9 Hz). 19F{1H} NMR (376 MHz, CD3OD) 

δ -139.50 (s). IR (neat, cm-1): 3401, 2928, 2878, 2372, 2216, 2168, 2119, 2015, 2037, 1993, 1919, 

1747, 1637, 1457, 1367, 1327, 1300, 1229, 1029, 940, 891, 839, 862, 757, 778, 700. HRMS 

(C18H35BF3NO8, MW 461.41); found m/z 484.22980 [M+Na]+ (vs 484. 22331 calculated). 
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Synthesis of Man1  

 

 

 

 

 

 

 

 

3b (120 mg, 0.17 mmol) reacted according to the general procedure C to give Man1 (74 mg, 87%) 

as a yellowish solid.  

[α]20
D = +27.88° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) ẟ 4.81 (d, J = 1.6 Hz, 1H, H1), 3.92 – 3.80 (m, 5H, H2, H6a, H1'a linker, 

2H5' linker), 3.76 – 3.55 (m, 11H, H3, H4, H5, H6b, H1'b linker, 3CH2 liker), 3.54 – 3.48 (m, 2H, 2H6' 

linker), 3.35 – 3.26 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 2.44 (dd, J = 9.2, 4.5 Hz, 2H, NCH2B), 

1.79 – 1.63 (m, 4H, 2 NCH2CH2CH2CH3 dibutylamine), 1.45 – 1.33 (m, 4H, 2 NCH2CH2CH2CH3 

dibutylamine), 1.02 (t, J = 7.4 Hz, 6H, 2 NCH2CH2CH2CH3 dibutylamine). 13C{1H} NMR (101 MHz, 

CD3OD) ẟ 100.34 (CH, C1), 73.22 (CH, C5), 71.20 (CH, C3), 70.72 (CH, C2), 70.17 (CH2, C linker), 

70.11 (CH2, C linker), 70.01 (CH2, C linker), 67.19 (CH, C4), 66.35 (CH2, C1’ linker), 64.77 (CH2, C5’ 

linker), 61.56 (CH2, C6), 61.39 (CH2, C6’ linker), 59.78 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 

23.86 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 19.38 (CH2, 2C, 2 NCH2CH2CH2CH3 dibutylamine), 

12.68 (CH3, 2C, 2 NCH2CH2CH2CH3 dibutylamine). 11B{1H} NMR (128 MHz, CD3OD) δ 1.76 (br s). 

 19F{1H} NMR (376 MHz, CD3OD) δ -140.35 (s). IR (neat, cm-1):  3394, 2960, 2932, 2875, 2107, 1749, 

1652, 1541, 1558, 1507, 1459, 1353, 1380, 1302, 1252, 1050, 976, 1003, 883, 806, 719, 737. HRMS 

(C21H43BF3NO8, MW 505.41); found m/z 528.2922 [M+Na]+ (vs 528.29261 calculated). 

 

Synthesis of Man2  

 

 

 

 

 

 

 

3b.1 (120 mg, 0.19 mmol) reacted according to the general procedure C to give Man2 (85 mg, 

97%) as a colorless solid.  

[α]20
D = +29.31° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) ẟ 4.83 (d, J = 1.1 Hz, 1H, H1), 4.07 – 3.94 (m, 6H, 2H5' linker, 2 

NCH2CH2O morpholine), 3.84 (m, 3H, H2, H6a, H1'a linker), 3.77 – 3.64 (m, 10H, H3, H6b, 2H6' 

linker, 3CH2 liker), 3.65 – 3.60 (m, 3H, H4, H5, H1'b linker), 3.58 – 3.47 (m, 4H, 2 NCH2CH2O 

morpholine), 2.68 (d, J = 4.6 Hz, 2H, NCH2B). 13C{1H} NMR (101 MHz, CD3OD) ẟ 100.31 (CH, C1), 
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73.25 (CH, C5), 71.20 (CH, C3), 70.71 (CH, C2), 70.01 (CH2, C linker), 70.00 (CH2, C linker), 69.92 

(CH2, C linker), 67.20 (CH, C4), 66.31 (CH2, C1’ linker), 64.67 (CH2, C5’ linker), 61.53 (CH2, 2C, C6 

and C6' linker), 61.31 (CH2, 2C, NCH2CH2O), 60.56 (CH2, 2C, NCH2CH2O). 11B{1H} NMR (128 MHz, 

CD3OD) δ 1.92 (d, J = 50.5 Hz). 19F NMR{1H} (376 MHz, CD3OD) δ -139.42 (s). IR (neat, cm-1): 3383, 

2921, 2882, 2108, 1734, 1647, 1559, 1459, 1352, 1300, 1254, 1223, 1125, 1022, 897, 917, 848, 

807, 679. HRMS (C17H33BF3NO9, MW 463.41); found m/z 481.25386 [M+NH4]+ (vs 481.25387 

calculated). 

 

Synthesis of Man3  

 

 

 

 

 

 

 

3b.2 (120 mg, 0.19 mmol) reacted according to the general procedure C to give Man3 (83 mg, 

94%) as a yellowish solid.  

[α]20
D = +16.82° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) ẟ 4.82 (d, J = 1.6 Hz, 1H, H1), 4.00 – 3.92 (m, 2H, 2H5' linker), 3.89 – 

3.81 (m, 3H, H2, H6a, H1'a linker), 3.77 – 3.53 (m, 13H, H3, H4, H5, H6b, H1'b linker, 4CH2 liker), 

3.48 – 3.39 (m, 4H, 2 NCH2CH2CH2 piperidine), 2.53 (d, J = 4.7 Hz, 2H, NCH2B), 1.97 – 1.82 (m, 4H, 2 

NCH2CH2CH2 piperidine), 1.73 – 1.59 (m, 2H, NCH2CH2CH2 piperidine). 13C{1H} NMR (101 MHz, 

CD3OD) ẟ 100.33 (CH, C1), 73.25 (CH, C5), 71.20 (CH, C3), 70.72 (CH, C2), 70.06 (CH2, C linker), 

70.01 (CH2, C linker), 69.96 (CH2, C linker), 67.21 (CH, C4), 66.35 (CH2, C1’ linker), 64.79 (CH2, C5’ 

linker), 62.44 (CH2, 2C, NCH2CH2CH2 piperidine), 61.57 (CH2, C6), 60.69 (CH2, C6’ linker), 20.99 (CH2, 

NCH2CH2CH2 piperidine), 19.91 (CH2, 2C, NCH2CH2CH2 piperidine). 11B{1H} NMR (128 MHz, CD3OD) 

δ 1.99 (d, J = 44.4 Hz). 19F{1H} NMR (376 MHz, CD3OD) δ -139.57 (s). IR (neat, cm-1): 3383, 2925, 

2879, 2106, 1733, 1702, 1652, 1541, 1558, 1507, 1457, 1353, 1301, 1249, 1128, 1026, 941, 891, 

834, 807, 678. HRMS (C18H35BF3NO8, MW 461.41); found m/z 484.2296 [M+Na]+ (vs 484. 22331 

calculated). 
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Synthesis of 5  

 

 

 

According to the literature procedure, 5 was synthesized starting from the N,N-

dimethylpropargylamine (2 mmol, 230 µL) dissolved in dry diethylether (8 mL, 0.3 M). The 

iodomethylboronyl pinacolate (2 mmol, 390 µL) was added dropwise to the solution at room 

temperature. Almost instantaneously, the alkylated product precipitated from the solution as a 

yellow solid, and it was isolated through filtration. The crude product was dissolved in an aqueous 

solution of KHF2 (10 mmol, 3M, 3,5 mL). The reaction was monitored through TLC (Rf product 0.9 

in DCM: MeOH 8:2 – stain KMnO4) until the complete disappearance of the starting material. The 

solvent was removed under reduced pressure, and the remaining solid was dissolved in boiling 

acetone to remove the inorganic salts. The suspension was filtered in a round bottom flask, and 

the acetone was removed under reduced pressure. The crude product was purified over silica gel 

(DCM: MeOH 9:1) and gave 5 (280 mg, 80%). 
 

1H NMR (400 MHz, CD3OD) δ 4.23 (d, J = 2.4 Hz, 2H, CH2N), 3.39 (t, J = 2.6 Hz, 1H, HCC), 3.15 (s, 6H, 

2 CH3), 2.54 (b s, 2H, NCH2B). 13C{1H} NMR (101 MHz, CD3OD) δ 80.10 (HCC), 72.38 (HCC), 56.33 

(CH2N), 51.73(2C, CH3). 11B{1H} NMR (128 MHz, CD3OD) δ 1.87 (q, J = 50.6 Hz). 19F{1H} NMR (376 

MHz, CD3OD) δ -140.65 (q, J = 98.5, 46.7 Hz). IR (neat, cm-1): 3268, 2991, 2924, 2851, 2130, 1474, 

1380, 1349, 1318, 1254, 1233, 1057, 967, 885, 801, 720, 671, 631, 557. HRMS (C6H11BF3N, MW 

164.96); found m/z 188.08299 [M+Na]+ (vs 188.08289 calculated). 
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Synthesis of 6  

 

 

 

 

 

 

 

4 (250 mg, 0.49 mmol) reacted with 5 (81 mg, 0.49 mmol) according to the general procedure D. 

Purification over silica gel gave 6 (Rf product 0.6 in DCM: MeOH 95:5) as a white foam (249 mg, 

76%).  

 

[α]20
D = -12.8° (c = 1.0 g/100 mL, chloroform). 

 1H NMR (400 MHz, CDCl3) δ 8.28 (s, 1H, H triazole), 5.23 (t, J = 9.5 Hz, 1H, H4), 5.09 (t, J = 9.7 Hz, 

1H, H3), 4.97 (dd, J = 9.6, 8.0 Hz, 1H, H2), 4.68 – 4.54 (m, 5H, H1, 2H6’ linker, TriazoleCH2N(CH3)2), 

4.28 (dd, J = 12.3, 4.6 Hz, 1H, H6a), 4.15 (dd, J = 12.3, 2.3 Hz, 1H, H6b), 3.96 (ddd, J = 16.4, 8.2, 4.2 

Hz, 1H, H1’a linker),  3.89 (td, J = 5.3, 2.9 Hz, 2H, 2H5’ linker), 3.80 – 3.69 (m, 2H, H1’b linker, H5), 

3.66 – 3.57 (m, 6H, 3CH2 linker), 3.15 and 3.13 (2s, 3H each, N(CH3)2), 2.38 (br q, J = 4.2 Hz, 2H, 

NCH2B), 2.09, 2.03, 2.01, 2.007 (4s, 3H each, CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 170.72 (C, 

C=O), 170.30 (C, C=O), 169.49 (C, C=O), 169.46 (C, C=O), 136.20 (C, C triazole), 129.02 (CH triazole), 

100.81 (CH, C-1), 72.80 (CH, C-4), 71.73 (CH, C-5), 71.33 (CH, C-2), 70.67 (CH2, C linker), 70.51 (CH2, 

C linker), 70.13 (CH2, C linker), 69.39 (CH2, C1’ linker), 69.09 (CH2, C5’ linker), 68.39 (CH, C-3), 61.92 

(CH2, C6), 59.85 (CH2, C6’ linker), 54.44 (CH3, 2C, N(CH3)2), 50.55 (CH2, TriazoleCH2N), 20.76 (CH3), 

20.65 (2C, CH3), 20.61 (CH3). 11B{1H} NMR (128 MHz, CDCl3) δ 1.84 (br s). 19F{1H} NMR (376 MHz, 

CDCl3) δ -138.71 (s). IR (neat, cm-1): 2942, 2941, 1743, 1217, 1031. HRMS (C26H42BF3N4O12, MW 

670.44); found m/z 693.27295 [M+Na]+ (vs calculated 693.27366).  
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Synthesis of 6a  

 

 

 

 

 

 

4a (249 mg, 0.49 mmol) reacted with 5 (81 mg, 0.49mmol) according to the general procedure D.  

Purification over silica gel gave 6a (Rf product 0.6 in DCM: MeOH 95:5) as a white foam (309 mg, 

94%).  

 

[α]20
D = -9.57° (c = 1.0 g/100 mL, chloroform).  

1H NMR (400 MHz, CDCl3) δ 8.29 (s, 1H, H triazole), 5.40 (d, J = 2.7 Hz, 1H, H4), 5.17 (dd, J = 10.5, 

7.9 Hz, 1H, H2), 5.06 (dd, J = 10.4, 3.4 Hz, 1H, H3), 4.63 (t, J = 5.0 Hz, 2H, 2H6’ linker), 4.61 – 4.57 

(m, 3H, H1, TriazoleCH2N(CH3)2), 4.16 (ddd, J = 25.7, 11.2, 6.7 Hz, 2H, 2H6), 4.00 – 3.94 (m, 2H, H5, 

H1’a linker), 3.90 (td, J = 5.4, 2.6 Hz, 2H, 2H5’ linker), 3.78 – 3.71 (m, 1H, H1’b linker), 3.66 – 3.58 

(m, 6H, 3CH2 linker), 3.14 and 3.13 (2s, 3H each, N(CH3)2), 2.38 (br q, J = 4.2 Hz, 2H, NCH2B), 2.14 

(s, 3H, CH3), 2.05 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.99 (s, 3H, CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 

170.46 (C, C=O), 170.26 (C, C=O), 170.15 (C, C=O), 169.57 (C, C=O), 136.19 (C, C triazole), 129.02  

(CH, CH triazole), 101.34 (CH, C1), 70.82 (CH, C3), 70.66 (CH2, C linker), 70.64 (CH, C5), 70.52 (CH2, 

C linker), 70.15 (CH2, C linker), 69.36 (CH2, C1’ linker), 69.11 (CH2, C5’ linker), 68.93 (CH, C2), 67.12 

(CH, C4), 61.22 (CH2, C6), 59.93 (CH2, TriazoleCH2N), 54.37 (CH3, 2C, N(CH3)2), 50.56 (CH2, C6’ 

linker), 20.76 (CH3), 20.70 (CH3), 20.65 (CH3), 20.60 (CH3). 11B{1H} NMR (128 MHz, CDCl3) δ 1.87 (br 

s). 19F{1H} NMR (376 MHz, CDCl3) δ -138.93 (s). IR (neat, cm-1): 2929, 1742, 1218, 1038. HRMS 

(C26H42BF3N4O12, MW 670.44); found m/z 693.27342 [M+Na]+ (vs calculated 693.27366). 
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Synthesis of 6b  

 

 

 

 

 

 

 

 

4b (220 mg, 0.44 mmol) reacted with 5 (73 mg, 0.44 mmol) according to the general procedure D. 

Purification over silica gel gave 6b (Rf product 0.6 in DCM: MeOH 95:5) as a white foam (253 mg, 

86%).  

 

[α]20
D = +24.8° (c = 1.0 g/100 mL, chloroform).  

1H NMR (400 MHz, CDCl3) δ 8.24 (s, 1H. H Triazole), 5.33-5.26 (m, 2H, H4, H3), 5.23 (m, 1H, H2), 

4.87 (d, J = 1.3 Hz, 1H, H1), 4.62 (t, J = 4.8 Hz, 2H, 2H6’ linker), 4.57 (s, 2H, Triazole-CH2N(CH3)2), 

4.26 (dd, J = 12.2, 5.0 Hz, 1H, H6a), 4.10 (dd, J = 12.3, 2.3 Hz, 1H, H6b), 4.06 – 4.00 (m, 1H, H5), 

3.91 (t, J = 4.8 Hz, 2H, 2H5’ linker), 3.83 – 3.75 (m, 1H, H1’a linker), 3.70 - 3.65 (m, J = 8.9, 4.5 Hz, 

1H, H1’b linker), 3.65 – 3.58 (m, 6H, 3CH2 linker), 3.11 (s, 6H, N(CH3)2), 2.36 (br q, J = 4.4 Hz, 2H, 

NCH2B), 2.14 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.97 (s, 3H, CH3). 13C{1H} NMR (101 

MHz, CDCl3) δ 170.73 (C, C=O), 170.16 (C, C=O), 170.10 (C, C=O), 169.73(C, C=O), 136.16 (C, C 

triazole), 128.96 (CH, CH triazole), 97.62 (CH, C1), 70.67 (CH2, C linker), 70.61 (CH2, C linker), 69.95 

(CH2, C linker), 69.49 (CH, C2), 69.18 (CH, C4)*, 69.17 (CH2, C5’ linker), 68.45 (CH, C5), 67.29 (CH2, 

C1’ linker), 66.08 (CH, C3)*, 62.42 (CH2, C6), 59.90 (CH2, TriazoleCH2N), 54.40 (CH3, 2C, N(CH3)2), 

50.61 (CH2, C6’ linker), 20.91 (CH3), 20.77 (CH3), 20.72 (2C, CH3). *May be interchanged. 11B{1H} 

NMR (128 MHz, CDCl3) δ 1.79 (s). 19F{1H} NMR (376 MHz, CDCl3) δ -138.74 (s). IR (neat, cm-1): 

2916, 1740, 1220, 1036. HRMS (C26H42BF3N4O12, MW 670.44); found m/z 693.27318 [M+Na]+ (vs 

calculated 693,27366). 
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Synthesis of Glc4  

 

 

 

 

 

 

 

Compound 6 (249 mg, 0.37 mmol) reacted according to the general procedure C to give Glc4 (185 

mg, 99%) as a white foam. [α]20
D = -9.6° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) δ 8.36 (s, 1H, H triazole), 4.68 (br t, J = 5.0 Hz, 2H, 2H6’ linker), 4.60 (s, 

2H, TriazoleCH2N(CH3)2), 4.33 (d, J = 7.8 Hz, 1H, H1), 4.04 – 3.97 (m, 1H, H1’a linker), 3.94 (b t, J = 

5.0 Hz, 2H, 2H5’ linker), 3.89 (br d, J = 11.8 Hz, 1H, H6a), 3.76 – 3.62 (m, 9H, H1’b linker, H6b, H5, 

3CH2 linker), 3.41 – 3.36 (m, 1H, H3), 3.32 – 3.28 (m, 1H, H4),  3.20 (dd, J = 9.0, 7.8 Hz, 1H, H2), 

3.08 (s, 6H, N(CH3)2), 2.39 (q, J = 4.7 Hz, 2H, NCH2B). 13C{1H} NMR (101 MHz, CD3OD) δ 136.41 (C, C 

triazole), 128.84 (CH, CH triazole), 103.04 (CH, C1), 76.57(CH, 2C, C4, C3), 73.70 (CH, C2), 70.24 

(CH, C5), 70.02 (CH2, 2C, C linker) , 69.98 (CH2, C linker), 68.81(CH2, C5’ linker), 68.29 (CH2, C1’ 

linker), 61.36 (CH2, C6), 60.10 (CH2, TriazoleCH2N) , 52.25 (CH3, 2C, N(CH3)2) , 50.22 (CH2, C6’ 

linker). 11B{1H} NMR (128 MHz, CD3OD) δ 2.09 (s).19F{1H} NMR (376 MHz, CD3OD) δ -139.31 (s). IR 

(neat, cm-1): 3387, 2879, 1639, 1030, 969. HRMS (C18H34BF3N4O8, MW 502.29); found m/z 

525.23151 [M+Na]+ (vs calculated 525.23140). 

 

Synthesis of Gal4 

 

 

 

 

 

 

 

6a (309 mg, 0.46 mmol) reacted according to the general procedure for C to give Gal4 (231 mg, 

98%) as a white foam. [α]20
D = -4.7° (c = 1.0 g/100 mL, methanol).  

1H NMR (400 MHz, CD3OD) δ 8.37 (s, 1H, H triazole), 4.71 – 4.65 (br t, J = 5.0 Hz, 2H, 2H6’), 4.61 (s, 

2H, TriazoleCH2N(CH3)2), 4.28 (d, J = 7.3 Hz, 1H, H1), 4.05 – 3.98 (m, 1H, H1’a linker), 3.96 – 3.92 

(br t, J = 5.0 Hz, 2H, 2H5’ linker), 3.85 (dd, J = 2.8, 0.8 Hz, 1H, H4), 3.81 – 3.61 (m, 9H, 2H6, H1’b 

linker, 3CH2 linker), 3.53 (m, 3H, H2, H3, H5), 3.08 (s, 6H, N(CH3)2), 2.40 (br q, 4.5 Hz, 2H, NCH2B). 
13C{1H} NMR (101 MHz, CD3OD) δ 136.40 (C, C triazole), 128.88  (CH, CH triazole), 103.71 (CH, C1), 

75.49, 73.32, 71.16 (CH, 3C, C2, C3, C5), 70.01 (CH2, 2C, C linker), 69.95 (CH2, C linker), 68.90 (CH, 

C4), 68.79 (CH2, C5’ linker), 68.28 (CH2, C1’ linker), 61.18 (CH2, C6), 60.22 (CH2, TriazoleCH2N), 

52.20 (CH3, 2C, N(CH3)2), 50.22 (CH2, C6’ linker). 11B NMR{1H} (128 MHz, CD3OD) δ 2.25 (s). 19F{1H} 
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NMR (376 MHz, CD3OD) δ -139.52 (s). IR (neat, cm-1): 3378, 2918, 1331, 1027, 970. HRMS 

(C18H34BF3N4O8, MW 502.29); found m/z 525.23166 [M+Na]+ (vs calculated 525.23140). 

 

Synthesis of Man4  

 

 

 

 

 

 

 

6b (250 mg, 0.37 mmol) reacted according to the general procedure C to give Man4 (187 mg, 99%) 

as a white foam.  

 

[α]20
D = +24.68° (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) δ 8.34 (s, 1H, H Triazole), 4.82 (d, J = 1.6 Hz, 1H, H1),4.68 (t, J = 4.9 Hz, 

2H, 2H6’ linker), 4.60 (s, 2H, TriazoleCH2N(CH3)2), 3.94 (t, J = 5.0 Hz, 2H, 2H5’ linker), 3.87 – 3.79 

(m, 3H, H2, H6a, H1’a linker), 3.75 – 3.68 (m, 2H, H6b, H3), 3.66 – 3.55 (m, 9H, H2, H5, 3CH2 linker, 

H1’b linker), 3.08 (s, 6H, N(CH3)2), 2.38 (q, J = 4.6 Hz, 2H, NCH2B). 13C{1H} NMR (101 MHz, CD3OD) δ 

137.93 (C, C Triazole), 130.28 (CH, CH Triazole), 101.82 (CH, C1), 74.76 (CH, C5), 72.71 (CH, C3), 

72.24 (CH, C2), 71.68 (CH2, C linker), 71.64 (CH2, C linker), 71.51 (CH2, C linker), 70.43 (CH2, C5’ 

linker), 68.76 (CH, C4), 67.81 (CH2, C1’ linker), 63.08 (CH2, C6), 61.56 (CH2, triazoleCH2N), 53.79 

(CH3, 2C, N(CH3)2), 51.77 (CH2, C6’ linker) 11B{1H} NMR (128 MHz, CD3OD) δ 1.86 (s). 19F{1H} NMR 

(376 MHz, CD3OD) δ -139.41 (s). IR (neat, cm-1): 3365, 2923, 1331, 1021, 927. HRMS 

(C18H34BF3N4O8, MW 502.29); found m/z 525.23170 [M+Na]+ (vs calculated 525.23140). 
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1.2  Biology 

1.2.1 Cell culture 

 

The human primary fibroblasts (ATCC; American Type Culture Collection, Manassas, VA, USA) were 

isolated from abdominal skin biopsy of a healthy 52 years-old woman. Fibroblasts were cultured in 

fibroblast basal medium supplemented with 2% fetal bovine serum (FBS), 5 ng/mL recombinant 

human (rh) fibroblast growth factor (FGF) b, 7.5 mM L-glutamine, 50 µg/mL ascorbic acid, 1 µg/mL 

hydrocortisone hemisuccinate, 5 µg/mL rh insulin, and cultured in a humidified incubator (5% CO2, 

37 °C).  

 

1.2.2 Cell viability assay 

 

Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl-tetrazolium bromide 

(MTT) assay, as previously described.197 Fibroblasts were seeded (5 x 103 cells/ well) in 96-well 

plates in complete medium. After 24 h, fibroblasts were treated with increasing concentrations 

(0.001–1 mM) of test compounds (Glc1-4, Gal1-4, and Man1-4) for 24-72 h at 37 °C in a 5% CO2 

humidified incubator. The percentage of cell viability was calculated as [100 (x−y)/ (z−y)], where x, 

y, and z were the absorbance read in compound-treated, resting, and compound-untreated cells, 

respectively. Results are expressed as mean ± SD of at least three experiments run in triplicate. 
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1.3  Stability evaluation 

2 mg of the compound was dissolved in 900 µL of phosphate buffer 0.2M, then 100 µL of D2O was 

added. The sample was transferred into an NMR test tube, and the 19F NMR spectra were acquired 

at the given times (320 scans, 295 K). Between the acquisitions, the samples were stored at room 

temperature. 

1.3.1 19F NMR kinetic analysis for Glc1 

 

 

 

 

Figure 1 – 19F-NMR spectra (19F-: -121 ppm, Glc1: -136 ppm) 
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1.3.2 19F NMR kinetic analysis for Glc2 

 

 

 

 

Figure 2 – 19F-NMR spectra (19F-: -121 ppm, Glc2: -136 ppm) 
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1.3.3 19F NMR kinetic analysis for Glc3 

 

 

 

 

Figure 3 - 19F-NMR spectra (19F-: -121 ppm, Glc3: -136 ppm) 
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1.3.4 19F NMR kinetic analysis for Glc4 

 

 

 

 

Figure 4 - 19F-NMR spectra (19F-: -121 ppm, Glc4: -136 ppm) 
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1.3.5 19F NMR Kinetic analysis for Man3 

 

 

 

 

 

 

Figure 5 - 19F-NMR spectra (19F-: -121 ppm, Man3: -136 ppm) 
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1.4  18F radiolabeling and stability studies 

1.4.1 General  

 

[18F]F- was produced in a Cyclone 18/18 MeV cyclotron (IBA, Belgium) by the nuclear reaction 18O 

(p,n)18F. For radiolabeling procedure, [18F]F- was used directly as obtained from cyclotron or was 

retained in a QMA 130 mg sorbent cartridge (Waters, USA) preconditioned with NaHCO3 (5 ml, 0.5 

M) and water for injection (5 ml) or in a PS-HCO3 Chromafix small cartridge (Macherey-Nagel, 

Germany), previously preconditioned absolute ethanol (1 ml) followed by water for injection (1 

ml). When retention of [18F]F- was applied in the QMA cartridge, elution was made with 0.1 ml of 

saline and when using the Chromafix cartridge, elution was made with 0.5 ml of a saline and 10% 

HCl 0.5M to obtain an acidified [18F] solution with a pH of 2.0 in the radiolabeling reaction mixture 

and a radioactive concentration of 37 MBq/uL. 

1.4.2 Radiolabeling with [18F]- and solid precursor. 

 

For radiolabeling, 50 µL of [18F]- (1.85 – 2.22 GBq) was added to 500 nmol of the solid precursor 

placed on a spatula tip, and pH was adjusted to 2.0 using HCl 0.5M in a 1.5 ml Eppendorf tube. A 

water-bath with a magnetic stirrer at the bottom, was used for incubation at 40 and 85 °C with the 

Eppendorf tube closed and placed in a vertical manner inside the bath. At defined period of times, 

different 1.5 µL aliquots were taken with a micropipette for evaluation of the radiolabeling 

efficiency and radiolabeling kinetics. These aliquots were analyzed using a radio-TLC method 

(SilicaGel60 F254 (Merck, Spain) as stationary phase and acetonitrile/water 95:5 as mobile phase) 

in an appropriate qualified radio-TLC equipment (miniGITA Single, Elysia Raytest, Germany). The 

reaction time and temperature were optimized using the radiolabeling kinetics data. 

After reaction time, quenching and dilution was made by adding 0.5 ml of saline to the reaction 

mixture. The mixture was passed through a preconditioned Alumina N cartridge (Sep-Pak Alumina 

N Plus Light Cartridge 280mg sorbent, Waters, USA) with water for injection (10 ml), for 

purification of the radiolabeled molecule from free [18F]-. Radiolabeling purity was analyzed using 

the radio-TLC method described previously and pH was measured using pH-strips. 
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1.4.3 Radiolabeling with [18F]- and solid precursor 

 

We investigated the suitability of the radiolabeling reaction using the precursor dissolved in saline, 

so we may be able to reproduce it using a semi-automated module. We dissolved 500 nmol of 

each precursor in 30 uL of saline and we mixed it with a solution of [18F] F- obtained from cyclotron 

(1.85 - 2.22 GBq, previously trapped in a preconditioned QMA cartridge and eluted with 0.1 ml of 

saline). HCl 0.5M was added to reduce pH and the mixture was heated to 40 or 85 °C, taking 

different aliquots for radio-TLC analysis at different times. No purification was made when the 

manually procedure was applied. For semi-automatic procedure, we used a TracerLAB FX-FN 

synthesis module (GE, USA), and we purified our product using a preconditioned Alumina N 

cartridge.  

 

1.4.4 Radiolabeling with acidified [18F]- and solid precursor 

 

For radiolabeling, 50 µL of acidified [18F]- solution (1.85 - 2.22 GBq) was added to 500 nmol of the 

solid precursor placed on a spatula tip in a 1.5 ml Eppendorf tube, and pH was measured to assure 

that pH was 2.0. Incubation was made at 85 °C in a similar water-bath that was used when 

radiolabeling was made with [18F] obtained from cyclotron. Different aliquots were taken with a 

micropipette for evaluation of the radiolabeling efficiency and kinetics. These aliquots were 

analyzed using the same radio-TLC method as used for [18F]- (Figure 6). Dilution and purification 

were made in the same way as used for [18F]- and pH was measured with pH-strips, prior to 

injection. 
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Figure 6 – Exemple of [18F] Glc1 radio-TLC after Alumina N purification. The radiolabeling was performed using 
acidified [18F]-fluorine method. In the origin of the strip, [18F]-fluorine appeared with Rf=0, while [18F] Glc1 appeared 
with Rf=0.8. 

 

1.4.5 Stability in vitro studies 

 

Radiolabeling stability studies were performed in saline and human plasma, in a water bath under 

agitation at 37 °C. An aliquot of 60 µl of the recently purified radiolabeled compound was diluted 

in 100 µL of saline or human plasma in a 1.5 ml Eppendorf tube, placed in a vertical manner inside 

the water bath. At defined period of times, an aliquot of this incubation was extracted with a 

micropipette for analysis, using the radio-TLC method described previously, and stability was 

studied for up to 120 minutes. 
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1.5  In vivo PET imaging 

All animal experiments were conducted according to a local Ethical Committee of University of 

Seville (permit number CEEA-US2022-02). 8 weeks old BalbC female mice were not put to fast 

before PET experiments, as we specifically wanted to obtain [18F]FDG related signal in the heart 

and in the brain together. They were maintained in 12/12 hours dark/light cycle and given water 

and standardized food ad libitum. Mice weighting 18-22 g were anesthetized with 2% isoflurane in 

medicinal oxygen. They were introduced the 30G catheter in the tail vein and injected with 

radiotracer for static PET experiments. For dynamic experiments, the injection was done in the PET 

scanner (Mosaic, Philips, Eindhoven, Netherlands). The animals for static experiments were 

awakened and maintained on the heated pad in the cage for 45 min. Then they were anesthetized 

again and placed on a bed heated to 32 °C (Minerve, Esternay, France) for a 10 min static scan. For 

dynamic 2-hour scan, the animals were injected into the PET scanner.   

The PET acquisition was done to receive 1x1x1 mm images of 100 mm length and 128 mm 

diameter. After PET scan, the bed was transferred without moving the animal to NanoCT system 

(Mediso, Budapest, Hungary) for anatomical image. The scans were done at 45 kVp voltage with 

240 projections and 500 ms exposition per projection. The images were reconstructed with 

filtered back projection method at 0.2 mm pixel resolution. The PET images were fused in PMOD 

software version 4.3 (PMOD Technologies LLC, Zurich, Switzerland, subsidiary of Bruker Preclinical 

Imaging). PET and CT images were analyzed in the same PMOD 4.3. 
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2. Organotrifluoroborate Sugar Conjugates – part II 

2.1  Chemistry 

2.1.1 General  

 

Compounds 7177,178, 12181, and 13182 were obtained following literature procedures, and their 

characterizations matched what reported in the literature. All reagents and solvents were 

purchased from Sigma-Aldrich (Milan) and used as supplied without further purification unless 

otherwise stated. Thin-layer chromatography was performed on silica gel plates with a fluorescent 

indicator (Merck, Milan) and visualized at the UV light (254 nm) and/or by staining in ceric 

ammonium molybdate or sulfuric acid solution (5% in methanol). Anhydrous dimethylformamide 

(DMF), methanol (MeOH), and acetonitrile (CH3CN) were obtained using activated molecular 

sieves 0.3 nm. Diethyl ether (Et2O) and tetrahydrofuran (THF) were purchased as anhydrous 

solvents and used as supplied. Dichloromethane (DCM) was refluxed with calcium hydride, then 

distilled.  

All reactions (if not specifically containing water as reactant, solvent, or co-solvent) were 

performed under a nitrogen or argon atmosphere. Flash column chromatography was performed 

with 230–400 mesh silica gel (Merck, Milan).  

NMR spectra were recorded using a Bruker Avance Neo 400 MHz spectrometer (Bruker, Italy) or 

Bruker FT-NMR AVANCE DRX500 (Bruker, Italy). Singlets are presented as parts per million (ppm), 

and the resonance multiplicities are identified as “s” (singlet), “d” (doublet), “t” (triplet), “q” 

(quartet), or “m” (multiplet). Broad resonances are indicated as “br”. 13C and 19F experiments were 

recorded with proton NMR decoupling. The carbon atoms bound to boron are usually not 

detectable. 

The 11B-19F coupling constant varies remarkably with the concentration, the ligands bound to the 

boron nuclei, the symmetry of the molecule, and the type of solvent. It can be well appreciated in 

small and symmetric molecules, while it is negligible in larger compounds195,196. 

11B nuclear spin is 3/2, so the 19F spectrum shows one resonance signal with four peaks. Instead, 

19F nuclear spin is 1/2, so the 11B spectrum shows one resonance signal with four peaks due to the 

three fluorine atoms 199. 
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Mass spectrometry analysis was recorded on a Thermo Scientific Q-Exactive Plus; data were 

acquired and processed using Xcalibur® software. Optical rotations were measured on a JASCO 

P1010 polarimeter at 20 °C or on Anton Paar Polarimeter at 25°C. Infrared Spectroscopy was 

performed using a Bruker Alpha II FTIR. 

2.1.2 Abbreviations 

DCM = Dicloromethane 
H = Hexane 
EA = Etyl Acetate 

TEA = Triethylamine 
AgOTf = silver triflate 
DMF = dimethylformamide 
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2.1.3 General Procedures 

 

General procedure E: Nucleophilic substitution with thiols to obtain compounds 8.  

 

Potassium carbonate (0.9 eq respect to the thiol) was added to a solution of the thiol of choice 

(from 2 to 8 eq.) in dry acetonitrile (0.8 M) and stirred for 2h at r.t. Then, a solution of 1 (1eq) in 

dry acetonitrile (0.1M) was added to the suspension and the reaction was heated 80°C until the 

disappearance of starting material in TLC. Eventually, the reaction was diluted with CH3CN and 

filtered over a Hirsh funnel to remove the solid. The evaporation of the solvent gave the crude 

product that was purified through silica gel column chromatography.  

 

General procedure F: Synthesis of the stable trifluoroborate group in compounds 9. 

 

The iodomethylboronyl pinacolate (from 1.2 to 1.8 eq.) was added dropwise to a solution of AgOTf 

(from 1.1 to 1.5 eq.) in dry acetonitrile (0.15M) and stirred for 20 minutes. Then, this solution was 

added dropwise to a solution of 8 (1 eq.) in dry acetonitrile (0.1 M) cooled at 0°C. The reaction was 

stirred at 0°C until the disappearance of the starting material in TLC. Almost instantaneously, the 

formation of a yellow precipitate was observed. At the end of the reaction, the solid was removed 

through centrifugation and the supernatant was transferred into a new round bottom flask.  

A solution of KHF2 (5.0 M, 10 eq.) was added to the reaction. The reaction was stirred at room 

temperature and monitored with TLC until the disappearance of the starting material. Over the 

time, the reaction became cloudier and more yellowish. After the reaction ended, the solution was 

filtered, and the solvent was removed under reduced pressure. The remaining solid was dissolved 

in 20 mL of CHCl3 and 20 mL of water. The aqueous phase was extracted five times with 20mL of 

fresh CHCl3. The combined organic phases were washed with water, and brine, and dried over 

anhydrous Na2SO4. The evaporation of the solvent gave the crude product that was purified 

through silica gel column chromatography. 

 

General procedure G: Base catalyzed deprotection to obtain Glc5, Glc6, and Glc7. 

   

A solution of potassium hydroxide in methanol (0.2 M, 0.1 eq.) was added to a solution of 9 or 15 

(1 eq.) in methanol (0.03M). The reaction was stirred at room temperature until the 

disappearance of the starting material in TLC. The solution was then neutralized with Dowex® 

hydrogen form, filtered, and concentrated. 

 

General procedure H: Copper-catalyzed azide-alkyne cycloaddition (CuAAC) to obtain compound 

15.   

An aqueous solution of sodium ascorbate (0.6 M, 0.8 eq.) was added to a suspension of 4 (1 eq.) 

and alkyne 11 (1 eq.) in tert-Butyl alcohol (0.3 M). Then, a solution of copper (II) sulfate 

pentahydrate (0.3 M, 0.4 eq.) was added under high stirring conditions at room temperature. 

After the reaction ended, it was diluted with water and the mixture was extracted with CHCl3. The 
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combined extracts were dried over anhydrous Na2SO4 and concentrated to dryness. The crude 

product was purified through silica gel column chromatography using DCM: MeOH 95:5. 

 

2.1.4 Synthesis and characterization of alkyne 11 

 

Synthesis of 12 

 

To a solution of 4-pentyn-1-ol (840 mg, 10 mmol) and TEA (2.8 mL, 20 mmol) in CH2Cl2 (60 mL) at 

0 °C were added tosyl chloride (2.9 g, 15.2 mmol). After 30 minutes, the mixture was allowed to 

warm slowly to room temperature, then stirred for 24 h. The reaction was diluted with CH2Cl2, 

washed with brine, then water, dried with Na2SO4, and concentrated under reduced pressure. The 

crude product was purified by column chromatography (H: EA 8:2) to give 12 (2g, 86%) as a 

colorless oil. 

 

Characterization as described in the literature198 

 

Synthesis of 13 

 

To a solution of 12 (2 g, 8.4 mmol) in DMF (60 mL) was added potassium thioacetate (2.2 g, 

19 mmol). The mixture was heated at 60°C and stirred for 1 h. The reaction was diluted with 

CH2Cl2 and washed with brine. The aqueous phase was extracted with fresh CH2Cl2. The combined 

organic phases were washed with water 5 times, dried with MgSO4, and concentrated under 

reduced pressure. The crude product was purified by column chromatography (H: EA 95:5) to 

give 13 (770 mg, 68%) as a colorless oil. 

 

Characterization as described in the literature182 

 

Synthesis of 14  

 
 

A freshly prepared solution of potassium hydroxide in dry MeOH (0.4M, 20 mL) was purged with 

nitrogen for 30 minutes. Then, 15 mL of this solution (2.2 eq) were added dropwise to a solution of 

13 (1 eq, 3.4 mmol) in dry MeOH (0.7M, 5 mL) cooled to 0°C. The solution was stirred at the same 

temperature for 10 minutes, and then the iodomethylboronyl pinacolate (1.2 eq, 770 µL) was 

slowly added. The reaction was stirred at room temperature and monitored with TLC until the 

disappearance of the starting material. After the reaction ended, the solvent was removed under 

reduced pressure. The remaining solid was dissolved in 50 mL of water and the pH was neutralized 
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with HCl 1M. The aqueous phase was extracted two times with fresh DCM. The combined organic 

phases were washed with brine and dried over anhydrous Na2SO4. The evaporation of the solvent 

gave the crude product that was used in the following step. 

 

Synthesis of 11 

 

 
 

Methyl triflate (1.6 eq, 2,09 mmol) was added dropwise to a solution of 14 (1 eq, 1,35 mmol), as 

crude product, in dry Et2O (0.15M, 10 mL). The reaction was stirred at room temperature and 

monitored with TLC until the disappearance of the starting material. Over the time, a yellow liquid 

precipitate formed at the flask’s bottom. At the end of the first step, the solvent was removed 

under reduced pressure and the remaining liquid was diluted in acetonitrile (0.2 M, 6 mL). A 

solution of KHF2 (5.0 M, 10 eq.) was added to the reaction and stirred upon disappearance of the 

starting material. After the reaction ended, the solvent was removed under reduced pressure, and 

the remaining solid was dissolved in 30 mL of DCM and 30 mL of water. The aqueous phase was 

extracted three times with 30 mL of fresh DCM. The combined organic phases were washed with 

water, and brine, and dried over anhydrous Na2SO4. The evaporation of the solvent gave the crude 

product that was purified through silica gel column chromatography. 

1H NMR (500 MHz, CDCl3) δ 3.33 (dt, J = 13.3, 7.6 Hz, 1H, H1a), 3.21 (dt, J = 13.2, 7.6 Hz, 1H, H1b), 

2.83 (s, 3H, CH3), 2.45 (td, J = 6.6, 2.6 Hz, 2H, H3), 2.19 (br s, 1H, 1H SCH2B), 2.12 (t, J = 2.6 Hz, 1H, 

H5 alkyne), 2.08 (br s, 1H, 1H SCH2B), 2.06 – 1.97 (m, 2H, H2). 13C{1H} NMR (101 MHz, CD3OD + 

CDCl3) δ 80.97 (C, alkyne), 71.08 (CH, alkyne), 42.66 (CH2, C1), 28.87 (very low signal, very broad, 

SCH2B) 24.78 (CH3), 22.83 (CH2, C2), 17.15 (CH2, C3). 11B{1H} NMR (128 MHz, CD3OD+ CDCl3) δ 1.89 

(q, J = 47.4 Hz). 19F{1H} NMR (377 MHz, CD3OD + CDCl3) δ -137.99 (q, J = 92.2, 43.4 Hz). IR (neat, 

cm-1): 3270, 2357, 1419, 1271, 1200, 1151, 1020, 1004, 954, 675.  HRMS (C7H12BF3S, MW 196.04); 

found m/z 219.05940 [M+Na]+ (vs 219.05971 calculated), found m/z 415.12981 [2M+Na]+ (vs 

415.12919 calculated). 
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2.1.5 Synthetic Schemes 

 

Scheme 5 – Synthesis of compounds 8 and 9.  

 

 

 

Scheme 6 – Synthesis of Glc5, Glc6, and Glc7 



135 
 

 

Scheme 7 – Synthesis of compounds 9.4 

 

 

Scheme 8 – Synthesis of Glc9 

 

 

Scheme 9 – Synthesis of alkyne 11 
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2.1.6 Products characterizations 

 

Synthesis of 8 

 
 

1 (500 mg, 0.80 mmol) reacted with benzyl mercaptan (5 eq.) and potassium carbonate (0.9 eq 

respect to the thiol) according to the general procedure E. Purification over silica gel (H: EA 1:1) 

gave 8 (Rf product 0.3 in H:EA 4:6) as an amorphous solid (300 mg, 65%). 

  

[α]20
D: -17.1 (c = 1.0 g/100 mL, chloroform). 

1H NMR (500 MHz, CDCl3) δ 7.37 – 7.24 (m, 5H, Ar), 5.23 (t, J = 9.5 Hz, 1H, H3), 5.10 (t, J = 9.7 Hz, 

1H, H4), 5.01 (dd, J = 9.6, 8.0 Hz, 1H, H2), 4.62 (d, J = 8.0 Hz, 1H, H1), 4.27 (dd, J = 12.3, 4.7 Hz, 1H, 

H6a), 4.15 (dd, J = 12.2, 2.2 Hz, 1H, H6b), 3.96 (ddd, J = 14.7, 9.7, 5.0 Hz, 1H, H1’a linker), 3.81 – 

3.56 (m, 12H, H5, H1’b linker, 4CH2 linker, CH2Bn), 2.65 (t, J = 6.7 Hz, 2H, 2H6’ linker), 2.10 (s, 3H, 

CH3), 2.06 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.03 (s, 3H, CH3). 13C{1H} NMR (126 MHz, CDCl3) δ 170.66 

(C, C=O), 170.27 (C, C=O), 169.40 (C, C=O), 169.34 (C, C=O), 138.26 (C, Ar), 128.92 (CH, 2C, Ar), 

128.50 (CH, 2C, Ar), 127.03 (CH, Ar), 100.86 (CH, C1), 72.86 (CH, C3), 71.81 (CH, C-5), 71.30 (CH, 

C2), 70.82 (CH2, C linker), 70.69 (CH2, C linker), 70.34 (CH2, C linker), 70.30 (CH2, C linker), 69.08 

(CH2, C1’ linker), 68.46 (CH, C4), 61.98 (CH2, C6), 36.64 (CH2, CH2Bn), 30.64 (CH2, C6’ linker), 20.73 

(CH3), 20.67 (CH3), 20.61 (CH3), 20.59 (CH3). IR (neat, cm-1): 2921, 2870, 1745, 1494, 1430, 1365, 

1215, 1034,908, 770, 703.  HRMS (C27H38O12S, MW 586.64); found m/z 609.19751 [M+Na]+ (vs 

609.19762 calculated). 

 

 

 

 

 

 

 

 

 

 

 



137 
 

Synthesis of 9 

 

8 (100 mg, 0.17 mmol) reacted according to the general procedure F with 1.2 eq of IBpin and 1.1 

eq of AgOTf. Purification over silica gel (DCM: MeOH 95:5) gave 9 (Rf product 0.5 in DCM: MeOH 

95:5) as an amorphous solid (35 mg, 30%).  

 

[α]20
D = -12.4° (c = 0.5 g/100 mL, chloroform). 

1H NMR (500 MHz, CDCl3) δ 7.52 – 7.39 (m, 5H, Ar), 5.19 (td, J = 9.5, 2.0 Hz, 1H, H3), 5.03 (td, J = 

9.7, 5.1 Hz, 1H, H4), 4.96 – 4.87 (m, 1H, H2), 4.62 – 4.47 (m, 3H, H1, CH2Bn), 4.30 – 4.21 (m, 1H, 

H6a), 4.13 (dd, J = 12.3, 2.2 Hz, 1H, H6b), 4.04 – 3.99 (m, 1H, H5'a linker), 3.98 – 3.91 (m, 2H, H1’a 

linker, H5'b linker), 3.76 – 3.61 (m, 8H, H5, H1’b linker, 3CH2 linker), 3.38 – 3.28 (m, 1H, H6'a 

linker), 3.19 (ddd, J = 18.0, 12.0, 3.8 Hz, 1H, H6'b linker), 2.09 (s, 3H, CH3), 2.06 – 1.99 (m, 11H, 

SCH2B, 3CH3). 13C{1H} NMR (126 MHz, CDCl3) δ 170.58 (C, C=O), 170.20 (C, C=O), 169.42 (C, C=O), 

169.35 & 169.33 (C, C=O), 131.17 & 131.09 (2CH, Ar), 129.92 (CH, Ar), 129.49 & 129.47 (2CH, Ar), 

127.66 & 127.56 (C, Ar), 100.89 (CH, C1), 72.74 (CH, C3), 71.82 (CH, C5), 71.24 (CH, C2), 70.62 (CH2, 

C linker), 70.45 & 70.40 (CH2, C linker), 70.19 (CH2, C linker), 69.21 & 69.17 (CH2, C1’ linker), 68.42 

(CH, C4), 65.89 & 65.84 (CH2, C5’ linker), 61.96 (CH2, C6), 46.87 & 46.80 (CH2, CH2Bn), 39.63 & 

39.33 (CH2, C6’ linker), 25.77 (br s, SCH2B), 20.72 (CH3), 20.66 (CH3), 20.58 (2C, CH3). 11B{1H} NMR 

(128 MHz, CDCl3) δ 2.02 (d, J = 38.1 Hz). 19F{1H} NMR (376 MHz, CDCl3) δ -137.00 (br s). IR (neat, 

cm-1) 3628, 2923, 1742, 1456, 1366, 1214, 1119, 1029, 978, 908, 702. HRMS (C28H40BF3O12S, MW 

668.48); found m/z 691.21744 [M+Na]+ (vs 691.21778 calculated). 
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Synthesis of 8.1 

 

 
 

1 (400 mg, 0.60 mmol) reacted with 1-butanethiol (8 eq.) and potassium carbonate (0.9 eq respect 

to the thiol) according to the general procedure E. Purification over silica gel (H: EA 1:1) gave 8.1 

(Rf product 0.3 in H:EA 1:1) as a yellowish amorphous solid (225 mg, 65%).  

 

[α]20
D: -19.6 (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.21 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 4.99 (dd, J = 9.5, 

8.0 Hz, 1H, H2), 4.61 (d, J = 8.0 Hz, 1H, H1), 4.26 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.14 (dd, J = 12.3, 

2.3 Hz, 1H, H6b), 3.95 (dt, J = 11.0, 4.2 Hz, 1H, H1’a linker), 3.80 – 3.56 (m, 10H, H5, H1’b linker, 

4CH2 linker), 2.71 (dd, J = 9.0, 5.2 Hz, 2H, 2H6’ linker), 2.59 – 2.50 (m, 2H, SCH2CH2CH2CH3 

butanethiol), 2.09 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.57 (dt, J = 

15.1, 5.3 Hz, 2H, SCH2CH2CH2CH3 butanethiol), 1.40 (dq, J = 14.4, 7.2 Hz, 2H, SCH2CH2CH2CH3 

butanethiol), 0.91 (t, J = 7.3 Hz, 3H, SCH2CH2CH2CH3 butanethiol). 13C{1H} NMR (101 MHz, CDCl3) δ 

170.66 (C, C=O), 170.27 (C, C=O), 169.40 (C, C=O), 169.34 (C, C=O), 100.85 (CH, C1), 72.84 (CH, C3), 

71.79 (CH, C5), 71.28 (CH, C2), 71.01 (CH2, C linker), 70.70 (CH2, C linker), 70.35 (CH2, C linker), 

70.31 (CH2, C linker), 69.08 (CH2, C1’ linker), 68.43 (CH, C4), 61.96 (CH2, C6), 32.25 (CH2, 

SCH2CH2CH2CH3 butanethiol), 31.87 (CH2, SCH2CH2CH2CH3 butanethiol), 31.38 (CH2, C6’ linker), 

21.95 (CH2, SCH2CH2CH2CH3 butanethiol), 20.74 (CH3), 20.68 (CH3), 20.61 (CH3), 20.59 (CH3), 13.67 

(SCH2CH2CH2CH3 butanethiol). IR (neat, cm-1): 2955, 2929, 2871, 1748, 1433, 1365, 1215, 1035, 

908. HRMS (C24H40O12S, MW 552.63); found m/z 575.21305 [M+Na]+ (vs 575.21327 calculated). 
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Synthesis of 8.2 

 

 
 

1 (600 mg, 1.02 mmol) reacted with 1-decanethiol (5 eq.) and potassium carbonate (0.9 eq respect 

to the thiol) according to the general procedure E. Purification over silica gel (H: EA 6:4) gave 8.2 

(Rf product 0.5 in H:EA 1:1) as a yellowish amorphous solid (448 mg, 69%).  

 

[α]20
D: -11.2 (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.21 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 4.99 (dd, J = 9.5, 

8.0 Hz, 1H, H2), 4.61 (d, J = 8.0 Hz, 1H, H1, H1), 4.26 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.14 (dd, J = 

12.3, 2.3 Hz, 1H, H6b), 3.95 (dt, J = 11.0, 4.2 Hz, 1H, H1’a linker), 3.82 – 3.56 (m, 10H, H5, H1’b 

linker, 4CH2 linker), 2.71 (t, J = 7.1 Hz, 2H, 2H6’ linker), 2.57 – 2.50 (m, 2H, SCH2(CH2)8CH3 

decanethiol), 2.09 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.63 – 1.51 (m, 

2H, SCH2CH2(CH2)7CH3 decanethiol), 1.41 – 1.21 (m, 14H, SCH2CH2(CH2)7CH3 decanethiol ), 0.88 (t, J 

= 6.8 Hz, 3H, SCH2CH2(CH2)7CH3 decanethiol). 13C{1H} NMR (101 MHz, CDCl3) δ 170.66 (C, C=O), 

170.26 (C, C=O), 169.40 (C, C=O), 169.34 (C, C=O), 100.84 (CH, C1), 72.84 (CH, C3), 71.79 (CH, C5), 

71.27 (CH, C2), 70.98 (CH2, C linker), 70.69 (CH2, C linker), 70.34 (CH2, C linker), 70.30 (CH2, C 

linker), 69.08 (CH2, C1’ linker), 68.42 (CH, C4), 61.96 (CH2, C6), 32.59(CH2, SCH2(CH2)8CH3 

decanethiol), 31.88 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 31.37 (CH2, C6’ linker), 29.80 (CH2, 

SCH2CH2(CH2)7CH3 decanethiol), 29.54 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 29.52 (CH2, 

SCH2CH2(CH2)7CH3 decanethiol), 29.29 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 29.24 (CH2, 

SCH2CH2(CH2)7CH3 decanethiol), 28.88 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 22.66 (CH2, 

SCH2CH2(CH2)7CH3 decanethiol), 20.74 (CH3), 20.67 (CH3), 20.61 (CH3), 20.59 (CH3), 14.10 (CH3, 

SCH2CH2(CH2)7CH3 decanethiol). IR (neat, cm-1): 2923, 2853, 1750, 1456, 1434, 1365, 1216, 1036, 

907. HRMS (C30H52O12S, MW 636.79); found m/z 659.30636 [M+Na]+ (vs 659.30717 calculated). 
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Synthesis of 8.3 

 

 
 

1 (500 mg, 0.78 mmol) reacted with 9-SH-mCb (2 eq.) and potassium carbonate (0.9 eq respect to 

the thiol) according to the general procedure E. Purification over silica gel (H: EA 1:1 to 2:8) gave 

8.3 (Rf product 0.3 in H:EA 1:1) as a yellowish amorphous solid (398 mg, 80%).  

 

[α]20
D: -5.1 (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.20 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 4.99 (dd, J = 9.6, 

8.0 Hz, 1H, H2), 4.61 (d, J = 8.0 Hz, 1H, H1), 4.26 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.14 (dd, J = 12.3, 

2.3 Hz, 1H, H6b), 3.95 (dt, J = 11.0, 4.3 Hz, 1H, H1’a linker), 3.82 – 3.56 (m, 10H, H5, H1’b linker, 

4CH2 linker), 2.98 (s, 2H, C-H mCb), 2.77 (d, J = 5.2 Hz, 2H, 2H6’ linker), 2.09 (s, 3H, CH3), 2.05 (s, 

3H, CH3), 2.02 (s, 3H, CH3), 2.00 (s, 3H, CH3) + between 3.3 and 1.5 all signals are increased due to 

the presence of 9 B-H protons that appear as uneven base line. 13C{1H} NMR (101 MHz, CDCl3) δ 

170.68 (C, C=O), 170.26 (C, C=O), 169.41 (C, C=O), 169.39 (C, C=O), 100.86 (CH, C1), 72.86 (CH, C3), 

71.78* (CH, C5), 71.65* (CH2, C linker), 71.28 (CH, C2), 70.68 (CH2, C linker), 70.33 (CH2, C linker), 

70.26 (CH2, C linker), 69.11 (CH2, C1’ linker), 68.42 (CH, C4), 61.95 (CH2, C6), 54.05 (2CH, mCb), 

31.61 (CH2, C6’ linker), 20.75 (CH3), 20.69 (CH3), 20.62 (CH3), 20.60 (CH3). * may be interchanged. 
11B{1H} NMR (128 MHz, CDCl3) δ 0.34 (s, 1B, B-S), -6.53 (s, 2B), -9.82 (s, 2B), -13.12 (s, 1B), -13.94 

(s, 2B), -17.61 (s, 1B), -20.54 (s, 1B). 11B NMR (128 MHz, CDCl3) δ 0.33 (s, 1B, B-S), -6.52 (d, J = 

161.4 Hz, 2B), -9.82 (d, J = 152.2 Hz, 2B), -11.51 – -15.76 (m, 3B), -17.61 (d, J = 182.2 Hz, 1B), -20.53 

(d, J = 177.1 Hz, 1B). IR (neat, cm-1): 3056, 2928, 2871, 2600, 1747, 1433, 1365, 1216, 1035, 952, 

908, 867. HRMS (C22H42B10O12S, MW 638.72); found m/z 657.37145 [M+NH4]+ (vs 657.37021 

calculated) found m/z 662.32624 [M+Na]+ (vs 662.32561 calculated). 
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Synthesis of 8.4 

 
 

1 (500 mg, 0.78 mmol) reacted with 9-SH-oCb (2 eq.) and potassium carbonate (0.9 eq respect to 

the thiol) according to the general procedure E. Purification over silica gel (H: EA 4:6 to 3:7) gave 

8.3 (Rf product 0.2 in H:EA 1:1) as a yellowish amorphous solid (378 mg, 76%).  

 

[α]20
D: -8.2 (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.20 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 4.99 (dd, J = 9.5, 

8.0 Hz, 1H, H2), 4.61 (d, J = 8.0 Hz, 1H, H1), 4.26 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.13 (dd, J = 12.3, 

2.3 Hz, 1H, H6b), 3.94 (dt, J = 11.0, 4.3 Hz, 1H, H1’a linker), 3.82 – 3.51 (m, 11H, H5, H1’b linker, 

4CH2 linker, 1CH oCb), 3.47 (s, 1H, 1CH oCb), 2.67 (d, J = 5.1 Hz, 2H, 2H6’ linker), 2.09 (s, 3H, CH3), 

2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 2.00 (s, 3H, CH3) + between 3.3 and 1.5 all signals are increased 

due to the presence of 9 B-H protons that appear as uneven base line. 13C{1H} NMR (101 MHz, 

CDCl3) δ 170.70 (C, C=O), 170.26 (C, C=O), 169.42 (C, C=O), 169.41 (C, C=O), 100.86 (CH, C1), 72.87 

(CH, C3), 71.76* (CH, C5), 71.67* (CH2, C linker), 71.27 (CH, C2), 70.68 (CH2, C linker), 70.32 (CH2, C 

linker), 70.20 (CH2, C linker), 69.11 (CH2, C1’ linker), 68.43 (CH, C4), 61.95 (CH2, C6), 52.78 (CH, 

oCb), 47.39 (CH, oCb), 31.23 (CH2, C6’ linker), 20.75 (CH3), 20.69 (CH3), 20.62 (CH3), 20.60 (CH3). * 

may be interchanged. 11B{1H} NMR (128 MHz, CDCl3) δ 7.30 (s, 1B, B-S), -2.39 (s, 2B), -8.64 (s, 2B), 

-13.90 (s, 1B), -14.50 (s, 2B), -15.47 (s, 2B). 11B NMR (128 MHz, CDCl3) δ 7.27 (s, 1B, B-S), -2.43 (d, J 

= 145.7 Hz, 2B), -8.66 (d, J = 148.5 Hz, 2B), -14.63 (dd, J = 267.9, 115.6 Hz, 5B). IR (neat, cm-1): 

3063, 2938, 2870, 2597, 1743, 1431, 1365, 1212, 1032, 879.  HRMS (C22H42B10O12S, MW 638.72); 

found m/z 662.32627 [M+Na]+ (vs 662.32561 calculated) found m/z 656.37469 [M+NH4]+ (vs 

656.37384 calculated). 
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Synthesis of 9.1 

 
 

8.1 (150 mg, 0.28 mmol) reacted according to the general procedure F with 1.2 eq of IBpin and 1.4 

eq of AgOTf. Purification over silica gel (DCM:MeOH 98:2) gave 9.1 (Rf product 0.5 in DCM:MeOH 

98:2) as an amorphous solid (63 mg, 36%).  

  

[α]20
D: -7.8 (c = 0.5 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.20 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 5.01 – 4.93 (m, 

1H, H2), 4.57 (dd, J = 7.9, 1.8 Hz, 1H, H1), 4.27 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.15 (dd, J = 12.3, 1.3 

Hz, 1H, H6b), 4.03 – 3.88 (m, 3H, H1’a linker, 2H5’ linker), 3.71 (ddd, J = 9.9, 6.3, 3.5 Hz, 2H, H1’b 

linker, H5), 3.63 (dd, J = 11.1, 5.5 Hz, 6H, 3CH2 linker), 3.56 – 3.45 (m, 1H, H6'a linker), 3.33 – 3.19 

(m, 3H, H6'b linker, SCH2CH2CH2CH3 butanethiol), 2.20 – 1.94 (m, 14H, 4 CH3, SCH2B), 1.81 – 1.71 

(m, 2H, SCH2CH2CH2CH3 butanethiol), 1.50 (dq, J = 14.9, 7.4 Hz, 2H, SCH2CH2CH2CH3 butanethiol), 

0.99 (t, J = 7.3 Hz, 3H, SCH2CH2CH2CH3 butanethiol).13C{1H} NMR (101 MHz, CDCl3) δ 170.63 (C, 

C=O), 170.24 (C, C=O), 169.45 (C, C=O), 169.35 (C, C=O), 100.89 (CH, C1), 72.76 (CH, C3), 71.86 (CH, 

C5), 71.27 (CH, C2), 70.63 (CH2, C linker), 70.60 (CH2, C linker), 70.56 (CH2, C linker), 70.21, 69.15 

(CH2, C1’ linker), 68.41 (CH, C4), 65.53 (CH2, C5’ linker), 61.95 (CH2, C6), 42.24 (CH2, 

SCH2CH2CH2CH3 butanethiol), 41.27 & 41.08 (CH2, C6’ linker), 26.08 (CH2, SCH2CH2CH2CH3 

butanethiol), 21.59 (CH2, SCH2CH2CH2CH3 butanethiol), 20.75 (CH3), 20.71 (CH3), 20.61 (2 CH3), 

13.40 (SCH2CH2CH2CH3 butanethiol). 11B{1H} NMR (128 MHz, CDCl3) δ 1.93 (dd, J = 94.3, 47.1 

Hz).19F{1H} NMR (377 MHz, CDCl3) δ -137.67 (q, J = 88.0, 29.7 Hz). IR (neat, cm-1): 2959, 2934, 

2874, 1743, 1432, 1366, 1215, 1030, 980, 908. HRMS (C25H42BF3O12S, MW 634.46); found m/z 

657.23280 [M+Na]+ (vs 657.23243 calculated). 
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Synthesis of 9.2 

 
 

8.2 (125 mg, 0.20 mmol) reacted according to the general procedure F with 1.8 eq of IBpin and 1.5 

eq of AgOTf. Purification over silica gel (H: EA 1:9) gave 9.2 (Rf product 0.3 in H: EA 5:95) as an 

amorphous solid (84 mg, 58%).  

 

[α]20
D: -10.8 (c = 0.5 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.22 (t, J = 9.5 Hz, 1H, H3), 5.10 (t, J = 9.4 Hz, 1H, H4), 4.99 (ddd, J = 

9.4, 8.0, 1.2 Hz, 1H, H2), 4.59 (dd, J = 7.9, 1.6 Hz, 1H, H1), 4.28 (dd, J = 12.3, 4.7 Hz, 1H, H6a), 4.16 

(dd, J = 12.3, 1.3 Hz, 1H, H6b), 4.04 – 3.89 (m, 3H, H1’a linker, 2H5’ linker), 3.77 – 3.69 (m, 2H, H1’b 

linker, H5), 3.68 – 3.58 (m, 6H, 3CH2 linker), 3.52 (dtd, J = 14.5, 5.6, 3.4 Hz, 1H, H6'a linker), 3.30 

(ddd, J = 9.8, 6.3, 2.2 Hz, 1H, H6'b linker), 3.26 – 3.19 (m, 2H, SCH2(CH2)8CH3 decanethiol), 2.15 – 

2.00 (m, 14H, 4 CH3, SCH2B), 1.83 – 1.73 (m, 2H, SCH2CH2(CH2)7CH3 decanethiol), 1.46 (dt, J = 14.5, 

7.3 Hz, 2H, SCH2CH2(CH2)7CH3 decanethiol), 1.40 – 1.23 (m, 12H, SCH2CH2(CH2)7CH3 decanethiol), 

0.90 (t, J = 6.9 Hz, 3H, SCH2CH2(CH2)7CH3 decanethiol). 13C{1H} NMR (101 MHz, CDCl3) δ 170.63 (C, 

C=O), 170.24 (C, C=O), 169.45 (C, C=O), 169.35 (C, C=O), 100.88 (CH, C1), 72.76 (CH, C3), 71.84 (CH, 

C5), 71.27 (CH, C2), 70.60 (CH2, C linker), 70.57 (CH2, C linker), 70.19 (CH2, C linker), 69.16 (CH2, C1’ 

linker), 68.40 (CH, C4), 65.50 & 65.48 (CH2, C5’ linker), 61.94 (CH2, C6), 42.47 & 42.43 (CH2, 

SCH2(CH2)8CH3 decanethiol), 41.25 & 41.24, 41.04 (CH2, C6’ linker), 31.83 (CH2, SCH2CH2(CH2)7CH3 

decanethiol), 29.69 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 29.42 (CH2, SCH2CH2(CH2)7CH3 

decanethiol), 29.28 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 29.22 (CH2, SCH2CH2(CH2)7CH3 

decanethiol), 28.94 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 28.36 (CH2, SCH2CH2(CH2)7CH3 

decanethiol), 24.19 & 24.17 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 22.64 (CH2, SCH2CH2(CH2)7CH3 

decanethiol), 20.75 (CH3), 20.70 (CH3), 20.60 (2 CH3), 14.09 (CH3, SCH2CH2(CH2)7CH3 decanethiol). 
11B{1H} NMR (128 MHz, CDCl3) δ 1.90 (br s). 19F{1H} NMR (377 MHz, CDCl3) δ -136.93 (br s). IR 

(neat, cm-1): 2925, 2855, 1747, 1457, 1431, 1365, 1216, 1032, 981. HRMS (C31H54BF3O12S, MW 

718.62); found m/z 741.32660 [M+Na]+ (vs 741.32733 calculated). 
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Synthesis of 9.3 

 
 

8.3 (125 mg, 0.20 mmol) reacted according to the general procedure F with 1.8 eq of IBpin and 1.5 

eq of AgOTf. Purification over silica gel (H: EA 1:9 to 100% EA) gave 9.3 (Rf product 0.3 in 100% EA) 

as an amorphous solid (94 mg, 65%).  

 

[α]20
D: -11.6 (c = 0.5 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 5.21 (t, J = 9.5 Hz, 1H, H3), 5.09 (t, J = 9.7 Hz, 1H, H4), 4.99 (t, J = 8.8 

Hz, 1H, H2), 4.60 (dd, J = 8.0, 1.4 Hz, 1H, H1), 4.28 (dd, J = 12.3, 4.6 Hz, 1H, H6a), 4.15 (dd, J = 12.3, 

2.2 Hz, 1H, H6b), 4.00 – 3.90 (m, 3H, H1’a linker, 2H5’ linker), 3.79 – 3.71 (m, 2H, H1’b linker, H5), 

3.71 – 3.58 (m, 7H, 3CH2 linker, H6’a linker), 3.34 (s, 2H, C-H mCb), 3.27 – 3.17 (m, 1H,  H6’b 

linker), 2.13 (br s, 2H, SCH2B),  2.10 (s,  3H, CH3), 2.06 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.01 (s, 3H, 

CH3). + between 3.3 and 1.5 all signals are increased due to the presence of 9 B-H protons that 

appear as uneven base line.13C{1H} NMR (101 MHz, CDCl3) δ 170.64 (C, C=O), 170.19 (C, C=O), 

169.45 (C, C=O), 169.38 (C, C=O), 100.89 (CH, C1), 72.84 (CH, C3), 71.79 (CH, C5), 71.30 (CH, C2), 

70.67 (CH2, C linker), 70.56 (CH2, C linker), 70.23 & 70.21 (CH2, C linker), 69.19 (CH2, C1’ linker), 

68.46 (CH, C4), 66.46 (CH2, C5’ linker), 61.99 (CH2, C6), 55.90 (2CH, mCb), 42.81 & 42.71 (CH2, C6’ 

linker), 29.67 (very low signal, quite broad SCH2B), 20.75 (CH3), 20.69 (CH3), 20.59 (2C, CH3).11B{1H} 

NMR (128 MHz, CDCl3) δ 1.98 (d, J = 39.5 Hz, 1B, SCH2BF3), -3.10 (s, 1B, mCb), -6.67 (s, 2B, mCb), -

10.44 (s, 1B, mCb), -12.74 (s, 4B, mCb), -16.42 (s, 2B, mCb).19F{1H} NMR (376 MHz, CDCl3) δ -

139.15 (br s). IR (neat, cm-1): 3061, 2941, 2873, 2614, 1744, 1636, 1431, 1366, 1216, 1030, 982. 

HRMS (C23H44B11F3O12S, MW 720.56); found m/z 738.39454 [M+NH4]+ (vs 738.39401 calculated) 

found m/z 743.34967 [M+Na]+ (vs 743.34940 calculated). 
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Synthesis of 9.4 

 
 

8.4 (120 mg, 0.19 mmol) reacted according to the general procedure F with 1.8 eq of IBpin and 1.5 

eq of AgOTf. Purification over silica gel (H: EA 1:9 to 100% EA) gave 9.4 (Rf product 0.3 in 100% EA) 

as an amorphous solid (82 mg, 60%).  

 

[α]20
D: -12.4 (c = 0.5 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) 5.21 (t, J = 9.5 Hz, 1H, H3), 5.08 (t, J = 9.7 Hz, 1H, H4), 4.98 (dd, J = 9.4, 

8.2 Hz, 1H, H2), 4.60 (d, J = 7.9 Hz, 1H, H1), 4.31 – 4.21 (m, 2H,  H6a, 1CH oCb), 4.18 – 4.11 (m, 2H, 

H6b, 1CH oCb), 3.95 (dt, J = 10.9, 4.3 Hz, 1H, H1’a linker), 3.85 (t, J = 5.7 Hz, 2H, 2H5’ linker), 3.74 

(ddd, J = 10.8, 6.6, 4.1 Hz, 2H, H1’b linker, H5), 3.69 – 3.59 (m, 6H, 3CH2 linker), 3.46 (dt, J = 9.0, 4.4 

Hz, 1H, H6’a linker), 3.08 (dt, J = 13.2, 6.5 Hz, 1H, H6’b linker), 2.10 (s, 3H, CH3), 2.05 (s, 3H, CH3), 

2.04 (s, 3H, CH3), 2.01 (s, 3H, CH3), 1.93 (dt, J = 16.1, 7.9 Hz, 2H, SCH2B). + between 3.3 and 1.5 all 

signals are increased due to the presence of 9 B-H protons that appear as uneven base line. 
13C{1H} NMR (101 MHz, CDCl3) δ 170.71 (C, C=O), 170.21 (C, C=O), 169.49 (2C, C=O), 100.91 (CH, 

C1), 72.80 (CH, C3), 71.79 (CH, C5), 71.26 (CH, C2), 70.62 (CH2, C linker), 70.52 (CH2, C linker), 70.24 

(CH2, C linker), 69.28 (CH2, C1’ linker), 68.42 (CH, C4), 66.33 (CH2, C5’ linker), 61.97 (CH2, C6), 55.29 

CH, oCb), 54.67 CH, oCb), 41.87 & 41.82 (CH2, C6’ linker), 29.69 (very low signal, quite broad 

SCH2B), 20.77 (CH3), 20.71 (CH3), 20.62 (2C, CH3). 11B{1H} NMR (128 MHz, CDCl3) δ 2.49 (s, 2B, 

oCb), -3.31 (d, J = 149.0 Hz, 1B, SCH2BF3), -9.39 (s, 1B, oCb), -10.54 (s, 1B, oCb), -14.26 (s, 6B, oCb). 
19F{1H} NMR (376 MHz, CDCl3) δ -138.91 (s). IR (neat, cm-1): 3064, 2924, 2609, 1744, 1366, 1215, 

1031, 984.  HRMS (C23H44B11F3O12S, MW 720.56); found m/z 738.39451 [M+NH4]+ (vs 738.39401 

calculated), found m/z 743.34994 [M+Na]+ (vs 743.34940 calculated). 
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Synthesis of Glc5 

 
 

Compound 9.1 (31 mg, 0.05 mmol) reacted according to the general procedure G to give Glc5 (22 

mg, 98%) as a white foam. 

 

[α]20
D: -15.4 (c = 0.5 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) δ  4.36 – 4.27 (m, 3H, H1, SCH2CH2CH2CH3 butanethiol), 4.08 – 4.01 (m, 

1H, H1’a linker), 4.00 – 3.93 (m, 2H, 2H5’ linker), 3.89 (dd, J = 11.9, 1.5 Hz, 1H, H6a), 3.80 – 3.65 

(m, 8H, H6b, H1’b linker, 3CH2 linker), 3.51 – 3.35 (m, 3H, H6'a linker, H3, H4), 3.30 – 3.18 (m, 3H, 

H6'b linker, H5, H2), 2.11 (s, J = 12.1 Hz, 2H, SCH2B), 1.79 (tt, J = 10.9, 5.5 Hz, 2H, SCH2CH2CH2CH3 

butanethiol), 1.58 – 1.48 (m, 2H, SCH2CH2CH2CH3 butanethiol), 1.02 (t, J = 7.4 Hz, 3H, 

SCH2CH2CH2CH3 butanethiol). 13C{1H} NMR (101 MHz, CD3OD) δ 103.09 (CH, C1), 76.60 (2CH, C3, 

C4 or C5), 73.70 (CH, C2), 70.24, 70.07 (2C) , 70.02 & 70.03 (3CH2 linker, C4 or C5), 68.35 (CH2, C1’ 

linker), 65.88 & 65.58 (CH2, SCH2CH2CH2CH3 butanethiol), 65.01 (CH2, C5’ linker), 61.38 (CH2, C6), 

41.19 (CH2, C6’ linker), 25.50 (CH2, SCH2CH2CH2CH3 butanethiol), 21.25 (CH2, SCH2CH2CH2CH3 

butanethiol), 12.37 (CH3, SCH2CH2CH2CH3 butanethiol). 11B{1H} NMR (128 MHz, CD3OD) δ 2.09 (dd, 

J = 92.9, 45.7 Hz). 19F{1H} NMR (377 MHz, CD3OD) δ -139.05 (q, J = 90.4, 34.4 Hz). IR (neat, cm-1): 

3362, 2922, 2874, 1713, 1596, 1460, 1353, 1291, 1247, 1013, 982. HRMS (C17H34BF3O8S, MW 

466,32); found m/z 489.19139 [M+Na]+ (vs 489.19153 calculated) 
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Synthesis of Glc6 

 
 

Compound 9.2 (60 mg, 0.08 mmol) reacted according to the general procedure G to give Glc6 (42 

mg, 97%) as a white foam. 

 

[α]25
D: -7.8 (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) δ 4.33 (d, J = 7.7 Hz, 1H, H1), 4.04 (dt, J = 8.5, 3.8 Hz, 1H, H1’a linker), 

4.01 – 3.93 (m, 2H, 2H5’ linker), 3.89 (d, J = 12.0 Hz, 1H, H6a), 3.80 – 3.66 (m, 8H, H1’b linker, H6b, 

3CH2 linker), 3.51 – 3.41 (m, 2H, 2H6' linker), 3.38 (dd, J = 11.2, 5.7 Hz, 1H, H3), 3.30 – 3.18 (m, 5H, 

H2, H4, H5, SCH2(CH2)8CH3 decanethiol), 2.10 (br s, 2H, SCH2B), 1.82 (dt, J = 15.4, 7.7 Hz, 2H, 

SCH2CH2(CH2)7CH3 decanethiol), 1.56 – 1.24 (m, 14H, SCH2CH2(CH2)7CH3 decanethiol), 0.92 (t, J = 

6.7 Hz, 3H, SCH2CH2(CH2)7CH3 decanethiol). 13C{1H} NMR (101 MHz, CD3OD) δ 103.08 (CH, C1), 

76.60 (2CH, C3, C4 or C5), 73.69 (CH, C2), 70.24, 70.07 (2C), 70.03 (3CH2 linker, C4 or C5), 68.34 

(CH2, C1’ linker), 65.01 (CH2, C5’ linker), 61.38 (CH2, C6), 41.44 (CH2, SCH2(CH2)8CH3 decanethiol), 

41.14 & 41.10 (CH2, C6’ linker), 31.65 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 29.23 (CH2, 

SCH2CH2(CH2)7CH3 decanethiol), 29.11 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 29.02 (CH2, 

SCH2CH2(CH2)7CH3 decanethiol), 28.65 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 28.07 (CH2, 

SCH2CH2(CH2)7CH3 decanethiol), 23.54 (CH2, SCH2CH2(CH2)7CH3 decanethiol), 22.33 (CH2, 

SCH2CH2(CH2)7CH3 decanethiol), 13.04 (CH3, SCH2CH2(CH2)7CH3 decanethiol). 11B{1H} NMR (128 

MHz, CD3OD) δ 2.10 (d, J = 48.0 Hz). 19F{1H} NMR (377 MHz, CD3OD) δ -139.01 (q, J = 81.6, 22.1 

Hz). IR (neat, cm-1): 3373, 2922, 2854, 1637, 1458, 1296, 1251, 1016, 982. HRMS (C23H46BF3O8S, 

MW 550.47); found m/z 573.28553 [M+Na]+ (vs 573.28508calculated). 

 

  



148 
 

Synthesis of Glc7 

 
 

Compound 9.3 (48 mg, 0.07 mmol) reacted according to the general procedure G to give Glc7 (37 

mg, 98%) as a white foam. 

 

[α]25
D: -9.6 (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) δ 4.32 (d, J = 7.8 Hz, 1H, H1), 4.17 – 3.99 (m, 3H, C-H mCb, H1’a linker), 

3.94 (t, J = 5.5 Hz, 2H, 2H5’ linker), 3.87 (dd, J = 17.6, 6.8 Hz, 1H, H6a), 3.83 – 3.65 (m, 8H, 3CH2 

linker, H6b, H1’b linker), 3.65 – 3.54 (m, 1H, H6’a linker), 3.37 (dd, J = 8.0, 5.6 Hz, 2H, H6’b linker, 

H3), 3.35 – 3.26 (m, 2H, H4, H5), 3.21 (t, J = 8.4 Hz, 1H, H2), 2.14 (br s, 1H, SCH2B), 2.02 (br s, 1H, 

SCH2B)  + between 3.3 and 1.5 all signals are increased due to the presence of 9 B-H protons that 

appear as uneven base line. 13C{1H} NMR (101 MHz, CD3OD) δ 103.06 (CH, C1), 76.57 (2CH, C3, C4 

or C5), 73.69 (CH, C2), 70.22 (CH, C4 or C5), 70.14 (CH2, C linker), 70.11 (CH2, C linker), 70.04 (CH2, 

C linker), 68.34 (CH2, C1’ linker), 65.87 (CH2, C5’ linker), 61.35 (CH2, C6), 56.95 (2CH, mCb), 42.94 

(CH2, C6’ linker). 11B{1H} NMR (128 MHz, CD3OD) δ 2.14 (d, J = 44.5 Hz, 1B, SCH2BF3), -3.42 (s, 1B, 

mCb), -6.26 (s, 1B, mCb), -7.50 (s, 1B, mCb), -10.16 (s, 1B, mCb), -12.19 (s, 2B, mCb), -13.48 (s, 2B, 

mCb), -15.48 (s, 1B, mCb), -16.89 (s, 1B, mCb). 19F{1H} NMR (376 MHz, CD3OD) δ -140.19 (d, J = 

54.2 Hz). IR (neat, cm-1): 3370, 3061, 2876, 2612, 1730, 1594, 1353, 1297, 1250, 1012, 986, 860. 

HRMS (C15H36B11F3O8S, MW 552.41); found m/z 570.35258 [M+NH4]+ (vs 570.35275 calculated). 
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Synthesis of 15 

 
 

4 (240 mg, 0.47 mmol) reacted with 11 (90 mg, 0.47 mmol) according to the general procedure H. 

Purification over silica gel gave 15 (Rf product 0.4 in DCM:MeOH 95:5) as a white foam (246 mg, 

76%).  

 

[α]25
D: -12.6 (c = 1.0 g/100 mL, chloroform). 

1H NMR (400 MHz, CDCl3) δ 7.72 (s, 1H, H triazole), 5.19 (t, J = 9.5 Hz, 1H, H3), 5.05 (t, J = 9.6 Hz, 

1H, H4), 4.99 – 4.85 (m, 1H, H2), 4.65 – 4.44 (m, 3H, H1, 2H6’ linker), 4.25 (dd, J = 12.1, 3.8 Hz, 1H, 

H6a), 4.12 (d, J = 12.0 Hz, 1H, H6b), 3.94 (d, J = 10.2 Hz, 1H, H1’a linker), 3.86 (br s, 2H, 2H5’ linker), 

3.71 (br s, 2H, H5, H1’b linker), 3.59 (d, J = 8.1 Hz, 6H, 3CH2 linker), 3.22 (d, J = 35.9 Hz, 2H, 

TriazoleCH2CH2CH2S), 2.92 (br s, 2H, TriazoleCH2CH2CH2S), 2.77 (s, 3H, SCH3), 2.37 – 2.17 (m, 2H, 

TriazoleCH2CH2CH2S), 2.20 – 1.89 (m, 14H, SCH2B, 4 CH3). 13C{1H} NMR (101 MHz, CDCl3) 170.63 (C, 

C=O), 170.21 (C, C=O), 169.46 (C, C=O), 169.40( C, C=O), 100.85 (CH, H1), 72.73 (CH, C3), 71.77 

(CH, C5), 71.24 (CH, C2), 70.54 (CH2 linker), 70.51 (CH2 linker), 70.15 (CH2 linker), 69.32 (2CH2, 

C1’linker, C5’linker), 68.40 (CH, C4), 61.95 (CH2, C6), 50.49 (C6’linker), 43.13 (TriazoleCH2CH2CH2S), 

25.20 (SCH3), 23.78 (TriazoleCH2CH2CH2S), 23.50 (TriazoleCH2CH2CH2S), 20.75 (CH3), 20.70 (CH3), 

20.60 (2CH3). 11B{1H} NMR (128 MHz, CDCl3) δ 1.96 (br s). 19F{1H} NMR (377 MHz, CDCl3) δ -137.04 

(s). IR (neat, cm-1): 2940, 2874, 1743, 1638, 1551, 1429, 1366, 1216, 1032, 985.   HRMS 

(C27H43BF3N3O12S, MW 701.51); found m/z 724.24963 [M+Na]+ (vs 724.25048 calculated). 
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Synthesis of Glc9 

 
 

Compound 15 (46 mg, 0.07 mmol) reacted according to the general procedure G to give Glc9 (28 

mg, 82%) as a white foam. 

 

[α]25
D: -8.9 (c = 1.0 g/100 mL, methanol). 

1H NMR (400 MHz, CD3OD) δ 7.92 (s, 1H, H triazole), 4.64 – 4.54 (m, 2H, 2H6’ linker), 4.32 (d, J = 

7.8 Hz, 1H, H1), 4.06 – 3.97 (m, 1H, H1’a linker), 3.90 (dd, J = 12.0, 7.1 Hz, 3H, H6a, 2H5’ linker), 

3.78 – 3.62 (m, 8H, 3CH2 linker, H1’b linker, H6b), 3.41 – 3.35 (m, 1H, H3), 3.30 (dd, J = 3.7, 2.1 Hz, 

2H, H5, H4), 3.27 – 3.13 (m, 3H, H2, TriazoleCH2CH2CH2S), 2.91 (t, J = 7.3 Hz, 2H, 

TriazoleCH2CH2CH2S), 2.79 (s, 3H, SCH3), 2.26 – 2.07 (m, 3H, TriazoleCH2CH2CH2S, 1SCH2B), 2.07 – 

1.94 (m, 1H, 1SCH2B). 13C{1H} NMR (101 MHz, CD3OD) δ 145.34 (C, triazole), 123.30 (CH, triazole), 

103.09 (CH, H1), 76.60 (2CH, C5 and C3), 73.70 (CH, C2), 70.25 (CH, C4), 70.02 (2CH2 linker), 69.93 

(CH2 linker), 68.98 (C5’linker), 68.32 (CH2, C1’linker), 61.35 (CH2, C6), 50.01 (C6’linker), 42.45 

(TriazoleCH2CH2CH2S), 23.70 (SCH3), 23.45* (TriazoleCH2CH2CH2S), 23.32* (TriazoleCH2CH2CH2S). * 

May be interchanged. 11B{1H} NMR (128 MHz, CD3OD) δ 2.02 (dd, J = 95.3, 47.1 Hz). 19F{1H} NMR 

(377 MHz, CD3OD) δ -139.26 (q, J = 88.7, 38.6 Hz). IR (neat, cm-1): 3381, 2918, 1637, 1539, 1431, 

1375, 1029, 820. HRMS (C19H35BF3N3O8S, MW 533.37); found m/z 556.20871 [M+Na]+ (vs 

556.20822 calculated). 
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2.2  Stability Evaluation 

2 mg of the compound was dissolved in 900 µL of phosphate buffer 0.2M, then 100 µL of D2O was 

added. The sample was transferred into an NMR test tube, and the 19F NMR spectra were acquired 

at the given times (320 scans, 295 K). Between the acquisitions, the samples were stored at room 

temperature. 

2.2.1 19F NMR kinetic analysis for Glc5 

 

 

Figure 7 - 19F-NMR spectra (19F-: -120 ppm, Glc5: -137 ppm) 

  



152 
 

2.2.2 19F NMR kinetic analysis for Glc6 

 

 

Figure 8 - 19F-NMR spectra (19F-: -120 ppm, Glc6: -135 ppm) 
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2.2.3 19F NMR kinetic analysis for Glc7 

 

 

 

Figure 9 - 19F-NMR spectra (19F-: -120 ppm, Glc7: -135 ppm) 
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2.2.4 19F NMR kinetic analysis for Glc9 

 

 

Figure 10 - 19F-NMR spectra (19F-: -120 ppm, Glc9: -135 ppm) 
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3. Nanomaterial decorated with borane structures 

3.1  Chemistry 

3.1.1 General 

 

All reagents and solvents were purchased from Sigma-Aldrich (Milan) and used as supplied 

without further purification unless otherwise stated. Thin-layer chromatography was performed 

on silica gel plates with a fluorescent indicator (Merck, Milan) and visualized at the UV light (254 

nm) and/or by staining in palladium (II) chloride acidic solution. 1,4-dioxane was purchased as 

anhydrous solvents and used as supplied. Dichloromethane (DCM) was refluxed with calcium 

hydride, then distilled.  

All reactions (if not specifically containing water as reactant, solvent, or co-solvent) were 

performed under a nitrogen or argon atmosphere. 

NMR spectra were recorded using a Bruker Avance Neo 400 MHz spectrometer (Bruker, Italy) or 

Bruker FT-NMR AVANCE DRX500 (Bruker, Italy). 

 

3.1.2 Synthetic scheme 
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Scheme 1 – Synthesis of compound 1 

3.1.3 Synthetic procedures 

 

Synthesis of 2 

A commercially available solution of HCl in Et2O (2M, 1.4 mL) was added to a suspension of  

(Bu4N)2[B12H12] (710 mg, 1.13 mmol) and NaBF4 (623mg, 5.67 mmol) in 35 ml of 1,4-dioxane. The 

reaction was heated at reflux for 3h. Then, it was cooled to room temperature, filtered (through 

Hirsh) and concentrated near to dryness under reduced pressure. The residue was dissolved in 10 

mL of acetone, 15 mL of ethanol and 5 mL of water; and a precipitate was allowed to form 

overnight. The solution was concentrated under reduced pressure and the precipitate filtered, 

washed with a small amount of water and ethanol, and dried to give 210 mg (39%) of product 2. 

Characterization as described in the literature6. 

Synthesis of Bu4NN3 

Bu4NOH (2.2 mL, 3.3 mmol) was added to a solution of NaN3 (0.5g, 7.7 mmol) in water (7 mL). The 

reaction was stirred for 2h, then diluted with water and extracted with DCM (2 x 30 mL). The 

organic extract was concentrated to dryness and dried in vacuo to give the crude Bu4NN3 (728 

mg). 

Synthesis of 1a 

A solution of Bu4NN3 (257 mg, 0.90 mmol) in DCM (3 mL) was added to a solution of 2 (200 mg , 

0.42 mmol) in DCM (3 mL). The reaction mixture was stirred for 24h then washed with water (3 x 

30 mL). The aqueous layer was extracted with DCM (3 x 20 mL) and the organic extracts were 

concentrated to dryness to give 287mg (90%) of product 1a.  

Characterization as described in the literature183. 
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Synthesis of 1 

A solution of BPh4Na (5g/L, 17 mL, 0.25 mmol) in water was added to a solution of 1a (100 mg, 

0.13 mmol) in DCM (17 mL). The biphasic reaction mixture was stirred for 3h, then the two layers 

were divided. The aqueous layer was washed with DCM (2 x 30 mL), filtered, washed again with 

DCM (2 x 20 mL), and filtered. The aqueous layer was concentrated to dryness to give 40 mg of 

product 1. 

1H NMR (500 MHz, CD3OD+CDCl3) δ 3.71 (d, J = 4.8 Hz, 2H, [B11H11]BOCH2CH2OCH2CH2N3), 3.65 (dt, 

J = 15.1, 4.9 Hz, 4H, [B11H11]BOCH2CH2OCH2CH2N3), 3.52 – 3.46 (m, 2H, 

[B11H11]BOCH2CH2OCH2CH2N3),  1.87 – 0.55 (m, 11H,[B11H11]BOCH2CH2OCH2CH2N3). 13C{1H} NMR 

(500 MHz, CD3OD+CDCl3) δ 71.58, 68.83, 67.25, 50.60. 11B{1H} NMR (128 MHz, CD3OD+CDCl3) δ δ 

6.35 (s, 1B), -16.62 (s, 6B), -18.02 (s, 5B), -23.02 (s, 1B). 11B NMR (128 MHz, CD3OD+CDCl3) δ 6.37 

(s, 1B), -14.20 – -20.12 (m, 11B), -23.02 (d, J = 124.1 Hz, 1B). HRMS (C4H19B12N3Na2O2, MW 

316.91); found m/z 340.23561 [M+Na]+ (vs 340.23542 calculated). 
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4. Carborane-containing drug analogs 

4.1  Chemistry 

4.1.1 General 

 

Standard Schlenk and vacuum-line techniques were employed for all manipulations of air-and 

moisture-sensitive compounds. 

The NMR spectra were recorded with a Bruker AvanceDRX 400 spectrometer. 

1H NMR (400.13 MHz): internal standard solvent, external standard TMS.  

The mass spectra were recorded with a Bruker Daltonics 7 Tesla APEX II (ESI) or Finni-gan MAT 

MAT8200 (EI) spectrometer. The reported masses refer to the most intense peak of the isotopic 

pattern. Column chromatography was performed on silica gel 60 (230-400 mesh). Visualization of 

boron compounds was achieved with a 2 % solution of PdCl2 in methanol. 

 

4.1.2  Synthetic scheme 

 

 

Scheme 1 – Synthesis of compound 1 
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Scheme 2 – Synthesis of compound 3 and 4 

 

 

Scheme 3 – Synhtesis of compound 6 and 5 

 

Scheme 4 – Synthesis of compound 7 

  



160 
 

4.1.3 Synhtetic procedures and characterizations 

 

Synthesis of 1 

A 50 mL round-bottomed flask equipped with a dropping funnel was charged with the respective 

bis-mCb (1 mmol), elemental iodine (126 mg, 0.5 mmol), and glacial acetic acid (15 mL, 0.06M). 

The solution was warmed to 60 °C and then a mixture of concentrated H2SO4 and concentrated 

HNO3 (3 mL; 50:50 v/v) was added dropwise in 40 min. After complete addition, the reaction 

mixture was stirred at 80 °C for 2 h. The mixture was cooled to room temperature and ice-cold 

water (200 mL) was added. During this addition, a colorless precipitate formed that was isolated 

by filtration through a glass frit. The crude product was washed with water (100 mL) and dissolved 

in diethyl ether (50 mL). The solution was treated with a dilute aqueous solution of sodium sulfite 

(10 mL, 0.1 M). The solution was dried with MgSO4, filtered, and the solvent was removed under 

reduced pressure.  The crude product was purified over silica gel (H: EA from 98:2 to 60:40) and 

gave 190 mg of product 1 (46%).  

1H NMR (400 MHz, CDCl3) δ 3.07 (s, 1H, CH bis-mCb), 2.99 (s, 1H, CH bis-mCb), 3.32-1.02 (m, 21H, 

BH). 11B{1H} NMR (128 MHz, CDCl3) δ -2.21 (s, 1B), -3.22 (s, 2B), -6.78 (s, 2B), -7.67 (s, 2B), -8.67 (s, 

1B), -9.64 (s, 2B), -10.65 (s, 2B), -12.55 (s, 1B), -13.67 (s, 2B), -14.51 (s, 2B), -16.43 (s, 2B), -23.89 (s, 

1B, B-I). 11B NMR (128 MHz, CDCl3) δ -0.50 – -4.87 (m, 3B), -5.23 – -12.39 (m, 9B), -14.91 (dd, J = 

321.0, 196.9 Hz, 7B), -23.87 (s, 1B, B-I). 13C{1H} NMR (101 MHz, CDCl3) δ 75.99, 73.76, 55.77, 

55.03.  

 
Synthesis of 3 

A solution of 1.6 M n-BuLi in n-hexane (7 mL, 11 mmol) was added to a solution of a m-carborane 

(1.5 g, 10 mmol) in 15 mL of dry ether at 0 °C under an N2 atmosphere, and the mixture was stirred 

at room temperature for 2 h. After it was cooled to -30 °C, neat trimethyl borate (1.4 mL, 12 

mmol) was added over 10 minutes. The mixture was warmed to r.t. overnight. Then, the reaction 

was cooled at 0°C and 5 mL of CH3COOOH 35% w/W was added. The reaction mixture was stirred 

at room temperature for 24 h. Then, 20 mL of saturated NaHSO3 aqueous solution and 30 mL of 

10% NaOH solution were added dropwise. The stirring was continued at room temperature for 3 

h, and the solution was extracted with ether. The organic layer was washed with water and brine, 

dried over MgSO4, and concentrated. The residue was purified by column chromatography on 

silica gel with H: EA 9: 1 to give compound 3 (86%). 

Characterization as described in the literature188. 

1H NMR (400 MHz, CDCl3) δ 3.64 (s, 1H), 2.84 (s, 1H, CH), 3.88 – 1.15 (m, J = 320.2 Hz, 12H). 
11B{1H} NMR (128 MHz, CDCl3) δ -4.51 (s, 1B), -11.21 (s, 2B), -13.01 (s, 2B), -15.76 (s, 5B). 11B NMR 

(128 MHz, CDCl3) δ -4.50 (d, J = 162.8 Hz, 1B), -11.23 (d, J = 169.5 Hz, 2B), -14.01 (d, J = 103.3 Hz, 

2B), -15.75 (d, J = 181.0 Hz, 5B). 13C{1H} NMR (101 MHz, CDCl3) δ 98.34, 62.83.  
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Synthesis of 4 

To a solution of 3 (115 mg, 0.7 mmol) in anhydrous 1,2-dimethoxyethane (7 ml, 0.1M) under 

nitrogen atmosphere K2CO3 (135 mg, 1 mmol) was added. The mixture was stirred for 15 min and 

iodomethane (60 µL, 1 mmol) was added. The reaction mixture was heated at 50 °C for 6 h. After 

cooling the mixture was filtered and the solvent was evaporated in vacuo. The residue was 

dissolved in DCM (20 ml), washed with water (2 ×20 mL) and brine (20 mL). The organic phase was 

dried over MgSO4 and evaporated under reduced pressure. The crude product was dissolved in 

DCM and filtrered over a pad of silica gel to give 4 (88 mg, 65% yield). 

1H NMR (400 MHz, CDCl3) δ 3.36 (s, 3H, CH3), 2.76 (s, 1H, CH), 3.73 – 1.09 (m, 14H). 11B{1H} NMR 

(128 MHz, CDCl3) δ -6.26 (s, 1B), -12.61 (s, 2B), -13.42 (s, 2B), -15.27 (s, 1B), -16.16 (s, 4B). 11B NMR 

(128 MHz, CDCl3) δ -6.24 (d, J = 162.4 Hz, 1B), -11.20 – -18.52 (m, 9B). 13C{1H} NMR (101 MHz, 

CDCl3) δ 108.07, 60.76, 50.49 

 

 

Synthesis of 6 

A solution of 1.6 M n-BuLi in n-hexane (770 µ, 1.2 mmol) was added to a solution of a bis-m-

carborane (335 mg, 1.2 mmol) in 5 mL of dry ether at 0 °C under an N2 atmosphere, and the 

mixture was stirred at room temperature for 2 h. After it was cooled to -30 °C, neat trimethyl 

borate (150 µL, 1.3 mmol) was added over 5 minutes. The mixture was warmed to r.t. overnight. 

Then, the reaction was cooled at 0°C and 560 µL of CH3COOOH 35% w/W was added. The reaction 

mixture was stirred at room temperature for 24 h. Then, 2 mL of saturated NaHSO3 aqueous 

solution and 3 mL of 10% NaOH solution were added dropwise. The stirring was continued at room 

temperature for 3 h, and the solution was extracted with ether. The organic layer was washed 

with water and brine, dried over MgSO4, and concentrated. The residue was purified by column 

chromatography on silica gel with H: EA from 98: 2 to 60: 40 to give compound 6 (50%). 

1H NMR (400 MHz, Acetone) δ 3.85 (s, 1H), 2.93 (s, 1H, CH), 3.69 – 1.18 (m, 21H). 11B{1H} NMR 

(128 MHz, Acetone) δ -3.68 (s, 1B), -5.57 (s, 1B), -7.76 (s, 1B), -9.84 (s, 2B), -11.11 (s, 2B), -11.51 (s, 

2B), -12.85 (s, 4B), -13.84 (s, 7B). 11B NMR (128 MHz, Acetone) δ -3.73 (d, J = 171.0 Hz, 1B), -4.66 – 

-18.01 (m, 19B). 13C{1H} NMR (101 MHz, Acetone) δ 103.56, 74.27, 70.44, 55.00.  

 

Synthesis of 5 

To a solution of 6 (30 mg, 0.1 mmol) in anhydrous 1,2-dimethoxyethane (1 ml, 0.1M) under 

nitrogen atmosphere K2CO3 (16 mg, 0.1 mmol) was added. The mixture was stirred for 1h and 

iodomethane (22 µL, 0.35 mmol) was added. The reaction mixture was stirred at r.t. for 24h. Then, 
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the reaction was filtered, and the solvent was evaporated in vacuo. The residue was dissolved in 

DCM (20 ml), washed with water (2 ×20 mL) and brine (20 mL). The organic phase was dried over 

MgSO4 and evaporated under reduced pressure. The crude product was purified over silica gel (H: 

EA 98: 2) to give 5 (25 mg, 80% yield). 

 
1H NMR (400 MHz, CDCl3) δ 3.33 (s, 3H, CH3), 2.96 (s, 1H, CH), 3.79 – 0.98 (m, 24H). 11B{1H} NMR 

(128 MHz, CDCl3) δ -3.23 (s, 1B), -7.58 (s, 2B), -9.72 (s, 2B), -10.79 (s, 3B), -12.97 (s, 4B), -13.73 (s, 

6B), -14.51 (s, 2B). 11B NMR (128 MHz, CDCl3) δ -0.55 – -5.32 (m, 1B), -5.32 – -17.43 (m, 19B). 
13C{1H} NMR (101 MHz, CDCl3) δ 107.75, 74.24, 69.99, 60.91 (CH3), 54.66 (CH).  

 

Synthesis of 7 

A solution of 1.6 M n-BuLi in n-hexane (60 µL, 0.09 mmol) was added to a solution of a 5 (26 mg, 

0.08 mmol) in 1 mL of dry ether at 0 °C under an N2 atmosphere, and the mixture was stirred at 

room temperature for 2 h. After it was cooled to 0 °C, and I2 (26 mg, 0.1 mmol) was added in one 

portion. Then, the reaction was stirred at room temperature for 1 h. At the end, the solution was 

diluted with ether and treated with a dilute aqueous solution of sodium sulfite (10 mL, 5%). The 

organic layer was dried over MgSO4 and concentrated. The crude product was purified by column 

chromatography on silica gel with 100% Hexane to give compound 7 (70%). 

1H NMR (400 MHz, CDCl3) δ 3.33 (s, 3H), 4.04 – 1.00 (m, 23H). 11B{1H} NMR (128 MHz, CDCl3) δ -

2.68 (s, 1B), -5.06 (s, 1B), -7.38 (s, 1B), -8.63 (s, 3B), -9.66 (s, 3B), -10.32 (s, 2B), -11.45 (s, 1B), -

12.91 (s, 4B), -13.62 (s, 4B). 11B NMR (128 MHz, CDCl3) δ -3.75 (dd, J = 265.2, 138.0 Hz, 2B), -4.97 – 

-16.41 (m, 18B). 13C{1H} NMR (101 MHz, CDCl3) δ 108.34, 69.28, 61.00. 
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