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Abstract: The sulfa-Michael addition reaction was applied for the two-step synthesis of 

o-carboranyl cysteine 1-HOOCCH(NH2)CH2S-1,2-C2B10H11 from the trimethylammonium salt of 

1-mercapto-o-carborane and methyl 2-acetamidoacrylate. To avoid the decapitation of o-carborane 

into its nido-form, the “free of base” method under mild conditions in a system of two immiscible 

solvents toluene-H2O was developed. The replacement of H2O by 2H2O resulted in 

carboranyl-cysteine containing a deuterium label at the α-position of the amino acid 

1-HOOCCD(NH2)CH2S-1,2-C2B10H11. The structure of the protected o-carboranyl cysteine was 

determined by single-crystal X-ray diffraction. The obtained compounds can be considered as 

potential agents for the Boron Neutron Capture Therapy of cancer. 

Keywords: boron chemistry; o-carborane; sulfa-Michael addition reaction; cysteine; boron neutron 

capture therapy; o-carborane decapitation; labeled compound 

 

1. Introduction 

Cancer remains one of the major health issues and the second leading cause of death worldwide 

[1]. Radiation therapy has a central role in the management of malignant brain tumors, especially for 

the most aggressive ones [2–4]. First introduced in 1936 by Locher [5], the Boron Neutron Capture 

Therapy model (BNCT) is a promising type of radiation therapy for cancer that has the potential to 

be an important treatment for numerous types of tumors, including for those lying in areas that are 

difficult to access for surgery intervention, such as high-grade gliomas and metastatic brain tumors 

[6–8] Currently, only two low molecular weight boron-containing compounds, sodium 

mercapto-undecahydro-closo-dodecaborate (BSH, developed in about 1965) and a water-soluble 

fructose complex of borylphenylalanine (BPA, discovered in 1958), have been approved and found 

clinical use in BNCT [9–11]. 

Recent advances in the development of potential agents for BNCT treatment include various 

boron-containing bioconjugates [12]; there are many with natural and unnatural amino acids among 

them [13]. It is believed that amino acid conjugates are preferentially taken up by rapidly growing 

tumor cells [14]. Polyhedral carboranes as a boron-rich compounds are considered to have potential 

for usage in BNCT [15]. In this regard, the chemistry of dicarbaboranes [C2B10H12] and their 

derivatives has been well investigated [16]. The synthesis of o-carboranes containing unnatural 

ω-mercapto-amino acids with side-chain lengths ranging from 4 to 6 methylene units 1(a–c) [17], 
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L-o-carboranyl-alanine 2 [18] as well as o-carboranyl derivatives of (S)-Asparagine 3a and 

(S)-Glutamine 3b [19], phenylalanine 4 [20] and (S)-m-carboranyl-homocysteine sulfoxide 5 [21], 

have been published. Our current interest was inspired by the recent synthesis [22] of 

m-carboranyl-cysteine 6 and its biological evaluation as an agent for Boron Neutron Capture 

Therapy [23,24] (Figure 1). Therefore, we decided to synthesize its analogue based on readily 

available 1-mercapto-o-carborane [25,26]. 
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Figure 1. o- and m- carborane–amino acid conjugates. 

Here, we report the synthesis of o-carboranyl-cysteine via the sulfa-Michael addition reaction of 

an easily available salt of 1-mercapto-o-carborane and methyl 2-acetamidoacrylate (MAA) using a 

two-phase system. 

2. Materials and Methods 

2.1. General 

[1-S-1,2-C2B10H11](Me3NH) (7) was prepared according to the literature procedure [27]. Methyl 

2-acetamidoacrylate (Sigma Aldrich Chemie GmbH, NJ, USA) was used without purification. 2H2O 

was received from Carl Roth GmbH. The reaction proceedings were monitored via thin-layer 

chromatograms (Merck F254 silica gel on aluminums plates). Boron compounds were visualized 

with PdCl2 stain solution, which, upon heating, gave dark brown spots. Purifications were carried 

out using column chromatography with Silica gel 60 0.060–0.200 mm (Acros Organics, NJ, USA). 1H, 
13C, and 11B NMR spectra were recorded at 400.13, 100.61, and 128.38 MHz, respectively, on a 

BRUKER-Avance-400 spectrometer. Tetramethylsilane and BF3 × Et2O were used as standards for 1H, 
13C NMR, and 11B NMR, respectively. All the chemical shifts are reported in ppm (δ) relative to 

external standards. IR spectra were recorded on an IR Prestige-21 (SHIMADZU, Kyoto, Japan) 

instrument. High-resolution mass spectra (HRMS) were measured on a Bruker micrOTOF II 

instrument using electrospray ionization (ESI), with a mass range from m/z 50 to m/z 3000; external 

or internal calibration was carried out with ESI Tuning Mix, Agilent. Spectra can be found in the 

Supplementary Materials. 

2.2. Synthesis of 1-CH3O(O)C(CH3(O)CHN)CHCH2S-1,2-C2B10H11 (8) 

To a solution of 7 (0.5 g, 2.1 mmol) in toluene (30 ml) methyl 2-acetamidoacrylate (0.3 g, 2.1 mmol) 

and H2O (30 ml) were added; the resulting system was vigorously stirred under reflux for 24 hours. 

Then, the mixture was cooled to r.t. and the toluene layer was separated, washed with H2O (2 × 20), 

dried over Na2SO4, and evaporated. The product was purified by silica gel column chromatography 

using Et2O as an eluent and vacuum-dried to give a light yellow solid. Yield: 0.46 g (68%). 1H NMR 

(Chloroform-d) δ = 6.29 (d, J = 7.7 Hz, 1H, NH), 4.89 (td, J = 7.2, 4.5 Hz, 1H, α-CH), 3.99 (broad s, 1H, 
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carb-CH), 3.82 (s, 3H, COOCH3), 3.51 (dd, J = 13.4, 4.6 Hz, 1H, CH2CH), 3.18 (dd, J = 13.4, 6.9 Hz, 1H, 

CH2CH), 2.06 (s, 3H, NHCOCH3), 3.0–1.5 (broad, 10H, BH); 11B NMR (Chloroform-d) δ = −1.5 (d, J = 150 

Hz, 1B), −4.7 (d, J = 146 Hz, 1B), −8.8 (d, J = 154 Hz, 4B), −12.2 (d, J = 162 Hz, 4B); 13C NMR 

(Chloroform-d) δ = 170.21, 170.17 (CO), 73.9, 67.9 (C-carb), 53.2 (OCH3), 51.2 (α-CH), 39.4 (CH2CH), 23.1 

(COCH3). ESI-MS, m/z, C8H21B10NO3S calcd. 320.2322, found 320.2322 ([M+H]+). IR-FT (ν, cm−1): 

3371(NH), 3060 (CH-carb); 2948, 2926, 2852 (broad CH); 2607, 2584, 2557 (BH); 1736, 16177 (CO). 

2.3. Synthesis of 1-HOOC(NH2)CHCH2S-1,2-C2B10H11 × HCl (9) 

Water (2 mL) and concentrated HCl (10 mL) were added to a solution of 8 (0.1 g, 0.3 mmol) in 

glacial acetic acid (10 mL). The resulting mixture was heated at 70°C for 40 h., cooled to r.t., and 

evaporated. The residue was suspended in 5 mL of water, formed solid was filtered, washed with 

water (2 × 5 mL) and vacuum dried to give 9. Light yellow solid (0.093 mg, 70%). 1H NMR 

(Methanol-d4) δ = 4.89 (s, 1H, carb-CH), 4.09 (m, 1H, α-CH), 3.64 (m, 1H, CH2CH), 3.43 (m, 1H, 

CH2CH), 3.0–1.5 (broad, 10H, BH); 11B NMR (Methanol-d4) δ = −1.8 (d, J = 151 Hz, 1B), −5.1 (d, J = 148 

Hz, 1B), −9.2 (d, J = 148 Hz, 4B), −12.3 (d, J = 172 Hz, 4B). 13C NMR (Methanol-d4) δ 172.0 (COOH), 74.8, 

68.4 (C-carb), 51.60 (α-CH), 38.3 (CH2CH). ESI-MS, m/z , C5H17B10NO2S calcd. 264.2059, found 

264.2061. IR-FT (ν, cm−1): 3399 (broad NH+), 3058 (CH- carb); 2923, 2854 (CH); 2580 (broad BH), 1728 

(CO).  

2.4. Synthesis of 1-CH3O(O)C(CH3(O)CHN)CDCH2S-1,2-C2B10H11 (10) 

Under an argon atmosphere, methyl 2-acetamidoacrylate (0.06 g, 0.4 mmol) and 2H2O (5 mL) 

were added to a solution of 7 (0.1 g, 0.4 mmol) in toluene (15 mL); the resulting two-phase system was 

vigorously stirred under reflux for 30 hours. Purification was held in the same manner as for 

compound 8. Light yellow solid (90 mg, 66%). 1H NMR (Chloroform-d) δ = 6.31 (s, 1H, NH), 4.00 

(broad s, 1H, CH-carb), 3.82 (s, 3H, COOCH3), 3.50 (d, J = 13.4 Hz, 1H, CH2CD ), 3.17 (d, J = 13.4 Hz, 1H, 

CH2CD), 2.06 (s, 3H, NHCOCH3), 3.0–1.5 (broad, 10H, BH); 11B NMR (Chloroform-d) δ = −1.5 (d, J = 151 

Hz, 1B), −4.8 (d, J = 150 Hz, 1B), −8.9 (d, J = 151 Hz, 4B), −12.4 (d, J = 176 Hz, 4B); 13C NMR 

(Chloroform-d) δ = 170.23, 170.17 (CO), 73.9, 67.9 (C-carb), 53.2 (OCH3), 51.0 (t, α-CD), 39.3 (CH2), 23.1 

(COCH3). ESI-MS, m/z, C8H20DB10NO3S calcd. 321.2385, found 321.2399. IR-FT (ν, cm−1): 3370 (NH), 

3061 (CH- carb); 2953 (CH); 2608, 2586, 2557 (BH), 1733, 1674 (CO). 

2.5. Synthesis of 1-HOOC(NH2)CDCH2S-1,2-C2B10H11 × HCl (11) 

Water (2 mL) and concentrated HCl (5 mL) were added to a solution of 10 (0.05 g, 0.16 mmol) in 

glacial acetic acid (5 mL). The resulting mixture was heated at 70 °C for 40 h., cooled to r.t., and 

evaporated. The residue was suspended in 5 mL of water, formed solid was filtered, washed with 

water (2 mL) and vacuum dried to yield 11: 38 mg (81%). 1H NMR (Methanol-d4) δ = 4.88 (broad s, 

1H, CH-carb), 4.27 – 4.20 (α-CH, m, 0,1H), 3.64 (d, J = 13.9 Hz, 1H, CH2CD), 3.44 (d, J = 13.9 Hz, 1H, 

CH2CD), 3.0–1.5 (broad, 10H, BH). 11B NMR (Methanol-d4) δ = -1.9 (d, J = 149 Hz, 1B), −4.9 (d, J = 140 

Hz, 1B), −9.0 (d, J = 143 Hz, 4B), −12.3 (d, J = 175 Hz, 4B). 13C NMR (Methanol-d4) δ = 168.0 (CO), 73.6 

(C-carb), 68.4 (C-carb), 51.8 (α-C), 36.0 (CH2). ESI-MS, m/z, C5H17B10NO2S calcd. 265.2122, found 

265.2127. 

2.6. Synthesis of 1-CH3O(O)C(CH3(O)CHN)CHCH2S-2-D-1,2-C2B10H10 (12) 

Under an argon atmosphere, methyl 2-acetamidoacrylate (0.06 g, 0.4 mmol), 2H2O (5 mL), and 

anhydrous K2CO3 (0.055 g, 0.4 mmol) were added to a solution of 7 (0.1 g, 0.4 mmol) in toluene (15 

mL); the resulting system was vigorously stirred under reflux for 10 hours. The purification was 

held in the same manner as for compound 8. Light yellow solid (13 mg, 10%). 1H NMR 

(Chloroform-d) δ = 6.20 (d, J = 7.7 Hz, 1H, NH), 4.90 (td, J = 7.2, 4.7 Hz, 1H, α-CH), 4.00 (undetectable, 

s, 0H, carb-CD), 3.83 (s, 3H, COOCH3), 3.53 (dd, J = 13.4, 4.7 Hz, 1H, CH2CH), 3.19 (dd, J = 13.4, 6.9 

Hz, 1H, CH2CH), 2.07 (s, 3H, NHCOCH3), 3.0–1.5 (broad, 10H, BH); 11B NMR (Chloroform-d) δ = −1.5 

(d, J = 152 Hz, 1B), −4.8 (d, J = 147 Hz, 1B), −8.9 (d, J = 152 Hz, 4B), −12.5 (d, J = 173 Hz, 4B); 13C NMR 
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(Chloroform-d) δ = 170.16,170.14 (CO), 73.8 (CH-carb), 68.5–66.8 (t, CD-carb), 53.2 (OCH3), 51.2 

(α-CH), 39.4 (CH2), 23.1 (COCH3). ESI-MS, m/z, C8H20DB10NO3S calcd. 321.2385, found 321.2384. 

IR-FT (ν, cm−1): 3372(NH), 2923, 2851 (CH); 2607, 2584, 2557 (BH); 2289 (CD-carb); 1736, 1677 (CO). 

2.7. X-ray Diffraction 

Crystals of 8 are triclinic, space group P-1, at 120K: a = 7.6513(5), b = 10.5669(7), c = 11.5392(7), α= 

68.378(1)°, β = 85.686(1)°, γ = 72.663(1)°, V = 827.27(9) Å3, Z = 2 (Z’ = 1), dcalc = 1.282 g·cm−3, F(000) = 

332. Intensities of 11,058 reflections were measured with a Bruker SMART APEX 2 Duo CCD 

diffractometer [(MoK) = 0.71072Å, ω-scans, 2 < 60] and 4824 independent reflections [Rint = 

0.0324] were used in further refinement. The structure was solved by the direct method and refined 

by the full-matrix least-squares technique against F2 in the anisotropic-isotropic approximation. The 

hydrogen atoms were found in the difference Fourier synthesis and refined in the isotropic 

approximation within the riding model. For 8, the refinement converged to wR2 = 0.1167 and GOF = 

0.781 for all independent reflections (R1 = 0.0371 was calculated for 3661 observed reflections with I > 

2(I)). All the calculations were performed using SHELX2018 [28]. The CCDC 2034871 contains the 

supplementary crystallographic data for 8. These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge, 

CB21EZ, UK; or deposit@ccdc.cam.ac.uk). 

Computational details: All the calculations were conducted in the Gaussian09 program (rev. 

D01) [28]. The geometry optimization procedures were performed using standard criteria on 

displacements and forces. The DFT optimization were performed using the PBE0 functional [29,30] 

and the 6-311++G(d,p) basis set (ultrafine integration grids were used). The non-specific solvation 

was modelled using the self-consistent reaction field approach (PCM model,  = 72). The influence of 

specific solvation on the geometry of 8 was accounted for by the optimization of a central molecule 

in clusters; two models were used: (1) the trimer of molecules from crystal of 8 with fixed 

coordinates and normalized X-H bond lengths for lateral molecules and (2) the shell of molecules 

from crystal of 8 with fixed coordinates and normalized X-H bond lengths. The Quantum theory of 

Atoms in Molecules surface integrals for the trimer were calculated using the AIMAll program [31]. 

The shell in the second model was generated using the criteria of at least one geometrical contact 

(within the sum of van der Waals radii plus 5 Å) between the surrounding molecules and the central 

molecule. The shell was described by the ONIOM approach (PBE0/6-311++G(d,p):PBE0/3-21G), and 

only the internal layer (the central molecule) was optimized. The Hessian calculations for all the 

optimized structures revealed their correspondence to energy minimums. 

3. Results 

3.1. o-Carboranyl-Cysteine Synthesis 

The reaction conditions for the sulfa-Michael addition of thiophenols to methyl 

2-acetamidoacrylate are well-studied [32]. It has been shown that reactions proceed in toluene or 

THF with catalytic quantity of the basic salt K2CO3 in the presence of solid-liquid phase-transfer 

catalyst. On the one hand, it was reasonable to apply conditions studied for thiophenols to the 

mercapto derivative of o-carborane; however, prolonged reaction with a base may cause of a side 

reaction due to the well-known property of o-carborane to undergo deboronation in the presence of 

bases, even mild ones, to yield nido-[7,9-C2B9H12] [33–39]. The deboronation of o-C2B10H12 proceeds 

fairly easily, whereas m-C2B10H12, which was used for the synthesis of 6, is much more stable under 

the same conditions. A detailed study of such differences has been presented [40]. On the other 

hand, more common work up of o-carboranyl thiols includes the conversion of the formed 

SH-derivative to the more stable triethylammonium [41,42] or trimethylammonium salt [27] 7 

(Scheme 1). The usage of the trimethylammonium salt 7 let us to avoid the deprotonation stage 

during the reaction process to keep the o-carborane structure from degradation under the action of a 

base. The synthetic route developed for the preparation of the cysteine derivative of o-carborane 

conjugate with cysteine is outlined in Scheme 1. 
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Scheme 1. Synthesis of o-carboranyl cysteine. 

Compared to mercapto-o-carborane, o-carboranyl thiolate 7 lacks sufficient acidic hydrogen, 

which is necessary for the reaction to proceed. We found that reaction of 7 with methyl 

2-acetamidoacrylate in a biphasic toluene-H2O system under reflux for 24h without base or any 

additional catalyst results in the formation of sulfa-Michael addition reaction product 8. 

The structure of 8 was confirmed by 1H, 11B, 13C NMR, and IR spectroscopy, high-resolution 

mass spectrometry, and single-crystal X-ray diffraction study. The 1H NMR spectrum of 8 in CDCl3 

shows two singlets at 2.06 and 3.83 due to the acetamide and the ester groups, a doublet at 6.17 ppm 

from the NH-group, a multiplet at 4.90 ppm attributed to the proton bonded to the α-carbon, two 

doublet of doublets at 3.51 and 3.18 ppm assigned to the diastereotopic methylene protons, and a 

broad singlet of carborane C-H group at 3.99 ppm. The 13C-NMR spectrum contains signals of two 

carbonyl groups at 170.21 and 170.17 ppm., two cluster carbons at 73.9 and 67.9 ppm, two methyls of 

ester at 53.2 and acetamide at 23.1 ppm., as well as the CH and CH2 groups at 51.2 and 39.4 ppm. The 
11B and 11B{1H} NMR spectra are in agreement with the C-mono-substituted o-carborane structure. 

The solid-state structure of 8 was determined by single-crystal X-ray diffraction. The molecule 

of 8 is crystallized as the racemate in the centrosymmetric P-1 space group and contains a 

stereocenter at the C4 atom (Figure 2). 

 

Figure 2. General view of the molecule 8 in crystal. Non-hydrogen atoms are given as probability 

ellipsoids of atomic displacements (p = 0.5). 

While the main structural features of 8 are expected for this class of compounds (the C1-C2, 

S1-C1, and S1-C3 bond lengths equal 1.669(2), 1.791(1), and 1.826(1) Å, respectively; the sum of 

valence angles at the amide-type N1 atom equals 358.9°), the rotation of the substituent at the C1 

atom with respect to the carborane cage can, however, hardly be rationalized by common 

intramolecular structural effects. For instance, the lone electron pairs of the S1 atom are nearly 

periplanar to the C3-H and C3-C4 bonds that contradicts the preferred geometry of expected 

LP(S)→σ* stereoelectronic interactions (Figure 3a). Indeed, the Cambridge Structural Database 
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search reveals the predominance of staggered conformations of the C-Ssp3-Csp3-Csp3 fragments (Figure 

3b), whereas the corresponding torsion angle equals 118.1(2)° in 8. 

  

(a) (b) 

Figure 3. The conformation of the C1-S1-C3-C4 fragment in 8 (LP–positions of lone electronic pairs, 

(a)) and the distribution of corresponding torsion angles in the C-Ssp3-Csp3-Csp3 fragments retrieved 

from the Cambridge Structural Database (b). 

Based on the geometrical analysis of the crystal packing of 8, it has been found that the 

substituent conformation could be stabilized by the environment effects. Indeed, there are several 

shortened intermolecular contacts formed by atoms of the C1 substituent which can be attributed to 

rather strong interactions – NH…O H-bonds (N1…O1 2.933(2) Å, NHO 161.3° with normalized N-H 

bond length) and O…π interactions (O1…O3 3.020(2) Å), both bounding molecules into infinite 

chains (Figure 4). The weak BH…HC and CH…O interactions are the only meaningful interactions 

between these chains. 

 

Figure 4. A fragment of the infinite chain formed in crystal of 8 along the a axis. Non-hydrogen atoms 

are given as probability ellipsoids of atomic displacements (p = 0.5). 
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In order to reveal the influence of environment effects on the conformation of 8, the DFT 

calculations were additionally performed. Indeed, both the isolated molecule optimization and the 

optimization of 8 accounting for non-specific solvation effects (the SCRF-PCM model, relative 

dielectric permittivity of 72) produced structures being significantly different from those observed in 

the crystal: the root-mean-square deviations of the best overlap for non-hydrogen atoms are 0.495 

and 0.446 Å, respectively. Surprisingly, the explicit DFT treatment of three neighboring molecules 

from a chain (see Figure 4) forming the mentioned shortened intramolecular contacts did not lead to 

any pronounced changes: the rmsd value for the central molecule in the calculated trimer equals 

0.320 Å. Note that the total energy of mentioned N-H…O H-bonds and O…π interactions exceeds 24 

kcal·mol-1 according to the QTAIM electron density analysis [43] carried out for the trimer. Our best 

result was achieved by the ONIOM calculation, which considers all neighboring molecules at the 

DFT level (the rmsd value equals to 0.168 Å, Figure 5). Thus, despite the relatively large strength of 

the H-bonds and O…π interactions, the conformation of 8 in crystal depends heavily on the 

peculiarities of other, weaker intermolecular interactions such as BH…HC and CH…O. 

 

Figure 5. The best root-mean-square overlap for non-hydrogen atoms between crystal (solid lines) 

and ONIOM-modelled (dashed lines) conformations of 8. 

The treatment of 8 with a mixture of glacial acetic and hydrochloric acids under heating gave 

the title S-substituted cysteine 9 in the form of hydrochloride with a good yield (Scheme 1). The 

synthesized amino acid was characterized by 1H, 11B, 13C NMR spectroscopy, IR spectroscopy, and 

high-resolution mass spectrometry. A singlet at 4.89 ppm corresponding to the C-H from the 

o-carborane was observed in the 1H NMR; other chemical shifts agreeing with amino acid structure 

were also observed. 

3.2. The Sulfa-Michel Addition Mechanism Investigation for o-Carboranyl Cysteine and Synthesis of 

Deuterium Labeled Compounds 

The investigation of the reaction conditions for the synthesis of 8 revealed a crucial role of the 

choice of solvent. Thus, the formation of only an insignificant amount of 8 was observed when the 

reaction proceeded in homogenous systems EtOH-H2O or THF-H2O, whereas in absolute EtOH no 

product was detected at all. The best result was achieved when the toluene-H2O system was used 

without any base. Since the initial salt 7 did not have an acid proton, as 1-mercapto-o-carborane has, 

this is why we assumed that α-proton comes into intermediate 8 from water. To gain some insight 
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into the process, we carried out the “free of base” reaction with 2H2O, which required strictly 

anhydrous conditions (Scheme 2). 

 

Scheme 2. Synthesis of the labeled with deuterium o-carboranyl conjugate. 

We found that the two-phase system reaction proceeds in the way we proposed. Compound 10 

with deuterium at the α-position of amino acid was isolated and characterized by NMR, IR 

spectroscopy, and mass spectrometry. The reaction time for the synthesis of 10 in the toluene-2H2O 

system increased as compared with those in the toluene-H2O system. This difference in reaction time 

may be attributed to the presence of a deuterium isotope effect. The yield of reaction, which was 

detected, remains over 65%. The comparison of the 1H NMR and 13C spectra of 8 and 10 is displayed 

below (Figure 6). 
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Figure 6. Comparison of 1H NMR and fragments of the 13C NMR spectra of 8 and 10 in CDCl3. 

The 1H NMR spectrum of 10 in CDCl3 does not contain the multiplet at 4.90 ppm, which 

indicates the absence of a proton at the α-position of the amino acid, whereas in the 13C-NMR 

spectrum the triplet due to the C2H group appears at 51.0 ppm, indicating the substitution of H for 
2H. In addition, the doublet of the NH group (6.17 ppm) and two doublets of doublets from the 

methylene CH2 protons, which were detected in the 1H NMR spectrum of 8, collapsed to a singlet 

and two doublets in the spectrum of [α-2H]carboranyl-cysteine 10, respectively, due to the absence 

of an adjacent proton. 

The subsequent acid hydrolysis of 10 resulted in the o-carboranyl-cysteine 11, labeled at the 

α-position of the amino acid (Scheme 3). 

 

Scheme 3. O-carboranyl-DL-[α-2H]-cysteine synthesis. 

The presence of 2H and its position were determined by high-resolution mass spectrometry and 
1H NMR spectroscopy. The 1H NMR spectrum showed the presence of an unlabeled compound in 

an amount of less than 10% (Figure 7). 



Crystals 2020, 10, 1133 10 of 14 

 

 

Figure 7. 1H NMR spectrum of 11 in methanol-d4. 

The method proposed above can be considered as a preparative one for the synthesis of labeled 

o-carboranyl-DL-[α-2H]-cysteine, which could be useful for study of the metabolism of 

o-carboranyl-DL-cysteine itself, as well as the metabolism of boron-containing proteins on its base as 

potential BNCT agents [44–46]. 

It was mentioned that the o-carborane system is sensitive to the presence of a base. To 

investigate the effect of water-soluble basic salt toward the reaction that proceeds in a two-phase 

system, we added K2CO3 to the reaction system. We found that the addition of a basic salt accelerates 

the reaction, which is complete in 8 hours, but resulted in an only 17% yield of 8, while the main 

product is nido-carborane derivatives, as found by 11B NMR. The solvent change from H2O to 2H2O 

along with the use of anhydrous K2CO3 and a Schlenk technique under an atmosphere of argon 

increases the reaction time from 8h to 10h due to the isotope effect, and the yield of product falls 

from 17% to 10%. Interestingly, the structure of the resulting product was found to be different from 

8 and 10. According to the NMR spectroscopy data, deuterium from 2H2O took up a place of the 

1-CH-o-carborane proton, whereas proton appeared at the α-position of the amino acid (Scheme 4, 

Figure 8). Compound 12 was isolated and characterized, and its structure and composition were 

confirmed by 1H, 11B, 13C NMR, and IR spectroscopy and high-resolution mass spectrometry. 

 

Scheme 4. The sulfa-Michael addition reaction in the presence of the basic salt.  
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Figure 8. 1H and a fragment of 13C NMR spectra of 12 in CDCl3. 

4. Discussion 

To summarize the obtained results, we assumed the mechanism of reaction proceeding 

(Scheme 5). 

 

Scheme 5. Proposed mechanism of the reaction of trimethylammonium salt of 

1-mercapto-o-carborane with methyl 2-acetamidoacrylate. 

The reaction realizes according to a classical Michael addition reaction, where thiolate 7 acts as 

a nucleophile without additional deprotonation. In the first step, nucleophile reacts with the 

electrophilic alkene to form A in a conjugate addition reaction. In the next stage, the deuterium 

abstraction from solvent by the enolate A forms the final conjugate and a 2HO− anion from a water 

molecule. 2HO− anion, being a base, may cause a deboronation process, however its cooperation with 

a cation forms a water-soluble trimethylammonium hydroxide. When the reaction proceeds in the 

toluene-2H2O system, trimethylammonium hydroxide eliminates from the toluene medium and 

under the reaction conditions it decomposes in an aqueous medium with the formation of 

trimethylamine and water. Thus, the final stage process may be described as proton abstraction from 

cation that results in the deactivation of a base. The proposed mechanism is also supported by the 

fact that an increase in the reaction time does not have a significant effect on the yield of 8. The 

reaction between 7 and methyl 2-acetamidoacrylate in EtOH does not give the desired product. 

According to the proposed mechanism, in this case the proton abstraction from solvent by the 

enolate A forms an EtO− anion, which is not eliminated from the reaction system. The EtO− anion 

being formed may undergo the Michael addition reaction, as well as 7 and/or deboronate 

o-carborane structure. The explanation above can be applied to a reaction in a system of two miscible 
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liquids, such as THF-H2O. The formed hydroxide anion remains in one system with the reactants to 

yield mainly a nido-carborane product. 

5. Conclusions 

Two possibilities of the sulfa-Michael addition reaction in the synthesis of 

o-carboranyl-DL-cysteine were investigated. The reaction proceeding between the 

trimethylammonium salt of 1-mercapto-o-carborane and methyl 2-acetamidoacrylate in the 

two-phase system, toluene-H2O with base, as expected, demonstrates a low yield. Using the “free of 

base” method under the mild conditions in the two-phase system, the side processes were 

minimized and after the deprotection 1-HOOCCH(NH2)CH2S-1,2-C2B10H11 was obtained in a good 

total yield. The developed “free of base” method was applied for the preparation of 

o-carboranyl-DL-cysteine labeled with deuterium at the α-position of amino acid using cheap and 

easily available 2H2O as a deuterium source. The obtained compounds can be considered as potential 

agents for the Boron Neutron Capture Therapy of cancer as well as for protein metabolism studies. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/10/12/1133/s1. 
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