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ABSTRACT 

In an effort to isolate diborane(4) derivatives, we have developed an efficient and un-catalyzed 

approach using [BH3.THF] and mercaptopyridine ligand. Thermolysis of 2-mercaptopyridine, in 

presence of [BH3THF] afforded a doubly-base stabilized diborane(4) species 1, [HB(µ-C5H4NS)]2 

along with the formation of its isomeric species 2, [HB(µ-C5H4NS)]2, albeit in less yield. Based 

on the coordination of the boron with mercaptopyridine ligand in 2 and its spectroscopic data, 

compound 2 has been designated as borato-boronium species, in which the anionic borate and 

cationic boronium units are covalently bonded to each other. Further, we have demonstrated the 

oxidative insertion of chalcogen atoms (S and Se) into the B-B bond of the base-stabilized 

diborane(4), 1 that yielded chalcogenido-diboron species, 3(S) and 4(Se). 

INTRODUCTION 

Considerable chemistry of boron, particularly in the field of diborane chemistry, is developed 

by mimicking carbon, offsetting the inherent electron deficiency of boron.1 In this context, two 

important strategies, for example, Lewis donor ligands and transition metal templates led to the 

stabilization of various boron analogues of alkanes, alkenes, alkynes, etc.2 Although the synthesis 

and chemistry of diborane(4) has emerged as a new field owing to its wide range of applications, 

such as borylation reactions, catalytic diboration and natural product synthesis,3,4 only a handful 

of diborane compounds are commercially available. As a result, many groups around the world 

got involved in the synthesis of electron-precise diborane(4) compounds. For example, Cheng et 

al. isolated diborane(4) from the irradiation of diborane(6) with far-UV light.5 As shown in Chart 

1, Himmel and co-workers synthesized a diborane(4), I from the dimerization and repeated H2 

elimination of a new guanidine-borane compound.6 Further, Wagner and co-workers structurally 
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isolated a unique triply bridged diborane(4), which is manifested as inorganic [4.3.3]propellane 

with a central B-B bond, II.7 Recently, Fontaine et al. reported an unusual B-H activation of FLP 

moiety in hydroborane that led to B-B dehydrogenative homo-coupling and resulted the 

diborane(4), III.8 A doubly base-stabilized diborane, IV was synthesized from the one electron 

reduction and subsequent dimerization of borenium cationic salt.9 Nielsen and Skrydstrup isolated 

a sp3-sp3 diborane(4) species [(C4H9NO2B)2] from the reaction of dihydroxyboron with diethanol-

amine.10 Although recent years witnessed a widespread increase in the utilization of sp3-sp3 

diboron(4) reagents, very few synthetic strategies are testified in literature.1b Typically, strong 

reducing conditions and metal-catalyzed dehydrogenative coupling are employed as synthetic 

tools.1d-g 

 

Chart 1. Examples of various diborane species I-IV and 1. 

While several groups have extended their research on synthesis of diborane starting from 

various organoboranes, haloboranes as well as hydroboranes,1b we have isolated a series of 

classical and non-classical diborane(4) and diborane(6) stabilized in the coordination sphere of 
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transition metals (TM).2a,2e-f,11 In this context, a neutral diborane(6) was isolated from the reaction 

of diruthenium analogue of pentaborane(9) with 2-mercaptobenzothiazole.11a Nevertheless, the 

complexation of various diborane species with transition metal scaffolds are less investigated. 

With an objective of exploring the interaction of B-H and B-B bond of diboranes with TM-

templates, we sought to synthesize new diborane species and examine their reactivity with metals. 

Herein, we report the synthesis, structure and bonding of a doubly-base stablized diborane(4), 1 

and an unprecedented borato-boronium species, 2 that shows unique electronic features. Further, 

the chemistry of both these species with chalcogen atoms has been explored.  

RESULTS AND DISCUSSION 

Syntheses of diborane(4) and borato-boronium species. As a result, we have carried out the 

reaction of mercaptopyridine, L with [BH3∙THF] at elevated temperature that yielded compound 

1 as pale-yellow solid in 41% yield, which was characterized by multinuclear NMR, IR 

spectroscopy and mass spectrometry. The 11B{1H} chemical shifts at δ = 1.2 ppm inferred the 

presence of tetracoordinated boron atom, similar to [HB(µ-hpp)]2,
6 I that shows a single 11B 

chemical shift at δ = -2.39 ppm. This 11B chemical shift is also similar to Wagner’s triply bridging 

diborane(4) comprising hard (N) and soft (S) bounded boron atoms (δ = 6.2 ppm).7b The 1H NMR 

spectrum revealed typical aromatic region peaks as well as peak at δ = 3.9 ppm due to the presence 

of B-Ht. The ESI-MS spectrum revealed the isotopic distribution patterns at m/z 243.0312 

consistent with [C10H9B2N2S2]
+. Based on all the spectroscopic data along with the mass 

spectrometric data it is reasonable to assume 1 as diborane(4) species. To validate the 

spectroscopic data and to determine the solid-state X-ray structure of 1, single crystal X-ray 

diffraction analysis was carried out.  
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Scheme 1. Syntheses and reactivity of diborane, 1 and borato-boronium, 2. 

The solid-state X-ray structure of 1, shown in Figure 1, distinctly shows the presence of 

diborane(4) species, in which the bridging mercaptopyridinyl moiety enforces an eclipsed 

geometry around the B1-B2 bond with a cis-arrangement of the H-B-B-H. As a result, the torsional 

angles, N1-B1-B2-S2 of 13.03˚ and N2-B2-B1-S1 of 12.71˚ are meaningfully low that indicates 

the rigidity of fused system through B-B bond. Although the B-B bond length of 1.696(4) Å is 

consistent with the B-B single bond, it is shorter as compared to several diborane(4) species listed 

in Chart 1; e.g.; [HB(µ-hpp)]2,
6b I (1.772(3)Å), [1-NMe2-2-(BH)C6H4]2,

8 III (1.740(2)Å) and 

Wagner’s triply bridging diborane,7b II (1.734(3) Å). The B-N (1.600(3) Å) and the B-S (1.940(3) 

Å) bond distances are in good agreement with II. The DFT optimized structure of 1 shows an 

abruptly high H-B-B angle of 123.8˚ that evidently suggests a greater s-character on the boron 

centres, which may be due to the incidence of B←S Lewis acid-base adduct. This was further 

confirmed by natural charge distribution obtained from NBO analysis. All these experimental as 

well as theoretical data suggest 1 as a doubly base stabilised diborane(4) species. 
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Figure 1. Molecular structures of 1(a) and 2(b). Selected bond lengths (Å) and angles (°): 1 (a) 

B1–B2 1.696(4), B1–N1 1.600(3), B1–S1 1.940(3), S1–B1–B2 103.20(18); 2 (b) B1-B2 

1.728(10), S2–B2 1.930(9), S4–B2 1.938(7), N3–B1 1.589(7), N4–B1 1.616(8), N3–B1–N4 

108.3(4). 

Along with the formation of diborane(4) species 1, we have also isolated 2, albeit in lower yield. 

The 1H NMR shows the peaks in the range of δ = 8.34-6.93 ppm for mercaptopyridinyl moiety. 

The 11B{1H} NMR shows two peaks at δ = 12.4 and - 9.5 ppm suggesting two distinct boron 

environments. In addition, the 1H NMR spectrum shows two broad peaks at δ = 4.34 and 3.43 ppm 

that correspond to BHt. The mass spectrometric data shows a peak at m/z 243.0304, similar to the 

corresponding [M-H]+ peak of 1. Although, the combined spectroscopic and ESI-MS data 

implicitly imply the formation of unsymmetrical diboron species, a precise explanation could not 

be envisaged until the single-crystal X-ray diffraction study was performed. The solid-state X-ray 

structure of 2 distinctly shows two mercaptopyridinyl rings that adopt a vicinal configuration along 

the B-B bond, similar to that of 1. However, one of the boron atoms (B2) is bonded to two 

mercaptopyridinyl sulfur atoms (S2 and S4), while the nitrogen atoms (N3 and N4) are connected 

to B1. As a result, two boron centers in 2 have two distinct coordination modes, in which B1 has 

two coordinated B-N bonds and two S atoms are covalently bonded to B2. In addition, the B-B 

bond length of 1.728(10) Å is slightly elongated as compared to 1.  

S1 

S2 

B1 

N1 

B2 

N2 
S4 S2 

B1 

N4 

B2 

N3 

(b) (a) 
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Table 1. Calculated bonding parameters of compounds 1 and 2. 

 Bond length (Å)  Natural Charge (q) 

d[B-B] d[B-N] d[B-S]  qB qN qS 

1 1.726 1.595 1.977 

1.978 

 -0.103 (B1,B2) -0.426 0.127 

2 1.728 1.622 

1.599 

1.948 

1.922 

 -0.409(B2)     

0.178(B1) 

-0.441 

-0.439 

0.173 

0.186 

 

Density Functional Theory (DFT) was carried out to get an insight on the bonding of 2. The 

HOMOs of 1 and 2 show B-B σ-bonding interactions along with the presence of non-bonding 

orbitals on S-atoms (Figure 2). On the other hand, the LUMOs show a delocalization of π-type 

orbitals over mercaptopyridinyl ring system. Further, on moving from 1 to 2, the HOMO is getting 

destabilised along with the stabilization of LUMO, which reduces the HOMO-LUMO energy gap 

of 2. The calculated parameters associated with the B-B bond in 2 shows close resemblance with 

1 signifying the covalent nature of the B-B bond. Also, the NBO analysis proposes non-equivalent 

type of boron in 2. While, the boron atoms in 1 possess similar charge accumulation, an unequal 

charge distribution was observed in 2 (Table 1). As a result, this generated electron-rich B2 and 

electron-deficient B1 centers in 2. Note that recently Jemmis proposed [(PH3)2B2Br2] as boryl-

borylene species in which a large donor–acceptor contribution was observed from P2B unit to the 

BBr2 boron.12 Later, Braunschweig and co-workers isolated a borylene-borane type of adduct, 

[BrB2PMe3(µ-C7H6PCy2) (Bcat)2]
 from the 1,2-diboration of boryl-borylene, [BrB2PMe3(µ-

C7H6PCy2)].
13 However, the covalent nature of the B-B bond ruled out the possibility of describing 

2 as borylene-borane type of species.  
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Figure 2. HOMOs of 1 (left) and 2 (right). 

Therefore, based on the comparative bonding analysis, presence of two diverse 11B chemical 

shifts, and the theoretical studies, shown in Figure 2, Tables 1, and S1, compound 2 can best be 

explained as borato-boronium species. Note that, the structural features of 2 are similar to that of 

diphenylboronium dimethyl-bis(2-pyridyl)borate.14 Based on some known borate and boronium 

species,15,16 the 11B chemical shift at δ = - 9.5 has been assigned to the negatively charged borate 

boron and the peak at 12.4 ppm has been assigned to the positively charged boronium boron 

(Scheme 1). 

Oxidative addition of chalcogens (S, Se). To explore the nucleophilicity of the boron centers, we 

have reacted 1 with sulfur (Scheme 1). The reaction generated a pale yellow solid 3 in 37% yield, 

which was characterized by multinuclear NMR, IR spectroscopy and mass spectrometry. The 

11B{1H} NMR spectrum of 3 shows the presence of single boron environment at δ = - 4.7 ppm. 

The 1H NMR spectrum shows the characteristic 1H chemical shifts for mercaptopyridine ligand in 

the region δ = 8.39-7.03 ppm. Mass spectrometric data showed an intense ion peak (ESI+) at m/z 

277.0286, consistent with the molecular formula of C10H11B2N2S3. The single crystal X-ray 

diffraction analysis was carried out on suitable crystal of 3 to validate the structure of 3. The 

molecular structure of 3, shown in Figure 3, indeed shows that an oxidative insertion of sulfur into 

the B-B bond led to the formation of bicyclo-[3.3.1]-(sulfido) diboron, 3 in which both of the boron 
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atoms are in +3 oxidation state. Note that, compound 2, featuring two electronically different boron 

centers, does not undergo oxidative insertion of S into B-B bond.  

 

Figure 3. Molecular structures of 3 (a) and 4 (b). Selected bond lengths (Å) and angles (°): 3 (a) 

S1–B1 1.940(3), S3–B1 1.865(3), N1–B1 1.580(3), B1–S3–B2 94.35(17), S1–B1–N2 108.45(18); 

4 (b) S1–B1 1.929(5), Se1–B1 1.999(4), N1–B1 1.582(6), B1–Se1–B2 89.9(2), S1–B1–N1 

109.0(2). 

The solid-state X-ray structure of 3 features a [3.3.1]-bicyclic structure, where two 

tetracoordinated boron atoms are placed at the bridgehead position (Figure 3a). Both the B atoms 

are connected through N and S atoms with S3-B1-S1 bond angle of 113.6° and B1-S3 bond length 

of 1.865 Å. They are comparable with the N-B-N bond angles of 109.7° and 110.7° and B-S bond 

lengths of 1.866(2) Å and 1.894(2) Å observed in [HB(μ-hpp)]2(μ-S), V.17 In contrast, the 

chalcogenide bridged organoborane,7b {[H3CB(µ-C6H4)]2(µ-SCH3)]
2-}2Li+, VI shows longer B-S 

bond lengths (2.089(6) Å, and 2.072(5) Å) and comparable C-B-C bond angles (109.4°, and 

110.1°). The B···B separation of 2.736 Å in 3 is significantly longer as compared to several 

chalcogen and halogen-bridged diboron compounds.7b,17 However, it is significantly shorter than 

that of oxazolidinone stabilized borenium cation (2.954 Å), {[Cp*B(μ-oxazol-Ph)]2(μ-Cl)}+ 

[Al(OC (CF3)3)4]
-, VII.18  

Table 2. Selected structural parameters and spectroscopic data of various bicycle organoborane 

species. 

S1 S2 

B1 
N1 

B2 
N2 

S3 

S1 S2 

B1 
N1 

B2 
N2 

Se1 

(a) (b) 
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Organoborane ∠L-B-L’(˚)a d[B…B][(Å) 11B NMRb 

 

110.7(14) 

109.7(15) 
2.58 -1.9 

 

109.4(4) 

110.1(4) 
2.67 4.8 

 

110.4(9) 

110.4(9) 
2.95 10.3 

 

117.4(2) 

116.6(2) 
2.22 -2.2 

 

103.9(4) 

104.0(4) 
2.46 -42.7 

 

a L= N, L‘= N (V, VIII, IX); L= C, L‘= C (VI); L= N, L‘= O (VII); b in ppm. 

 

 

Organoborane species with unique bridging atoms are noteworthy, thus, we have compared the 

spectroscopic data of 3 with related molecules (Table 2). For example, the sulfur-bridged 

organoborane species, [HB(μ-hpp)]2(μ-S), V was synthesized from the reaction of [HB(μ-hpp)]2, I 

with S8.
17 The 11B NMR spectrum of compound 3 is in well agreement with the chalcogen-bridged 

organoborane (δ = -1.98 ppm) as well as with protonated doubly base-stabilised diborane 
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compound [HB(μ-hpp)]2(μ-H)]+I-, VIII (δ = - 2.2 ppm).6b Likewise, Wagner’s sulfide bridged 

organoborane species, VI shows a similar kind of 11B chemical shift as that of 3.7b While, the oxo-

bridged organoborane, [PhB(μ-azain)]2(μ-O), IX made by Wang shows relatively up-field 11B 

chemical shift (δ = - 42.7) ppm.[19] All these results direct that the electron density on boron can 

be varied by changing the bridging atom as well as the ligand template.  

The report on oxidative insertion of heavier chalcogens into B-B bonds of diborane is scarce 

possibly due to their larger size and orbital mismatch. As a result, we have treated 1 with selenium 

powder at elevated temperature that resulted in the formation of pale yellow solid 4 in 25% yield. 

The 11B{1H} NMR shows a peak at δ = - 6.5 ppm slightly in the up-field region as compared to 1. 

Additionally, the mass spectrometric data showed a molecular ion peak (ESI+) at m/z 324.9717, 

consistent with the molecular formulae of [C10H11B2N2S2Se]+. All the spectroscopic data along 

with mass spectrometric data also suggest oxidative insertion of Se into the B-B bond of diborane 

1. To the best of our knowledge, 4 is the first example of an oxidative selenation into the B-B 

bond. 

The molecular structure of 4, shown in Figure 3b, can be described as [HB(µ-C5H4NS)]2(µ-Se), 

analogous to 3. The selenium atom bridged symmetrically with two identical B-Se bond lengths 

of 1.998(4) Å. Although the B-Se-B bond angle of 89.89˚ is significantly shorter as compared to 

the B-O-B angle of [PhB(7-azain)]2(µ-O),19 IX, it is essentially comparable with the B-S-B angle 

in [HB(µ-hpp)]2(µ-S),17 V. The value of B-Se-B inter orbital angle manifested the use of pure p-

orbital by bridging Se atom. On the other hand, the B···B separation of 2.824 Å is notably longer 

than that of lighter chalcogen-bridged organoborane species, listed in Table 2. In contrary, the 

B···B separation of 2.95 Å in chloride-bridged diboron cation exhibited a higher value as 

compared to [HB(µ-C5H4NS)]2(µ-Se), 4 and similar chalcogen-bridged species.17,19 Thus, we 
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believe that the steric hindrance due to the presence of heavier Se atom distressed the separation 

of two boron atoms. The NBO studies of 4 further shows that the oxidative insertion of Se into the 

B-B bond of 1 developed a sudden increase of electron density on boron atoms unlike 3 (Table 

S1). As a result, the mercaptopyridinyl sulfur atoms hold higher positive natural charges and the 

bridging chalcogen atom possesses considerably lower natural charge. This led to concurrent 

charge transfer from the mercaptopyridinyl sulfur atom to boron and then to the bridging chalcogen 

atoms (S or Se). 

CONCLUSIONS 

In summary, a new method for the isolation of base-stabilized diborane(4) has been established 

using 2-mercaptopyridine and [BH3.THF]. While working on the reaction pathway for the 

formation of doubly base-stabilized diborane(4), 1, we have also isolated an unusual borato-

boronium species having electron-rich borate and electron-deficient boronium centers. These 

reactions offered access to two distinct types of molecules; base-stabilized diboron 1 and borato-

boronium species 2 through symmetrical and unsymmetrical coordination of 2-mercaptopyridine 

with two boron atoms. Further, we have demonstrated the oxidative insertion of sulfur and 

selenium into the B-B bond of diborane(4). Investigation to stabilize base-stabilised diborane(4) 

and borato-boronium species into the coordination sphere of transition metal templates is currently 

underway.  

EXPERIMENTAL SECTION 

General procedures and Instrumentation. All manipulations were conducted by using 

standard Schlenk line and glove box techniques under an atmosphere of dry argon. Solvents such 

as toluene, hexane and THF were distilled through Na/benzo-phenoneketyl and dichloromethane 
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was dried over calcium hydride prior to use under argon. Chloroform-d was degassed by three 

freeze-thaw cycles, dried over calcium hydride for 12 h, and stored over 4 Ǻ molecular sieves in a 

Young’s ampoule under argon. BH3.THF was obtained commercially (Sigma Aldrich) and used 

as received. The 1H, 11B{1H}, 13C{1H}, and 31P{1H} NMR spectra were recorded on Bruker 400 

and 500 MHz instruments. The residual solvent protons were used as reference (δ, ppm, benzene-

d6, 7.16, CDCl3, 7.26). The 1H decoupled 11B{1H} spectra of all compounds were processed with 

a backward linear prediction algorithm to remove the broad 11B{1H} background signal of the 

NMR tube.20 The preparative TLC was performed with Merck 105554 TLC silica gel 60 F254 and 

thickness of layer 250 µm on aluminum sheets with 20x20 cm size. Mass spectra were carried out 

using Qtof Micro YA263 HRMS instrument and Bruker MicroTOF-II mass spectrometer in ESI 

ionization mode. UV-vis absorption spectra were gained from Jasco V-650 spectrometer. Infrared 

spectra were obtained on a Jasco FT/IR–1400 spectrometer. 

Synthesis of 1-2. In a flame-dried Schlenk tube, 2-mercaptopyridine L (500 mg, 0.90 mmol) in 

50 mL dry toluene was treated with [BH3.THF] at 90° C. The reaction mixture was allowed to stir 

at 90° C for 12h. The volatile components were removed under vacuum and the remaining residue 

was extracted into CH2Cl2/hexane and passed through Celite. After removal of the solvent, the 

residue was subjected to chromatographic work-up by using TLC plates. Elution with a n-

hexane/CH2Cl2 (40:60 v/v) mixture yielded pastel yellow solid 1 (223 mg, 41 %) and 2 (65 mg, 12 

%). 

1. m/z calculated for [C10H10B2N2S2 - H]+: 243.0394, found 243.0312; 11B{1H} NMR (160 MHz, 

CDCl3, 22 °C): δ = 1.2 (br, B); 1H NMR (500 MHz, CDCl3, 22 °C): δ 8.32 (d, J = 6.3 Hz, 2H, 

Ar(mp)), 7.47 (dd, J = 8.0, 7.6 Hz, 2H, Ar(mp)), 7.41 (d, J = 8.1, Hz, 2H, Ar(mp)), 6.95 (t, J = 6.6 Hz, 

2H, Ar(mp)), 3.94 (br,d, 2H, B-Ht); 
13C{1H} NMR (125 MHz, CDCl3, 22 °C): δ = 171.5 (C=S), 
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145.7 (C-N), 138.2 ppm (Ar(mp)), 125.0 ppm (Ar(mp)), 117.9 ppm (Ar(mp)); IR (CH2Cl2): ṽ = 2421 

(B-Ht). 

2. MS (ESI+): m/z calculated for [C10H10B2N2S2 - H]+: 243.0394, found 243.0304; 11B{1H} NMR 

(160 MHz, CDCl3, 22 °C): δ = 12.4, -9.5 (br, B); 1H NMR (500 MHz, CDCl3, 22 °C): δ 8.33 (d, J 

= 6.1 Hz, 2H, Ar(mp)), 7.48 (dd, 6.6, 8.5 Hz, 4H, Ar(mp)), 6.93 (t, J = 6.1 Hz, 2H, Ar(mp)), 4.34, 3.43 

(br,d, 2H, B-Ht); 
13C{1H} NMR (125 MHz, CDCl3, 22 °C): δ = 176.2 (C=S), 143.8 (C-N), 138.4 

ppm (Ar(mp)), 126.0 ppm (Ar(mp)), 117.3 ppm (Ar(mp)); IR (CH2Cl2): ṽ = 2426 (B-Ht), ṽ = 2430 (B-

Ht). 

Synthesis of 3. In a flame-dried Schlenk tube, (C5H4NSBH)2 1 (50 mg, 0.18 mmol) in 10 mL 

dry toluene was treated with S-powder at 90° C. The reaction mixture was allowed to stir at 90° C 

for 2 days. The volatile components were removed under vacuum and the remaining residue was 

extracted into CH2Cl2/hexane and passed through Celite. After removal of the solvent, the residue 

was subjected to chromatographic work-up by using TLC plates. Elution with a n-hexane/CH2Cl2 

(40:60 v/v) mixture yielded pastel yellow solid 3 (21 mg, 37 %). 

3. m/z calculated [C10H10B2N2S3 + H]+: 277.0271, found 277.0266; 11B{1H} NMR (160 MHz, 

CDCl3, 22 °C): δ = -4.7 (br, B); 1H NMR (500 MHz, CDCl3, 22 °C): δ 8.45 (d, J = 6.3 Hz, 2H, 

Ar(mp)), 7.60 (m, J = 7.6, 8.0 Hz, 4H, Ar(mp)), 7.09 (dd, J = 6.3, 6.5 Hz, 2H, Ar(mp)), 4.43 (br,q, 2H, 

B-Ht); 
13C{1H} NMR (125 MHz, CDCl3, 22 °C): δ = 162.5 (C=S), 146.8 (C-N), 138.0 ppm 

(Ar(mp)), 130.0 ppm (Ar(mp)), 118.4 ppm (Ar(mp)); IR (CH2Cl2): ṽ = 2432 (B-Ht). 

Synthesis of 4. Under similar reactions conditions, reaction of (C5H4NSBH)2 1, (50 mg , 34 

µmol) was treated with Se-powder. The volatile components were removed under vacuum and the 

remaining residue was extracted into CH2Cl2/hexane and passed through Celite. After removal of 
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the solvent, the residue was subjected to chromatographic work-up by using TLC plates. Elution 

with a n-hexane/CH2Cl2 (40:60 v/v) mixture yielded pastel yellow solid 4 (17 mg, 25 %). 

4. m/z calculated for [C10H10B2N2S2Se + H]+: 324.9717, found 324.9542; 11B{1H} NMR (160 MHz, 

CDCl3, 22 °C): δ = -6.5 (br, B); 1H NMR (500 MHz, CDCl3, 22 °C): δ 8.52 (d, J = 6.1 Hz, 2H, 

Ar(mp)), 7.59 (d, J = 4.0 Hz, 4H, Ar(mp)), 7.10 (dd, J = 4.8, 5.0 Hz, 2H, Ar(mp)), 4.62 (br, q, 2H, B-

Ht); 
13C{1H} NMR (125 MHz, CDCl3, 22 °C): δ = 162.8 (C=S), 146.8 (C-N), 137.9 ppm (Ar(mp)), 

130.2 ppm (Ar(mp)), 118.6 ppm (Ar(mp)); IR (CH2Cl2): ṽ = 2417 (B-Ht). 

 

X-ray Structure Determination. Crystal data of 1, 2 and 4 were collected and integrated using 

a Bruker AXS Kappa APEXII CCD diffractometer with graphite monochromated Mo Kα (λ = 

0.71073 Å) radiation at 296(2) K. The crystal data of 3 were collected and integrated using a 

Bruker D8 VENTURE diffractometer with a PHOTON II detector employing graphite 

monochromated Mo Kα (λ = 0.71073 Å) radiation at 296(2) K. Suitable X-ray quality crystals of 

1,2, 3, and 4 were grown by slow diffusion of a hexane-CH2Cl2 solution at -5 ˚C. All the structures 

were solved using SIR9221 and refined with SHELXL−2018, SHELXL-2014, and SHELXL-

201722. Using Olex223 all the molecular structures were drawn. The non-hydrogen atoms were 

refined with anisotropic displacement parameters. All hydrogens could be located in the difference 

Fourier map. However, the hydrogen atoms bonded to carbons and borons were fixed at chemically 

meaningful positions and were allowed to ride with the parent atom during the refinement. 

Crystallographic data have been deposited with the Cambridge Crystallographic Data Center as 

supplementary publication no CCDC- 2264070 (1), CCDC- 2284148 (2), CCDC- 2252064 (3), 

CCDC- 2281626 (4). These data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

http://www.ccdc.cam.ac.uk/data_request/cif
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Crystal data for 1. C10H10B2N2S2, Mr = 243.94, monoclinic, space group P21/n, a = 6.9543(4) 

Å, b = 25.1365(16) Å, c = 7.4615(4) Å, α = 90°, β = 116.947(3)°, γ = 90°, V = 1162.71(12) Å3, Z 

= 4, ρcalcd = 1.394 g/cm3, μ = 0.426 mm–1, F(000) = 504, R1 = 0.0384, wR2 = 0.0854, 2038 

independent reflections [2θ ≤ 49.99°] and 153 parameters. 

Crystal data for 2. C10H10B2N2S2, Mr = 243.94, triclinic, space group P1, a = 7.0879(7) Å, b = 

7.2179(7) Å, c = 11.9894(12) Å, α = 90.592(5)°, β = 98.861(4)°, γ = 104.352(4)°, V = 586.39(10) 

Å3, Z = 2, ρcalcd = 1.382 g/cm3, μ = 0.422 mm–1, F(000) = 252, R1 = 0.0479, wR2 = 0.1365, 3492 

independent reflections [2θ ≤ 49.99°] and 289 parameters. 

Crystal data for 3. C10H10B2N2S3, Mr = 276.00, monoclinic, space group C2/c, a = 13.7895(3) 

Å, b = 7.5787(2) Å, c = 14.0135(4) Å, α = 90°, β = 119.4030(10)°, γ = 90°, V = 1275.86(6) Å3, Z 

= 4, ρcalcd = 1.437 g/cm3, μ = 5.093 mm–1, F(000) = 568, R1 = 0.0476, wR2 = 0.1392, 1223 

independent reflections [2θ ≤ 67.679 °] and 83 parameters. 

Crystal data for 4. C10H10B2N2S2Se, Mr = 322.90, monoclinic, space group C2/c, a = 

14.0156(11) Å, b = 7.4350(6) Å, c = 14.2043(16) Å, α = 90°, β = 119.496(3)°, γ = 90°, V = 

1288.3(2) Å3, Z = 4, ρcalcd = 1.665 g/cm3, μ = 3.213 mm–1, F(000) = 640, R1 = 0.0313, wR2 = 

0.0784, 3426 independent reflections [2θ ≤ 49.99°] and 82 parameters. 

Computational Details. All the compounds were optimized using the Gaussian 1624 program. 

The gradient-corrected B3LYP functional25 along with def2-tzvp basis set26 from EMSL7 Basis 

Set Exchange Library27 was used for optimization. The model compounds were fully optimized 

starting from X-ray coordinates in the gaseous state (no solvent effect). Frequency calculations 

were carried out for the verification of the nature of the stationary state and to confirm the absence 

of any imaginary frequency which eventually confirmed the minima on the potential energy 
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hypersurface for all structures. Using the optimized geometries at the B3LYP/def2-TZVP level, 

NMR chemical shifts were calculated using the gauge-including atomic orbitals (GIAOs) 

method.28 The 11B NMR chemical shifts were calculated relative to B2H6, with a B3LYP shielding 

constant of 83.6 ppm. To convert these values to the standard [BF3·OEt2] scale, the computed 

values were adjusted by adding 16.6 ppm (the experimental δ (11B) value of B2H6). The internal 

standard used for calculating 1H NMR chemical shifts was TMS (SiMe4).  Wiberg bond indices 

(WBI)29 was generated from natural bond orbital analysis (NBO)30. All the optimized geometries 

and orbital pictures were drawn by Chemcraft31 visualization programs. Laplacian electronic 

distribution plots and two-dimensional electron density were generated using the Multiwfn 

package.32 
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An efficient, un-catalyzed method has been established for the synthesis of doubly-base stabilized 

diborane(4) and borato-boronium species using 2-mercaptopyridine and [BH3.THF] (see picture). 

 

 


