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ABSTRACT 

 

 Dialkynylborane complexes of N-donor ligands have received significant attention due to 

their application in biological imaging, as light-harvesting materials, and as the functional 

component of organic photovoltaics. Despite these advances, relatively few types of N-donor 

ligands have been explored in this context. To this end, we prepared a series of dialkynylborane 

complexes of formazanate ligands and explored their electronic properties and reactivity. In 

doing so, we demonstrated that: 1) The nature of the alkynyl substituents has little influence over 

the UV-vis absorption properties of the title complexes, but does affect the potentials at which 

they are electrochemically oxidized and reduced. 2) Dialkynylborane formazanate complexes 

can be converted to stable radical anions by chemical reduction with cobaltocene derivatives. 3) 

Copper-assisted alkyne-azide cycloaddition chemistry at the alkynyl substituents directly bound 

to boron can be used to elaborate structural diversity. These conclusions are likely to lead to the 

development of, and provide guiding principles for the design of, future examples of functional 

molecular materials based on boron complexes of N-donor ligands. 

 

 

INTRODUCTION 

 

Fluoride-substituted boron dipyrromethenes (F-BODIPYs, 1), which benefit from 

structural rigidity and advantageous push-pull electronics due to the presence of the boron 

difluoride (BF2) moiety, are one of the most widely studied classes of molecular dyes and have 

seen extensive use as fluorescence probes and imaging agents.
1-4

 One of the most attractive 

features of their chemistry is the ability to tune the absorption and emission properties through 

structural variation of the dipyrromethene scaffold at the R
1
–R

8
 positions, or by incorporation of 

a third nitrogen atom in the ligand framework to form aza-BODIPYs (2). Despite the widespread 
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use of such structural modification strategies, the synthesis of BODIPYs and their modification 

can be synthetically challenging, low-yielding, and expensive. 

In an effort to circumvent some of these challenges, Ziessel and co-workers produced the 

first examples of dialkynylborane complexes of dipyrromethenes (E-BODIPYs, 3) in the mid-

2000s,
5-6

 which can be prepared via the reaction of F-BODIPYs with the lithium salts of 

substituted alkynes. Over the past decade, the chemistry of E-BODIPYs and related compounds 

derived from aza-BODIPYs (4) has expanded significantly
7-13

 and these compounds have been 

used extensively as light-harvesting arrays
14-17

 and dye lasers,
18-19

 in biological imaging,
20-24

 as 

the functional component of photovoltaic cells,
25-28

 and as building blocks for functional 

assemblies.
29-37

 Given these advances, it may be surprising that dialkynylborane complexes of 

relatively few classes of N-donor ligands have been explored to date. 

 
 

 Recently, transition metal complexes of formazanate ligands (5) have received significant 

attention
38-52

 and their BF2 complexes (6) have emerged as attractive alternatives to F-BODIPYs 

as a result of their relatively straightforward and inexpensive syntheses and their tuneable 

absorption/emission and redox properties.
53-59

 As a result, the latter have found application as 

cell-imaging agents,
56,59

 electrochemiluminescence (ECL) emitters,
60-61

 precursors to a wide 
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range of unusual BN heterocycles,
62-63

 building blocks for multifunctional polymers,
64-67

 and to 

promote N-H and N-C bond homolysis.
68

  

 

 Herein, we build on previous reports describing the effects of substituent variation at the 

formazanate backbone
54-55,58,69

 by synthesizing the first examples of alkynylborane complexes of 

formazanate ligands (7) and studying their electronic properties and reactivity. These complexes 

represent the first discrete boron adducts of formazanate ligands prepared by the substitution of 

the fluorine atoms of BF2 formazanates.  

 

EXPERIMENTAL SECTION 

General Considerations 

Solvents were obtained from Caledon Laboratories, dried using an Innovative Technologies Inc. 

solvent purification system, collected under vacuum, and stored under an N2 atmosphere over     

4 Å molecular sieves. All other reagents were purchased from Sigma Aldrich, Alfa Aesar or 

Oakwood Chemical and used as received. 1,3,5-tri-p-tolylformazan 8 was prepared according to 

a literature procedure.
70

 NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer, 

400 MHz Varian INova NMR spectrometer, or 600 MHz Varian Inova NMR spectrometer. 
1
H 

NMR spectra were recorded in CDCl3 or CD2Cl2 and referenced against residual protonated 

solvent at 7.27 and 5.32 ppm, respectively. 
13

C{
1
H} NMR spectra were referenced to CDCl3 at 

77.0 ppm. 
11

B NMR spectra were referenced internally to BF3•OEt2 at 0 ppm. 
19

F NMR spectra 
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were referenced internally to CFCl3 at 0 ppm. Mass spectra were recorded in positive-ion or 

negative-ion mode using a Bruker microTOF II electrospray ionization spectrometer. UV-vis 

absorption spectra were recorded using a Cary 5000 Scan instrument using standard quartz cells 

(1 cm path length) with a scan range of 200 to 1200 nm. Samples were dissolved in 

spectroscopic grade solvents to obtain various concentrations. The background was subtracted 

from each spectrum and the solvent used for each experiment is indicated. FT-IR spectra were 

recorded using a Perkin Elmer Spectrum Two FT-IR spectrometer. 

Cyclic Voltammetry 

Cyclic voltammetry experiments were performed using a Bioanalytical Systems Inc. (BASi) 

Epsilon potentiostat and analyzed using BASi Epsilon software. Typical electrochemical cells 

consisted of a three-electrode setup including a glassy carbon working electrode, platinum 

counter electrode, and silver pseudo reference electrode. Experiments were run at                        

50–1000 mV s
–1

 in degassed CH2Cl2 solutions of the analyte  (~1 mM) and electrolyte (0.1 M 

[nBu4N][PF6]). Cyclic voltammograms were internally referenced against the 

ferrocene/ferrocenium redox couple (~1 mM internal standard) and corrected for internal cell 

resistance using the BASi Epsilon software. The CV obtained for complex 10d was referenced 

against the ferrocene/ferrocenium redox couple using decamethylferrocene/ 

decamethylferrocenium (−520 mV vs ferrocene/ferrocenium under identical conditions) as an 

internal reference. 

Electron Paramagnetic Resonance (EPR) Spectroscopy 

EPR measurements were made for degassed 10 µM THF solutions of radical anions 10a
•–

 and 

10d
•– 

using a JEOL JES-FA200 EPR spectrometer. All measurements were made at 21 °C and g-

factors were referenced relative to a built-in Mn
2+

 marker within the resonant cavity of the 
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instrument.  

BF2 Complex 9: Under N2, formazan 8 (1.0 g, 3.0 mmol) was dissolved in dry toluene (100 mL). 

NEt3 (1.4 mL, 10 mmol) was then added dropwise and the solution was stirred for 5 min. 

BF3•OEt2 (1.9 mL, 15 mmol) was then added, and the solution was heated at 80 C for 18 h. The 

solution changed from dark red to dark purple during this time. The solution was then cooled to 

room temperature and H2O (20 mL) was added to quench any reactive boron-containing 

compounds. The solution was then washed with deionized H2O (3  50 mL), dried over MgSO4, 

gravity filtered and concentrated in vacuo. The resulting residue was purified by flash 

chromatography (CH2Cl2, neutral alumina) to afford the BF2 complex 9 as a dark purple 

microcrystalline solid after solvent removal in vacuo. Yield = 0.98 g (86%). M.p. 166–168 C. 

1
H NMR (399.8 MHz, CDCl3):  7.99 (d, 

3
JHH = 8 Hz, 2H, Aryl CH), 7.80 (d, 

3
JHH = 8 Hz, 4H, 

Aryl CH), 7.29–7.26 (m, 6H, Aryl CH), 2.43 (s, 3H, CH3), 2.42 (s, 6H, CH3). 
11

B NMR                  

(128.3 MHz, CDCl3):  –0.5 (t, 
1
JBF = 29 Hz). 

13
C{

1
H} NMR (101.6 MHz, CDCl3):  149.0, 

141.7, 140.0, 139.1, 131.1, 129.6, 129.4, 125.4, 123.2, 21.34, 21.32. 
19

F NMR (376.1 MHz, 

CDCl3):  145.0 (q, 
1
JFB =  30 Hz). FT-IR (ATR, cm

–1
): 3033, 2916, 2858, 1909, 1605, 1506, 

1504, 1414, 1377, 1350, 1317, 1302. UV-vis (toluene): max = 317 nm ( = 21900 M
–1

 cm
–1

), 532 

nm ( = 20200 M
–1 

cm
–1

). ESI-HRMS (+ve mode): calculated for [C22H21BF2N4]
+
: 390.1827, 

found 390.1841, difference: +3.6 ppm. 

Dialkynylborane Complex 10a: Under N2, phenylacetylene (0.13 mL, 1.1 mmol) was dissolved 

in dry THF (5 mL) in a greaseless Schlenk flask, cooled to 78 C, and stirred for 30 min. n-

BuLi (1.6 M, 0.45 mL, 1.1 mmol) was added dropwise over 5 min and the solution was stirred 

for 1 h. The solution was then brought to room temperature, stirred for 30 min, and added 

dropwise to a second greaseless Schlenk flask containing BF2 complex 9 (0.20 g, 0.50 mmol) 
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dissolved in THF (10 mL). The solution was stirred for 2 h at room temperature and gradually 

changed color from deep purple to red/orange. The solution was then quenched with deionized 

H2O (7 mL), extracted with Et2O that was subsequently washed with deionized H2O (3  50 mL), 

dried over MgSO4, gravity filtered and concentrated in vacuo. The resulting residue was purified 

by flash chromatography (2:1 hexanes:CH2Cl2, silica gel) to afford complex 10a as a red/orange 

microcrystalline solid after solvent removal in vacuo. Yield = 0.10 g (35%). M.p. 153–155 C. 

1
H NMR (599.5 MHz, CDCl3):  8.02–7.99 (m, 2H, Aryl CH), 7.91–7.88 (m, 4H, Aryl CH), 

7.28–7.19 (m, 16H, Aryl CH), 2.43 (s, 3H, CH3), 2.42 (s, 6H, CH3). 
11

B NMR (128.3 MHz, 

CDCl3):  –11.8 (s). 
13

C{
1
H} NMR (101.6 MHz, CDCl3):  151.7, 143.3, 139.4, 138.7, 131.5, 

131.3, 129.3, 128.5, 127.9, 127.5, 125.5, 125.2, 124.4, 99.9, 77.2, 21.38, 21.35. FT-IR (ATR, 

cm
–1

): 3030, 2952, 2920, 2854, 2367, 2341, 2187, 1598, 1491, 1489, 1442, 1350, 1280. UV-vis 

(toluene): max = 320 nm ( = 25700 M
–1

 cm
–1

), 521 nm ( = 12000 M
–1 

cm
–1

). ESI-HRMS (+ve 

mode): calculated for [C38H31BN4]
+
: 554.2642, found 554.2651, difference: +1.6 ppm. 

Dialkynylborane Complex 10b: Under N2, 4-methoxyphenylacetylene (0.22 g, 1.7 mmol) was 

dissolved in dry THF (5 mL) in a greaseless Schlenk flask, cooled to 78 C, and stirred for                

30 min. n-BuLi (1.6 M, 0.68 mL, 1.7 mmol) was added dropwise over 5 min and the solution 

was stirred for 1 h. The solution was then brought to room temperature and slowly changed from 

clear yellow to an opaque coffee-brown color. The solution was stirred for 30 min, added 

dropwise to a second greaseless Schlenk flask containing BF2 complex 9 (0.30 g, 0.8 mmol) 

dissolved in THF (10 mL) and stirred for an additional 2 h. The resulting solution gradually 

changed from deep purple to red and finally brown. The solution was then quenched with 

deionized H2O (7 mL), extracted with Et2O that was subsequently washed with deionized H2O (3 

 50 mL), dried over MgSO4, gravity filtered and concentrated in vacuo. The resulting residue 
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was purified by flash chromatography (toluene, silica gel) to afford complex 10b as a red/brown 

microcrystalline solid after solvent removal in vacuo. Yield = 0.08 g (17%). M.p. 152–154 C. 

1
H NMR (399.8 MHz, CDCl3):  8.02–7.98 (m, 2H, Aryl CH), 7.91–7.86 (m, 4H, Aryl CH), 

7.28–7.26 (m, 2H, Aryl CH), 7.23–7.21(m, 4H, Aryl CH), 7.17–7.15 (m, 4H, Aryl CH), 6.73–

6.71 (m, 4H, Aryl CH), 3.76 (s, 6H, OCH3), 2.42 (s, 3H, CH3), 2.41 (s, 6H, CH3). 
11

B NMR 

(128.3 MHz, CDCl3):  11.8 (s). 
13

C{
1
H} NMR (101.6 MHz, CDCl3):  159.0, 151.7, 143.3, 

139.2, 138.7, 132.9, 131.4, 129.2, 128.4, 125.6, 125.2, 116.8, 113.5, 99.7, 77.2, 55.2, 21.38, 

21.35. FT-IR (ATR, cm
–1

): 3038, 2956, 2926, 2854, 2189, 1605, 1508, 1464, 1441, 1355, 1282. 

UV-vis (toluene): max = 317 nm ( = 23400 M
–1 

cm
–1

), 519 nm ( = 12500 M
–1 

cm
–1

). ESI-

HRMS (+ve mode): calculated for [C40H35BN4O2]
+
: 614.2853, found 614.2879, difference: +4.2 

ppm. 

Dialkynylborane Complex 10c: Under N2, 4-trifluoromethylphenylacetylene (0.28 mL,                     

1.7 mmol) was dissolved in dry THF (5 mL) in a greaseless Schlenk flask, cooled to 78 C, and 

stirred for 30 min. n-BuLi (1.6 M, 0.68 mL, 1.7 mmol) was added dropwise over 5 min and the 

solution was stirred for 1 h. While stirring, the solution changed from clear yellow to cloudy 

white. The solution was held at 78 C and then added dropwise to a second greaseless Schlenk 

flask containing BF2 complex 9 (0.3 g, 0.8 mmol) dissolved in THF (10 mL) at 78 C. The deep 

purple solution slowly turned orange/brown as the solution was brought from 78 C to room 

temperature and stirred for 2 h. The solution was then quenched with deionized H2O (7 mL), 

extracted with Et2O that was subsequently washed with deionized H2O (3  50 mL), dried over 

MgSO4, gravity filtered and concentrated in vacuo. The resulting residue was purified by flash 

chromatography (silica gel). The column was first flushed with hexanes (50 mL) to remove 

impurities, followed by toluene (50 mL) to afford complex 10c as a purple/brown 



 9 

microcrystalline solid after solvent removal in vacuo. Yield = 0.09 g (17%). M.p. 155–157 C. 

1
H NMR (399.8 MHz, CDCl3):  8.02–7.98 (m, 2H, Aryl CH), 7.87–7.83 (m, 4H, Aryl CH), 

7.48–7.44 (m, 4H, Aryl CH), 7.32–7.24 (m, 10H, Aryl CH), 2.43 (m, 9H, CH3). 
11

B NMR       

(128.3 MHz, CDCl3):  12.0 (s). 
13

C{
1
H} NMR (101.6 MHz, CDCl3):  152.1, 143.1, 139.7, 

139.1, 131.7, 130.9, 129.5, 129.4, 129.2, 128.6, 127.9, 125.5, 125.2, 124.9 (q, 
1
JCF = 16 Hz), 

122.6, 98.6, 77.2, 21.38, 21.36. 
19

F NMR (376.1 MHz, CDCl3)  62.8 (s). FT-IR (ATR, cm
–1

): 

3043, 2976, 2926, 2872, 2188, 1926, 1615, 1506, 1405, 1320, 1278, 1263. UV-vis (toluene): 

max = 317 nm ( = 24900 M
–1 

cm
–1

), 521 nm ( = 13700 M
–1 

cm
–1

). ESI-HRMS (+ve mode): 

calculated for [C40H29BF6N4]
+
: 690.2389, found 690.2403, difference: +2.0 ppm. 

Dialkynylborane Complex 10d: Under N2, ethynylferrocene (0.36 g, 1.7 mmol) was dissolved 

in dry THF (5 mL) in a greaseless Schlenk flask, cooled to 78 C and stirred for 30 min. n-BuLi 

(0.68 mL, 1.7 mmol) was added dropwise over 5 min and the solution was stirred for 1 h. The 

solution was then brought to room temperature and stirred for 30 min before it was added 

dropwise to a second greaseless Schlenk flask containing BF2 complex 9 (0.31 g, 0.79 mmol) 

dissolved in THF (10 mL). The solution was then stirred at room temperature for 2 h and 

quenched with deionized H2O (7 mL), the organics were extracted with Et2O that was 

subsequently washed with deionized H2O (3  50 mL), dried over MgSO4, gravity filtered and 

concentrated in vacuo. The resulting residue was purified by flash chromatography (silica gel). 

The column was first flushed with hexanes (150 mL) to remove impurities, followed by toluene 

(50 mL) to afford the resulting complex 10d as a red/orange microcrystalline solid after solvent 

removal in vacuo. Yield = 0.12 g (19%). M.p. 202–204 C. 
1
H NMR (399.8 MHz, CDCl3):  

8.06–8.02 (m, 2H, Aryl CH), 7.91–7.86 (m, 4H, Aryl CH), 7.30–7.26 (m, 6H, Aryl CH), 4.22 (t, 

4H, JHH = 4 Hz, Aryl CH), 4.05 (t, 4H, JHH = 4 Hz, Aryl CH), 3.92 (s, 10H, Aryl CH), 2.42 (s, 
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9H, CH3). 
11

B NMR (128.3 MHz, CDCl3):  11.8 (s). 
13

C{
1
H} NMR (101.6 MHz, CDCl3):  

151.8, 143.4, 139.2, 138.7, 131.4, 129.3, 128.4, 125.6, 125.1, 98.2, 77.2, 71.2, 69.6, 68.0, 66.6, 

21.39, 21.36. FT-IR (ATR, cm
–1

): 3093, 3037, 2957, 2923, 2854, 2358, 2189, 1739, 1605, 1506, 

1456, 1353, 1282, 1263. UV-vis (toluene): max = 317 nm ( = 13400 M
–1 

cm
–1

), 517 nm ( =   

6800 M
–1 

cm
–1

). ESI-HRMS (+ve mode): calculated for [C46H39BFe2N4]
+
: 770.1967, found 

770.1977, difference: +1.3 ppm. 

Dialkynylborane Complex 10e: Under N2, trimethylsilylacetylene (0.27 mL, 1.9 mmol) was 

dissolved in dry THF (5 mL) in a greaseless Schlenk flask, cooled to 78 C and stirred for                    

30 min. n-BuLi (0.79 mL, 1.9 mmol) was added dropwise over 5 min and the solution was 

stirred for 1h. The solution was held at 78 C and then added dropwise to a second greaseless 

Schlenk flask containing BF2 complex 9 (0.35 g, 0.90 mmol) dissolved in THF (10 mL) at                  

78 C. The deep purple solution slowly turned red/orange as the solution was warmed from                 

78 C to room temperature and stirred for 3 h. The solution was then quenched with deionized 

H2O (7 mL), the organics were extracted with Et2O that was subsequently washed with deionized 

H2O (3  50 mL), dried over MgSO4, gravity filtered and concentrated in vacuo. The resulting 

residue was purified by flash chromatography (toluene, silica gel) to afford the resulting complex 

10e as a purple/brown greasy solid after solvent removal in vacuo. Yield = 0.15 g (31%). 
1
H 

NMR (399.8 MHz, CDCl3):  7.94–7.90 (m, 2H, Aryl CH), 7.78–7.74 (m, 4H, Aryl CH), 7.27–

7.22 (m, 2H, Aryl CH), 7.19–7.15 (m, 4H, Aryl CH), 2.41 (s, 3H, CH3), 2.38 (s, 6H, CH3), –0.05 

(s, 18H, CH3). 
11

B NMR (128.3 MHz, CDCl3):  –13.2 (s). 
13

C{
1
H} NMR (101.6 MHz, CDCl3): 

 152.6, 142.8, 139.2, 138.8, 131.0, 129.1, 128.3, 125.7, 125.3, 106.8, 77.2, 21.4, 21.3, –0.3. FT-

IR (ATR, cm
–1

): 3035, 2957, 2923, 2897, 2857, 2132, 1605, 1505, 1351, 1260, 1247, 1209. UV-



 11 

vis (toluene): max = 317 nm ( = 25100 M
–1 

cm
–1

), 515 nm ( = 14200 M
–1 

cm
–1

). ESI-HRMS 

(+ve mode): calculated for [C32H39BN4Si2]
+
: 546.2806, found 546.2770, difference: –6.6 ppm. 

Radical anion 10a
•–

: In a N2 filled glovebox, complex 10a (0.29 g, 0.51 mmol) was dissolved in 

toluene (15 mL) and stirred for 15 min. Separately, bis(cyclopentadienyl)cobalt (II) (0.10 g,                

0.51 mmol) was dissolved in toluene (6 mL) and stirred for 15 min. The solution was then added 

dropwise to the solution of 10a and stirred for 4 h. The resulting brown/green suspension was 

then vacuum filtered and the solid was washed with toluene (5 mL) followed by pentane                   

(10 mL) to afford 10a
•– 

as a green powder. Yield = 0.31 g (81%). M.p. 200–202 C. FT-IR (ATR, 

cm
–1

): 3098, 3015, 2919, 2858, 1500, 1485, 1415, 1327, 1278, 1260. UV-vis (CH3CN): max =            

260 nm ( = 70400 M
–1 

cm
–1

), 308 nm ( = 23300 M
–1 

cm
–1

), 465 nm ( = 11900 M
–1 

cm
–1

),                 

787 nm ( = 3800 M
–1 

cm
–1

), 826 nm ( = 3450 M
–1 

cm
–1

). ESI-HRMS (–ve mode): calculated 

for [C38H31BN4]
–
: 554.2647, found 554.2642, difference: –0.9 ppm. 

Radical anion 10d
•–

: In an N2 filled glovebox, complex 10d (0.18 g, 0.23 mmol) was dissolved 

in toluene (15 mL) and stirred for 15 min. Separately, 

bis(pentamethylcyclopentadienyl)cobalt(II) (0.075 g, 0.23 mmol) was dissolved in toluene                   

(6 mL) and stirred for 15 min. This solution was then added dropwise to the solution of 10d and 

stirred for 4 h. The resulting emerald green suspension was then vacuum filtered and the solid 

was washed with toluene (5 mL) followed by pentane (10 mL) to afford 10d
•– 

as a 

microcrystalline green powder. Yield = 0.27 g (89%). M.p. 171–173 C (decomp.). FT-IR (ATR, 

cm
–1

): 3096, 3078, 3021, 2991, 2958, 2916, 2853, 2156, 1716, 1602, 1501, 1374, 1334. UV-vis 

(CH3CN): max = 294 nm ( = 43450 M
–1

cm
–1

), 470 nm ( = 9600 M
–1

cm
–1

), 767 nm ( =                       

2700 M
–1 

cm
–1

), 833 nm ( = 2350 M
–1 

cm
–1

). ESI-HRMS (–ve mode): calculated for 

[C46H39BFe2N4]
–
: 770.1972, found 770.1967, difference: –0.6 ppm. 
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Dialkynylborane Complex 11: In air, complex 10e (0.41 g, 0.74 mmol) was dissolved in warm 

MeOH (50 mL). K2CO3 (1.5 g, 11 mmol) was added and the solution was stirred at room 

temperature for 4 h. The solution was then concentrated in vacuo and the resulting residue was 

extracted with Et2O and deionized H2O (3  50 mL), dried over MgSO4, gravity filtered and 

concentrated in vacuo. The resulting residue was purified by flash chromatography (1:1 

hexanes:CH2Cl2, silica gel) to afford the resulting complex 11 as a purple microcrystalline solid 

after solvent removal in vacuo. Yield = 0.25 g (84%). M.p. 146–148 C. 
1
H NMR (399.8 MHz, 

CDCl3):  7.98–7.94 (m, 2H, Aryl CH), 7.77–7.73 (m, 4H, Aryl CH), 7.29–7.25 (m, 2H, Aryl 

CH), 7.24–7.20 (m, 4H, Aryl CH), 2.41 (s, 3H, CH3), 2.40 (s, 6H, CH3), 2.22 (s, 2H, Alkyne CH). 

11
B NMR (128.3 MHz, CDCl3):  –13.3 (s). 

13
C{

1
H} NMR (101.6 MHz, CDCl3):  151.6, 143.0, 

139.6, 139.0, 130.9, 129.3, 128.6, 125.5, 125.1, 88.1, 77.2, 21.4, 21.3. FT-IR (ATR, cm
–1

): 3281, 

3031, 2921, 2060, 1606, 1506, 1353, 1281, 1264, 1177. UV-vis (toluene): max = 317 nm ( = 

24200 M
–1 

cm
–1

), 524 nm ( = 14400 M
–1 

cm
–1

). ESI-HRMS (+ve mode): calculated for 

[C26H23BN4]
+
: 402.2016, found 402.2017, difference: +0.2 ppm. 

Bis(triazolyl)borane Complex 12: Under N2, N,N,N′,N′′,N′′-pentamethyldiethylenetriamine                  

(3 L, 0.02 mmol) and CuI (0.003 g, 0.02 mmol) were dissolved in dry THF (3 mL) and stirred 

for 30 min. The solution gradually changed from clear to pale yellow. Benzyl azide (58 L,                     

0.50 mmol) was added dropwise followed by complex 11 (0.062 g, 0.2 mmol). The resulting 

purple solution was diluted with THF (7 mL) and stirred at 45 
o
C for 18 h. The solution was then 

cooled to room temperature, gravity filtered and the supernatant concentrated in vacuo. The 

resulting residue was purified by flash chromatography (CH2Cl2, silica gel) to afford complex 12 

as a purple microcrystalline solid after solvent removal in vacuo. Yield = 0.050 g (38%). M.p. 

169–171 C. 
1
H NMR (399.8 MHz, CDCl3):  8.06–8.03 (m, 2H, Aryl CH), 7.37–7.35 (m, 6H, 
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Aryl CH), 7.31 (d, 2H, JHH = 8 Hz, Aryl CH), 7.26–7.24 (m, 6H, Aryl CH and triazolyl CH), 

7.08–7.06 (m, 4H, Aryl CH), 6.97–6.94 (m, 4H, Aryl CH), 5.35 (s, 4H, Benzyl CH), 2.44 (s, 3H, 

CH3), 2.32 (s, 6H, CH3). 
11

B NMR (128.3 MHz, CDCl3):  –6.0 (s). 
13

C{
1
H} NMR (101.6 MHz, 

CDCl3):  153.8, 143.2, 139.4, 139.2, 136.4, 135.6, 130.7, 129.4, 129.2, 129.1, 128.4, 125.7, 

125.5, 124.5, 77.2, 52.1, 21.4, 21.2. FT-IR (ATR, cm
–1

): 3034, 2926, 2855, 1604, 1505, 1355, 

1282, 1262, 1211, 954, 821. UV-vis (toluene): max = 295 nm ( = 29750 M
–1 

cm
–1

), 532 nm ( = 

13100 M
–1 

cm
–1

). ESI-HRMS (+ve mode): calculated for [C40H37BN10]
+
: 668.3296, found 

668.3314, difference: +2.7 ppm.  

 

 

RESULTS AND DISCUSSION 

 

Synthesis and X-ray Crystallography 

 

 Formazan 8 was synthesized according to a published procedure
70

 and was converted to 

the corresponding BF2 formazanate 9 in 86% yield by heating an excess of BF3•OEt2 and NEt3 at 

80 C in toluene under anhydrous conditions for 18 h (Scheme 1). This transformation was 

accompanied by a loss of the NH resonance at 15.42 ppm in the 
1
H NMR spectrum of formazan 

8 and the appearance of a triplet at –0.5 ppm (
1
JBF = 29 Hz) in the 

11
B NMR spectrum and a 

quartet at –145.0 ppm (
1
JFB = 30 Hz) in the 

19
F NMR spectrum of 9 (Figures S1–S3). BF2 

complex 9 was subsequently converted to dialkynylborane complexes 10a–10e by treatment with 

a slight excess of the lithium salts of a series of substituted alkynes according to Scheme 1. The 

yields of these reactions, which were generally lower than those observed for the synthesis of 

related BODIPYs,
71

 reflected the steric congestion at boron imposed by the N-aryl substituents of 

the formazanate ligand framework and ranged from 17–35%. After workup, the mass balance for 

these reactions was made up of trace amounts of the parent formazan, which was regenerated 
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during the reaction, and other highly colored decomposition products that we have been unable 

to identify. The degree of decomposition increased when alkynyl lithium reagents were replaced 

with the corresponding Grignards and the synthetic pathway employed was not compatible with 

3-cyanoformazanate complexes due to the apparent reactivity between the carbanions employed 

and the cyano substituents of the ligand backbone. Despite these considerations, our synthetic 

approach takes advantage of the ready accessibility of formazans and circumvents many of the 

challenges associated with BODIPY synthesis. The NMR spectra collected for complexes 10a–

10e indicated that the N-aryl substituents were equivalent on the NMR timescale (Figures S4–

S19). Notably, the 
11

B NMR spectra for these compounds were comprised of broadened singlets 

that appeared between –11.8 and –13.2 ppm. The intensity of these resonances was diminished 

compared to the 
11

B NMR resonance observed for 9 due to the decreased Nuclear Overhauser 

Effect that resulted from the replacement of a fluorine atom with a substituted alkynyl ligand. 

FT-IR spectroscopy and mass spectrometry data corroborated the proposed structures of 

complexes 10a–10e. 

 
 

Scheme 1. Synthesis of dialkynylborane complexes 10a–10e. 

 

 To gain further insight into the structure and bonding associated with complexes 10a–10e 

and 9, we employed single-crystal X-ray diffraction measurements (Figure 1, Table 1, Table S1). 
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The solid-state structures of complexes 9, 10a, and 10d provide an indication that the -systems 

of the formazanate ligand backbones are highly delocalized, with N-N [1.3028(7)–1.316(3) Å] 

and C-N [1.3385(8)–1.352(2) Å] bond lengths falling between what would normally be expected 

for single and double bonds of the same atoms.
72

 The most significant difference in the structures 

of 10a and 10d when compared to that of the BF2 complex 9 is the position of the boron atom 

relative to the plane defined by the four nitrogen atoms of the formazanate backbone (N4: N1, N2, 

N3, N4) and the related twisting of the N-aryl substituents relative to the same plane. The solid-

state structure of 9 is highly planar and consistent with most other BF2 formazanates,
69

 with the 

boron atom sitting 0.094 Å above the N4 plane and average angles between the plane defined by 

the N-aryl substituent and the N4 plane of 6.50. In contrast, the structure adopted by 10a 

significantly deviates from planarity. The boron atom is displaced from the N4 plane by 0.713 Å 

and the average angle between the N4 plane and the N-aryl substituents is 57.76. These metrics 

are further exaggerated in the solid-structure of 10d, with corresponding values of 0.755 Å and 

67.40. We postulate that the observed conformations are adopted as a result of optimized solid-

state packing rather than steric effects implicating the boron- and nitrogen-bound substituents. 

Similar conformations have been occasionally observed for BF2 formazanates indicating that 

there is a relatively small energetic penalty associated with deviations from planarity.
55

 

Furthermore, low temperature 
1
H NMR spectra collected for complex 10d did not provide 

evidence for the presence of inequivalent ferrocene environments that would be expected if a 

similar conformation existed in solution (Figure S20).   
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Figure 1. Top and side views of the solid-state structures of compounds 9, 10a, and 10d. 

Anisotropic displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms and 

alkynyl substituents (top view) have been omitted and N-aryl substituents (side view) have been 

displayed in wireframe format for clarity. 

 

Table 1. Selected bond lengths (Å), bond angles (), and structural metrics extracted from the 

solid-state structures of compounds 9, 10a, and 10d. 

 9 10a 10d 

B1-N1 1.566(1) 1.575(4) 1.576(3) 

B1-N3 1.5604(9) 1.573(3) 1.581(3) 

N1-N2 1.3037(7) 1.312(3) 1.313(2) 

N3-N4 1.3028(7) 1.316(3) 1.308(2) 

C1-N2 1.3417(8) 1.346(3) 1.343(2) 

C1-N4 1.3385(8) 1.344(3) 1.352(2) 

N1-B1-N3 106.10(5) 97.49(2) 96.10(1) 

N2-N1-B1 124.66(5) 118.44(2) 117.48(1) 

N4-N3-B1 124.17(5) 118.16(2) 118.13(1) 

N2-C1-N4 126.46(5) 121.67(2) 120.96(2) 

Dihedral Angles
a 

4.51, 8.48 54.92, 60.60 66.87, 67.92 

Boron Displacement
b 

0.094 0.713 0.755 
a
The angle between the planes defined by the N-aryl substituents and the N4 plane of the 

formazanate ligand backbone. 
b
The distance between B1 and the N4 plane of the formazanate 

ligand backbone. 
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Electronic Properties 

 The structural metrics highlighted above have implications on the UV-vis absorption 

spectra of compounds 9 and 10a–10d (Figure 2 and Table 2). The parent BF2 complex 9 has a 

low-energy absorption maximum (λmax) of 532 nm with a molar absorptivity (ε) of 20200 M
–1

 

cm
–1

. This transition has previously been demonstrated to be highly dependent on the nature of 

the N-aryl substituents of the formazanate ligand and assigned as a * transition involving 

primarily the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) orbitals.
55

 Relative to the spectrum obtained for 9, this band was blue-shifted 

and less intense in the spectra obtained for 10a–10d with λmax values ranging from 517 to 521 

nm and ε values ranging from 6800 to 13700 M
–1

 cm
–1

. The absorption maxima associated with 

the * transition for complexes 10a–10d appeared at energies that were similar to E-

BODIPYs
73

 and were not solvatochromic. They also showed little to no dependence on the 

nature of the alkynyl substituent as these substituents lie in a plane that is orthogonal to the 

formazanate ligand backbone. Complexes 9 and 10a–10d were essentially non-emissive in 

solution and the solid state with photoluminescence quantum yields less than 1%. 
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Figure 2. UV-vis absorption spectra of compounds 9 and 10a–10d recorded for 10 M toluene 

solutions. 

 

 A differentiating feature between borane complexes of formazanates and complexes of 

most other chelating N-donor ligands is their redox activity. In order to probe the redox activity 

of complexes 9 and 10a–10d, solution phase cyclic voltammetry (CV) was employed (Figure 3, 

Table 2). Complex 9 was reversibly oxidized to its radical cation 9
•+

 at Eox1 = 1.03 V relative to 

the ferrocene/ferrocenium redox couple. Consistent with other BF2 formazanates, it also 

underwent stepwise one-electron reductions to the corresponding radical anion 9
•–

 and dianion 

9
2–

 at potentials of Ered1 = –1.04 V and Ered2 = –1.99 V.
69

 The second reduction was irreversible 

under our experimental conditions, likely due to a chemical reaction between the extremely 

electron-rich dianion and a component of the analyte solution that regenerates the radical anion. 

The electrochemical properties of 10a–10d, which implicated the species highlighted in Scheme 

2, were qualitatively similar. In the case of compounds 10b–d, the first reduction was not 

formally reversible when the full electrochemical window of the solvent was scanned. However, 

the first reduction wave became reversible when a narrower potential window that excluded the 
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second reduction wave was examined (Figure S21). In all cases the dialkynylborane complexes 

were easier to oxidize and more difficult to reduce than the corresponding BF2 complex due to 

the greater electron-donating character of alkynyl substituents compared to the fluorine atoms. 

Comparison of the CVs of 10a–10c provides an indication of the effect of the substituted alkyne 

substituents on the electronic structure of the compounds. Complex 10a (R = Ph) was reduced at 

potentials of Ered1 = –1.18 V and Ered2 = –2.03 V. The introduction of electron-donating p-

OMePh substituents in 10b rendered the complex more difficult to reduce as indicated by the 

negatively-shifted reduction potentials Ered1 = –1.21 V and Ered2 = –2.12 V. The p-CF3Ph 

substituents of 9c had the opposite effect, shifting the reduction potentials to more positive 

values of Ered1 = –1.14 V and Ered2 = –2.01 V. The potentials corresponding to the oxidation of 

compounds 10a–10c followed a similar trend, although direct comparison was complicated by 

the irreversibility of the oxidation wave corresponding to complex 10b (R = p-OMePh). In 

addition to the electrochemical features discussed above, complex 10d (R = Fc) gave rise to a 

reversible wave, that corresponded to twice the current of the first reduction wave, centered at a 

potential EFc/Fc+ = 0.03 V. This observation is consistent with two coincident (or near coincident) 

one-electron processes corresponding to the oxidation of two electron-rich ferrocene groups. 

 

 
 

Scheme 2. Electrochemically relevant forms of dialkynylborane formazanate complexes 10. 
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Figure 3. CVs of compounds 9 and 10a–10d recorded in dry, degassed CH2Cl2 containing                     

~1 mM analyte and 0.1 M [nBu4N][PF6] as a supporting electrolyte at a scan rate of 250 mV s
–1

. 

The arrows indicate the scan direction. 

 

 

Table 2. Solution-state characterization data for compounds 9 and 10a–10d. 

Compound λmax (nm)
a
 ε (M

–1
 cm

–1
)
a
 Ered2 (V)

b
 Ered1 (V)

b
 EFc/Fc+ (V)

b
 Eox1 (V)

b
 

9 532 20200 –1.99
c
 –1.04 - 1.03 

10a 521 12000 –2.03
c
 –1.18 - 0.83 

10b 519 12500 –2.12
c
 –1.21 - 0.86

d
 

10c 521 13700 –2.01
c
 –1.14 - 0.89 

10d 517 6800 –2.09
c
 –1.21 0.03 0.89 

a
Recorded for 10 M toluene solutions. 

b
CVs were recorded for dry, degassed CH2Cl2 solutions 

containing ~1 mM analyte and 0.1 M [nBu4N][PF6] as a supporting electrolyte at a scan rate of 

250 mV s
–1

. Potentials are reported relative to the ferrocene/ferrocenium redox couple. 
c
Irreversible peak. Potential at maximum cathodic current reported. 

d
Irreversible peak. Potential 

at maximum anodic current reported. 

 

Reactivity 

 Given the reversible oxidation and reduction waves observed in the CVs of compounds 

10a–10d, we attempted to access the radical cation and radical anion forms of complexes 10a 

and 10d. However, we were unable to isolate pure oxidation products formed upon treatment of 

dialkynylborane complexes with a variety of oxidants, including [(p-BrC6H4)3N][SbCl6] (magic 
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blue), NOBF4, and WCl6. Conversely, radical anions 10a
•–

 and 10d
•– 

that were stable enough to 

be isolated and characterized were produced when 10a and 10d were treated with [Co(C5H5)2] 

and [Co(C5Me5)2], respectively (Scheme 3). 

 

 

Scheme 3. Chemical reduction of complexes 10a and 10d. 

 

Conversion of 10a and 10d to their radical anion forms was accompanied by a dramatic 

color change in the isolated products from red/orange to green. Dilute solutions of 10a
•–

 and 

10d
•–

 yielded isotropic electron paramagnetic resonance (EPR) spectra with g-factors of 2.0035 

and UV-vis absorption spectra with bands centered at 787 and 826 nm for 10a
•–

 and 767 and    

833 nm for 10d
•– 

(Figure 4 and S22). These spectral features were qualitatively similar to other 

borataverdazyl-type radicals derived from formazanate ligands.
53,74
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Figure 4. UV-vis absorption spectra of compounds 10a and 10a
•–

 recorded for 10 M CH3CN 

solutions. The inset shows the EPR spectrum of 10a
•–

 recorded in degassed THF (g = 2.0035). 

 

 Metal-catalyzed cross-coupling reactions have been previously demonstrated for E-

BODIPYs,
75

 prompting us to conduct a proof-of-concept study to evaluate the suitability of 

complex 11 to undergo copper-assisted alkyne-azide cycloaddition chemistry as a route to further 

elaborate the structural diversity associated with dialkynylborane formazante complexes. TMS-

protected complex 10e was deprotected using excess K2CO3 to afford alkyne-substituted 

complex 11 in 84% yield (Scheme 4, Figures S23–S25). This transformation was accompanied 

by a loss of the 
1
H NMR resonance at –0.05 ppm associated with the TMS group of 10e and the 

appearance of a new resonance at 2.22 ppm due to the presence of the free alkyne substituents of 

11. Bis(triazolyl)borane complex 12 was prepared in 38% yield by combining a mixture of 

complex 10 and a slight excess of benzyl azide with a catalytic amount of CuI and N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA) (Scheme 4, Figures S26–S28). The relatively low 

yield of this reaction was attributed to the sterically congested environment associated with the 

boron-bound alkyne substituents in compound 11 and no reaction was observed in the absence of 
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CuI. The absence of IR absorptions associated with the alkyne substituents of compound 11 

(3281 and 2060 cm
–1

) and benzyl azide (2094 cm
–1

) in the IR spectrum of 12 (Figure 5) were 

consistent with the proposed structure, which was confirmed by NMR spectroscopy and mass 

spectrometry data. The UV-vis absorption spectra of complexes 10e, 11, and 12 were 

qualitatively similar to those of complexes 10a–10d with λmax values of 515, 524, and 532 nm, 

respectively (Figure S29). 

 

 

Scheme 4. Deprotection of complex 10e and subsequent alkyne-azide cycloaddition chemistry to 

form complex 12. 
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Figure 5. FT-IR spectra of 11, benzyl azide, and 12. 

 

CONCLUSIONS 

 We synthesized a series of novel dialkynylborane complexes, the first based on redox-

active formazanate ligands, by reacting a BF2 formazanate complex with lithium salts of 

substituted alkynes. The electronic properties of these complexes were studied using UV-vis 

absorption spectroscopy and cyclic voltammetry. These studies demonstrated that the absorption 

maxima, and thus HOMO-LUMO gaps, were not dependent on the nature of the alkyne 

substituents, while similar structural variation affected the potentials at which electrochemical 

oxidation and reduction occurred. When electron-donating substituents were incorporated, 

complexes became harder to reduce and easier to oxidize. When electron-withdrawing 

substituents were introduced, the opposite trend was observed. Chemical reduction of selected 
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complexes afforded stable radical anions supported by the formazanate ligand backbone and 

provide a potential handle for the development of redox sensors. Finally, copper-assisted alkyne-

azide cycloaddition chemistry was demonstrated to occur at the boron-bound alkynyl 

substituents of one of our complexes, opening the door to an entirely new mode of reactivity for 

this class of compounds that should lead to the development of novel functional molecular 

materials based on dialkynylborane complexes of a variety of N-donor ligands in the future. 
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Dialkynylborane complexes of formazanate ligands were generated from the corresponding 

boron difluoride complex. The alkynyl substituents employed had little influence over low-

energy UV-Vis absorption properties, but did affect redox potentials. The title complexes were 

converted to stable radical anions and copper-assisted alkyne-azide cycloaddition chemistry was 

used to elaborate structural diversity.  
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