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Abstract: Mesoionic N-heterocyclic olefins have been developed, which feature high 

ylidic character. These compounds have been used as efficient catalysts for 

hydroboration of imines, nitriles and N-heteroarenes. 

Introduction
Breslow intermediate was firstly proposed as an active intermediate for the 

umpolung of aldehydes by Breslow in 1958.1 Since then, this important species, which 

functions as a nucleophilic acyl anion, has held an irreplaceable position in synthetic 

and organocatalytic chemistry.2 Outstanding work for isolation and characterization of 

Breslow intermediates and their analogous forms A (OR, NR2) were reported in 

recent years, despite limited stability of the Breslow intermediates.3 Apart from the 

Breslow intermediates A, their deoxy forms B, also called N-heterocyclic olefins 

(NHOs), were also well studied.4-10 NHOs have been widely used as alternative and 

more σ-donating carbon ligands for low-valent main group elements and transition 

metals.11,12 Moreover, NHOs have also been established as organocatalysts among a 

wide range of organic transformations, such as reduction,13 transesterification,14 small 

molecule activation15 and polymerization.16
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Recently, we have reported the synthesis of Breslow intermediates of mesoionic 

carbenes C featuring an elongated length of the C-C bond, which mainly due to the 

stronger σ-donating property of mesoionic carbenes compared with Breslow 

intermediates A.17 Herein we report the deoxy Breslow intermediates of mesoionic 

carbenes D, which are mesoionic N-heterocyclic olefins (mNHOs). These compounds 

feature high ylidic character, and can act as efficient catalysts for hydroboration of 

imines, nitriles and N-heteroarenes. (Figure 1).18

N

X

R

R

OH N

X

R1

R2

R2

NN
N

OH

R

R

R
R

Breslow intermediates

this work

Breslow intermediates of MICs

(OR)

A

C

B

D

(OR, NR2)

NHOs

mNHOs

NN
N

R1

R1

R2

H

H

NN
N

R1

R2
R1

H

H

R1 = alkyl,aryl

R2 = H, alkyl, aryl

R1 = Dipp, Mes

R2 = CH3, Ph

X = N, S

X = N, S

Figure 1. Breslow intermediates A, NHOs B, Breslow intermediates of MICs C and 
mNHOs D.

Results and discussion 
Due to the stronger σ-donating property of mesoionic carbenes, we supposed 

mNHOs D would present higher ylidic property in contrast with NHOs B. To confirm 

this, DFT calculations were performed at BP86/Def2SVP level of theory (Figure 2). 

The highest occupied orbital (HOMO) of mNHO D is mainly located on the exocyclic 

carbon atom featuring polarized C=C π bond, which is higher in energy than that of 

NHO B, as well as NHC E and MIC F. It is noteworthy that NHOs and mNHOs 

feature strong polarization of the exocyclic C=C bond, leading to the hybrid of both 

ylidic and olefinic characters. Natural Resonance Theory (NRT) analyses at 

M06-2X/6-31G(d) level indicate that ylidic character and olefinic character of mNHO 

D are in an about 2:1 ratio, while the ratio is 1:2 for that of NHO B (Figure 3). These 

calculations supported the high ylidic character of mNHO D.
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Figure 2. Energy (eV) of the HOMOs and LUMOs of NHO B, mNHO D, NHC E, 

MIC F, calculated at BP86/Def2SVP level of theory. The frontier orbitals of 

mNHO are given on the right.
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Figure 3. The ylidic and olefinic character resonance forms of NHO and mNHO. 

Natural Resonance Theory (NRT) analyses were carried out at 

M06-2X/6-31G(d) level of theory to give the corresponding proportion.

Experimentally, mNHOs were prepared by α-deprotonation of 

4-methyl-1,2,3-triazolium 1a-c by potassium bis(trimethylsilyl)amide (KHMDS) in 

THF under -78 oC.19 After removing the solvent, the remaining solids were extracted 

with toluene and the corresponding mNHOs 2a-c were obtained in 55%-78% yields 

(Scheme 1). Besides, similar products were also formed by using potassium 

tert-butoxide as the base, but no reaction occurred when amidines were employed, 

which suggested the pKa of C-H in 1 was between alcohol and amidinium. 
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Scheme 1. Synthesis of mNHO 2a-c.

It should be mentioned that the 1H NMR of 2a and 2b feature broadened signals, 

which we supposed a rapid hydrogen transfer between methylene and methyl (Figure 

4). However, different from 2a and 2b, 1H NMR signal of 2c presents two broad 

peaks of CH2, with the chemical shifts of 3.68 and 2.85. The single crystals of 2a and 

2b were obtained by slow evaporation of the corresponding toluene solution at room 

temperature in the glovebox, and the ORTEP of single-crystal X-ray diffraction of 2a 

and 2b are showed in SI. X-ray structures of the mNHOs 2a and 2b present an equal 

length of the exocyclic C-C bonds, which is due to disorder between the two 

–CH3/=CH2 sites in the solid state.

N
N

NR1
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H

H

R1
N

N
N
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R1 R1

H
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fast proton transfer

Figure 4. Fast proton transfer of 2a and 2b in solution.

With the property of high HOMO energy and high ylidic character in mind, we 

started to investigate the catalytic application of mNHOs. We envisioned that mNHOs 

could interact with HBpin to form Lewis adducts, leading to weakening the B-H 

bonds and enhancing the hydridic character to promote the hydroboration of 

unsaturated substrates.20 Natural bond orbital (NBO) analyses of HBpin-base adducts 

were performed at M06-2X/Def2tzvp. Among typical strong Lewis bases, such as 

NHC, MIC, NHO, and mNHO, the HBpin-mNHO adducts show the most negative 
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charge at H-(Bpin) (Scheme 2). To show the superior catalytic activity of mNHOs, 

aldehydes and ketones were employed for hydroboration. The results revealed that 

mNHO gave higher yields with low catalyst loading compared with NHO (For details 

see SI, Figure S11). And then we started to test more challenging work about 

hydroboration of imines and nitriles (Scheme 3). To our delight, the catalytic 

hydroboration of aldimines furnished the corresponding product 3a in 87% yield with 

only 2 mol% of 2a.21 Hydroboration of ketimines catalyzed by 2a failed which might 

be due to the steric hindrance. When arylnitriles were employed as substrates, the 

corresponding products 3b-d were obtained in high yields. Moreover, not only 

aromatic nitriles but also aliphatic nitriles were tolerated. Hydroboration of 

acetonitrile afforded the corresponding product 3e in 94% yield. Unfortunately, ester, 

amide and nitro groups were not tolerated and no products were detected (3f-h), of 

which was due to decomposition of catalyst by these functional groups. It is 

noteworthy that the catalytic hydroboration of imines22 and nitriles23 without metals 

have not often been reported. Our protocol not only avoided the use of large amounts 

of catalysts but also gave almost full conversion of substrates when compared with 

Al, Mg-based catalytic system.23b,d For further comparison, NHO was also employed 

as catalyst in hydroboration of imines and nitriles under the same conditions, while 

lower yields were obtained (75% for 3a and 72% for 3c, for details see SI, Figure 

S11). Besides, excellent intramolecular chemoselective hydroboration on aldimine 

rather than nitrile was realized for substrate containing both cyano group and imino 

group, the corresponding product (3i) was obtained with high isolated yield (Scheme 

4).
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Scheme 2. NBO analyses of HBpin-base Adducts. Selected NBO Charges of 
H-(Bpin) are Given in the Units. The Optimized Structures of 
HBpin-base Complexes at M06-2X/Def2tzvp Level of Theory.
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Scheme 3. Hydroboration of Imine and Nitriles Catalyzed by 2a. aReaction condition: 

imine (0.50 mmol), HBpin (0.55 mmol), mNHO 2a (2 mol%), THF (1.5 mL), 70 oC 

in sealed tube. bReaction condition: nitriles (0.50 mmol), HBpin (1.1 mmol), mNHO 

2a (2 mol%), THF (1.5 mL), 70 oC in sealed tube.
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Scheme 4. Chemoselective Hydroboration of Cyano-substituted Aldimine. 

The metal-free catalytic hydroboration of N-heteroarenes24 were also investigated 

(Scheme 5). When quinoline, substituted quinolines, isoquinoline and acridine were 

employed, the corresponding products, 1,2-addition products and/or 1,4-addition 

products, 4a-f were obtained in 73%-98% yields. Besides, we also noticed the 

1,2-additon product was the main product when 3-methylquinoline was employed for 

hydroboration, which we supposed the steric hindrance affected the selectivity. 

Meanwhile, when 2-methylquinoline was employed, no product was detected. 

Hydroboration of pyridine afforded the products in low yields (4g/4g´, 33%), which 
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was mainly due to the high resonance stabilization of pyridine compounds. Moreover, 

pyrazine, pyrimidine, quinazoline and quinoxaline were double-hydroborated in high 

yields with only 2 mol% catalyst (4h-l). And 1,3,5-triazine was triple-hydroborated 

with almost full conversion (4m). Besides, hydroboration of benzothiazole gave the 

corresponding product 4n in 98% yield. For comparison, no product was obtained by 

using NHO as catalyst (For details see Figure S11). It should be noted that 

NHC-catalyzed 1,2-selective hydroboration of quinolines has been developed 

recently.24g
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Scheme 5. Hydroboration of N-heteroarenes catalyzed by 2a. aN-heteroarenes 

(0.50 mmol), HBpin (0.55 mmol), mNHO 2a (2 mol%), C6D6 (1.5 mL). bThe 

solvent was replaced by THF. cN-heteroarenes (0.50 mmol), HBpin (1.1 mmol), 

Page 7 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



mNHO 2a (2 mol%), C6D6 (1.5 mL). d1,3,5-triazine (0.50 mmol), HBpin (1.65 

mmol), mNHO 2a (2 mol%), C6D6 (1.5 mL). 

In addition, mNHO-catalyzed hydroboration reaction could be scaled up. For 

example, gram-scale hydroboration of p-fluorobenzonitrile and benzothiazole 

afforded the corresponding products 3c and 4n in 86% and 92% yields, respectively 

(Scheme 6).

F

CN
Standard condition+ HBpin

5.0 mmol 12.0 mmol
F

N
Bpin

Bpin

4.3 mmol
0.605 g 1.621 g

3c

N

S
+ HBpin Standard condition

N

S

Bpin
5.0 mmol
0.675 g

5.5 mmol 4.6 mmol

4n

1.209 g

86%

92%

Scheme 6 Gram-Scale Hydroboration of p-Fluorobenzonitrile and Benzothiazole.

For further investigation of the mechanism, we tried stoichiometric reaction 

between mNHO and HBpin. However, no obvious adduct was observed by both 1H 

NMR and 11B NMR. DFT calculation showed that the mNHO-HBpin adduct was ~10 

kcal/mol higher in energy. We supposed there is an equilibrium between 

mNHO/HBpin and their adduct. Based on the experimental results and calculation, we 

proposed a plausible mechanism for mNHO catalyzed hydroboration reaction. Firstly, 

reaction of HBpin with mNHO afforded the adduct mNHO-HBpin in equilibrium, 

which presented increased hydridic character of B-H bond. Then nucleophilic B-H 

bond attacked C atom of C=N bond, while the N atom reacted with another HBpin, 

leading to the formation of boryl-substituted triazolium 5 and amido-HBpin anion 6. 

The transition state was calculated by DFT with an energy barrier of 27.8 kcal/mol 

(For details of the calculated reaction pathways, see Figure S8).27 Hydride transfer 

between 5 and 6 led to formation of mNHO-HBpin adduct as well as hydroboration 

product (Scheme 7). 
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Conclusion

In summary, mesoionic N-Heterocyclic olefins (mNHOs) have been developed, 

which feature high ylidic character caused by the polarization of the exocyclic 

carbon-carbon bond, suggesting superior σ-donating property compared with NHOs. 

Our study indicates that mNHOs show efficient catalytic activity for hydroboration of 

imines, nitriles and N-heteroarenes. Research in our laboratory is currently underway 

to broaden the catalytic application.

EXPERIMENTAL SECTION

General Information. All reagents were obtained from commercial suppliers and 

used directly without further purification, unless otherwise noted. Solvents were 

obtained directly from solvent purification system to get rid of moisture and oxygen. 

For NMR solvents C6D6 and CDCl3 were dried up with activated molecular sieve and 

further degassed with nitrogen, then moved to glovebox for further use. All air 

sensitive synthetic manipulations were performed in glovebox or carried out in 

flame-dried glassware equipped with magnetic agitators under nitrogen atmosphere 

using Schlenk techniques. All reactions that required heating were carried out under 

oil bath conditions. NMR spectra were recorded on Bruker 400 MHz and 600 MHz 
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spectrometers. The chemical shift data for each signal were given in units of δ (ppm) 

relative to tetramethylsilane (TMS) where δ (TMS) = 0, and referenced to the residual 

solvent resonances. NMR multiplicities were abbreviated as follows: s = singlet, d = 

doublet, t = triplet, m = multiplet, br = broad signal. Coupling constants J were given 

in Hz. High-resolution mass spectra were acquired on Thermo Q Exactive Focus 

Hybrid Quadrupole-Orbitrap mass spectrometer using electrospray ionization mode 

(ESI).

Synthesis of compounds 1a-c.

1,3-dimesityl-4,5-dimethyl-1H-1,2,3-triazolium hexafluorophosphate (1a). A 

250 mL Schlenk flask was charged with 1,3-dimesityltriazene19 (2.80 g, 10.0 mmol), 

potassium hexafluorophosphate (1.84 g, 10.0 mmol) and 2-butyne (950 μL ,12.0 

mmol). And dichloromethane (20 mL) was added to the flask in the dark at -78 oC. 

Then tert-butyl hypochlorite (1.30 mL, 12.0 mmol) was added to the mixture. The 

mixture was stirred overnight and slowly warmed to room temperature. The contents 

were filtered with celite, and the solid was washed with dichloromethane (20 mL × 3). 

All the filtrate was collected, and solvent was removed under reduced pressure. Then 

residual solid was washed with diethyl ether to obtain white solid (4.01 g, 84%). 1a 

was further purified after recrystallization by diffusion of diethyl ether in an acetone 

solution at room temperature. 1H NMR (CDCl3, 400 MHz): δ 7.11 (s ,4H), 2.40 (s, 

6H), 2.38 (s, 6H), 2.06 (s, 12H). 13C{1H} NMR (CDCl3, 101 MHz): δ 142.8(trz-C), 

140.6(aryl-C), 134.8(aryl-C), 130.1(aryl-C), 129.3(aryl-C), 21.2(ArCH3), 

16.8(ArCH3), 8.6(trz-CH3). HRMS (ESI) m/z: [M − PF6]+ Calcd. for C22H28N3 

334.2283; Found 334.2270.

1,3-Bis(2,6-diisopropyphenyl)-4,5-dimethyl-1H-1,2,3-triazolium 

hexafluorophosphate (1b). A 250 mL Schlenk flask was charged with 

1,3-bis(2,6-diisopropyphenyl)triazene19,25 (3.65 g, 10.0 mmol), potassium 

hexafluorophosphate (1.84 g, 10.0 mmol) and 2-butyne (950 μL ,12.0 mmol). And 

dried dichloromethane (20 mL) was added to the flask in the dark at -78 oC. Then 

tert-butyl hypochlorite (1.30 mL, 12.0 mmol) was added to the mixture. The mixture 

was stirred overnight and slowly warmed to room temperature. The contents were 
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filtered with celite, and the solid was washed with dichloromethane (20 mL × 3). All 

the filtrate was collected and solvent was removed under reduced pressure. Then 

residual solid was washed with diethyl ether to obtain white solid (5.34 g, 95%). 1b 

was further purified after recrystallization by diffusion of diethyl ether in an acetone 

solution at room temperature. 1H NMR (CDCl3, 600 MHz): δ 7.66 (t, J = 7.8 Hz, 2H), 

7.42 (d, J = 7.9 Hz, 4H), 2.42 (s, 6H), 2.22 (sept, J = 6.8 Hz, 4H), 1.30 (d, J = 6.7 Hz, 

12H), 1.13 (d, J = 6.8 Hz, 12H). 13C{1H} NMR (CDCl3, 150 MHz): δ 145.8(trz-C), 

141.1(Aryl-C), 133.1(Aryl-C), 128.5(Aryl-C), 125.1(Aryl-C), 29.0(CH(CH3)2), 

25.1(CH3), 23.1(CH3), 9.1(trz-CH3). HRMS (ESI) m/z: [M − PF6]+ Calcd. for 

C28H40N3 418.3217; Found 418.3211.

1,3-Bis(2,6-diisopropyphenyl)-4-phenyl,5-methyl-1H-1,2,3-triazolium 

hexafluorophosphate (1c). A 250 mL Schlenk flask was charged with 

1,3-bis(2,6-diisopropyphenyl)triazene19,25 (3.65 g, 10.0 mmol), potassium 

hexafluorophosphate (1.84 g, 10.0 mmol) and 1-phenylprop-1-yne (1250 μL ,10.0 

mmol). And dried dichloromethane (20 mL) was added to the flask in the dark at -78 

oC. Then tert-butyl hypochlorite (1.30 mL, 12.0 mmol) was added to the mixture. The 

mixture was stirred overnight and slowly warmed to room temperature. The contents 

were filtered with celite, and the solid was washed with dichloromethane (20 mL × 3). 

All the filtrate was collected and solvent was removed under reduced pressure. Then 

residual solid was washed with diethyl ether to obtain white solid (5.75 g, 92%). 1c 

was further purified after recrystallization by diffusion of diethyl ether in an acetone 

solution at room temperature. 1H NMR (600 MHz, CDCl3): δ 7.72 (t, J = 7.9 Hz, 1H), 

7.61 (t, J = 7.8 Hz, 1H), 7.48 (d, J = 7.9 Hz, 2H), 7.47 – 7.42 (m, 5H), 7.33 (d, J = 7.9 

Hz, 2H), 2.53 (s, 3H), 2.37 – 2.27 (sept, J = 6.8 Hz, 4H), 1.36 (d, J = 6.7 Hz, 6H), 

1.19 (d, J = 6.8 Hz, 6H), 1.15 (d, J = 6.8 Hz, 6H), 1.05 (d, J = 6.7 Hz, 6H). 13C{1H} 

NMR (150 MHz, CDCl3): δ 145.7(trz-C), 145.5(trz-C), 142.8(Aryl-C), 140.7(Aryl-C), 

133.4(Aryl-C), 133.2(Aryl-C), 131.9(Aryl-C), 129.7(Aryl-C), 129.6(Aryl-C), 

129.1(Aryl-C), 128.4(Aryl-C), 125.3(Aryl-C), 125.1(Aryl-C), 121.2(Aryl-C), 

29.4(CH(CH3)2), 29.3(CH(CH3)2), 25.6(CH3), 25.2(CH3), 23.1(CH3), 22.3(CH3), 
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9.8(trz-CH3). HRMS (ESI) m/z: [M − PF6]+ Calcd. for C33H42N3 480.3373; Found 

480.3372.

General procedure for the preparation of mNHOs.

A 100 mL Schlenk flask was charged with a magnetic agitator, triazolium salt (1.0 

mmol, 1.0 equiv) and potassium bis(trimethylsilyl)amide (1.1 mmol, 1.1 equiv). Then 

dried THF (10 mL) was added to the flask under -78 oC. The mixture was stirred 

about 2 h and slowly warmed to room temperature. Then solvent was removed under 

reduce pressure, and the residual solid was extracted with dried toluene (20 mL). 

Solvent was removed again under reduce pressure to afford mNHOs 2.

(2a) Brownish red solid (183.3 mg, 55%). 1H NMR (400 MHz, C6D6): δ 6.72 (br, 

4H), 2.25-2.06 (br, 23H). 13C{1H} NMR (101 MHz, C6D6): δ 139.4(trz-C), 

135.7(Aryl-C), 134.3(Aryl-C), 132.8(Aryl-C), 129.3(Aryl-C), 128.9(Aryl-C), 

20.8(CH3), 17.6(CH3). 16.7(CH3). HRMS (ESI) m/z: [M + H]+ Calcd. for C22H27N3 

334.2283; Found 334.2285. 

(2b) Brownish solid (325.6 mg, 78%). 1H NMR (400 MHz, C6D6): δ 7.31- 6.88 (m, 

6H), 3.60-2.27 (br, 4H), 1.38-0.93 (br, 29H). 13C{1H} NMR (101 MHz, C6D6): δ 

130.2(Aryl-C), 127.9(Aryl-C), 124.0(Aryl-C), 28.5(CH(CH3)2), 24.6(CH3), 23.1(CH3), 

22.6(CH3). HRMS (ESI) m/z: [M + H]+ Calcd. for C28H40N3 418.3217; Found 

418.3219.

(2c) Dark blue solid (292.8 mg, 61%). 1H NMR (400 MHz, C6D6): δ 7.42 (br, 2H), 

7.31-7.29 (m, 1H), 7.23 (d, J = 7.4 Hz, 2H), 7.13-7.12 (m, 1H), 6.96 (d, J = 7.7 Hz, 

2H), 6.92 (t, J = 7.6 Hz, 2H), 6.77 (t, J = 7.2 Hz, 1H), 3.68 (br, 1H), 3.54 (br, 2H), 

3.15 (sept, J = 6.6 Hz, 2H), 2.85 (br, 1H), 1.45 (d, J = 6.6 Hz, 6H), 1.28 (d, J = 6.6 Hz, 

6H), 1.19 (d, J = 6.8 Hz, 6H), 0.89 (d, J = 6.6 Hz, 6H). 13C{1H} NMR (101 MHz, 

C6D6): δ 148.2(trz-C), 147.0(trz-C), 145.7(Aryl-C), 132.9(Aryl-C), 132.7(Aryl-C), 

130.7(Aryl-C), 130.1(Aryl-C), 125.7(Aryl-C), 125.4(Aryl-C), 124.5(Aryl-C), 

124.2(Aryl-C), 45.5(CH2), 29.8(CH(CH3)2), 28.7(CH(CH3)2), 25.5(CH3), 24.2(CH3), 

23.3(CH3), 22.3(CH3). HRMS (ESI) m/z: [M + H]+ Calcd. for C33H42N3 480.3373; 

Found 480.3372.
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General procedure for hydroboration of imines and nitriles. A 25 mL Schlenk 

flask was charged with a magnetic agitator, aldimine or nitriles (0.50 mmol, 1.0 equiv) 

and mNHO 2a (0.0040 mmol, 0.020 equiv). Then dried THF (1.5 mL) was slowly 

added to the flask. After that HBpin was added based on the [C=N]/[HBpin]=1:1.1. 

The reaction mixture was stirred at 70 oC for 12 h under oil bath conditions. After 

being allowed to cool to room temperature, solvent was removed under reduce 

pressure, and the products were washed with pentane (2  0.5 mL) for further 

purification. (Besides, the blank control experiments were tried under the same 

conditions in the absence of 2a. The results showed imines were hydroborated in low 

yields, and the corresponding products 3a and 3i were obtained in 37% and 45% 

yields. But no products were detected for nitriles, for details see Table S7)

(3a)22b, e Colorless oil (134.4 mg, 87% yield). 1H NMR (400 MHz, C6D6): δ 7.49 (d, 

J = 7.8 Hz, 2H), 7.24 (d, J = 7.5 Hz, 2H), 7.14-7.00 (m, 6H), 4.78 (s, 2H), 1.08 (s, 

12H). 13C{1H} NMR (101 MHz, C6D6): δ 146.5(Aryl-C), 140.7(Aryl-C), 

126.4(Aryl-C), 121.5(Aryl-C), 120.7(Aryl-C), 82.7(C(CH3)2), 51.2(N(CH2)), 

24.4(C(CH3)2).

(3b)23d Colorless solid (148.9 mg, 83% yield). 1H NMR (400 MHz, C6D6): δ 7.6 (d, 

J = 7.4 Hz, 2H), 7.26 (t, J = 7.6 Hz, 2H), 7.14-7.10 (m, 1H), 4.62 (s, 2H), 1.03 (s, 

24H). 13C{1H} NMR (101 MHz, C6D6): δ 143.5(Aryl-C), 131.8(Aryl-C), 

131.7(Aryl-C), 82.3(C(CH3)2), 47.6(N(CH2)), 24.4(C(CH3)2).

 (3c)23c Colorless solid (355.5 mg, 97% yield). 1H NMR (400 MHz, CDCl3): δ 

7.28-7.26 (m, 2H), 6.93-6.90 (m, 2H), 4.17 (s, 2H), 1.19 (s, 24H). 13C{1H} NMR (101 

MHz, CDCl3): δ 161.5 (d, 1JC-F = 243.0 Hz, Aryl-C), 138.8(Aryl-C), 129.2 (d, 3JC-F = 

7.9 Hz, Aryl-C), 114.5 (d, 2JC-F = 21.0 Hz, Aryl-C), 82.3(C(CH3)2), 46.5(N(CH2)), 

24.5(C(CH3)2).

(3d)23c Colorless oil (173.3 mg, 95% yield). 1H NMR (400 MHz, CDCl3): δ 7.10 (d, 

J = 4.9 Hz, 1H), 6.92 (d, J = 3.2 Hz, 1H), 6.87 (dd, J = 4.9, 3.6 Hz, 1H), 4.37 (s, 2H), 

1.22 (s, 12H). 13C{1H} NMR (101 MHz, CDCl3): δ 146.8(Aryl-C), 126.1(Aryl-C), 

124.5(Aryl-C), 123.5(Aryl-C), 82.5(C(CH3)2), 42.1(N(CH2)), 24.5(C(CH3)2).
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(3e)23c Colorless solid (139.5 mg, 94% yield). 1H NMR (400 MHz, CDCl3): δ 3.04 

(q, J = 7.0 Hz, 2H), 1.21 (s, 24H), 1.02 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (101 MHz, 

CDCl3): δ 81.9(C(CH3)2), 38.5(N(CH2)), 24.5(C(CH3)2), 18.6(CH2(CH3)).

(3i) Colorless solid (160.3 mg, 96% yield). 1H NMR (400 MHz, C6D6): δ 7.29 (d, J 

= 8.0 Hz, 2H), 7.13-7.09 (m, 2H), 6.96 (d, J = 8.5 Hz, 2H), 6.84-6.82 (m, 3H), 4.52 (s, 

2H), 1.06 (s, 12H). 13C{1H} NMR (101 MHz, C6D6): δ = 145.8(Aryl-C), 

131.9(Aryl-C), 128.8(Aryl-C), 126.8(Aryl-C), 121.9(Aryl-C), 118.7(CN), 

112.8(Aryl-C), 110.7(Aryl-C), 83.0(C(CH3)2), 50.8(N(CH2)), 24.3(C(CH3)2).

General procedure for the hydroboration of N-heteroarenes. General procedure 

for the hydroboration products 4a-4e: A 25 mL dried Schlenk flask was charged with 

a magnetic agitator, N-heteroarenes (0.50 mmol, 1.0 equiv) and mNHO 2a (0.0040 

mmol, 0.020 equiv). Then dried C6D6 (1.5 mL) was slowly added to the flask. After 

that HBpin was added based on the [C=N]/[HBpin] = 1:1.1. The reaction mixture was 

stirred at room temperature for 12 h. Then solvent was removed under reduce pressure, 

and the products were washed with pentane (2  0.5 mL) for further purification. 

(Besides, the blank control experiments for N-heteroarenes were tried under the same 

conditions in the absence of 2a, and no products were detected, for details see Table 

S7).

The mixture of 4a and 4a´ were obtained as yellow oil (110.5 mg, 86% yield). 

(4a)26a: 1H NMR (400 MHz, C6D6): δ 7.82 (d, J = 8.2 Hz, 1H), 7.14-6.75 (m, 3H), 

6.26 (d, J = 9.6 Hz, 1H), 5.57 (dt, J = 9.4, 4.2 Hz, 1H), 4.16 (dd, J = 4.2 Hz, 1.7 Hz 

2H), 1.04 (s, 12H). (4a´)26a: 1H NMR (400 MHz, C6D6): δ 8.17 (d, J = 8.3 Hz, 1H), 

7.14-6.75 (m, 4H), 4.82 (m,1H), 3.32 (m, 2H), 1.02 (s, 14H). 

The mixture of 4b and 4b´ were obtained as yellow oil (123 mg, 91% yield). (4b)26a: 

1H NMR (400 MHz, C6D6): δ 7.71 (d, J = 8.2 Hz, 1H), 6.66-6.64 (m, 2H), 6.27 (d, J = 

9.5 Hz, 1H), 5.64-5.59 (m, 1H), 4.16 (dd, J = 4.2, 1.7 Hz, 2H), 1.10 (s, 3H), 1.05 (s, 

12H). (4b´)26a: 1H NMR (400 MHz, C6D6): δ 8.07 (d, J = 8.4 Hz, 1H), 6.95-6.92 (m, 

3H), 4.86-4.83 (m, 1H), 3.34 (d, J = 3.3 Hz, 2H), 1.10 (s, 3H), 1.02 (s, 12H).

(4c)26a Colorless solid (102 mg, 80% yield): 1H NMR (400 MHz, C6D6): δ 

7.02-6.98 (m, 1H), 6.91-6.81 (m, 3H), 6.73 (d, J = 7.4 Hz, 1H), 5.63 (d, J = 7.5 Hz, 
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1H), 4.64 (s, 2H), 1.03 (s, 12H). 13C{1H} NMR (101 MHz, C6D6): δ 133.3(N(CH)), 

132.6(Aryl-C), 132.0(Aryl-C), 128.7(Aryl-C), 125.9(Aryl-C), 125.2(Aryl-C), 

123.5(Aryl-C), 105.9(CH(CH)), 83.1(C(CH3)2), 46.0(N(CH2)), 24.4(C(CH3)2). 

4d and 4d´ were obtained as yellow oil (104.7 mg, 73% yield). (4d)26a: 1H NMR 

(400 MHz, C6D6): δ 7.69 (d, J = 8.2 Hz, 1H), 6.88-6.85 (m, 1H), 6.55 (d, J = 2.9 Hz, 

1H), 6.23 (d, J = 9.5 Hz, 1H), 5.66-5.61 (m, 1H), 4.14 (dd, J = 4.2, 1.7 Hz, 2H), 3.34 

(s, 3H), 1.06 (s, 12H). (4d´)26a: 1H NMR (400 MHz, C6D6): δ 8.09 (d, J = 9.2 Hz, 1H), 

6.95 (dt, J = 8.1, 1.7 Hz, 1H), 6.73 (dd, J = 9.0, 3.0 Hz, 1H), 6.49 (d, J = 3.1 Hz, 1H), 

4.80 (dt, J = 8.1, 1.7 Hz, 1H), 3.35 (s, 2H), 3.34 (s, 3H), 1.07 (s, 12H).

4e and 4e´ were obtained as yellow oil (127.3 mg, 94% yield). (4e)26b: 1H NMR 

(400 MHz, C6D6): δ 7.86 (d, J = 8.1 Hz, 1H), 7.12-7.08 (m, 1H), 6.90-6.82 (m, 2H), 

6.01 (s, 1H), 4.09 (s, 2H), 1.50 (s, 3H), 1.06 (s, 12H). (4e´)26b: 1H NMR (400 MHz, 

C6D6): δ 8.20 (d, J = 8.3 Hz, 1H), 7.12-7.08 (m, 1H), 6.90-6.82 (m, 3H), 3.20 (s, 2H), 

1.53 (s, 3H), 1.01 (s, 12H).

General procedure for the hydroboration products 4f-4n: A 25 mL Schlenk flask 

was charged with a magnetic agitator, N-heteroarenes (0.50 mmol, 1.0 equiv) and 

mNHO 2a (0.0040 mmol, 0.020 equiv). Then dried C6D6 or THF (1.5 mL) was slowly 

added to the flask. After that HBpin was added based on the [C=N]/[HBpin]=1:1.1. 

The reaction mixture was stirred at 70 oC (oil bath) for 12 h (4g-4n) or 18 h (4f). After 

being allowed to cool to room temperature, solvent was removed under reduce 

pressure. The products were washed with pentane (2  0.5 mL) for further 

purification. 

(4f)26b Colorless solid (150.4 mg, 98% yield): 1H NMR (400 MHz, C6D6): δ 7.85 (d, 

J = 8.0 Hz, 2H), 7.18-6.93 (m, 6H), 3.54 (s, 2H), 1.06 (s, 12H). 13C{1H} NMR (101 

MHz, C6D6): δ 142.4(Aryl-C), 130.3(Aryl-C), 127.2(Aryl-C), 126.2(Aryl-C), 

123.4(Aryl-C), 122.6(Aryl-C), 83.0(C(CH3)2), 33.8(CH2), 24.4(C(CH3)2).

4g and 4g´were obtained as yellow oil (NMR yield 33%, CH2Br2 was used as 

internal standard). (4g)26c: 1H NMR (400 MHz, C6D6): δ 6.56 (dt, J = 8.4, 1.6 Hz, 2H), 

4.55-4.60 (m, 2H), 2.82 (tt, J = 3.2, 1.6 Hz, 2H), 0.96 (s, 12H). (4g´)26c: 1H NMR (400 
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MHz, C6D6): δ 6.74 (d, J = 7.6 Hz, 1H), 5.77-5.83 (m, 1H), 5.04-5.14 (m, 2H), 4.18 

(dd, J = 4.0, 1.6 Hz, 2H), 1.00 (s, 12H). 

(4h)26d Colorless solid (164.6 mg, 98% yield): 1H NMR (400 MHz, C6D6): δ 6.72 

(d, J =8.2 Hz, 1H), 4.72 (s, 2H), 4.62-4.58 (m, 1H), 3.75 (s, 2H), 1.04 (s, 12H), 1.01 

(s, 12H). 13C{1H} NMR (101 MHz, C6D6): δ 129.3(N(CH)), 102.2(CH(CH)CH2), 

82.5(C(CH3)2), 82.0(C(CH3)2), 55.8(N(CH2)N)), 41.8(N(CH2)), 24.6(C(CH3)2), 

24.4(C(CH3)2).

(4i)26d Colorless solid (142.8 mg, 85% yield): 1H NMR (400 MHz, C6D6): δ 6.06 (s, 

2H), 3.44 (s, 4H), 1.04 (s, 24H). 13C{1H} NMR (101 MHz, C6D6): δ 110.8(N(CH)), 

82.4(C(CH3)2), 42.1(N(CH2)), 24.5(C(CH3)2).

(4j) Colorless solid (187.2 mg, 97% yield): 1H NMR (400 MHz, C6D6): δ 8.14-8.11 

(m, 2H), 6.96-6.94 (m, 2H), 3.61 (s, 4H), 1.06 (s, 24H). 13C{1H} NMR (101 MHz, 

C6D6): δ 133.0((Aryl-C)), 121.2(Aryl-C), 120.8(Aryl-C), 82.4(C(CH3)2), 

43.9(N(CH2)), 24.4(C(CH3)2). HRMS (ESI) m/z: [M+H+2H2O-2HOBpin] Calcd. for 

C8H11N2 135.0917; Found 135.0912.

(4k)26d Colorless solid (198.7 mg, 96% yield): 1H NMR (400 MHz, C6D6): δ 7.03 (s, 

1H), 4.54 (s, 2H), 3.96 (s, 2H), 1.00 (s, 24H). 13C{1H} NMR (101 MHz, C6D6): δ 

130.4(N(CH)), 96.4(BrC), 83.0(C(CH3)2), 82.5(C(CH3)2), 55.1(N(CH2)N), 

48.8(N(CH2)), 24.5(C(CH3)2), 24.3(C(CH3)2). 

(4l)26d Colorless solid (181.4 mg, 94% yield): 1H NMR (400 MHz, C6D6): δ 

8.00-7.98 (m, 1H), 7.11-7.06 (m, 1H), 6.78-6.73 (m, 2H), 4.86 (s, 2H), 4.44 (s, 2H), 

1.09 (s, 24H). 13C{1H} NMR (101 MHz, C6D6): δ 141.9(Aryl-C), 126.5(Aryl-C), 

124.3(Aryl-C), 121.0(Aryl-C), 120.8(Aryl-C), 82.5(C(CH3)2), 82.2(C(CH3)2), 

57.5(N(CH2)N), 45.9(N(CH2)), 24.6(C(CH3)2), 24.4(C(CH3)2). 

(4m)26d Colorless solid (213.9 mg, 92% yield): 1H NMR (400 MHz, C6D6): δ 4.62 

(s, 6H), 1.07 (s, 36H). 13C{1H} NMR (101 MHz, C6D6): δ 81.9(C(CH3)2), 

58.7(N(CH2)), 24.5(C(CH3)2). 

(4n)26d Colorless solid (128.8 mg, 98% yield): 1H NMR (400 MHz, C6D6): δ 7.61 

(d, J = 8.0 Hz, 1H), 6.98 (d, J = 7.8 Hz, 1H), 6.90 (t, J = 7.7 Hz, 1H), 6.65 (t, J = 7.5 

Hz, 1H), 4.92 (s, 2H), 1.01 (s, 12H). 13C{1H} NMR (101 MHz, C6D6): δ 
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144.5(Aryl-C), 130.2(Aryl-C), 125.2(Aryl-C), 122.0(Aryl-C), 121.8(Aryl-C), 

114.3(Aryl-C), 83.1(C(CH3)2), 52.6(N(CH2)), 24.4(C(CH3)2). 

Gram scale hydroboration of p-fluorobenzonitrile and benzothiazole

A 25 mL Schlenk flask was charged with a magnetic agitator, p-fluorobenzonitrile 

(5.0 mmol, 1.0 equiv) and mNHO 2a (0.0040 mmol, 0.020 equiv). Then dried THF 

(5.0 mL) was added to the flask. After that HBpin was slowly added to the mixture 

(12 mmol, 2.4 equiv). The reaction mixture was stirred at 70 oC (oil bath) for 12 h. 

After being allowed to cool to room temperature, solvent was removed under reduce 

pressure. The product was washed with pentane (2  1.0 mL) for further purification 

and 3c was obtained as colorless solid (1.621 g, 4.3 mmol).

A 25 mL Schlenk flask was charged with a magnetic agitator, benzothiazole (5.0 

mmol, 1.0 equiv) and mNHO 2a (0.0040 mmol, 0.020 equiv). Then dried C6D6 (5.0 

mL) was added to the flask. After that HBpin was slowly added to the mixture (5.5 

mmol, 1.1 equiv). The reaction mixture was stirred at 70 oC (oil bath) for 12 h. After 

being allowed to cool to room temperature, solvent was removed under reduce 

pressure. The product was washed with pentane (2  1.0 mL) for further purification 

and 4n was obtained as colorless solid (1.209 g, 4.6 mmol).

ASSOCIATED CONTENT

The Supporting Information is available free of charge via the Internet at 

http://pubs.acs.org. 

Copies of 1H and 13C{1H} NMR spectra for all compounds, the calculation details and 

X-ray crystallography details of compound 2a, 2b (CIF).

AUTHOR INFORMATION

Corresponding Author

*E-mail for X.Y.: yanxy@ruc.edu.cn.

Notes 

The authors declare no competing financial interests.

ACKNOWLEDGMENT

Page 17 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



This work was supported by the National Natural Science Foundation of China 

(21602249), the Fundamental Research Funds for the Central Universities and the 

Research Funds of Renmin University of China (Program 20XNLG20), and Public 

Computing Cloud Platform, Renmin University of China. We also thank professor 

Guy Bertrand and professor Jean Bouffard for sharing their unpublished works. 

References

(1) (a) Breslow, R. Rapid deuterium exchange in thiazolium salts. J. Am. Chem. Soc. 

1957, 79, 1762–1763. (b) Breslow, R. On the mechanism of thiamine action. IV.1 

Evidence from studies on model systems. J. Am. Chem. Soc. 1958, 80, 3719–3726.

(2) (a) Seebach, D. Methods of Reactivity umpolung. Angew. Chem. Int. Ed. Engl. 

1979, 18, 239–258. (b) Bugaut, X.; Glorius, F. Organocatalytic umpolung: 

N-heterocyclic carbenes and beyond. Chem. Soc. Rev. 2012, 41, 3511–3522. (c) 

Flanigan, D. M.; Romanov-Michailidis, F.; White, N. A.; Rovis, T. Organocatalytic 

reactions enabled by N-heterocyclic carbenes. Chem. Rev. 2015, 115, 9307–9387. (d) 

Hopkinson, M. N.; Richter, C.; Schedler, M.; Glorius, F. An overview of 

N-heterocyclic carbenes. Nature 2014, 510, 485–496. (e) Nelson, D. J.; Nolan, S. P. 

Quantifying and understanding the electronic properties of N-heterocyclic carbenes. 

Chem. Soc. Rev. 2013, 42, 6723–6753. (f) Grossmann, A.; Enders, D. N‐heterocyclic 

carbene catalyzed domino reactions. Angew. Chem. Int. Ed. 2012, 51, 314–325. (g) 

Enders, D.; Niemeier, O.; Henseler, A. Organocatalysis by N-heterocyclic carbenes. 

Chem. Rev. 2007, 107, 5606–5655.

(3) (a) Paul, M.; Neudörfl, J.-M.; Berkessel, A. Breslow intermediates from a 

thiazolin‐2‐ylidene and fluorinated aldehydes: XRD and solution‐phase NMR 

spectroscopic characterization. Angew. Chem. Int. Ed. 2019, 58, 10596–10600. (b) 

Paul, M.; Sudkaow, P.; Wessels, A.; Schlörer, N. E.; Neudörfl, J.-M.; Berkessel, A. 

Breslow intermediates from aromatic N‐heterocyclic carbenes 

(benzimidazolin‐2‐ylidenes, thiazolin‐2‐ylidenes). Angew. Chem., Int. Ed. 2018, 57, 

8310–8315. (c) Paul, M.; Breugst, M.; Neudörfl, J.-M.; Sunoj, R. B.; Berkessel, A. 

Keto–enol thermodynamics of breslow intermediates. J. Am. Chem. Soc. 2016, 138, 

5044–5051. (d) Yatham, V. R.; Neudörfl, J.-M.; Schlörer, N. E.; Berkessel, A. 

Page 18 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Carbene catalyzed umpolung of α,β-enals: a reactivity study of diamino dienols vs. 

azolium enolates, and the characterization of advanced reaction intermediates. Chem. 

Sci. 2015, 6, 3706–3711. (e) Berkessel, A.; Yatham, V. R.; Elfert, S.; Neudörfl, J.-M. 

Characterization of the key intermediates of carbene‐catalyzed umpolung by NMR 

spectroscopy and X‐Ray diffraction: Breslow intermediates, homoenolates, and 

azolium enolates. Angew. Chem. Int. Ed., 2013, 52, 11158–11162. (f) DiRocco, D. A.; 

Oberg, K. M.; Rovis, T. Isolable analogues of the breslow intermediate derived from 

chiral triazolylidene carbenes. J. Am. Chem. Soc. 2012, 134, 6143–6145. (g) Maji, B.; 

Mayr, H. Structures and reactivities of O‐methylated breslow intermediates. Angew. 

Chem. Int. Ed. 2012, 51, 10408–10412. (h) Berkessel, A.; Elfert, S.; Etzenbach-Effers, 

K.; Teles, J. H. Aldehyde umpolung by N‐heterocyclic carbenes: NMR 

characterization of the Breslow intermediate in its keto form, and a spiro‐dioxolane as 

the resting state of the catalytic system. Angew. Chem. Int. Ed. 2010, 49, 7120–7124.

(4) (a) Fischer, C.; Smith, S. W.; Powell, D. A.; Fu, G. C. Umpolung of Michael 

acceptors catalyzed by N-heterocyclic carbenes. J. Am. Chem. Soc. 2006, 128, 

1472–1473. (b) Kuhn, N.; Bohnen, H.; Kreutzberg, J.; Bläser, D.; Boese, R. 

1,3,4,5-Tetramethyl-2-methyleneimidazoline-an Ylidic Olefin. J. Chem. Soc., Chem. 

Commun. 1993, 1136–1137. (c) Al-Rafia, S. M. I.; Malcolm, A. C.; Liew, S. K.; 

Ferguson, M. J.; McDonald, R.; Rivard, E. Intercepting low oxidation state main 

group hydrides with a nucleophilic N-heterocyclic olefin. Chem. Commun. 2011, 47, 

6987−6989.

(5) (a) Biju, A. T.; Padmanaban, M.; Wurz, N. E.; Glorius, F. N‐heterocyclic carbene 

catalyzed umpolung of Michael acceptors for intermolecular reactions. Angew. Chem. 

Int. Ed. 2011, 50, 8412–8415. (b) Knappke, C. E. I.; ArduengoIII, A. J.; Jiao, H.; 

Neudörfl, J.-M.; von Wangelin, A. J. On the dual role of N-heterocyclic carbenes as 

bases and nucleophiles in reactions with organic halides. Synthesis 2011, 23, 

3784–3795.

(6) Knappke, C. E. I.; Neudörfl, J. M.; von Wangelin, A. J. On new N-heterocyclic 

carbene derived alkylidene imidazolines. Org. Biomol. Chem. 2010, 8, 1695-1705.

Page 19 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(7) Zhang, Y.; Chen, E. Y. X. Conjugate‐addition organopolymerization: rapid 

production of acrylic bioplastics by N‐heterocyclic carbene. Angew. Chem. Int. Ed. 

2012, 51, 2465–2469.

(8) (a) Matsuoka, S.; Ota, Y.; Washio, A.; Katada, A.; Ichioka, K.; Takagi, K.; 

Suzuki, M. Organocatalytic tail-to-tail dimerization of olefin: umpolung of methyl 

methacrylate mediated by N-heterocyclic carbene. Org. Lett. 2011, 13, 3722–3725.

(9) Maji, B.; Horn, M.; Mayr, H. Nucleophilic reactivities of deoxy breslow 

intermediates: how does aromaticity affect the catalytic activities of N‐heterocyclic 

carbenes. Angew. Chem. Int. Ed. 2012, 51, 6231–6235.

(10)(a) Roy, M. M. D.; Rivard, E. Pushing chemical boundaries with N-heterocyclic 

olefins (NHOs): from catalysis to main group element chemistry. Acc. Chem. Res. 

2017, 50, 2017–2025. (b) Crocker, R. D.; Nguyen, T. V. The resurgence of the highly 

ylidic N‐heterocyclic olefins as a new class of organocatalysts. Chem. – Eur. J. 2016, 

22, 2208–2213. (c) Ghadwal, R. S. Carbon-based two electron σ-donor ligands 

beyond classical N-heterocyclic carbenes. Dalton Trans. 2016, 45, 16081–16905. (d) 

Naumann, S. Synthesis, properties & applications of N-heterocyclic olefins in 

catalysis. Chem. Commun. 2019, 55, 11658–11670.

(11)(a) Sharma, M. K.; Blomeyer, S.; Neumann, B.; Stammler, H.-G.; van Gastel, M.; 

Hinz, A.; Gadwal, R. S. Crystalline divinyldiarsene radical cations and dications, 

Angew. Chem. Int. Ed. 2019, 58, 17599–17603. (b) Sharma, M. K.; Rottschȁfer, D.; 

Blomeyer, S.; Neumann, B.; Stammler, H.-G.; van Gastel, M.; Hinz, A.; Ghadwal, R. 

S. Diphosphene radical cations and dications with a π-conjugated C2P2C2-framework. 

Chem. Commun. 2019, 55, 10408–10411. (c) Sharma, M. K.; Blomeyer, S.; Neumann, 

B.; Stammler, H.-G; Ghadwal, R. S. Crystalline divinyldiarsenes and cleavage of the 

As=As bond. Chem. – Eur. J. 2019, 25, 8249–8253. (d) Rottschȁfer, D.; Sharma, M. 

K.; Neumann, B.; Stammler, H.-G.; Andrada, D. M.; Ghadwal, R. S. A modular 

access to divinyldiphosphenes with a strikingly small HOMO–LUMO energy gap. 

Chem. – Eur. J. 2019, 25, 8127–8134. (e) Rottschȁfer, D.; Neumann, B.; Stammler, 

H.-G.; Ghadwal, R. S. N‐heterocyclic vinylidene‐stabilized phosphorus biradicaloid.  

Chem. – Eur. J. 2017, 23, 9044–9047. (f) Hering-Junghans, C.; Andreiuk, P.; 

Page 20 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Ferguson, M. J.; McDonald, R.; Rivard, E. Using N‐heterocyclic vinyl ligands to 

access stable divinylgermylenes and a germylium cation. Angew. Chem. Int. Ed. 2017, 

56, 6272–6275. (g) Roy, M. M. D.; Ferguson, M. J.; McDonald, R.; Zhou, Y.; Rivard, 

E. A vinyl silylsilylene and its activation of strong homo- and heteroatomic bonds. 

Chem. Sci. 2019, 10, 6476–6481. (h) Al-Rafia, S. M. I.; Ferguson, M. J.; Rivard, E. 

Interaction of Carbene and Olefin Donors with [Cl2PN]3: Exploration of a Reductive

Pathway toward (PN)3. Inorg. Chem. 2011, 50, 10543−10545.

(12)(a) Schumann, H.; Glanz, M.; Winterfeld, J.; Hemling, H.; Kuhn, N.; Bohnen, H.; 

Blȁser, D.; Boese, R. Metallorganische verbindungen der lanthanoide XCVI. 

Ylidartige olefinkoordination in komplexen dreiwertiger 4f-elemente. J. Organomet. 

Chem. 1995, 493, C14–C18. (b) Kronig, S.; Jones, P. G.; Tamm, M. Preparation of 

2‐alkylidene‐substituted 1,3,4,5‐tetramethylimidazolines and their reactivity towards 

RhI complexes and B(C6F5)3, Eur. J. Inorg. Chem. 2013, 2301–2314. (c) Fȕrstner, A.; 

Alcarazo, M.; Goddard, R.; Lehmann, C. W. Coordination chemistry of 

ene‐1,1‐diamines and a prototype “carbodicarbene”. Angew. Chem. Int. Ed. 2008, 47, 

3210–3214. (d) Imbrich, D. A.; Frey, W.; Naumann, S.; Buchmeiser, M. R. 

Application of imidazolinium salts and N-heterocyclic olefins for the synthesis of 

anionic and neutral tungsten imido alkylidene complexes. Chem. Commun. 2016, 52, 

6099–6102. (e) Watson, I. C.; Schumann, A.; Yu, H.; Davy, E. C.; McDonald, R.; 

Ferguson, M. J.; Hering-Junghans, C.; Rivard, E. N‐heterocyclic olefin ‐ ligated 

Palladium(II) complexes as pre‐catalysts for Buchwald–Hartwig aminations. Chem. – 

Eur. J. 2019, 25, 9678–9690.

(13)Hering-Junghans, C.; Watson, I. C.; Ferguson, M. J.; McDonald, R.; Rivard, E. 

Organocatalytic hydroborylation promoted by N-heterocyclic olefins. Dalton Trans. 

2017, 46, 7150–7153.

(14)Blümel, M.; Noy, J.-M.; Enders, D.; Stenzel, M. H.; Nguyen, T. V. Development 

and applications of transesterification reactions catalyzed by N-heterocyclic olefins. 

Org. Lett. 2016, 18, 2208–2211.

Page 21 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(15) (a) Eymann, L. Y. M.; Varava, P.; Shved, A. M.; Curchod, B. F. E.; Liu, Y.; 

Planes, O. M.; Sienkiewicz, A.; Scopelliti, R.; Tirani, F. F.; Severin, K. Synthesis of 

organic super-electron-donors by reaction of nitrous oxide with N-heterocyclic olefins. 

J. Am. Chem. Soc. 2019, 141, 17112–17116. (b) Wang, Y.-B.; Wang, Y.-M.; Zhang, 

W.-Z.; Lu, X.-B. Fast CO2 sequestration, activation, and catalytic transformation 

using N-Heterocyclic olefins. J. Am. Chem. Soc. 2013, 135, 11996–12003. (c) Saptal, 

V. B.; Bhanage, B. M. N‐heterocyclic olefins as robust organocatalyst for the 

chemical conversion of carbon dioxide to value‐added chemicals. ChemSusChem 

2016, 9, 1980–1985.

(16)(a) Naumann, S.; Thomas, A. W.; Dove, A. P. N‐heterocyclic olefins as 

organocatalysts for polymerization: preparation of well‐defined poly (propylene 

oxide). Angew. Chem. Int. Ed. 2015, 54, 9550–9554. (b) Naumann, S.; Thomas, A. W.; 

Dove, A. P. Highly polarized alkenes as organocatalysts for the polymerization of 

lactones and trimethylene carbonate. ACS Macro Lett. 2016, 5, 134–138. (c) 

Naumann S.; Wang, D. Dual catalysis based on N-heterocyclic olefins for the 

copolymerization of lactones: high performance and tunable selectivity. 

Macromolecules 2016, 49, 8869–8878. (d) Wang, Q.; Zhao, W.; Zhang, S.; He, J.; 

Zhang, Y.; Chen, E. Y. -X. Living polymerization of conjugated polar alkenes 

catalyzed by N-Heterocyclic olefin-based frustrated lewis pairs. ACS Catal. 2018, 8, 

3571–3578. (e) Walther, P.; Krauß, A.; Naumann, S. Lewis pair polymerization of 

epoxides via zwitterionic species as a route to high‐molar‐mass polyethers. Angew. 

Chem. Int. Ed. 2019, 58, 10737–10741.

(17)Liu, W.; Zhao, L.-L.; Melaimi, M.; Cao, L.; Xu, X.; Bouffard, J.; Bertrand, G.; 

Yan, X. Mesoionic carbene (MIC)-catalyzed H/D exchange at formyl groups. Chem 

2019, 5, 2484–2494.

(18)When this manuscript was being prepared, similar results were published by 

Hansmann and co-workers: Hansmann, M. M.; Antoni, P. W.; Pesch, H. Stable 

mesoionic N‐heterocyclic olefins (mNHOs), Angew. Chem. Int. Ed. 2020, 59, 

5782–5787.

Page 22 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(19) Bouffard, J.; Keitz, B. K.; Tonner, R.; Guisado-Barrios, G.; Frenking, G.; Grubbs, 

R. H.; Bertrand, G. Synthesis of highly stable 1,3-diaryl-1H-1,2,3-triazol-5-ylidenes 

and their applications in ruthenium-catalyzed olefin metathesis. Organometallics 

2011, 30, 2617–2627.

(20)(a) Docherty, J. H.; Peng, J.; Dominy, A. P.; Thomas, S. P. Activation and 

discovery of earth-abundant metal catalysts using sodium tert-butoxide. Nat. Chem. 

2017, 9, 595–600. (b) Farrell, J. M.; Posaratnanathana, R. T.; Stephan, D. W. A 

family of N-heterocyclic carbene-stabilized borenium ions for metal-free imine 

hydrogenation catalysis. Chem. Sci. 2015, 6, 2010–2015. 

(21)The least bulky mNHO 2a, which was not reported in ref 18, showed the best 

catalytic reactivity for hydroboration, for details, see SI.

(22)For catalytic hydroboration of imines without metals: (a) Carden, J. L.; Gierlichs, 

L. J.; Wass, D. F.; Browne, D. L.; Melen, R. L. Unlocking the catalytic potential of 

tris(3,4,5-trifluorophenyl)borane with microwave irradiation. Chem. Commun. 2019, 

55, 318–321. (b) Pandey, V. K.; Donthireddy, S. N. R.; Rit, A. Catalyst‐free and 

solvent‐free facile hydroboration of imines. Chem. Asian J. 2019, 14, 3255–3258. (c) 

Yin, Q.; Soltani, Y.; Melen, R. L.; Oestreich, M. BArF3-catalyzed imine 

hydroboration with pinacolborane not requiring the assistance of an additional lewis 

base. Organometallics 2017, 36, 2381–2384. (d) Bisai, M. K.; Pahar, S.; Das, T.; 

Vanka, K.; Sen, S. S. Transition metal free catalytic hydroboration of aldehydes and 

aldimines by amidinato silane. Dalton Trans. 2017, 46, 2420–2424. (e) Lin, Y.; 

Hatzakis, E.; -McCarthy, S. M.; Reichl, K. D.; Lai, T.; Yennawar, H. P.; Radosevich, 

A. T. P–N cooperative borane activation and catalytic hydroboration by a distorted 

phosphorous triamide platform. J. Am. Chem. Soc. 2017, 139, 6008–6016. (f) Adams, 

M. R.; Tien, C.; Huchenski, B. S. N.; Ferguson, M. J.; Speed, A. W. H. 

Diazaphospholene precatalysts for imine and conjugate reductions. Angew. Chem. Int. 

Ed. 2017, 56, 6268–6271. (g) Adams, M. R.; Tien, C.; McDonald, R.; Speed, A. W. H. 

Asymmetric imine hydroboration catalyzed by chiral diazaphospholenes. Angew. 

Chem. Int. Ed. 2017, 56, 16660-16663. (h) Tien, C.; Adams, M. R.; Ferguson, M. J.; 

Page 23 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Johnson, E. R.; Speed, A. W. H. Hydroboration catalyzed by 

1,2,4,3-triazaphospholenes. Org. Lett. 2017, 19, 5565–5568.

(23)There is no report for catalytic hydroboration of nitriles without metals. For some 

examples of main-group-metal catalysis: see: (a) Ding, Y.; Ma, X.; Liu, Y.; Liu, W.; 

Yang. Z.; Roesky, H. W. Alkylaluminum complexes as precatalysts in hydroboration 

of nitriles and carbodiimides. Organometallics 2019, 38, 3092–3097. (b) Liu, W.; 

Ding, Y.; Shen, Q.; Yan, B.; Ma, X.; Yang, Z. Organic aluminum hydrides catalyze 

nitrile hydroboration. Green Chem. 2019, 21, 3812–3815. (c) Harinath, A.; 

Bhattacharjee. J.; Panda, T. K. Catalytic hydroboration of organic nitriles promoted 

by aluminum complex. Adv. Synth. Catal. 2019, 361, 850–857. (d) Weetman, C.; 

Anker, M. D.; Arrowsmith, M.; Hill, M. S.; Kociok-Köhn, G.; Liptrot, D. J.; Mahon, 

M. F.  Magnesium-catalysed nitrile hydroboration. Chem. Sci. 2016, 7, 628–641. (e) 

Bedi, D.; Bara, A.; Findlater, M. Transition metal- and solvent-free double 

hydroboration of nitriles. Green Chem. 2020, 22, 1125–1128. 

(24)For metal-free catalytic hydroboration of N-heteroarenes: (a) Leong, B.; Lee, J.; 

Li, Y.; Yang, M.; Siu, C.; Su, M.; So, C. A versatile NHC-parent silyliumylidene 

cation for catalytic chemo- and regioselective hydroboration. J. Am. Chem. Soc. 2019, 

141, 17629–17636. (b) Jeong, E.; Heo, J.; Park, S.; Chang, S.; Alkoxide‐promoted 

selective hydroboration of N‐heteroarenes: pivotal roles of in situ generated BH3 in 

the dearomatization process.  Chem. – Eur. J. 2019, 25, 6320–6325. (c) Rao, B.; 

Chong, C. C.; Kinjo, R. Metal-free regio- and chemoselective hydroboration of 

pyridines catalyzed by 1,3,2-diazaphosphenium triflate. J. Am. Chem. Soc. 2018, 140, 

652-656. (d) Hynes, T.; Welsh, E. N.; McDonald, R.; Ferguson, M. J.; Speed, A. W. 

H. Pyridine hydroboration with a diazaphospholene precatalyst. Organometallics 

2018, 37, 841–844. (e) Keyzer, E. N.; Kang, S. S.; Hanf, S.; Wright, D. S. 

Regioselective 1,4-hydroboration of pyridines catalyzed by an acid-initiated boronium 

cation. Chem. Commun. 2017, 53, 9434–9437. (f) Fan, X.; Zheng, J.; Li, Z. H.; Wang, 

H. Organoborane catalyzed regioselective 1,4-hydroboration of pyridines. J. Am. 

Chem. Soc. 2015, 137, 4916–4919. (g) Jeong, J.; Heo, J.; Kim, D.; Chang, S. 

Page 24 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



NHC-Catalyzed 1,2-Selective Hydroboration of Quinolines. ACS Catal. 2020, 10, 

5023–5029.

(25) (a) Nimitsiriwat, N.; Gibson, V. C.; Marshall, E. L.; Takolpockdee, P.; Tomov, A. 

K.; White, A. J. P.; Williams, D. J.; Elsegood, M. R. J.; Dale, S. H. Mono-versus 

Bis-chelate Formation in Triazenide and Amidinate Complexes of Magnesium and 

Zinc. Inorg. Chem. 2007, 46, 9988–9997. (b) Barrett, A. G.; Crimmin, M. R.; Hill, M. 

S.; Hitchcock, P. B.; Kociok-Köhn, G.; Procopiou, P. A. Triazenide Complexes of the 

Heavier Alkaline Earths: Synthesis, Characterization, And Suitability for 

Hydroamination Catalysis. Inorg. Chem. 2008, 47, 7366–7376. 

(26) (a) Ji, P.; Feng, X.; Veroneau, S. S.; Song, Y.; Lin, W. Trivalent Zirconium and 

Hafnium Metal–Organic Frameworks for Catalytic 1,4-Dearomative Additions of 

Pyridines and Quinolines. J. Am. Chem. Soc. 2017, 139, 15600-15603. (b) Tamang, S. 

R.; Singh, A.; Unruh, D. K.; Findlater, M. Nickel-Catalyzed Regioselective 

1,4-Hydroboration of N-Heteroarenes. ACS Catal. 2018, 8, 6186-6191. (c) Oshima, 

K.; Ohmura, T.; Suginome, M. Regioselective Synthesis of 1,2-Dihydropyridines by 

Rhodium-Catalyzed Hydroboration of Pyridines. J. Am. Chem. Soc. 2012, 134, 

3699-3702. (d) Liu, H.; Khononov, M.; Eisen, M. S. Catalytic 1,2-Regioselective 

Dearomatization of N-Heteroaromatics via a Hydroboration. ACS Catal. 2018, 8, 

3673-3677.

(27) Similar transition state has been proposed previously, see ref 13. 

Page 25 of 25

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


