
Chiral Carbene–Borane Adducts: Precursors for Borenium 
Catalysts for Asymmetric FLP Hydrogenations

Jolie Lam,a Benjamin A. R. Günther,ab Jeffrey M. Farrell,a Patrick Eisenberger*,c Brian P. Bestvater,c Paul D. 
Newman,b Rebecca L. Melen,*b Cathleen M. Crudden,*cd Douglas W. Stephan*a

Supporting Information

Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2016



Table of Contents
1H NMR (500 MHz, CDCl3, 298 K) spectrum of 2 1
13C NMR (126 MHz, CDCl3, 298 K) spectrum of 2 1
1H NMR (500 MHz, CD3CN, 298 K) spectrum of 3 2
13C NMR (126 MHz, CD3CN, 298 K) spectrum of 3 2
1H NMR (500 MHz, CDCl3, 298 K) spectrum of 4 3
13C NMR (126 MHz, CDCl3, 298 K) spectrum of 4 3
1H NMR (500 MHz, CDCl3, 298 K) spectrum of 5 4
13C NMR (126 MHz, CDCl3, 298 K) spectrum of 5 4
1H NMR (500 MHz, CDCl3, 298 K) spectrum of 6 5
13C NMR (126 MHz, CDCl3, 298 K) spectrum of 6 5
1H NMR (400 MHz, CD2Cl2, 298 K) spectrum of 7 6
13C NMR (126 MHz, CD2Cl2, 298 K) spectrum of 7 6
19F NMR (377 MHz, CD2Cl2, 298 K) spectrum of 7 7
11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 7 7
1H NMR (500 MHz, CD2Cl2, 298 K) spectrum of 8 8
13C NMR (126 MHz, CD2Cl2, 298 K) spectrum of 8 8
19F NMR (377 MHz, CD2Cl2, 298 K) spectrum of 8 9
11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 8 9
1H NMR (400 MHz, C6D6, 298 K) spectrum of 9 10
13C NMR (126 MHz, C6D6, 298 K) spectrum of 9 10
11B NMR (128 MHz, C6D6, 298 K) spectrum of 9 11
1H NMR (500 MHz, C6D6, 298 K) spectrum of 10 12
13C NMR (126 MHz, C6D6, 298 K) spectrum of 10 12
11B NMR (128 MHz, C6D6, 298 K) spectrum of 10 13
1H NMR (500 MHz, C6D6, 298 K) spectrum of 11 14
13C NMR (126 MHz, C6D6, 298 K) spectrum of 11 14
11B NMR (128 MHz, C6D6, 298 K) spectrum of 11 15
1H NMR (500 MHz, CD2Cl2, 298 K) spectrum of 12 16
13C NMR (126 MHz, CD2Cl2, 298 K) spectrum of 12 16
19F NMR (377 MHz, CD2Cl2, 298 K) spectrum of 12 17
11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 12 17
1H NMR (500 MHz, CD2Cl2, 298 K) spectrum of 13 18



13C NMR (126 MHz, CD2Cl2, 298 K) spectrum of 13 18
19F NMR (377 MHz, CD2Cl2, 298 K) spectrum of 13 19
11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 13 19
1H NMR (500 MHz, CD2Cl2, 298 K) spectrum of 14 20
13C NMR (126 MHz, CD2Cl2, 298 K) spectrum of 14 20
19F NMR (377 MHz, CD2Cl2, 298 K) spectrum of 14 21
11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 14 21
1H NMR (500 MHz, C6D6, 298 K) spectrum of 15 22
13C NMR (126 MHz, C6D6, 298 K) spectrum of 15 22
11B NMR (128 MHz, C6D6, 298 K) spectrum of 15 23
1H NMR (500 MHz, C6D6, 298 K) spectrum of 16 24
13C NMR (126 MHz, C6D6, 298 K) spectrum of 16 24
11B NMR (128 MHz, C6D6, 298 K) spectrum of 16 25
1H NMR (500 MHz, C6D6, 298 K) spectrum of 17 26
13C NMR (126 MHz, C6D6, 298 K) spectrum of 17 26
11B NMR (128 MHz, C6D6, 298 K) spectrum of 17 27
1H NMR (400 MHz, C6D6, 298 K) spectrum of 20 28
13C NMR (125 MHz, C6D6, 298 K) spectrum of 20 28
11B NMR (128 MHz, C6D6, 298 K) spectrum of 20 29
1H NMR (400 MHz, C6D6, 298 K) spectrum of 21 30
13C NMR (125 MHz, C6D6, 298 K) spectrum of 21 30
11B NMR (128 MHz, C6D6, 298 K) spectrum of 21 31
1H NMR (400 MHz, C6D6, 298 K) spectrum of 22 32
13C NMR (125 MHz, C6D6, 298 K) spectrum of 22 32
11B NMR (128 MHz, C6D6, 298 K) spectrum of 22 33
1H NMR (400 MHz, C6D6, 298 K) spectrum of 23 34
13C NMR (125 MHz, C6D6, 298 K) spectrum of 23 34
11B NMR (128 MHz, C6D6, 298 K) spectrum of 23 35
1H NMR (400 MHz, CDCl3, 298 K) spectrum of 24 36
13C NMR (125 MHz, CDCl3, 298 K) spectrum of 24 36
11B NMR (128 MHz, d8-toluene, 298 K) spectrum of 24 37
1H NMR (400 MHz, CDCl3, 298 K) spectrum of 25 38
13C NMR (125 MHz, CDCl3, 298 K) spectrum of 25 38



11B NMR (128 MHz, d8-toluene, 298 K) spectrum of 25 39
1H NMR (400 MHz, CD2Cl2, 298 K) spectrum of 26 40
13C NMR (125 MHz, CDCl3, 298 K) spectrum of 26 40
11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 26 41
1H NMR (400 MHz, CDCl3, 298 K) spectrum of 27 42
13C NMR (125 MHz, CD2Cl2, 298 K) spectrum of 27 42
11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 27 43
1H NMR (400 MHz, CD2Cl2, 298 K) spectrum of 28 44
13C NMR (125 MHz, CDCl3, 298 K) spectrum of 28 44
11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 28 45
1H NMR (600 MHz, C6D6, 298 K) spectrum of 29 46
13C NMR (125 MHz, C6D6, 298 K) spectrum of 29 46
11B NMR (128 MHz, C6D6, 298 K) spectrum of 29 47
1H NMR (400 MHz, CDCl3, 298 K) spectrum of 30 48
13C NMR (100 MHz, CDCl3, 298 K) spectrum of 30 48
1H NMR (500 MHz, CDCl3, 298 K) spectrum of 31 49
13C NMR (100 MHz, CDCl3, 298 K) spectrum of 31 49
1H NMR (400 MHz, CDCl3, 298 K) spectrum of 32 50
1H NMR (500 MHz, CDCl3, 298 K) spectrum of 33 51
13C NMR (125 MHz, CDCl3, 298 K) spectrum of 33 51
1H NMR (500 MHz, CD2Cl2, 298 K) spectrum of 34a 52
13C NMR (125 MHz, CD2Cl2, 298 K) spectrum of 34a 52
11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 34a 53

Table for catalytic hydrogenations of 20, 21, 23, 24, 25, 26, 27, 28, and 34 54



S1

1H NMR (500 MHz, CDCl3, 298 K) spectrum of 2 

0.40.50.60.70.80.91.01.11.21.31.41.51.61.71.81.92.02.12.22.32.42.52.62.72.82.93.03.13.2
f1 (ppm)

6.
20

3.
33

4.
96

2.
26

1.
06

1.
00

0.
78

0.
79

1.
01

1.
30

1.
35

1.
61

2.
01

2.
95

2.
97

2.
99

13C NMR (126 MHz, CDCl3, 298 K) spectrum of 2

510152025303540455055606570758085
f1 (ppm)

16
.4

1

22
.3

7

26
.0

1

30
.4

5

38
.4

9

46
.3

1

60
.9

6
61

.1
4

76
.9

1
77

.1
6

77
.4

1

NH2
NH2

NH2
NH2



S2

1H NMR (500 MHz, CD3CN, 298 K) spectrum of 3 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

2.
92

3.
04

3.
00

3.
16

1.
06

0.
89

1.
00

1.
42

0.
98

1.
11

1.
22

2.
02

2.
17

2.
29

2.
35

3.
41

3.
42

7.
61

7.
83

13C NMR (126 MHz, CD3CN, 298 K) spectrum of 3

0102030405060708090100110120130140150
f1 (ppm)

16
.1

6
16

.8
5

20
.5

9

34
.0

2

39
.5

0
42

.6
6

62
.4

8

66
.6

0

15
2.

44

N
N
H

H
BF4

N
N
H

H
BF4



S3

1H NMR (500 MHz, CDCl3, 298 K) spectrum of 4

0.60.70.80.91.01.11.21.31.41.51.61.71.81.92.02.12.22.32.42.52.62.72.82.93.03.13.23.33.43.53.63.7
f1 (ppm)

2.
95

3.
00

2.
97

1.
00

1.
09

0.
98

0.
98

0.
96

2.
92

2.
92

1.
07

1.
12

1.
26

1.
86

1.
87

1.
88

1.
90

1.
91

1.
92

2.
05

2.
08

2.
12

2.
29

2.
32

2.
35

2.
51

2.
54

2.
57

3.
13

3.
14

3.
22

3.
30

13C NMR (126 MHz, CDCl3, 298 K) spectrum of 4

5101520253035404550556065707580859095100105110115120125130135140145150155
f1 (ppm)

14
.2

3
16

.9
3

21
.7

6

30
.6

3

36
.9

8
38

.5
1

40
.7

8
41

.1
5

68
.8

1
69

.4
6

15
3.

74

N
N BF4

N
N BF4



S4

1H NMR (500 MHz, CDCl3, 298 K) spectrum of 5 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

2.
90

2.
92

2.
97

2.
98

3.
46

1.
04

0.
99

0.
96

0.
96

0.
94

1.
07

1.
02

1.
04

1.
03

1.
00

1.
03

1.
15

1.
30

1.
34

1.
38

1.
98

2.
14

2.
29

2.
52

3.
19

3.
20

3.
57

3.
66

3.
73

3.
82

9.
05

13C NMR (126 MHz, CDCl3, 298 K) spectrum of 5

102030405060708090100110120130140150160
f1 (ppm)

14
.0

8
14

.3
3

17
.1

7
17

.2
9

21
.8

6

32
.1

1

40
.6

5
40

.8
5

45
.2

6
48

.7
5

66
.2

8

69
.9

3

15
3.

15

N
N BF4

N
N BF4



S5

1H NMR (500 MHz, CDCl3, 298 K) spectrum of 6 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f1 (ppm)

2.
84

2.
98

3.
00

3.
05

3.
07

2.
93

3.
05

0.
99

2.
03

0.
97

1.
04

1.
02

1.
00

1.
00

0.
97

1.
17

1.
37

1.
54

1.
64

2.
01

2.
13

2.
19

2.
44

3.
31

3.
94

4.
95

9.
00

13C NMR (126 MHz, CDCl3, 298 K) spectrum of 6

101520253035404550556065707580859095100105110115120125130135140145150155
f1 (ppm)

14
.8

6
17

.7
1

20
.6

8
21

.6
9

22
.2

1
23

.5
6

25
.0

8

33
.4

5

40
.3

9
41

.1
3

51
.1

0

55
.9

5

61
.3

7

71
.4

9

15
1.

11

N
N

BF4

N
N

BF4



S6

1H NMR (400 MHz, CD2Cl2, 298 K) spectrum of 7

1.01.11.21.31.41.51.61.71.81.92.02.12.22.32.42.52.62.72.82.93.03.1
f1 (ppm)

6.
06

2.
97

1.
35

2.
35

1.
57

2.
95

1.
10

3.
00

1.
06

1.
07

1.
16

1.
81

2.
07

2.
41

2.
83

2.
94

3.
07

13C NMR (126 MHz, CD2Cl2, 298 K) spectrum of 7

101520253035404550556065707580859095100105110115120125130135140145150155
f1 (ppm)

15
.4

6
16

.8
4

22
.8

4

29
.6

3

36
.3

9
36

.9
2

39
.3

1
41

.6
2

42
.2

6

70
.6

5
71

.5
4

13
6.

35
13

8.
24

14
0.

20

14
7.

48
14

9.
43

15
3.

63

N
N

B
H

C6F5

C6F5

N
N

B
H

C6F5

C6F5



S7
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19F NMR (377 MHz, CD2Cl2, 298 K) spectrum of 13
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1H NMR (500 MHz, CD2Cl2, 298 K) spectrum of 14
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19F NMR (377 MHz, CD2Cl2, 298 K) spectrum of 14
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1H NMR (500 MHz, C6D6, 298 K) spectrum of 15
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11B NMR (128 MHz, C6D6, 298 K) spectrum of 15
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1H NMR (500 MHz, C6D6, 298 K) spectrum of 16
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11B NMR (128 MHz, C6D6, 298 K) spectrum of 16
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1H NMR (500 MHz, C6D6, 298 K) spectrum of 17
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11B NMR (128 MHz, C6D6, 298 K) spectrum of 17
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S28

1H NMR (400 MHz, C6D6, 298 K) spectrum of 20
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11B NMR (128 MHz, C6D6, 298 K) spectrum of 20
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1H NMR (400 MHz, C6D6, 298 K) spectrum of 21
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11B NMR (128 MHz, C6D6, 298 K) spectrum of 21
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1H NMR (400 MHz, C6D6, 298 K) spectrum of 22 
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11B NMR (128 MHz, C6D6, 298 K) spectrum of 22
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1H NMR (400 MHz, C6D6, 298 K) spectrum of 23
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11B NMR (128 MHz, C6D6, 298 K) spectrum of 23
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1H NMR (400 MHz, CDCl3, 298 K) spectrum of 24
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11B NMR (128 MHz, d8-toluene, 298 K) spectrum of 24
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1H NMR (400 MHz, CDCl3, 298 K) spectrum of 25
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S39

11B NMR (128 MHz, d8-toluene, 298 K) spectrum of 25

-30-20-100102030405060708090100110120130140

-8
.5

4
-7

.9
0

N

N
iPr

iPr

BH



S40

1H NMR (400 MHz, CD2Cl2, 298 K) spectrum of 26
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13C NMR (125 MHz, CDCl3, 298 K) spectrum of 26
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11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 26
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1H NMR (400 MHz, CDCl3, 298 K) spectrum of 27
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13C NMR (125 MHz, CD2Cl2, 298 K) spectrum of 27
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11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 27
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1H NMR (400 MHz, CD2Cl2, 298 K) spectrum of 28
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13C NMR (125 MHz, CDCl3, 298 K) spectrum of 28
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11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 28
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1H NMR (600 MHz, C6D6, 298 K) spectrum of 29

13C NMR (125 MHz, C6D6, 298 K) spectrum of 29
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11B NMR (128 MHz, C6D6, 298 K) spectrum of 29
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1H NMR (400 MHz, CDCl3, 298 K) spectrum of 30

13C NMR (100 MHz, CDCl3, 298 K) spectrum of 30
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1H NMR (500 MHz, CDCl3, 298 K) spectrum of 31

13C NMR (100 MHz, CDCl3, 298 K) spectrum of 31
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1H NMR (400 MHz, CDCl3, 298 K) spectrum of 32

N

OMe
NN



S51

1H NMR (500 MHz, CDCl3, 298 K) spectrum of 33

13C NMR (125 MHz, CDCl3, 298 K) spectrum of 33
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1H NMR (500 MHz, CD2Cl2, 298 K) spectrum of 34a

13C NMR (125 MHz, CD2Cl2, 298 K) spectrum of 34a
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11B NMR (128 MHz, CD2Cl2, 298 K) spectrum of 34a
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Table for catalytic hydrogenations of 20, 21, 23, 24, 25, 26, 27, 28, and 34 
5 mol% precursor

+ 5 mol% [Trityl][BArF]

DCM, 102 atm H2

substrate product

Entry Substrate Precursor t (h) Temp. Product Yield (%) e.e.

1 20 24 r.t. 100 7
2 20 6 r.t. 88 9
3 20 3 r.t. 50 12
4 20 12 0 ºC 94 1
5 20 3 50 ºC 71 8
6 21 24 r.t. 3 5
7 21 3 50 ºC 6 7
8 23 24 r.t. 0 -
9 23 48 r.t. 0 -

10 24 4 r.t. 55 12
11 24 20 -30 5 20
12 24a 24 25 0 -
13 24b 24 25 12 15
14 25 24 -30 <5 8
15 26 4 25 47 13
16 26 24 25 5 13
17 27 20 -30 <5 -
18 28 4 25 0 -
19 28 20 -30 0 -
20

N

34 18 25

HN

100 6

10
N

20 6 r.t.
HN

0 -

11
N

EtO

20 6 r.t.
HN

EtO

91 11

12 20c 24 r.t. 0 -
13 20c 24 70 ºC 0 -
14 21c 24 r.t. 0 -
15

O

21c 24 70 ºC

OH

0 -
16 20 48 r.t. 0 -

17

O

23 48 r.t.

OH

0 -

Carried out in a toluene, b chlorobenzene, c diethyl ether


