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(a) Compound Y [(NHCeH*)(CuXz)]
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Figure S1. '"H NMR spectra of (a) compound Y, (b) NHC-Agl (1b) and (c) NHC-HI (4b) in DMSO-ds.



2. Spectral data for azolium compounds

4a (R'=Me, R?>=Bn)

TH-NMR (CDCls, 400 MHz): 6 10.48 (s, 1H), 7.88 (d, ] = 8.1 Hz, 1H), 7.63-7.48 (m, 6H),
7.40-7.31 (m, 3H), 5.80 (d, J = 15.4 Hz, 1H), 5.71 (d, ] = 15.4 Hz, 1H), 4.97-4.92 (m, 1H), 4.86-
4.82 (m, 1H), 3.93-3.86 (m, 1H), 3.61-3.54 (m, 1H), 3.49-3.40 (m, 3H), 3.11-3.06 (m, 2H), 1.05
(d, ] = 6.3 Hz, 3H); 3C-NMR (CDCls, 100 MHz): 6 141.7, 132.1, 131.8, 130.9, 129.4, 128.3,
127.3,113.6,113.3, 65.3, 51.8, 48.2, 44.1, 35.4, 16.5.

4b (R1=Et, R*=Bn)

1IH-NMR (CDCls, 400 MHz): § 10.51 (s, 1H), 7.88 (d, ] = 8.2 Hz, 1H), 7.62-7.57 (m, 1H),
7.52-7.44 (m, 5H), 7.40-7.33 (m, 3H), 5.80 (d, ] = 15.1 Hz, 1H), 5.74 (d, ] = 15.1 Hz, 1H), 4.99-
4.93 (m, 1H), 4.88-4.81 (m, 1H), 3.77-3.69 (m, 1H), 3.51-3.44 (m, 3H), 3.31 (br, 1H), 3.17-3.09
(m, 1H), 1.47-1.34 (m, 2H), 0.75 (t, ] = 7.3 Hz, 3H); *C-NMR (CDCl;, 100 MHz): & 169.2,
141.7,132.1, 131.8, 130.9, 129.4, 129.4, 128.3, 127.4, 127.3, 113.6, 113.3, 63.7, 53.9, 51.8, 44.0,
35.3,23.8,10.5.

Ent-4b (R1=Et, R*=Bn)

1H-NMR (CDCls, 400 MHz): § 10.52 (s, 1H), 7.89 (d, ] = 8.7 Hz, 1H), 7.64-7.57 (m, 1H),
7.54-7.43 (m, 5H), 7.40-7.33 (m, 3H), 5.80 (d, ] = 15.1 Hz, 1H), 5.75 (d, ] = 15.1 Hz, 1H), 5.00-
4.93 (m, 1H), 4.88-4.82 (m, 1H), 3.77-3.69 (m, 1H), 3.52-3.42 (m, 3H), 3.29 (br, 1H), 3.16-3.10
(m, 1H), 1.47-1.36 (m, 2H), 0.75 (t, ] = 7.5 Hz, 3H); ®C-NMR (CDCl;, 100 MHz): & 169.4,
141.9,132.3, 131.8, 130.9, 129.4, 129.3, 128.3, 127.3, 127.2, 113.7, 1134, 63.7, 53.8, 51.9, 44.1,
35.5,23.8,10.5.

4c (R'=Bu, R?=Bn)

TH-NMR (CDCls, 400 MHz): 6 10.45 (s, 1H), 7.91 (d, ] = 8.2 Hz, 1H), 7.59-7.56 (m, 1H),
7.50-7.47 (m, 4H),7.38-7.32 (m, 4H), 5.78 (d, ] = 15.1 Hz, 1H), 5.73 (d, ] = 15.1 Hz, 1H), 4.97-
4.92 (m, 1H), 4.86-4.81 (m, 1H), 3.94-3.91 (m, 1H), 3.50-3.40 (m, 3H), 3.26-3.25 (br, 1H), 3.12-
3.07 (m, 1H), 1.43-1.30 (m, 2H), 1.16-1.10 (m, 1H), 0.78 (d, ] = 6.2 Hz, 3H), 0.74 (d, ] = 6.2
Hz, 3H); 3C-NMR (CDCls, 100 MHz): 6 169.2, 142.0, 132.3, 131.8, 130.9, 129.4, 129.3, 128.3,
127.3,127.2,113.7,113.4, 64.6, 51.9, 50.4, 44.1, 39.7, 35.5, 24.7, 22.8, 22.1.

4d (R'=Bu, R*=Bn)

1IH-NMR (CDCls, 400 MHz): & 10.55 (s, 1H), 7.88 (d, ] = 8.5 Hz, 1H), 7.61-7.57 (m, 1H),
7.52-7.49 (m, 4H), 7.40-7.34 (m, 4H), 5.80 (d, ] = 15.0 Hz, 1H), 5.74 (d, ] = 15.0 Hz, 1H), 5.00-
4.95 (m, 1H), 4.88-4.85 (m, 1H), 3.71-3.66 (m, 1H), 3.62-3.51 (m, 2H), 3.45-3.42 (m, 1H), 3.23
(br, 1H), 3.15-3.08 (m, 1H), 1.57-1.55 (m, 1H), 1.35-1.31 (m, 1H), 1.02-0.95 (m, 1H), 0.79-0.74
(m, 6H); ®*C-NMR (CDCls;, 100 MHz): 8 169.2, 141.9, 132.2, 131.7, 130.8, 129.3, 129.2, 128.2,
127.2,127.1, 113.6, 113.3, 61.8, 56.3, 51.8, 44.1, 35.4, 35.4, 25.6, 15.2, 11.1.

4e (R'=Bu, R*=Bn)

1H-NMR (CDCls, 400 MHz): § 10.54 (s, 1H), 7.86 (d, ] = 8.1 Hz, 1H), 7.63-7.59 (m, 1H),
7.54-7.47 (m, 4H), 7.40-7.36 (m, 3H), 7.21 (d, ] = 9.4 Hz, 1H), 5.80 (d, ] = 15.3 Hz, 1H), 5.70
(d, ] = 153 Hz, 1H), 5.04-4.97 (m, 1H), 4.79-4.76 (m, 1H), 3.82-3.67 (m, 3H), 3.60-3.56 (m,
1H), 3.11-3.04 (m, 2H), 0.86 (s, 9H); B.C-NMR (CDCls, 100 MHz): & 169.7, 141.8, 132.2, 131.8,
130.8,129.3, 129.3, 128.2, 127.3, 127.2, 113.6, 113.3, 60.6, 60.1, 51.8, 43.9, 35.1, 33.5, 26.9.

5a (R'=Me, R=Me)

H-NMR (DMSO, 400 MHz): § 9.66 (s, 1H), 8.09-8.05 (m, 1H), 8.03-8.00 (m, 1H), 7.81
(d, J=8.1 Hz, 1H), 7.82-7.66 (m, 2H), 4.71-4.68 (m, 2H), 4.63 (t, ] = 5.5 Hz, 1H) 4.07 (s, 3H),
3.75-3.65 (m, 1H), 3.24-3.19 (m, 1H), 3.16-3.12 (m, 1H), 2.75 (t, ] = 7.3 Hz, 2H), 0.89 (d, | =
7.3 Hz, 3H); BC-NMR (DMSO, 100 MHz): & 168.3, 143.1 131.6, 130.8, 126.4, 126.4, 113.6,
113.5,64.1, 46.5,43.2, 34.3, 33.2, 16.9.

5b (R'=Et, R=Me)



1H-NMR (DMSO, 400 MHz): § 9.67 (s, 1H), 8.10-8.07 (m, 1H), 8.02-7.99 (m, 1H), 7.73-
7.68 (m, 3H), 4.72 (t, ] = 6.4 Hz, 2H), 4.58 (t, ] = 5.5 Hz, 1H), 4.08 (s, 3H), 3.59-3.51 (m, 1H),
3.26-3.15 (m, 2H), 2.86-2.74 (m, 2H), 1.49-1.38 (m, 1H), 1.22-1.10 (m, 1H), 0.64 (t, ] = 7.3 Hz,
3H); 13C-NMR (DMSO, 100 MHz):  168.7, 143.1, 131.6, 130.7, 126.5, 126.4, 113.6, 113.5, 62.6,
52.2,43.3,34.4,33.2,23.4,10.1.

5¢ (R'=Bu, R*=Me)

1IH-NMR (DMSO, 400 MHz): § 9.65 (s, 1H), 8.08-8.05 (m, 1H), 8.03-7.99 (m, 1H), 7.71-
7.68 (m, 3H), 4.76-4.66 (m, 2H), 4.58 (br, 1H), 4.07 (s, 3H), 3.74-3.69 (m, 1H), 3.49-3.34 (m,
2H), 2.86-2.72 (m, 2H), 1.22-1.04 (m, 3H), 0.71 (d, ] = 7.3 Hz, 3H), 0.67 (d, ] = 7.3 Hz, 3H);
13C-NMR (DMSO, 100 MHz): § 168.3, 143.1, 131.6, 130.7, 126.5, 126.4, 113.6, 113.4, 63.6,48.7,
43.4,39.7,34.4,33.2,24.0,23.1, 21.6.

5d (Ri=Bu, R>=Me)

IH-NMR (CDCls, 400 MHz): § 10.29 (s, 1H), 7.95-7.89 (m, 1H), 7.74-7.68 (m, 1H), 7.68-
7.60 (m, 2H), 7.33 (d, ] = 8.5 Hz, 1H), 5.00-4.93 (m, 1H), 4.89-4.83 (m, 1H), 4.20 (s, 3H), 3.72-
3.66 (m, 1H), 3.62-3.55 (m, 1H), 3.48-3.41 (m, 2H), 3.31 (t, ] = 5.6 Hz, 1H), 3.16-3.09 (m, 1H),
1.58-1.48 (m, 1H), 1.36-1.26 (m, 1H), 1.06-0.93 (m, 1H), 0.78-0.74 (m, 6H); 13C-NMR (CDCl;,
100 MHz): 8 169.4, 142.1, 131.4, 131.1, 127.0, 126.9, 113.5, 112.5, 61.5, 55.9, 43.8, 35.5, 35.2,
34.2,25.4,15.0, 11.0.

5e (R1=Bu, R*=Me)

IH-NMR (CDCls, 400 MHz): & 10.29 (s, 1H), 7.91-7.88 (m, 1H), 7.70-7.63 (m, 3H), 7.18
(d, J=9.6 Hz, 1H), 5.03-4.96 (m, 1H), 4.80-4.74 (m, 1H), 4.19 (s, 3H), 3.82-3.77 (m, 1H), 3.70-
3.59 (m, 3H), 3.21 (br, 1H), 3.10-3.04 (m, 1H), 0.87 (s, 9H); 13C-NMR (CDCls, 100 MHz): &
169.9,142.1, 131.7, 131.5, 127.4, 127.3, 113.5, 112.5, 60.6, 60.1, 43.8, 35.3, 34.1, 33.6, 26.9.

10b (R'=Et, R>=Bn)

1IH-NMR (CDCls, 400 MHz): § 10.77 (s, 1H), 7.92-7.86 (m, 2H), 7.60-7.56 (m, 1H), 7.54-
7.47 (m, 4H), 7.38-7.32 (m, 3H), 5.82 (d, ] = 15.3 Hz, 1H), 5.76 (d, ] = 15.3 Hz, 1H), 4.99-4.92
(m, 1H), 4.88-4.82 (m, 1H), 3.91 (br, 1H), 3.66 (br, 1H), 3.50-3.38 (m, 3H), 3.14-3.07 (m, 1H),
1.43-1.36 (m, 2H), 0.73 (t, ] = 7.4 Hz, 3H); *C-NMR (CDCl3, 100 MHz): § 169.1, 142.3, 132.4,
131.7, 130.7, 129.2, 129.1, 128.1, 127.0, 127.0, 113.5, 113.3, 63.4, 53.6, 51.5, 44.0, 35.3, 23.7,
10.3.

Ent-10b (R1=Et, R>=Bn)

1H-NMR (CDCls, 400 MHz): § 10.77 (s, 1H), 7.90-7.86 (m, 2H), 7.60-7.54 (m, 1H), 7.52-
7.47 (m, 4H), 7.37-7.30 (m, 3H), 5.82 (d, ] = 15.1 Hz, 1H), 5.75 (d, ] = 15.1 Hz, 1H), 4.98-4.92
(m, 1H), 4.87-4.81 (m, 1H), 3.88 (br, 1H), 3.68-3.62 (m, 1H), 3.50-3.37 (m, 3H), 3.13-3.06 (m,
1H), 1.45-1.34 (m, 2H), 0.74 (t, ] = 7.4 Hz, 3H); BC-NMR (CDCl;, 100 MHz): & 169.1, 142.3,
1324, 131.7, 130.7, 129.2, 129.1, 128.1, 127.0, 127.0, 113.5, 113.3, 63.4, 53.6, 51.5, 44.0, 35.3,
23.7,10.3.

3. NMR chart
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4. Selected Chiral GC Traces in the ACA Reaction
The enantiomeric excess of 1,4-adducts in the ACA reaction was determined by chiral

GLC according to the previously reported procedures..

3-Ethylcyclohexanone (3): Supelg 0 -Dex223 Rt = 58 min (S)
pages 37-39 _ T0°C,N; gas Rt = 60 min (R)
Linear velocity of 27.5 cm/s
) 3-Ethyl-4,4- Supelco y-Dex225, Rt = 58 min (R)
dimethylcyclohexanone (6): 85 °C, N, gas Rt = 59 min (5)
page 40 Linear velocity of 27.5 cm/s
3-Ethylcycloheptanone (7): page Supelcoo B-Dex225, Rt =57 min (S)
41 807G, Nagas Rt = 60 min (R)
Linear velocity of 27.5 cm/s
3-Methylcyclohexanone (8): Supelg 0 y-Dex225 Rt =53 min (S)
page 42 . 60 C.’ N: gas Rt =60 min (R)
Linear velocity of 27.5 cm/s
3-Methylcycloheptanone (9): page S”pelgo B-Dex225 Rt =58 min (S)
) 70°C, N> gas Rt =72 min (R)
Linear velocity of 27.5 cm/s
3-Ethylcyclohexanone (3)
Intensity
5000
1000 ." \
] [N
] \ \
3000—: l\ \
] i | \\
200&: /,\ \ \\‘
] / | N
1000 / J \\
ol Y D |
5|8 59 I 6|0 6|l I 6‘2 6|3 ]
min
retention time arca conc.
58.948 63402 20.095
60.277 252104 79.905

Table 1, entry 2, right: (5)-3; 80% ee



Intensity
500

] #
1000-] M
[\
1 [\
| \
i ‘ \
3000 | A
: N
2000-| |
1000 ] S
1 r s
] “i /“\\

(%__ . __~__i e e R B e o |
_l“\"‘1“‘I“‘<““ll“l‘"l‘\"l‘"lll\'ll‘|\l\v\\ll\‘ll
57 58 59 60 61 62 63

min
retention time area conc.
58.522 232473 89.758
61.243 26528 10.242
Table 2, entry 5, left: (R)-3; 75% ee
Intensity
5000+ P
] %
] (\\\
1000 ;
] | \
3000+ I‘ \
2000-] _ I
] ‘
1000+ ; |
] / J
1 I J, B ¥ S ... SN
T T T T i T T U L 153 T (| =TT T
56 57 58 59 60 61 62 63
min
retention time area cone.
57.818 37973  12.462
58.890 266745  87.538
Table 2, entry 3, right: (5)-3; 87% ee
Intensity
z
re
| L\\
5000+ N
|
|
|
|
]
2500+ |
' s
| 7_:>_/,{:‘:\\5
S S e e i e
o
T T T T
56 57 58 59 60 61 62
min
retention time area cone.
57.061 313453  93.494
59.752 21814 6.506

Table 2, entry 7, right: (5)-3; 89% ee



Intensity

5000 [\
| \
| N
| X
| \\
2500 i \'\
\
| \
| £
o .‘" o s ,\_~ k—;/’_-z_,\',";\__;i
5% o7 58 59 60 61 6 63 64
) . min
retention time areca conc.
58.147 342427  94.688
61.015 19211  5.312
Table 3, entry 2, left: (S)-3; 69% ee
Intensity
] e
5000 ™\
] [\
] [ \\
4000+ | N
] | \
1 |
30004 ‘I b
|
2000 I‘
1000 |
< |
1 / o
0,.__.;_,__,___4"_77—7—*_7_77_7 —
- T I T R L T L 1 g R
56 57 58 59 60 61
min
retention time area cone.
56.979 273979  84.264
59.426 51166 15.736
Table 3, entry 2, right: (R)-3; 78% ee
Intensity
6000-] -
] R
; e
5000-] ‘,"‘ \\
: N
4000 ' \
] | N
3000 | N
2000 2 |
1 i |
1000 / |
] / | —
i I A — ]
7"" TrTTTTT EE I =T T T T a T '
56 57 h8 59 60 61 62
min
retention time area cone.
57.5509 40676  10.956
58.587 330581  89.044



3-Ethyl-4,4-dimethylcyclohexanone (6)
Table 3, entry 3, left: (S)-6; 57% ee

Intensity

5000
| |
\

2500 :

o SR e
: — —— T :
B 58 59 60 61
: " min
retention time arca conc.
57.955 64684 21.378
237889 78.622

58.950

Table 3, entry 3, right: (R)-6; 84% ee



Intensity

15000+ &
1 f R\
[\
|
| |
10000+ |
] | N
\
|
1 |
5000 '
= |
| \ }
0—_ 3 _L/I_i_i_i_i_ii_\:k__- -:/;77_7_\:'_ 4 |
T 7 T T T T
57 58 h9 60 61
: 4 min
retention time arca conc.
5715 668616 91.772
59.749 59949 8.228
3-Ethylcycloheptanone (7)
Table 3, entry 4, left: (R)-7; 73% ee
Intensity
5000
4000
o | I'\I‘
] | \
3000 [\
] | \
2000+ | .
] - \
b = | \
1000+ /f\ |
]
] / ‘|‘
Ofu,,\,,__ﬁ_,_ ,_/— o e j‘ i R
T i T T T TS L LT EEE:
55 56 57 58 59 60 61 62
min
retention time area conc.
56.577 33183 13.520
59.757 212255 86.480

Table 3, entry 4, right: (S)-7; 81% ee



Intensity

15000 2
J ME
Y
R
] ‘L\
10000 [\
o
\\
5000-] | \
1 \ _
| \
| .‘l \ TN
o+ -— AN S
LI B T T T TTT e T T T R T
54 55 56 57 58 59 60 61 62
. min
retention time arca conc.
55.673 692217 90.346
60.301 73969 9.654



3-Methylcyclohexanone (8)
Table 3, entry 5, right: (5)-8; 93% ee

Intensity
4000-] N
1 MY
|
3
, .
30004 ‘ »
] ‘ \
2000 ‘ "-\\1
\
1 3
1000 | N
] ‘ N -
] | \\ 2
~4— —'”b«wwwww“;\%www&hum
T T T T T T T T T T T T T T T T T T
52 53 54 55 56 57 58 59 60 61 62
. . min
retention time area conc.
53.220 289259 96.684
60.473 9920 3.316
3-Methylcycloheptanone (9)
Table 3, entry 6, right: (S)-9; 93% ee
Intensity
] It
oo\
] |
] ‘ \
3000+ \
N
] 51
2000+ ‘ \
] \
1000 ‘ \
i \
\ L
i ‘ \\ 3
o I . S
-10004+—— :
60 70
min
retention time area conc.
58.303 291486 96.633
71.844 10155 3.367



