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We report herein a well-defined NHC—Pd(II)—Im (NHC=N-heterocyclic carbene; Im=1-methylimidazole)
complex catalyzed C—N coupling of primary amines with aryl chlorides. Under the optimal reaction
conditions, a variety of primary amines can be coupled with aryl chlorides to give the amination products
in good to high yields within 4 h. It is worthy of noting here that the NHC—Pd(II)-Im complex showed
especially high catalytic activity toward challenging sterically hindered substrates including both of aryl
amines and aryl chlorides. In addition, alkyl amines were also proved to be suitable reaction partners to
give the corresponding amination products in good to high yields.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

N-containing molecules are prevalent in compounds with bi-
ological, pharmaceutical, and materials interest, etc.' Since the initial
amination reactions were reported,? the palladium-catalyzed C—N
cross-coupling reactions have become the most versatile strategy for
N-containing compounds.> Among the electrophiles, aryl chlorides
are the most desirable due to their low-cost and the wider avail-
ability.# Owing to some notable phosphine ligands mainly developed
by Buchwald,” Hartwig,® Beller,” Verkade? et al.® nowadays, aryl
chlorides have been commonly used as the coupling partner in the
C—N bond formations. Generally, the highly active phosphane li-
gands are expensive, air-sensitive, and toxic. Therefore, to develop
inexpensive and air-stable ligands in the palladium-catalyzed C—N
cross-coupling is still in great demand. In this regard, N-heterocyclic
carbenes (NHCs),'° usually with higher air- and thermal-stability, as
a chanllenger to phosphine-based ligands, have also played impor-
tant role in the palladium-catalyzed aminations of aryl chlorides.!!
Recently, we have developed a new well-defined NHC—Pd(II)—Im
complex 1 and found it to be an efficient catalyst in the amination
reactions of aryl chlorides (Scheme 1).12 To our disappointment, the
optimal reaction conditions were only suitable for secondary amines,
such as morpholine, piperidine, pyrrolidine, N-methylbenzylamine,
and N-methylaniline, while primary amines showed no activity
under the identical conditions. In addition, only few successful
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results on the synthesis of ortho-tetra-substituted diarylamines from
the reactions between sterically hindered aryl amines and aryl
chlorides were reported.8>9811411e13 Thege results prompted us to
further investigate the application of NHC—Pd(II)-Im complex 1 in
the amination reactions of primary amines, especially using steri-
cally hindered primary amines and aryl chlorides as the substrates.
Furthermore, alkyl amines were also tested for the amination re-
actions of aryl chlorides. Herein, we wish to report these results in
detail.
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Scheme 1. NHC—Pd(II)—Im complex 1 catalyzed aminations of secondary amines with
aryl chlorides.
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2. Results and discussion

Initially, standard reactions were carried out using chloro-
benzene 2a (0.77 mmol) and aniline 3a (1.2 equiv) as the sub-
strates in the presence of NHC—Pd(II)-Im 1 (1.0 mol %) at 70 °C
for 4 h to find out the best solvent and base. Some representative
results are shown in Table 1. It was found that the solvents and
bases drastically affected the reactions. For example, in the first
round, using KO'Bu as the base, toluene appeared to be the best
solvent to give the desired product 4a in 69% yield (Table 1, entry
7). In other solvents, such as tetrahydrofuran (THF), N,N-dime-
thylformamide (DMF), dimethylsulfoxide (DMSO), 1,2-
dimethoxyethane (DME), 'PrOH, and dioxane, low yield or no
reaction was observed (Table 1, entries 1-6). The reaction pro-
ceeded well when KO'Bu was used as the base (Table 1, entry 7),
whereas other bases, such as LiO‘Bu, NaO‘Bu, and NaOH were
ineffective (Table 1, entries 8—10). In addition, no reaction took
place when KOAc, K3P0O343H>0, Li»CO3, Cs,CO3, NaHCO3, NayCOs,
K,CO03, and KOH were used as the base, respectively. Better result
was obtained when the temperature was elevated to 90 °C (Table
1, entry 11). Finally, the best catalytic activity was achieved
when the reaction was performed in refluxing toluene (Table 1,
entry 12).

Table 1
Representative results for the optimization of NHC—Pd(II)—Im complex 1 catalyzed
reaction between chlorobenzene 2a and aniline 3a

NHC-Pd(l1)-Im 1
(1.0 mol%)
/ base, sol., temp, 4 h
Entry? Solvent Base Yield® (%)
1 THF KO'Bu 9
2 DMF KO'Bu —
3 DMSO KO'Bu Trace
4 DME KO'Bu Trace
5 'PrOH KO'Bu Trace
6 Dioxane KO'Bu —
7 Toluene KO'Bu 69
8 Toluene LiO'Bu 5
9 Toluene NaO'Bu Trace
10 Toluene NaOH 9
11¢ Toluene KO'Bu 79
124 Toluene KO'Bu 95

2 Otherwise specified, all reactions were carried out using 2a (0.77 mmol), 3a
(1.2 equiv), 1 (1.0 mol %), base (1.0 mmol) in the solvent (1.0 mL) at 70 °C for 4 h.

b Isolated yields.

¢ The reaction was carried out at 90 °C.

4 The reaction was carried out under reflux.

Subsequently, the scope of the amination reactions between
various aryl chlorides 2 and primary amines 3 was first studied
under the optimal conditions (no sterically hindered substrates
were involved in this case). As can be seen from Table 2, all re-
actions took place smoothly to give the desired products 4 in good
to high yields within 4 h. The reactions involving heteroaryl chlo-
ride, such as 3-chloropyridine also proceeded well to give products
4n—s in 80—85% yields.

We next turned our particular attention to the amination re-
actions involving sterically hindered substrates. The results are
shown in Table 3. As the sterically hindered anilines investigated,
all reactions proceeded very well to give the desired products 4 in
good to high yields. Sterically hindered deactivated aryl chlorides
also worked well in these transformations. It is worthy of noting

Table 2
NHC—Pd(II)—Im 1 catalyzed amination of aryl chlorides
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& All reactions were carried out using 2 (0.80 mmol), 3(1.2 equiv),
1 (1.0 mol%), KO'Bu (1.0 mmol) in refluxing toluene (1.0 mL)

for4 h.

® |solated yields.

that a variety of ortho-tetra-substituted diarylamines, such as
4z—4ae can be synthesized in 84—99% yields. It should be also
noted here that product 4ac, bearing ortho-tetra branched iso-
propyl groups, was the first example from the amination reaction of
aryl chloride. These results indicated that the NHC—Pd(II)—Im
complex 1 was pretty good for the amination reactions of sterically
hindered substrates.

Finally, alkyl amines, which are usually difficult substrates in
the C—N coupling reactions because of the B-hydride elimination
during the catalytic cycle, were also tested. It was found that
alkyl amines were also suitable in the NHC—Pd(II)-Im 1
catalyzed aminations under the optimal reaction conditions. For
instance, 4-methoxybenzylamine, benzylamine, and cyclohexyl-
amine reacted with chlorobenzene and 3-methoxyphenyl
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Table 3
Aminations using sterically hindered substrates
H
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& All reactions were carried out using 2 (0.80 mmol), 3(1.2 equiv),
1 (1.0 mol%), KO'Bu (1.0 mmol) in refluxing toluene (1.0 mL)
for 4 h.

® solated yields.

chloride smoothly to give the corresponding mono-aminated
products 4af—ai in good to high yields. In the case of the long-
chain n-octylamine used as the substrate, the mono-aminated
products 4 along with the bis-aminated products 5 were ob-
tained in good to high total yields, with products 5 as the major
in almost all cases. Substituents on the aryl chlorides have ob-
vious effect on the reactions. For example, with 2-methylphenyl
chloride as the substrate, the mono-aminated product 4an was
formed as the major. In addition, with the sterically hindered 2,6-
dimethylphenyl chloride as the substrate, only the mono-
aminated product 4ao was isolated in 62% yield as the sole
product (Table 4).

Table 4
Aminations using alkyl amines as the substrates
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Notes:

@ Otherwise specified, all reactions were carried out using

2 (0.80 mmol), 3 (1.2 equiv), 1 (1.0 mol%), KOBu (1.0 mmol) in
refluxing toluene (1.0 mL) for 4 h.

b |solated yields.

€ 2.0 equiv of amines were used.
3. Conclusion

In conclusion, we have found that the well-defined NHC—Pd(II)—
Im complex 1 derived from commercially available IPr-HCl, PdCly,
and 1-methylimidazole was an efficient catalyst in the aminations
between primary amines and aryl chlorides. Under the optimal re-
action conditions, all aminated products can be achieved in good to
highyields within 4 h. It is worthy of noting that the complex is fairly
well for the aminations of sterically hindered primary amines and
alkyl amines with aryl chlorides, which will open exciting oppor-
tunities for this complex in organic synthesis.
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4. Experimental section
4.1. General remarks

'H and 3C NMR spectra were recorded on a Bruker Avance-300
or 500 MHz spectrometer for solution in CDCl3 with tetrame-
thylsilane (TMS) as an internal standard or in DMSO-dg; J-values are
in hertz. THF, DMF, DMSO, DME, ‘PrOH, dioxane, and toluene were
treated with standard method. Commercially obtained reagents
were used without further purification. Flash column chromatog-
raphy was carried out using Huanghai 300—400 mesh silica gel at
increased pressure.

4.2. Experimental procedures

Under N, atmosphere, KOBu (1140 mg, 1.0 mmol),
NHC—Pd(II)—Im complex 1 (5.2 mg, 1.0 mol %), dry toluene (1.0 mL),
chlorobenzene 2a (0.8 mmol), and aniline 3a (0.96 mmol) were
successively added into a Schlenk reaction tube. The reaction
mixture was stirred under reflux for 4 h. Then the solvent was re-
moved under reduced pressure and the residue was purified by
a flash chromatography on silica gel to give the pure product 4a.

4.2.1. Compound 4a.'* A yellow solid. "H NMR (500 MHz, CDCls,
TMS) ¢ 7.26 (t, J=7.5 Hz, 4H, Ar), 7.07 (d, J=7.5 Hz, 4H, Ar), 6.92 (t,
J=7.5 Hz, 2H, Ar), 5.69 (s, 1H). 3C NMR (125 MHz, CDCl3) 6 143.1,
129.3,121.0, 117.8.

4.2.2. Compound 4b."* A yellow solid. '"H NMR (500 MHz, CDCls,
TMS) 6 7.25—7.21 (m, 2H, Ar), 7.08 (d, J=8.0 Hz, 2H, Ar), 7.01-6.99
(m, 4H, Ar), 6.87 (t, J=7.5 Hz, 1H, Ar), 5.59 (s, 1H), 2.30 (s, 3H, Me).
13C NMR (125 MHz, CDCl3) 6 143.8,140.2, 130.9, 129.8,129.3,120.2,
118.8,116.8, 20.7.

4.2.3. Compound 4c¢.%% A yellow liquid. 'TH NMR (500 MHz, CDCls,
TMS) 6 7.27—7.24 (m, 2H, Ar), 715 (t, J=7.5 Hz, 1H, Ar), 7.06 (d,
J=7.5 Hz, 2H, Ar), 6.93—6.87 (m, 3H, Ar), 6.75 (d, J—7.5 Hz, TH, Ar),
5.64 (s, 1H), 2.30 (s, 3H, Me). 3C NMR (125 MHz, CDCls) 6 143.2,
143.1,139.2, 129.3, 129.1, 121.9, 120.9, 118.5, 117.8, 114.9, 21.5.

4.2.4. Compound 4d.”* A yellow liquid. "H NMR (500 MHz, CDCls,
TMS) 6 7.25—7.11 (m, 5H, Ar), 6.96—6.87 (m, 4H, Ar), 5.36 (s, 1H),
2.24 (s, 3H, Me). >C NMR (125 MHz, CDCl3) § 144.0, 141.2, 130.9,
129.3,128.3, 126.7, 122.0, 120.4, 118.8, 117.4, 17.9.

4.2.5. Compound 4e.”* A white solid. 'H NMR (500 MHz, DMSO)
6 7.15 (dd, J=8.5, 7.5 Hz, 2H, Ar), 7.04 (d, J=8.5 Hz, 2H, Ar), 6.91 (d,
J=7.5 Hz, 2H, Ar), 6.88—6.84 (m, 2H, Ar), 6.70 (t, J=7.5 Hz, 1H, Ar),
3.71 (s, 3H, OMe). 13C NMR (125 MHz, DMSO) ¢ 153.8, 145.1, 136.1,
129.1,120.3, 118.3, 114.8, 114.5, 55.2.

4.2.6. Compound 4f'* A pale yellow solid. 'TH NMR (500 MHz, CDCl3,
TMS) 6 7.28—7.23 (m, 2H, Ar), 716 (t, J=8.0 Hz, 1H, Ar), 7.11 (d,
J=7.5Hz, 2H, Ar), 6.95 (t, ]=7.5 Hz, 1H, Ar), 6.67 (d, J=7.5 Hz, 2H, Ar),
6.51—6.49 (m, 1H, Ar), 3.76 (s, 3H, OMe). >C NMR (125 MHz, CDCl3)
6160.7,144.2,142.5,130.1,129.3,121.6, 118.6, 110.5, 106.6, 103.6, 55.2.

4.2.7. Compound 4g."> A yellow solid. 'TH NMR (500 MHz, CDCls,
TMS) 6 7.87 (d, J=9.0 Hz, 2H, Ar), 7.35 (t, J=7.5 Hz, 2H, Ar), 7.19 (d,
J=17.5Hz, 2H, Ar), 7.08 (t, J=7.5 Hz, 1H, Ar), 7.00 (d, J=9.0 Hz, 2H, Ar),
2.53 (s, 3H, Me). 13C NMR (125 MHz, CDCl3) 6 196.4, 148.4, 140.6,
130.6, 129.5, 129.0, 123.3, 120.7, 114.4, 26.1.

4.2.8. Compound 4h.”® A pale yellow liquid. 'TH NMR (300 MHz,
CDCl3, TMS) 6 7.30 (t, J=7.8 Hz, 2H, Ar), 718 (dd, J=15.0, 7.8 Hz, 1H,
Ar), 7.11 (d, J=7.8 Hz, 2H, Ar), 7.00 (t, J=7.2 Hz, 1H, Ar), 6.78 (d,

J=8.7 Hz, 2H, Ar), 6.58 (t, J=7.8 Hz, 1H, Ar), 5.82 (s, 1H). 3C NMR
(75 MHz, CDCl3) 6 163.7 (d, Jc_p=242.3 Hz), 145.3 (d, Jc_r=10.5 Hz),
141.9, 130.4 (d, Jc_;=9.8 Hz), 129.4, 122.0, 119.0, 112.5, 107.0 (d,
Je_r=21.8 Hz), 103.5 (d, Jc_F=25.5 Hz).

4.2.9. Compound 4i.'” A pale yellow solid. '"H NMR (300 MHz,
CDCl3, TMS) 6 7.15 (t, J=8.1 Hz, 1H, Ar), 7.07 (dd, J=9.0, 4.8 Hz, 2H,
Ar), 6.98 (t, J=9.0 Hz, 2H, Ar), 6.57—6.52 (m, 2H, Ar), 6.45 (dd,
J=8.1, 2.1 Hz, 1H, Ar), 5.59 (s, 1H), 3.77 (s, 3H, OMe). 13C NMR
(75 MHz, CDCl3) ¢ 160.7, 158.2 (d, Jc_r=240.8 Hz), 145.4, 138.5,
130.2, 121.1 (d, Je_p=7.5 Hz), 115.9 (d, Jc_r=22.5 Hz), 109.2, 105.5,
102.3, 55.2.

4.2.10. Compound 4j."® A pale yellow solid. 'TH NMR (300 MHz,
DMSO) 6 7.80 (s, 1H, Ar) 7.03—6.98 (m, 4H, Ar), 6.93—6.83 (m, 4H,
Ar), 3.69 (s, 3H, OMe). 3C NMR (75 MHz, DMSO) ¢ 155.6 (d,
Jc—F=232.7 Hz),153.7,141.6,136.6,119.8,116.4 (d, Jc_r=7.5 Hz), 115.6
(d, Jc—r=22.0 Hz), 114.6, 55.2.

4.2.11. Compound 4k."® A pale yellow solid. 'TH NMR (300 MHz,
CDCl3, TMS) 6 7.07 (d, J=8.4 Hz, 2H, Ar), 7.01—6.90 (m, 6H, Ar), 5.47
(s, TH), 2.29 (s, 3H, Me). 3C NMR (75 MHz, CDCl3) § 157.6 (d,
Je_p=237.8 Hz), 1410, 139.7, 130.5, 129.9, 119.3 (d, J_s=7.5 Hz),
117.8, 115.8 (d, Jc_p—=21.8 Hz), 20.6.

4.2.12. Compound 4L A pale yellow solid. 'H NMR (300 MHz,
CDCls, TMS) & 7.18—7.10 (m, 3H, Ar), 7.01 (d, J=2.1 Hz, 2H, Ar),
6.71—6.67 (m, 2H, Ar), 6.55—6.49 (m. 1H, Ar), 5.68 (s, TH), 2.32 (s,
3H, Me). 3C NMR (75 MHz, CDCl3) 6 163.8 (d, J_p—242.3 Hz), 146.1
(d, Je_r=10.5 Hz), 139.1, 132.1, 1304 (d, Jc_r=9.8 Hz), 129.9, 120.1,
111.7, 106.3(d, Je_p—21.0 Hz), 102.6 (d, Jc_p—24.8 Hz), 20.7.

4.2.13. Compound 4m.’® A pale yellow liquid. "H NMR (300 MHz,
CDCls, TMS) 6 7.28—7.22 (m, 2H, Ar), 7.08—6.88 (m, 7H, Ar), 5.64 (s,
1H). 3C NMR (75 MHz, CDCl3) 6 158.0 (d, Jc_r=238.5 Hz, C), 143.9,
138.8,129.4, 120.5 (d, Jc_p=7.5 Hz), 116.7, 115.9 (d, Jc_r=21.8 Hz).

4.2.14. Compound 4n.""? A yellow solid. "H NMR (500 MHz, CDCls,
TMS) 6 8.38 (d, J=2.5 Hz, 1H, Ar), 8.16 (dd, J=4.5, 1.0 Hz, 1H, Ar),
7.42-7.40 (m, 1H, Ar), 7.30 (dd, J=8.5, 7.5 Hz, 2H, Ar), 717 (dd, J=8.5,
45 Hz, TH, Ar), 7.08 (d, J=7.5 Hz, 2H, Ar), 7.00 (t, ]-7.5 Hz, 1H, Ar),
5.79 (s, 1H). 3C NMR (500 MHz, CDCl3) 6 141.9, 141.8, 140.1, 139.8,
129.5,123.7,123.4,122.0, 118.3.

4.2.15. Compound 402° A yellow liquid. '"H NMR (300 MHz, CDCls,
TMS) 6 8.29 (s, 1H, Ar), 8.12 (d, J=4.2 Hz, 1H, Ar), 7.26—7.12 (m, 5H,
Ar), 7.01 (t, J=7.2 Hz, 1H, Ar), 5.47 (s, 1H), 2.26 (s, 3H, Me). >C NMR
(75 MHz, CDCl3) 6 141.3,140.6,139.8,139.5,131.2,129.4, 126.9, 123.7,
123.2,122.8,119.6, 17.9.

4.2.16. Compound 4p.>° A pale yellow solid. 'H NMR (300 MHz,
CDCl3, TMS) 6 8.33 (d, J=2.7 Hz, 1H, Ar), 8.11 (d, J=4.5 Hz, 1H, Ar),
7.36—7.32 (m, 1H, Ar), 7.16—7.11 (m, 3H, Ar), 7.01 (d, J=8.1 Hz, 2H,
Ar), 5.73 (s, 1H), 2.32 (s, 3H, Me). 3C NMR (75 MHz, CDCl3) 6 141.2,
140.5, 139.3, 139.0, 132.0, 130.0, 123.7, 122.3, 119.3, 20.7.

4.2.17. Compound 4q.°° A white solid. '"H NMR (300 MHz, CDCls,
TMS) 6 8.31 (d, J=2.7 Hz, 1H, Ar), 8.13 (d, J=4.5 Hz, 1H, Ar), 7.31-7.27
(m, 1H, Ar), 7.15 (dd, J=8.1, 4.5 Hz, 1H, Ar), 7.10—6.98 (m, 4H, Ar),
5.79 (s, TH). 13C NMR (75 MHz, CDCls) 6 158.5 (d, Jc_p=240.8 Hz),
141.5,140.5,139.2,137.6,123.7,122.3,121.2 (d, Jc_r=8.3 Hz), 116.2 (d,
Je_F=22.5 Hz).

4.2.18. Compound 4r2° A pale yellow solid. 'TH NMR (300 MHz,
CDCls, TMS) 6 8.38 (s, 1H, Ar), 8.15 (d, J—4.2 Hz, 1H, Ar), 7.41 (d,
J=8.4 Hz, 2H, Ar), 7.21-7.15 (m, 2H, Ar), 6.89 (d, J=7.5 Hz, 2H, Ar),
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6.82 (d, J=7.5 Hz, 1H, Ar), 5.82 (s, 1H), 2.32 (s, 3H, Me). 3C NMR
(75 MHz, CDCl3) 6 141.8,141.7,140.0, 139.9, 139.5, 129.3, 123.7,123.4,
122.9, 118.9, 115.3, 21.5.

4.2.19. Compound 4s?° A white solid. '"H NMR (300 MHz, CDCls,
TMS) 6 8.25 (d, J=2.4 Hz, 1H, Ar), 8.07 (d, J=4.5 Hz, 1H, Ar), 7.27—7.19
(m, 1H, Ar), 713—7.10 (m, 3H, Ar), 6.89 (d, J=9.0 Hz, 2H, Ar), 5.58 (s,
1H), 3.81 (s, 3H, OMe). 3C NMR (75 MHz, CDCl3) ¢ 155.9, 141.6,
140.6, 138.3, 134.3, 123.7, 122.7, 121.1, 114.8, 55.5.

4.2.20. Compound 4t°" A white solid. 'TH NMR (500 MHz, CDCls,
TMS) 6 7.19—7.09 (m, 5H, Ar), 6.77 (t, J=7.0 Hz, 1H, Ar), 6.54—6.52
(m, 2H, Ar), 5.21 (br, 1H), 2.24 (s, 6H, 2Me). 3C NMR (125 MHz,
CDCl3) 6 146.2, 138.2, 135.9, 129.2, 128.5, 125.7, 118.2, 113.5, 18.3.

4.2.21. Compound 4u.® A pale yellow liquid. '"H NMR (500 MHz,
CDCls, TMS) § 7.30 (dd, ]—8.5, 7.0 Hz, 1H, Ar), 7.2 (d, J=7.5 Hz, 2H,
Ar), 7.14 (dd, J=8.5, 7.5 Hz, 2H, Ar), 6.71 (t, J-7.5 Hz, 1H, Ar), 6.48 (d,
J=7.5 Hz, 2H, Ar), 3.20 (hep, J=7.0 Hz, 2H), 1.14 (d, J=7.0 Hz, 12H,
4Me). 13C NMR (125 MHz, CDCl3) 6 148.1, 147.6, 135.1, 129.2, 127.2,
123.8,117.6, 112.9, 28.2, 23.8.

4.2.22. Compound 4v."* A pale yellow liquid. '"H NMR (500 MHz,
DMSO) 6 7.04 (t, J=7.5 Hz, 2H, Ar), 6.91 (s, 2H, Ar), 6.55 (t, J=7.5 Hz,
1H, Ar), 6.36 (d, J=7.5 Hz, 2H, Ar), 2.23 (s, 3H, Me), 2.07 (s, 6H, 2Me).
13C NMR (125 MHz, DMSO) 6 147.2, 135.8, 135.6, 134.3, 129.0, 128.9,
116.3, 112.2, 20.5, 18.0.

4.2.23. Compound 4w?" A white solid. 'TH NMR (500 MHz, CDCl,
TMS) ¢ 7.11 (d, J=7.5 Hz, 1H, Ar), 710—6.94 (m, 3H, Ar), 6.67 (t,
J=7.5Hz, 1H, Ar), 6.13 (d, J=8.0 Hz, 1H, Ar), 4.85 (s, 1H), 2.31 (s, 3H,
Me), 2.30 (s, 3H, Me), 2.14 (s, 6H, 2Me). 13C NMR (125 MHz, CDCl3)
0 144.5, 136.0, 135.6, 135.1, 130.2, 129.2, 126.9, 122.1, 117.8, 111.5,
20.9, 18.1, 17.6.

4.2.24. Compound 4x.>?> A white solid. "TH NMR (500 MHz, CDCls,
TMS) ¢ 714—7.07 (m, 4H, Ar), 6.97 (t, J=7.5 Hz, 1H, Ar), 6.71 (t,
J=7.5 Hz, 1H, Ar), 6.15 (d, J=8.0 Hz, 1H, Ar), 4.94 (s, 1H), 2.34 (s, 3H,
Me), 2.19 (s, 6H, 2Me). *C NMR (125 MHz, CDCl3) ¢ 144.1, 138.7,
135.5,130.2, 128.5, 126.9, 125.5, 122.5, 118.1, 111.8, 18.2, 17.6.

4.2.25. Compound 4y>' A pale yellow liquid. 'H NMR (300 MHz,
CDCl3, TMS) 6 7.30—7.21 (m, 3H, Ar), 7.12 (d, J=7.5 Hz, 1H, Ar), 6.94
(t,J=8.0 Hz, 1H, Ar), 6.66 (t, J=7.5 Hz, 1H, Ar), 6.11 (d, J=8.0 Hz, 1H,
Ar), 4.89 (s, 1H), 3.10 (hep, J=6.6 Hz, 2H), 2.34 (s, 3H, Me), 1.16 (d,
J=6.6 Hz, 6H, 2Me), 1.11 (d, J=6.6 Hz, 6H, 2Me). 3C NMR (125 MHz,
CDCl3) 6 147.3, 146.0, 135.7, 130.1, 127.03, 126.95, 123.8, 121.3, 117.5,
111.4, 28.2, 24.7, 23.0, 17.6.

4.2.26. Compound 4z2? A white solid. 'H NMR (500 MHz, CDCls,
TMS) 6 6.97 (d, J=7.5 Hz, 4H, Ar), 6.84 (t, J=7.5 Hz, 2H, Ar), 4.79 (s,
1H), 2.01 (s, 12H, 4Me). 13C NMR (125 MHz, CDCl5) 6 141.8, 129.6,
128.7,121.7, 19.1.

4.2.27. Compound 4aa’> A yellow liquid. '"H NMR (500 MHz,
CDCl3, TMS) 6 7.16—7.11 (m, 3H, Ar), 6.94 (d, J=7.5 Hz, 2H, Ar),
6.72 (t,]J=7.5 Hz, 1H, Ar), 4.79 (s, 1H), 3.15 (hep, J=7.0 Hz, 2H), 1.98
(s, 6H, 2Me), 1.12 (d, J=7.0 Hz, 12H, 4Me). *C NMR (125 MHz,
CDCl3) 6 144.1, 143.1, 138.8, 129.5, 125.7, 124.8, 123.2, 119.6, 28.0,
23.4,19.3.

4.2.28. Compound 4ab.?* Avyellow liquid. '"H NMR (300 MHz, CDCls,
TMS) 6 7.09 (s, 3H, Ar), 6.75 (s, 2H, Ar), 4.69 (s, 1H), 3.12 (hep,
J=6.9 Hz, 2H), 2.22 (s, 3H, Me), 1.95 (s, 6H, 2Me), 1.11 (d, J=6.9 Hz,
12H, 4Me). >C NMR (125 MHz, CDCl3) 6 143.4, 140.5, 139.2, 130.0,
129.1,126.4, 124.2,123.2, 28.0, 23.4, 20.4, 19.2.

4.2.29. Compound 4ac. A white solid. Mp: 105—107 °C 'H NMR
(300 MHz, CDCl3, TMS) 6 7.10—6.98 (m, 6H, Ar), 4.87 (br, 1H), 3.08
(hep, J=6.6 Hz, 4H), 1.09 (d, J=6.6 Hz, 24H, 8Me). 3C NMR
(125 MHz, CDCl5) 6 140.9, 140.4, 123.8, 122.7, 27.8, 23.5. IR (neat) v
3724, 3629, 3600, 2948, 2864, 2357, 2335, 1748, 1731, 1537, 1455,
1441,1332,1270,1250, 1104, 1045, 931, 888, 864, 786, 741, 668 cm~ L
MS (ESI, m/z): 338 [M+1]"; HRMS (EI): calcd for Co4H3gN [M]:
338.2847; found: 338.2842.

4.2.30. Compound 4ad.?’ A white solid. '"H NMR (500 MHz, CDCl;,
TMS) 6 6.96 (d, J=7.5 Hz, 2H, Ar), 6.81—6.78 (m, 3H, Ar), 4.71 (s, 1H),
2.26 (s, 3H, Me), 2.00 (s, 6H, 2Me), 1.99 (s, 6H, 2Me). >C NMR
(125 MHz, CDCl3) 6 142.2, 139.0, 131.5, 130.5, 129.2, 128.8, 128.5,
120.9, 20.6, 19.1, 19.0.

4.2.31. Compound 4ae?* A white solid. 'TH NMR (500 MHz, CDCl3,
TMS) 6 6.78 (s, 4H, Ar), 4.60 (s, 1H), 2.24 (s, 6H, 2Me), 1.97 (s,
12H, 4Me). >C NMR (125 MHz, CDCl3) 6 139.5,130.7, 129.4, 129.3,
20.5, 19.0.

4.2.32. Compound 4af?> A pale yellow liquid. 'H NMR (500 MHz,
CDCls, TMS) 6 7.30 (d, J=9.0 Hz, 2H, Ar), 7.19 (dd, J=8.5, 7.5 Hz, 2H,
Ar), 6.89 (d, J=9.0 Hz, 2H, Ar), 6.72 (t, J=7.5 Hz, 1H, Ar), 6.65 (d,
J=75 Hz, 2H, Ar), 426 (s, 2H), 3.81 (s, 3H, OMe). °C NMR
(500 MHz, CDCl3) 6 158.9, 148.2, 131.4, 129.2, 128.8, 117.5, 114.0,
112.8, 55.3, 47.8.

4.2.33. Compound 4ag’® A pale yellow liquid. '"H NMR (500 MHz,
CDCl3, TMS) 6 7.40—7.26 (m, 5H, Ar), 7.20 (dd, J=8.0, 7.5 Hz, 2H, Ar),
6.74 (t,J=7.5 Hz, 1H, Ar), 6.66 (d, J=8.0 Hz, 2H, Ar), 4.35 (s, 2H), 4.04
(s, TH). 3C NMR (500 MHz, CDCl3) 6 148.1,139.4,129.2, 128.6, 127.5,
127.2,117.6, 112.8, 48.3.

4.2.34. Compound 4ah.%¢ Ayellow liquid. 'H NMR (500 MHz, CDCls,
TMS) 6 7.15 (t, J=7.5 Hz, 2H, Ar), 6.66 (t, J=7.5 Hz, 1H, Ar), 6.59 (d,
J=7.5 Hz, 2H, Ar), 3.51 (br, 1H), 3.28—3.23 (m, 1H), 2.07—2.05 (m,
2H), 1.78—1.74 (m, 2H), 1.67—1.64 (m, 1H), 1.42—1.33 (m, 2H),
1.26—1.14 (m, 3H). 3C NMR (500 MHz, CDCl3) 6 147.4, 129.2, 116.8,
113.1, 51.7, 33.5, 25.9, 25.0.

4.2.35. Compound 4ai.® Ayellow liquid. "TH NMR (500 MHz, CDCls,
TMS) 6 7.05 (t, J=8.0 Hz, 1H, Ar), 6.24—6.19 (m, 2H, Ar), 6.14 (t,
J=2.5 Hz, 1H, Ar), 3.76 (s, 3H, OMe), 3.26—3.20 (m, 1H), 2.07—2.04
(m, 2H), 1.77-1.73 (m, 2H), 1.66—1.62 (m, 1H), 1.40—1.32 (m, 2H),
1.27—1.10 (m, 3H). *C NMR (500 MHz, CDCl3) 6 160.9, 148.8, 129.9,
106.4, 101.8, 99.1, 55.1, 51.7, 33.5, 25.9, 25.0.

4.2.36. Compound 4aj.¢ A pale yellow liquid. 'TH NMR (500 MHz,
CDCl3, TMS) 6 7.17 (t,J=7.5 Hz, 2H, Ar), 6.68 (t,J=7.5 Hz, 1H, Ar), 6.60
(d,J=7.5Hz, 2H, Ar), 3.59 (s, 1H), 3.10 (t,J=7.0 Hz, 2H), 1.63—1.56 (m,
2H), 1.41-1.26 (m, 10H), 0.89 (t, J=6.5 Hz, 3H). 13C NMR (125 MHz,
CDCl3) 6 148.4, 129.2, 117.3, 112.9, 44.2, 31.8, 29.5, 29.4, 29.3, 27.2,
22.6, 14.1.

4.2.37. Compound 4ak.>’ A pale yellow liquid. "TH NMR (500 MHz,
CDCl3, TMS) 6 6.99 (d, J=8.0 Hz, 2H, Ar), 6.54 (d, J=8.0 Hz, 2H, Ar),
3.08 (t,J=7.0 Hz, 2H), 2.24 (s, 3H, Me), 1.63—1.58 (m, 2H), 1.42—-1.23
(m, 10H), 0.89 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3) 6 146.3,
129.7,126.3, 112.9, 44.4, 31.8, 29.6, 29.4, 29.3, 27.2, 22.6, 20.3, 14.1.

4.2.38. Compound 4al. A pale yellow liquid. 'H NMR (500 MHz,
CDCl3, TMS) 6 7.06 (t, J=7.5 Hz, 1H, Ar), 6.52 (d, J=7.5 Hz, 1H, Ar),
6.44 (d, J=7.5 Hz, 2H, Ar), 3.09 (t, J=7.0 Hz, 2H), 2.28 (s, 3H, Me),
1.64—1.58 (m, 2H), 1.31-1.26 (m, 10H), 0.89 (t, J=6.5 Hz, 3H). 1>C
NMR (125 MHz, CDCl3) 6 148.6,139.0, 129.1, 118.0, 113.5, 109.9, 44.1,
31.8, 29.6, 294, 29.3, 27.2, 22.6, 21.6, 14.1. IR (neat) » 3418, 3389,
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3046, 2952, 2919, 2851, 1727, 1600, 1586, 1484, 1325, 1300, 1260,
1177, 1163, 1094, 989, 837, 761, 686 cm™~ L. MS (EI, m/z) (%): 219 (M™,
16),120 (100); HRMS (EI): calcd for C15H,5N [M]7: 219.1987; found:
219.1989.

4.2.39. Compound 4am?’ A pale yellow liquid. 'TH NMR (500 MHz,
CDCls, TMS) 6 6.78 (d, J=8.5 Hz, 2H, Ar), 6.59 (d, J—8.5 Hz, 2H, Ar),
3.75 (s, 3H, OMe), 3.06 (t, J=7.0 Hz, 2H), 1.63-157 (m, 2H),
1.39—-1.28 (m, 10H), 0.88 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz,
CDCl3) 6 152.1, 142.8, 115.0, 114.2, 55.9, 45.2, 31.8, 29.7, 29.4, 29.3,
27.2,22.6,14.1.

4.2.40. Compound 4an.* A pale yellow liquid. 'TH NMR (500 MHz,
CDCls, TMS) 6 7.13 (t, J=7.5 Hz, 1H, Ar), 7.05 (d, J=7.5 Hz, 1H, Ar),
6.66—6.61 (m, 2H, Ar), 3.44 (br, 1H), 3.15 (t, J=7.0 Hz, 2H), 2.13 (s,
3H, Me), 1.70—1.64 (m, 2H), 1.45—1.25 (m, 10H), 0.90 (t, J=7.0 Hz,
3H). 13C NMR (125 MHz, CDCl3) § 146.4, 130.0, 127.1, 121.7, 116.6,
109.6, 44.0, 31.8, 29.6, 29.4, 29.3, 27.2, 22.6, 17.4, 14.1.

4.2.41. Compound 4a0.”® A pale yellow liquid. '"H NMR (500 MHz,
CDCls, TMS) 6 6.99 (d, J=7.5 Hz, 2H, Ar), 6.81 (t, J=7.5 Hz, 1H, Ar),
2.97 (t,]=7.5 Hz, 2H), 2.29 (s, 6H, 2Me), 1.61—1.55 (m, 2H), 1.38—1.28
(m, 10H), 0.89 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3) 6 146.5,
129.1, 128.9, 121.5, 48.7, 31.8, 31.2, 29.5, 29.3, 27.2, 22.6, 18.5, 14.1.

4.2.42. Compound 5a°® A colorless liquid. 'H NMR (500 MHz,
CDCls, TMS) 6 7.27—7.24 (m, 4H, Ar), 6.98 (d, J7.5 Hz, 4H, Ar), 6.93
(t, J=7.5 Hz, 2H, Ar), 3.67 (t, J=7.5 Hz, 2H), 1.68—1.62 (m, 2H),
130-1.26 (m, 10H), 0.87 (t, J=7.0 Hz, 3H). 3C NMR (125 MHz,
CDCl3) 6 148.1, 129.2, 121.0, 120.9, 52.4, 31.8, 29.4, 29.3, 27.5, 271,
22.6,14.1.

4.2.43. Compound 5b. A pale yellow liquid. '"H NMR (500 MHz,
CDCls, TMS) 6 7.05 (d, J=8.0 Hz, 4H, Ar), 6.86 (d, J=8.0 Hz, 4H, Ar),
3.61 (t,J=7.5 Hz, 2H), 2.29 (s, 6H, 2Me), 1.64—1.61 (m, 2H), 1.29—1.26
(m, 10H), 0.87 (t, J=7.0 Hz, 3H). 1*C NMR (125 MHz, CDCl3) 6 146.0,
130.2,129.7,120.8, 52.5, 31.8, 29.4, 29.3, 274, 27.1, 22.6, 20.6, 14.1. IR
(neat) » 3021, 2954, 2917, 2850, 1605, 1565, 1504, 1464, 1356, 1228,
1175, 1124, 1070, 1013, 801, 721 cm~ .. MS (EI, m/z) (%): 309 (22, M™),
210 (100); HRMS (EI): calcd for Co3H3N [M]*: 309.2457; found:
309.2459.

4.2.44. Compound 5¢c. A colorless liquid. "TH NMR (500 MHz, CDCls,
TMS) ¢ 7.14 (t, J=7.5 Hz, 2H, Ar), 6.79—6.75 (m, 6H, Ar), 3.64 (t,
J=7.5 Hz, 2H), 2.29 (s, 6H, 2Me), 1.66—1.62 (m, 2H), 1.29—1.26 (m,
10H), 0.88 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3) ¢ 148.2,
138.9,129.0,121.8,121.6,118.0, 52.4, 31.8, 29.4, 29.3, 27.5, 27.1, 22.6,
21.6,14.1. IR (neat) » 3035, 2952, 2919, 2847, 1727, 1596, 1575, 1484,
1452, 1358, 1264, 1166, 1134, 1094, 989, 855, 761, 711, 686 cm ™. MS
(EL, m/z) (%): 309 (20, M™), 210 (100); HRMS (EI): calcd for CooH31N
[M]*: 309.2457; found: 309.2460.

4.2.45. Compound 5d. A yellow liquid. "TH NMR (500 MHz, CDCls,
TMS) 6 6.88 (d, J=8.5 Hz, 4H, Ar), 6.81 (d, J=8.5 Hz, 4H, Ar), 3.78 (s,
6H, 2MeO0), 3.55 (t, J=7.5 Hz, 2H), 1.63—1.59 (m, 2H), 1.29—1.26 (m,
10H), 0.87 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3) 6 154.2,
142.5,122.1,114.6, 55.6, 53.0, 31.8, 29.4, 29.3, 27.5, 27.1, 22.6,14.1. IR
(neat) v 2927, 2847, 1737, 1571, 1502, 1459, 1437, 1365, 1235, 1173,
1036, 816 cm~ L. MS (EI, m/z) (%): 341 (M*, 36), 242 (100), 210 (47),
91 (47); HRMS (EI): calcd for CoH31NOy [M]': 341.2355; found:
341.2353.

4.2.46. Compound 5e. A colorless liquid. "TH NMR (500 MHz, CDCls,
TMS) 6 714-7.09 (m, 4H, Ar), 6.96-6.90 (m, 4H, Ar), 3.39 (t,
J=8.0 Hz, 2H), 2.05 (s, 6H, 2Me), 1.64—1.58 (m, 2H), 1. 32—1.25 (m,
10H), 0.87 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3) ¢ 148.8,

133.2,1314,126.2,122.8,122.7, 53.2, 31.8, 29.4, 29.3, 28.1, 27.2, 22.6,
18.7,14.1. IR (neat) » 3017, 2948, 2919, 2851, 1593, 1575, 1484, 1455,
1372, 1260, 1217, 1123, 1108, 1033, 982, 747, 714 cm™ L. MS (EI, m/z)
(%): 309 (M™, 21), 210 (100), 194 (18); HRMS (EI): calcd for CopH3iN
[M]*: 309.2457; found: 309.2456.
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