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通过锌催化区域选择性氧化反应实现 3-烯-1-炔的 1，4-官能团化 
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摘要 γ-羟基或烷氧基取代的 α，β-不饱和羰基化合物广泛存在于众多天然产物和生物活性分子之中. 

本工作通过锌催化的区域选择性的氮氧化合物氧化炔烃反应，实现了 3-烯-1-炔的 4-烷氧化-1-氧化官能团

化. 该串联反应可以中等到良好的产率得到系列合成上很有用的 γ-烷氧基取代的 α，β-不饱和酰胺化合物. 
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1,4-Functionalization of 3-En-1-ynes with Alcohols via Zinc-Catalyzed 

Regioselective N-oxide Oxidation 
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Abstract  γ-hydroxyl or γ-alkoxyl-substituted α,β-unsaturated carbonyls widely exist in a variety of natural 

products and bioactive molecules. Herein, we describe the realization of 1,4-functionalization of 3-en-1-ynes with 

alcohols through zinc-catalyzed regioselective N-oxide oxidation. This tandem reaction allows the practical 

synthesis of a range of valuable γ-alkoxyl-substituted α,β-unsaturated amides in moderate to good yields. 
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γ-羟基或烷氧基取代的 α，β-不饱和羰基化合物是一类应用广泛的羰基化合物，存在于多种天然产物和生物活

性分子之中(图 1)
[1]

. 此外，该类化合物可进一步化学转化，合成得到系列官能团化的羰基化合物
[2]

. 因此，γ-羟基或

烷氧基取代的 α，β-不饱和羰基化合物的合成研究也受到了较多关注. 但是，目前制备该类 α，β-不饱和羰基化合物

的方法还非常有限，且往往效率低下、步骤繁琐
[3]

. 因此，发展新的有效的合成 γ-羟基或烷氧基取代的 α，β-不饱和

羰基化合物的方法具有重要的理论和现实意义. 
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图 1 存在于生物活性分子中的 γ-羟基或烷氧基取代的 α，β-不饱和羰基化合物 

Figure 1 γ-Hydroxyl or γ-alkoxyl-substituted α,β-unsaturated carbonyls in bioactive molecules 

2014 年，Rai-shung Liu 小组发现，当使用 5 mol % Zn(OTf)2 作为催化剂，10 mol % 吡啶作为碱，2 当量的

Selectfluor 作为氧化剂时，3-烯-1-炔底物可方便转化成相应的 γ-羟基取代的 α，β-不饱和酰胺化合物(图 2a)
[4]

. 但是，

该反应不足之处是反应过程中总会伴随着少量 1,4-二羰基化合物的生成. 在本课题组之前对炔酰胺化学的研究工作

中
[5,6]

，我们实现了一系列廉价金属如锌、铜、钪等催化的炔酰胺氧化反应
[7,8]

引发的串联反应
[9]
，从而发展了一系列

高效的炔酰胺的氧官能团化反应. 但是，上述氧官能团化反应目前仅局限于 1,2-双官能团化，尚未有相应的 1,4-氧

官能团化反应报道. 受上述研究工作的启发，为了进一步拓宽该类廉价金属催化炔酰胺氧化反应的应用，我们设想

使用来源易得的 3-烯-1-炔类化合物与各种醇反应，将有望实现基于该类烯炔的 1,4-氧官能团化反应，进而得到 γ-

烷氧基取代的 α，β-不饱和酰胺化合物，为制备相关结构的功能分子提供一种更为绿色简洁的方法(图 2b). 

 

图 2 区域选择性的 3-烯 1-炔的 1，4-官能团化反应 

Figure 2 Regioselective 1,4-functionalization of 3-en-1-ynes 

1  结果与讨论 

1.1  反应条件优化 

0.1 mmol 炔酰胺 1a，0.5 mmol 乙醇 2a，0.2 mmol 2-溴吡啶氮氧和 0.05 mmol PPh3AuNTf2 在 2 mL 1,2-二氯乙

烷(DCE)中反应，用 TLC 监控反应，80 
o
C 搅拌反应 3 小时后，原料反应完全. 通过核磁氢谱内标分析反应体系发现

目标产物 3a 产率 66%，副产物 3a产率 22% (Table 1, Entry 1). 用上述投料比，以炔酰胺 1a 为模型底物，进行反应

条件的优化，炔酰胺 1a 在不同条件下的反应结果见表 1. 

研究发现，当使用其他金催化剂如 IPrAuNTf2 时，也能得到产物 3a，但副产物 3a产率有所上升(Table 1, Entry 2). 
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接着，我们尝试不同的廉价金属催化剂，发现使用 Cu(OTf)2、Fe(OTf)2、Zn(OTf)2 和 Sc(OTf)3 作为催化剂时反应也

都能得到产物 3a，并且几乎不产生过氧化副产物 3a(Table 1, Entries 3~6) 其中使用 Zn(OTf)2 作为催化剂时的产率

最高, 可达 72% (Table 1, Entry 5). 另外，我们也尝试了不同的反应溶剂如甲苯和氯苯(Table 1, Entry 7，Entry 8)，发

现产率都会显著下降. 需要指出的是，当把乙醇的用量减少至 2 当量时，该类反应也能较好进行，产率稍有下降(Table 

1, Entry 9).特别是，该类反应在 40 
o
C 下也能进行，产率几乎不变，只是反应时间会大大延长(Table 1, Entry 10). 

表 1 反应条件优化 a
 

Table 1   Optimization of reaction conditions  

 

Entry catalyst Conditions 
Yield

b
/% 

3a 

Yield
b
/% 

3a 

1
 

Ph3PAuNTf2 DCE, 80
 o
C, 3 h 66 22 

2
 

IPrAuNTf2 DCE, 80
 o
C, 3 h 51 29 

3
 

Cu(OTf)2 DCE, 80
 o
C, 3 h 56 <1 

4 Fe(OTf)2 DCE, 80
 o
C, 3 h 57 <1 

5 Zn(OTf)2 DCE, 80
 o
C, 3 h 72 <1 

6 Sc(OTf)3 DCE, 80
 o
C, 3 h 59 <1 

7 Zn(OTf)2 toluene, 80
 o
C, 3 h 57 <1 

8 Zn(OTf)2 PhCl, 80
 o
C, 3 h 54 <1 

9
c
 Zn(OTf)2 DCE, 80

 o
C, 3 h 60 <1 

10 Zn(OTf)2 DCE, 40
 o
C, 8 h 70 <1 

a 
Reaction run in vials; [1a] = 0.05 M. 

b
 Measured by 

1
H NMR using diethyl phthalate as the internal standard.

 c
 2 equiv of 

EtOH was used. 

通过上述的条件优化，最终我们确定了该反应的最优条件是：2-溴吡啶氮氧(2 equiv)为氧化剂，溶剂为 1，2-二

氯乙烷，Zn(OTf)2 (5 mol %)为催化剂，反应温度 80℃，反应时间为 3 h (Table 1, Entry 5). 

1.2  反应适用性研究 

在最优化的反应条件下，我们对该区域选择性的氮氧化合物氧化炔烃反应的普适性进行了研究. 如表2所示，各

种取代的α，β-不饱和炔酰胺底物都能很好地进行该反应，以中等到良好的产率得到相应的γ-烷氧基取代的α，β-不

饱和羰基化合物(59%-83%). 首先，α，β-不饱和炔酰胺N上各种不同的保护基对反应体系都表现出良好的兼容性

(Table 2, Entries 1~3). 对于R基团，无论是苯基还是正丁基，底物几乎都能以中等的产率转化成相应的目标产物3a

和3d (Table 2, Entries 1, 4), 但是当R基团为正丁基时产率略低. 进一步考察Ar基团，当在苯环的对位，供电子的甲基

取代时，产率明显上升(Table 2, Entry 5); 而若是吸电子的氯原子取代，对反应的结果差异很小, 能以相当的产率得

到所需产物3f (Table 2, Entry 6). 需要指出的是，当炔酰胺底物1中的Ar基团改为脂肪基时，反应产率明显降低(核磁

产率<20%). 
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表 2  反应范围 a
 

Table 2  The reaction scope 

 

 

Entry Product 3/Yield Entry Product 3/Yield 

 

 

1  3a, 65% 4 

 

3d, 59% 

 

 

2  3b, 63% 

 

 

5  3e, 83% 

3 

 

3c, 64% 

 

 

6  3f, 66% 

a Reactions run in vials; isolated yields are reported. 

接下来，我们对该分子间反应的醇类底物普适性也进行了研究. 如表 3 所示，各种具有典型意义的醇类底物都

能顺利地进行反应，均能以较高的产率得到相应的 γ-烷氧基取代的 α，β-不饱和羰基化合物(68%-86%). 对于简单醇, 

不论是直链或带支链的脂肪醇，底物几乎都能以较高的产率转化成目标产物 3g~3k (Table 3, Entries 1~5). 值得一提

的是，当使用二级醇参与该反应时，也能以 80%的产率得到相应的产物 3l (Table 3, Entry 6). 进一步考察带有不同官

能团的醇的反应，如含有苄基、对甲氧基苄基、炔基、TMS、氟原子和环丙基，发现该反应体系对其均有良好的兼

容性，且都能以较高的产率得到所需的产物 3m~3t (Table 3, Entries 7~14). 最后，我们还尝试利用二元醇进行反应，

在最佳条件下，也能分别以 72%和 80%的产率得到单取代的产物 3u~3v (Table 3, Entries 15~16)，进一步表明该反应

对没有保护的羟基也能很好的兼容. 至此，该类廉价金属催化烯炔的 1,4-氧官能团化反应为 γ-烷氧基取代的 α，β-

不饱和酰胺化合物的合成提供了一条简洁而高效的合成路径. 最后，还需要指出的是，当使用胺(如苯胺或苄胺)或

酰胺(如 TsNH2)取代醇时，该类反应产率很低(核磁产率<20%)，进一步的优化正在进行之中. 
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表 3  反应范围 a
 

Table 3  The reaction scope 

 

 

Entry Product 3/Yield Entry Product 3/Yield 

 

 

1  3g, 73% 

 

 

9  3o, 80% 

 

 

2  3h, 78% 

 

 

10  3p, 78% 

 

 

3  3i, 83% 

 

 

11  3q, 76% 

 

 

4  3j, 72% 

 

 

12  3r, 68% 

 

 

5  3k, 84% 

 

 

13  3s, 70% 

 

 

6  3l, 80% 

 

 

14  3t, 86% 

 

 

7  3m, 81% 

 

 

15  3u, 72% 

 

 

8  3n, 70% 

 

 

16  3v, 80% 

a Reactions run in vials; isolated yields are reported.  

该类 γ-烷氧基取代的 α，β-不饱和羰基化合物很容易通过一步简单的化学转化，得到各种脱保护的 γ-烷氧基或

γ-羟基取代的 α，β-不饱和羰基化合物. 比如，化合物 3c 与 Bu3SnH 回流反应脱除甲基磺酸基，可得到相应的合成上

有用的 α，β-不饱和单取代酰胺 3ca；化合物 3n 与 DDQ 室温反应可脱除甲氧苄基保护基，以 83%产率得到 γ-羟基
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取代的 α，β-不饱和羰基化合物 3na (图 3). 

 

图 3 产物的进一步衍生化 

Figure 3 Product elaboration 

最后，基于之前在炔酰胺氧化反应的系列研究结果
[6]
，我们也提出了该类反应的可能机理，如图 4 所示. 首先，

氧化剂 2-溴吡啶氮氧进攻 Zn(OTf)2 活化的炔酰胺底物 A 得到烯基锌中间体 B，该中间体再经分子间的 SN2进攻[9]

便可得到 α 位锌取代的酰胺中间体 C. 中间体 C 再经质子化脱金属，即可得到最终的 γ-烷氧基取代的 α，β-不饱和

酰胺 3a，同时产生锌催化剂，进入下一个反应循环. 

 

图 4 可能的反应机理 

Figure 4 Plausible reaction mechanism 

2  结论 

综上所述，我们成功实现了具有挑战性的锌催化区域选择性氧化 3-烯-1-炔的 1，4-官能团化反应，以中等到良

好的产率得到了各种官能团化的 γ-烷氧基取代的 α，β-不饱和羰基化合物. 特别是，该类反应利用简单的无机盐

Zn(OTf)2 作为催化剂，从而避免使用价格昂贵的贵金属催化剂. 此外，该反应还具有底物普适性广、官能团兼容性

好、操作简单等优点，为构建十分有用的 γ-羟基或烷氧基取代的 α，β-不饱和羰基化合物提供了一种有效、简洁的

合成方法. 
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3  实验部分 

3.1  仪器与试剂 

锌催化剂以及反应原料均购自安耐吉、阿拉丁、阿达玛斯等公司，所有药品和试剂均为分析纯. 
1
H NMR 和 13

C 

NMR(内标为 TMS，溶剂为 CDCl3)使用 Bruker AV-400 或 Bruker AV-500 型核磁共振仪测定. MS 使用 ESI-QTOF 型高

分辨质谱仪测定.  

3.2  实验方法 

室温条件下，在 10 mL 的圆底烧瓶中依次加入 0.2 mmol 炔酰胺 1，1.0 mmol 醇 2，0.4 mmol 2-溴吡啶氮氧，0.01 

mmol Zn(OTf)2 和 4 mL 1,2-二氯乙烷，混合均匀后于 80 
o
C 反应 3 h。反应结束后减压旋去溶剂，得到浅黄色油状物，

混合物再经柱层析(乙酸乙酯/石油醚 20:1~10:1)分离提纯得目标产物酰胺 3a~3v。 

(E)-4-乙氧基-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3a): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 7.90 (d, 

2H, J = 8.4 Hz), 7.51 – 7.45 (m, 3H), 7.31 (d, 2H, J = 8.4 Hz), 7.26 – 7.22 (m, 5H), 7.10 – 7.07 (m, 2H), 6.91 (dd, 1H, J = 

5.2 Hz, J = 15.2 Hz), 5.73 (dd, 1H, J = 1.2 Hz, J = 15.2 Hz), 4.67 (dd, 1H, J = 1.2 Hz, J = 15.2 Hz), 3.32 – 3.22 (m, 2H), 

2.43 (s, 3H), 1.02 (t, 3H, J = 6.8 Hz); 
13

C NMR (100 MHz, CDCl3) δ 165.0, 148.6, 144.8, 138.9, 136.1, 136.0, 130.3, 129.3, 

129.2, 128.5, 126.8, 120.6, 80.5, 64.4, 21.6, 15.0; IR (neat): 3358, 2962, 2922, 2852, 1691, 1594, 1482, 1451, 1358, 1260, 

1154, 1087, 1027, 798; HRESIMS Calcd for [C25H25NNaO4S]
+
 (M + Na

+
) 458.1397, found 458.1395. 

(E)-4-乙氧基-N-[(4-甲氧基苯基)磺酰基]-N,4-二苯基丁-2-烯酰胺(3b): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) 

δ 7.98 – 7.93 (m, 2H), 7.51 – 7.45 (m, 3H), 7.31 – 7.20 (m, 5H), 7.10 – 7.07 (m, 2H), 7.00 – 6.95 (m, 2H), 6.91 (dd, 1H, J = 

5.2 Hz, J = 15.2 Hz), 5.73 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 4.68 (d, 1H, J = 5.2 Hz), 3.87 (s, 3H), 3.33 – 3.22 (m, 2H), 

1.02 (t, 3H, J = 7.2 Hz); 
13

C NMR (100 MHz, CDCl3) δ 164.9, 163.8, 148.5, 138.9, 136.0, 131.5, 130.3, 129.8, 129.6, 128.5, 

128.0, 126.8, 120.7, 113.8, 80.4, 64.3, 55.6, 14.9; IR (neat): 3445, 2915, 2848, 1674, 1647, 1485, 1356, 1263, 1164, 1079, 

815; HRESIMS Calcd for [C25H25NNaO5S]
+
 (M + Na

+
) 474.1346, found 474.1345. 

(E)-4-乙氧基-N-(甲磺酰基)-N,4-二苯基丁-2-烯酰胺(3c): 淡黄色油状物.
 1
H NMR (400 MHz, CDCl3) δ 7.50 – 7.45 

(m, 3H), 7.32 – 7.25 (m, 5H), 7.14 (dd, 2H, J = 1.6 Hz, J = 7.6 Hz), 7.07 (dd, 1H, J = 5.2 Hz, J = 15.2 Hz), 5.79 (dd, 1H, J = 

1.6 Hz, J = 15.2 Hz), 4.76 (d, 1H, J = 5.2 Hz), 3.45 (s, 3H), 3.25 – 3.26 (m, 2H), 1.04 (t, 3H, J = 6.8 Hz); 
13

C NMR (100 

MHz, CDCl3) δ 166.1, 149.4, 138.7, 135.1, 130.0, 129.9, 129.8, 128.6, 126.9, 120.2, 80.5, 64.4, 41.8, 15.0; IR (neat): 3450, 

2974, 2928, 1687, 1640, 1593, 1490, 1454, 1320, 1279, 1155, 964; HRESIMS Calcd for [C19H21NNaO4S]
+
 (M + Na

+
) 

382.1083, found 382.1089.  

(E)-N-叔丁基-4-乙氧基-4-苯基-N-对甲苯磺酰基丁-2-烯酰胺(3d): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 

7.72 (d, 2H, J = 8.4 Hz), 7.35 – 7.20 (m, 7H), 6.90 – 6.86 (m, 2H), 4.87 (d, 1H, J = 4.0 Hz), 3.83 (t, 2H, J = 7.6 Hz), 3.48 – 

3.39 (m, 2H), 2.41 (s, 3H), 1.75 – 1.66 (m, 2H), 1.42 – 1.31 (m, 2H), 1.22 (t, 3H, J = 6.8 Hz), 0.94 (t, 3H, J = 7.6 Hz); 
13

C 

NMR (100 MHz, CDCl3) δ 165.4, 148.5, 144.5, 139.1, 137.0, 129.6, 128.5, 128.0, 127.5, 127.0, 120.6, 80.6, 64.4, 46.5, 

32.1, 21.5, 19.9, 15.2, 13.6; IR (neat): 3443, 2960, 2925, 1682, 1634, 1355, 1280, 1165, 1084, 826; HRESIMS Calcd for 

[C23H29NNaO4S]
+
 (M + Na

+
) 438.1710, found 438.1719.  

(E)-4-乙氧基-N-苯基-4-(对甲苯基)-N-对甲苯磺酰基丁-2-烯酰胺(3e): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) 

δ 7.90 (d, 2H, J = 8.0 Hz), 7.53 – 7.45 (m, 3H), 7.31 (d, 2H, J = 8.4 Hz), 7.26 – 7.23 (m, 2H), 7.06 (d, 2H, J = 8.0 Hz), 6.97 

(d, 2H, J = 8.0 Hz), 6.90 (dd, 1H, J = 5.2 Hz, J = 15.2 Hz), 5.72 (dd, 1H, J = 0.8 Hz, J = 15.2 Hz), 4.64 (d, 1H, J = 5.2 Hz), 

3.31 – 3.19 (m, 2H), 2.43 (s, 3H), 2.29 (s, 3H), 1.01 (t, 3H, J = 6.8 Hz); 
13

C NMR (100 MHz, CDCl3) δ 164.9, 148.7, 144.7, 

137.8, 136.0, 135.9, 135.8, 130.3, 129.7, 129.5, 129.2, 129.1, 126.8, 120.4, 80.2, 64.1, 21.6, 21.0, 14.9; IR (neat): 3443, 

2974, 2925, 1692, 1639, 1488, 1364, 1174, 1161, 1088, 913, 814; HRESIMS Calcd for [C26H27NNaO4S]
+
 (M + Na

+
) 

472.1553, found 472.1550.  

(E)-4-(4-氯苯基)-4-乙氧基-N-苯基-N-对甲苯磺酰基丁-2-烯酰胺(3f): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) 

δ 7.89 (d, 2H, J = 8.0 Hz), 7.55 – 7.44 (m, 3H), 7.39 – 7.31 (m, 2H), 7.30 – 7.20 (m, 4H), 7.02 (d, 2H, J = 8.4 Hz), 6.85 (dd, 

1H, J = 5.2 Hz, J = 15.2 Hz), 5.70 (dd, 1H, J = 1.2 Hz, J = 15.2 Hz), 4.65 (d, 1H, J = 4.8 Hz), 3.31 – 3.21 (m, 2H), 2.43 (s, 

3H), 1.01 (t, 3H, J = 7.2 Hz); 
13

C NMR (100 MHz, CDCl3) δ 164.7, 147.9, 144.9, 137.4, 135.9, 135.8, 133.8, 130.2, 129.8, 
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129.6, 129.3, 129.1, 128.6, 128.1, 121.1, 79.6, 64.4, 21.6, 14.9; IR (neat): 3445, 2974, 2926, 1691, 1641, 1596, 1488, 1454, 

1364, 1162, 1088, 1015, 932, 912, 813; HRESIMS Calcd for [C25H24ClNNaO4S]
+
 (M + Na

+
) 492.1007, found 492.1018. 

(E)-4-甲氧基-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3g): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 7.89 (d, 

2H, J = 8.0 Hz), 7.53 – 7.45 (m, 3H), 7.32 – 7.20 (m, 7H), 7.09 – 7.06 (m, 2H), 6.90 (dd, 1H, J = 5.2 Hz, J = 15.2 Hz), 5.74 

(dd, 1H, J = 1.2 Hz, J = 15.2 Hz), 4.57 (dd, 1H, J = 0.8 Hz, J = 5.2 Hz), 3.12 (s, 3H), 2.42 (s, 3H); 
13

C NMR (100 MHz, 

CDCl3) δ 164.9, 148.2, 144.8, 138.3, 136.0, 135.8, 129.6, 129.3, 129.2, 128.6, 120.6, 82.2, 56.5, 21.6; IR (neat): 3446, 3063, 

2929, 2825, 1690, 1639, 1597, 1488, 1454, 1362, 1162, 1088, 980, 896, 813; HRESIMS Calcd for [C24H23NNaO4S]
+
 (M + 

Na
+
) 444.1240, found 444.1238. 

(E)-4-丁氧基-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3h): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 7.91 (d, 

2H, J = 8.4 Hz), 7.53 – 7.47 (m, 3H), 7.31 (d, 2H, J = 8.4 Hz), 7.27 – 7.22 (m, 5H), 7.08 (d, 2H, J = 8.0 Hz), 6.90 (dd, 1H, J 

= 4.8 Hz, J = 15.2 Hz), 5.76 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 4.67 (d, 1H, J = 4.8 Hz), 3.25 – 3.15 (m, 2H), 2.42 (s, 3H), 

1.40 – 1.33 (m, 2H), 1.21 – 1.12 (m, 2H), 0.80 (t, 3H, J = 7.2 Hz); 
13

C NMR (100 MHz, CDCl3) δ 165.0, 148.8, 144.8, 

138.9, 136.0, 135.9, 130.3, 129.3, 129.2, 128.5, 126.8, 120.3, 80.5, 68.6, 31.6, 21.6, 19.2, 13.8; IR (neat): 3443, 2960, 2925, 

2853, 1682, 1634, 1355, 1280, 1165, 1084; HRESIMS Calcd for [C27H29NNaO4S]
+
 (M + Na

+
) 486.1710, found 486.1713. 

(E)-4-异丁氧基-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3i): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 7.91 

(d, 2H, J = 8.4 Hz), 7.52 – 7.46 (m, 3H), 7.31 (d, 2H, J = 8.4 Hz), 7.28 – 7.23 (m, 5H), 7.09 – 7.06 (m, 2H), 6.90 (dd, 1H, J 

= 4.8 Hz, J = 15.2 Hz), 5.78 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 4.66 (dd, 1H, J = 1.6 Hz, J = 4.8 Hz), 3.01 – 2.92 (m, 2H), 

2.42 (s, 3H), 1.71 – 1.61 (m, 1H), 0.71 (t, 6H, J = 6.4 Hz); 
13

C NMR (100 MHz, CDCl3) δ 165.0, 148.8, 144.8, 138.9, 136.1, 

136.0, 130.3, 129.3, 129.2, 128.5, 126.8, 120.1, 80.5, 75.5, 28.5, 21.6, 19.1, 19.0; IR (neat): 3445, 2956, 2923, 1689, 1639,  

1482, 1462, 1372, 1280, 1155, 1086; HRESIMS Calcd for [C27H29NNaO4S]
+
 (M + Na

+
) 486.1710, found 486.1705. 

(E)-4-异丙氧基-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3j): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 7.91 

(d, 2H, J = 8.4 Hz), 7.52 – 7.45 (m, 3H), 7.31 (d, 2H, J = 8.0 Hz), 7.27 – 7.19 (m, 5H), 7.10 – 7.08 (m, 2H), 6.92 (dd, 1H, J 

= 5.2 Hz, J = 15.2 Hz), 5.74 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 4.80 (t, 1H, J = 4.0 Hz), 3.45 – 3.38 (m, 1H), 2.43 (s, 3H), 

0.98 (d, 3H, J = 6.0 Hz), 0.93 (d, 3H, J = 6.0 Hz); 
13

C NMR (100 MHz, CDCl3) δ 165.0, 149.3, 144.8, 139.4, 136.0, 130.3, 

129.3, 129.2, 128.5, 126.8, 120.4, 77.7, 69.7, 22.2, 21.9, 21.6; IR (neat): 3447, 2918, 2843, 1684, 1635, 1488, 1363, 1275, 

1161, 1088, 913; HRESIMS Calcd for [C26H27NNaO4S]
+
 (M + Na

+
) 472.1553, found 472.1561. 

(E)-4-苯乙氧基-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3k): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 7.95 

(d, 2H, J = 8.4 Hz), 7.58 – 7.48 (m, 3H), 7.38 – 7.20 (m, 10H), 7.07 – 7.02 (m, 4H), 6.92 (dd, 1H, J = 5.2 Hz, J = 15.2 Hz), 

5.80 (d, 1H, J = 15.2 Hz), 4.71 (d, 1H, J = 4.8 Hz), 3.45 (t, 2H, J = 6.8 Hz), 2.74 (t, 2H, J = 6.8 Hz), 2.46 (s, 3H); 
13

C NMR 

(100 MHz, CDCl3) δ 164.8, 148.4, 144.7, 138.6, 138.4, 135.9, 135.8, 130.2, 129.7, 129.5, 129.2, 129.1, 128.7, 128.4, 128.1, 

127.9, 126.7, 126.0, 120.2, 80.5, 69.5, 36.1, 21.5; IR (neat): 3443, 3062, 2921, 2853, 1691, 1639, 1597, 1488, 1453, 1363, 

1174, 1162, 1088, 913, 809; HRESIMS Calcd for [C31H29NNaO4S]
+
 (M + Na

+
) 534.1710, found 534.1712. 

(E)-4-环己氧基-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3l): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 7.91 

(d, 2H, J = 8.4 Hz), 7.50 – 7.45 (m, 3H), 7.31 (d, 2H, J = 8.0 Hz), 7.27 – 7.21 (m, 5H), 7.11 – 7.09 (m, 2H), 6.92 (dd, 1H, J 

= 4.4 Hz, J = 14.8 Hz), 5.78 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 4.86 (dd, 1H, J = 1.2 Hz, J = 4.8 Hz), 3.13 – 3.08 (m, 1H), 

2.43 (s, 3H), 1.69 – 1.58 (m, 1H), 1.54 – 1.36 (m, 4H), 1.21 – 1.05 (m, 5H); 
13

C NMR (100 MHz, CDCl3) δ 165.1, 149.5, 

144.8, 139.5, 136.1, 130.3, 129.3, 129.2, 128.5, 126.8, 120.3, 75.2, 32.2, 31.6, 25.6, 23.6, 23.5, 21.6; IR (neat): 3438, 2929, 

2852, 2691, 1639, 1448, 1364, 1280, 1174, 1161, 1088, 814; HRESIMS Calcd for [C29H31NNaO4S]
+
 (M + Na

+
) 512.1866, 

found 512.1867. 

(E)-4-(苄基氧基)-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3m): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 

7.90 (d, 2H, J = 8.4 Hz), 7.53 – 7.49 (m, 2H), 7.31 – 7.19 (m, 11H), 7.10 – 7.06 (m, 2H), 7.05 – 7.03 (m, 2H), 6.92 (dd, 1H, 

J = 5.2 Hz, J = 15.2 Hz), 5.85 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 4.77 (dd, 1H, J = 1.6 Hz, J = 5.2 Hz), 4.33 (m, 2H), 2.43 (s, 

3H); 
13

C NMR (100 MHz, CDCl3) δ 164.9, 148.2, 144.8, 138.2, 137.6, 135.9, 130.3, 129.8, 129.6, 129.3, 129.1, 128.6, 

128.2, 127.5, 127.1, 126.9, 120.7, 79.4, 70.0, 21.6; IR (neat): 3365, 2919, 2849, 1689, 1630, 1597, 1493, 1451, 1358, 1154, 

1089; HRESIMS Calcd for [C30H27NNaO4S]
+
 (M + Na

+
) 520.1553, found 520.1552. 
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(E)-4-[(4-甲氧基苄基)氧基]-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3n): 淡黄色油状物. 
1
H NMR (400 MHz, 

CDCl3) δ 7.90 (d, 2H, J = 8.4 Hz), 7.54 – 7.46 (m, 3H), 7.31 – 7.20 (m, 7H), 7.11 – 7.08 (m, 2H), 6.98 (d, 2H, J = 8.8 Hz), 

6.92 (dd, 1H, J = 4.8 Hz, J = 15.2 Hz), 6.78 (d, 2H, J = 8.4 Hz), 5.82 (dd, 1H, J = 1.6 Hz , J = 15.2 Hz), 4.74 (dd, 1H, J = 

1.2 Hz , J = 4.8 Hz), 4.25 (d, 1H, J = 11.6 Hz), 4.29 (d, 1H, J = 12.0 Hz), 3.77 (s, 3H), 2.41(s, 3H); 
13

C NMR (100 MHz, 

CDCl3) δ 164.9, 159.0, 148.3, 144.8, 138.8, 135.9, 130.3, 129.8, 129.6, 129.5, 129.3, 129.1, 128.8, 128.5, 128.1, 126.9, 

120.7, 79.0, 69.7, 55.1, 21.5; IR (neat): 3436, 3003, 2932, 1691, 1611, 1531, 1488, 1362, 1247, 1173, 1087, 1032, 814; 

HRESIMS Calcd for [C31H29NNaO5S]
+
 (M + Na

+
) 550.1659, found 550.1655. 

(E)-4-(丁-3-烯基氧基)-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3o): 淡黄色油状物.
 1

H NMR (400 MHz, CDCl3) 

δ 7.90 (d, 2H, J = 8.0 Hz), 7.53 – 7.45 (m, 3H), 7.31 (d, 2H, J = 8.4 Hz), 7.26 – 7.22 (m, 5H), 7.09 – 7.06 (m, 2H), 6.90 (dd, 

1H, J = 4.8 Hz, J = 15.2 Hz), 5.76 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 5.65 – 5.55 (m, 1H), 4.95 – 4.90 (m, 2H), 4.68 (dd, 1H, 

J = 1.2 Hz, J = 4.8 Hz), 3.30 – 3.20 (m, 2H), 2.42 (s, 3H), 2.16 – 2.11 (m, 2H); 
13

C NMR (100 MHz, CDCl3) δ 165.0, 148.5, 

144.8, 134.8, 130.3, 129.8, 129.6, 129.3, 129.2, 128.5, 128.1, 126.8, 120.3, 116.4, 80.5, 68.1, 34.0, 21.6; IR (neat): 3389, 

3067, 2920, 1692, 1641, 1596, 1488, 1364, 1187, 1174, 1162, 1119, 1088, 983, 814; HRESIMS Calcd for [C27H27NNaO4S]
+
 

(M + Na
+
) 484.1553, found 484.1550. 

(E)-4-烯丙氧基-N-(甲基磺酰基)-N,4-二苯基丁-2-烯酰胺(3p): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 7.90 

(d, 2H, J = 8.4 Hz), 7.51 – 7.45 (m, 3H), 7.31 (d, 2H, J = 8.4 Hz), 7.28 – 7.22 (m, 5H), 7.10 – 7.07 (m, 2H), 6.91 (dd, 1H, J 

= 5.2 Hz, J = 15.2 Hz), 5.78 (dd, 1H, J = 2.0 Hz, J = 15.2 Hz), 5.75 – 5.65 (m, 1H), 5.06 (dd, 1H, J = 1.2 Hz, J = 15.2 Hz), 

5.04 – 5.01 (m, 1H), 4.75 (dd, 1H, J = 1.2 Hz, J = 15.2 Hz), 3.86 – 3.71 (m, 2H), 2.43 (s, 3H); 
13

C NMR (100 MHz, CDCl3) 

δ 165.0, 148.3, 144.8, 133.9, 130.3, 129.8, 129.6, 129.3, 129.2, 128.6, 128.2, 126.9, 120.6, 79.6, 69.2, 21.6; IR (neat): 3435, 

2920, 2849, 1691, 1640, 1596, 1488, 1363, 1174, 1162, 1087, 696, 573, 574; HRESIMS Calcd for [C26H25NNaO4S]
+
 (M + 

Na
+
) 470.1397, found 470.1398. 

(E)-N,4-二苯基-4-(丙-2-炔基氧基)-N-对甲苯磺酰基丁-2-烯酰胺(3q): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) 

δ 7.90 (d, 2H, J = 8.4Hz), 7.52 – 7.45 (m, 3H), 7.31 (d, 2H, J = 8.0 Hz), 7.27 – 7.23 (m, 5H), 7.11 – 7.09 (m, 2H), 6.91 (dd, 

1H, J = 5.2 Hz, J = 15.2 Hz), 5.75 (d, 1H, J = 16.4 Hz), 5.00 (d, 1H, J = 4.4 Hz), 3.97 (dd, 1H, J = 2.4 Hz, J = 15.6 Hz), 

3.84 (dd, 1H, J = 2.4 Hz, J = 16.0 Hz), 2.43 (s, 3H), 2.34 (t, 1H, J = 2.4 Hz); 
13

C NMR (100 MHz, CDCl3) δ 164.8, 147.3, 

144.9, 137.4, 135.9, 135.8, 130.3, 129.2, 128.6, 127.3, 121.3, 78.9, 74.9, 55.4, 21.6; IR (neat): 3285, 2921, 2853, 1659, 

1636, 1591, 1496, 1454, 1364, 1165, 1081, 831; HRESIMS Calcd for [C26H23NNaO4S]
+
 (M + Na

+
) 468.1240, found 

468.1241. 

(E)-N,4-二苯基-N-甲苯磺酰基-4-[2-(三甲基甲硅烷基)乙氧基]丁-2-烯酰胺(3r): 淡黄色油状物. 
1
H NMR (400 

MHz, CDCl3) δ 7.97 (d, 2H, J = 8.4 Hz), 7.61 – 7.53 (m, 3H), 7.38 (d, 2H, J = 8.4 Hz), 7.35 – 7.29 (m, 5H), 7.17 – 7.14 (m, 

2H), 6.98 (dd, 1H, J = 5.2 Hz, J = 15.2 Hz), 5.84 (dd, 1H, J = 1.2 Hz, J = 14.8 Hz), 4.75 (dd, 1H, J = 1.2 Hz, J = 5.2 Hz), 

3.38 (t, 2H, J = 7.6 Hz), 2.50 (s, 3H), 0.88 – 0.79 (m, 2H), 0.04 (s, 9H); 
13

C NMR (100 MHz, CDCl3) δ 165.0, 149.0, 144.8, 

138.9, 136.0, 135.9, 130.3, 129.3, 129.2, 128.5, 126.9, 120.1, 80.4, 66.3, 21.6, 17.9, 1.31; IR (neat): 3445, 2952, 2920, 2851, 

1694, 1639, 1488, 1454, 1366, 1248, 1175, 1161, 1088, 837; HRESIMS Calcd for [C28H33NNaO4SSi]
+
 (M + Na

+
) 530.1792, 

found 530.1787. 

(E)-4-(2-氟乙氧基)-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3s): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 

7.90 (d, 2H, J = 8.4 Hz), 7.52 – 7.45 (m, 3H), 7.31 (d, 2H, J = 8.4 Hz), 7.27 – 7.22 (m, 5H), 7.11 – 7.08 (m, 2H), 6.91 (dd, 

1H, J = 5.2 Hz, J = 15.2 Hz), 5.77 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 4.77 (dd, 1H, J = 1.2 Hz, J = 5.2 Hz), 4.43 (t, 1H, J = 

4.0 Hz), 4.31 (t, 1H, J = 4.0 Hz), 3.50 (t, 1H, J = 4.0 Hz), 3.43 (t, 1H, J = 4.0 Hz), 2.43 (s, 3H); 
13

C NMR (100 MHz, 

CDCl3) δ 164.8, 147.7, 144.9, 138.1, 136.0, 135.8, 130.3, 129.3, 128.6, 126.9, 120.9, 82.6 (d, J = 168.8 Hz), 80.1, 67.5 (d, J 

= 19.8 Hz), 21.6; IR (neat): 3445, 2954, 2922, 1691, 1640, 1596, 1488, 1453, 1362, 1163, 1120, 1088, 912, 814; HRESIMS 

Calcd for [C25H24FNNaO4S]
+
 (M + Na

+
) 476.1302, found 476.1309. 

(E)-4-(环丙基甲氧基)-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3t): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 

7.82 (d, 2H, J = 8.4Hz), 7.44 – 7.37 (m, 3H), 7.27 – 7.14 (m, 7H), 7.02 – 7.00 (m, 2H), 6.84 (dd, 1H, J = 5.2 Hz, J = 15.2 

Hz), 5.65 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 4.65 (d, 1H, J = 5.2 Hz), 3.04 – 2.96 (m, 2H), 2.33 (s, 3H), 0.82 – 0.72 (m, 1H), 
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0.33 – 0.29 (m, 2H), -0.07 – -0.11 (m, 2H); 
13

C NMR (100 MHz,CDCl3) δ 164.9, 148.6, 144.8, 138.8, 135.9, 135.8, 130.3, 

129.2, 128.5, 126.8, 120.6, 80.0, 73.2, 21.6, 10.3, 2.8, 2.7; IR (neat): 3440, 2920, 2851, 1689, 1639, 1597, 1488, 1364, 1174, 

1161, 1087, 1029, 812; HRESIMS Calcd for [C27H27NNaO4S]
+
 (M + Na

+
) 484.1553, found 484.1555. 

(E)-4-(2-羟基乙氧基)-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3u): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) δ 

7.89 (d, 2H, J = 8.0 Hz), 7.53 – 7.45 (m, 3H), 7.31 (d, 2H, J = 8.0 Hz), 7.29 – 7.19 (m, 5H), 7.09 – 7.06 (m, 2H), 6.90 (dd, 

1H, J = 5.2 Hz, J = 15.2 Hz), 5.72 (dd, 1H, J = 1.6 Hz, J = 15.2 Hz), 4.73 (dd, 1H, J = 1.2 Hz, J = 5.2 Hz), 3.55 (t, 2H, J = 

4.0 Hz), 3.32 (t, 2H, J = 4.8 Hz), 2.42 (s, 3H), 1.98 – 1.81 (m, 1H); 
13

C NMR (100 MHz, CDCl3) δ 164.7, 147.7, 144.9, 

138.2, 135.8, 130.2, 129.3, 129.2, 128.6, 126.8, 120.8, 80.9, 69.9, 61.6, 21.6; IR (neat): 3442, 2912, 2850, 1691, 1682, 1644, 

1488, 1361, 1275, 1158, 1087, 1014, 815; HRESIMS Calcd for [C25H25NNaO5S]
+
 (M + Na

+
) 474.1346, found 474.1345. 

(E)-4-[(5-羟戊基)氧基]-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3v): 淡黄色油状物. 
1
H NMR (400 MHz, CDCl3) 

δ 7.90 (d, 2H, J = 8.4 Hz), 7.53 – 7.45 (m, 3H), 7.26 – 7.19 (m, 2H), 7.18 – 7.08 (m, 5H), 7.11 – 7.08 (m, 2H), 6.90 (dd, 1H, 

J = 5.2 Hz, J = 15.2 Hz), 5.74 (dd, 1H, J = 0.8 Hz, J = 15.2 Hz), 4.66 (d, 1H, J = 4.4 Hz), 3.57 – 3.54 (m, 2H), 3.25 – 3.16 

(m, 2H), 2.42 (s, 3H), 1.78 – 1.56 (m, 1H), 1.50 – 1.38 (m, 4H), 1.34 – 1.19 (m, 2H); 
13

C NMR (100 MHz, CDCl3) δ 164.9, 

148.6, 144.8, 138.7, 135.9, 130.3, 129.7, 129.5, 129.2, 129.1, 128.5, 128.0, 126.7, 120.4, 80.5, 68.6, 62.5, 32.2, 29.2, 22.1 , 

21.5; IR (neat): 3439, 2920, 2856, 1634, 1493, 1451, 1356, 1274, 1176, 1165, 1084, 816; HRESIMS Calcd for 

[C28H31NNaO5S]
+
 (M + Na

+
) 516.1815, found 516.1811. 

(E)-4-乙氧基-N,4-二苯基丁-2-烯酰胺(3ca): 室温条件下, 在10 mL 的反应管中依次加入0.2 mmol 酰胺3c, 0.04 

mmol AIBN, 0.44 mmol 三丁基锡氢和4 mL 甲苯, 混合均匀后加热回流, 均匀搅拌反应4 h, 反应结束后减压旋去溶

剂, 混合物再经柱层析得到无色油状产物3ca
[10]

. 
1
H NMR (400 MHz, CDCl3) δ7.91 – 7.76 (m, 1H), 7.68 – 7.43 (m, 2H), 

7.40 – 7.20 (m, 7H), 7.19 – 7.07 (m, 1H), 6.95 (dd, 1H, J = 4.8 Hz, J = 15.0 Hz), 6.26 (d, 1H, J = 8.8 Hz), 4.85 (d, 1H, J = 

4.0 Hz), 3.59 – 3.41 (m, 2H), 1.26 – 1.18 (m, 3H); 
13

C NMR (100 MHz, CDCl3) δ 165.0, 145.1, 139.2, 138.3, 129.1, 128.9, 

128.5, 127.0, 124.4, 123.8, 120.3, 81.3, 63.8, 15.3. HRESIMS Calcd for [C18H19NNaO2]
+
 (M + Na

+
) 304.1308, found 

304.1311. 

(E)-4-羟基-N,4-二苯基-N-对甲苯磺酰基丁-2-烯酰胺(3na): 室温条件下，在10 mL 的反应管中依次加入0.1 mmol 

酰胺3n, 0.5 mL DCM, 0.1 mL H2O, 0.12 mmol 2,3-二氯-5,6-二氰基苯醌(DDQ), 混合均匀后在室温条件下搅拌反应2 

h. 反应结束后加入10 mL Na2S2O3淬灭, 乙醚萃取, 有机相用NaHCO3洗, 饱和NaCl洗, MgSO4干燥, 过滤, 减压旋去

溶剂, 混合物再经柱层析(V(石油醚)/V(乙酸乙酯)=3/1), 得到无色油状产物3na.
 该化合物是已知化合物，其谱图数据

与文献报道的一致
[4]

. 
1
H NMR (400 MHz, CDCl3) δ7.88 (d, 2H, J = 8.4 Hz), 7.52 – 7.43 (m, 3H), 7.34 – 7.22 (m, 7H), 

7.11 (d, 2H, J = 7.6 Hz), 6.96 (dd, 1H, J = 4.8 Hz, J = 15.2 Hz), 5.82 (dd, 1H, J = 1.6 Hz, J = 14.8 Hz), 5.13 (d, 1H, J = 4.0 

Hz), 2.42 (s, 3H), 2.23 – 2.06 (m, 1H); 
13

C NMR (100 MHz, CDCl3) δ 165.0, 149.6, 144.8, 140.4, 135.9, 135.7, 130.2, 

129.9, 129.7, 129.3, 129.2, 128.6, 128.2, 126.3, 119.8, 73.1, 21.6. 

 

辅助材料 (Supporting Information)   化合物3a~3v，3ca和3na的氢谱和碳谱 . 这些材料可以免费从本刊网站

(http://sioc-journal.cn/) 上下载.   
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The realization of the 1,4-functionalization of 3-en-1-ynes with alcohols through zinc-catalyzed 

regioselective N-oxide oxidation is described. This tandem reaction allows the practical synthesis of a 

range of valuable γ-alkoxyl-substituted α,β-unsaturated amides in moderate to good yields. 

 


