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中  文  摘  要

	    Communesin 是一类非常重要的吲哚生物碱，最早由 Numata 等人于 1993 年从生长在海藻 Enteromorpha intestinalis 上的青霉菌中分离得到。研究表明，communesin 具有显著的细胞毒性。Communeisin A 和 B 对淋巴白血病细胞 P-388 具有显著的体外细胞毒性，ED50 分别为 3.5 μg/mL 和 0.45 μg/mL。Communesin B 对结肠癌 LoVo 细胞和鼻咽癌 KB 细胞具有细胞毒性，产生细胞毒性的原因是它能有效破坏细胞微丝。Communesin B，C 和 D 对系列人类白血病细胞株均具有中等程度的抗增殖活性，communesin B 和 D 对人类急性淋巴性白血病 B 细胞 SUP-B15 的 ED50 分别为 7.2 ug/mL 和 9.0 ug/mL；communesin C 对人类急性淋巴性白血病 T 细胞 MOLT-3 的ED50 为 8.6 ug/m。

Communesin 结构复杂新颖，分子中包含两个嵌入七环体系的缩醛胺结构单元和二个毗邻季碳在内的多个手性中心，其合成工作极具挑战性。鉴于该类化合物显著的生物活性和独特新颖的化学结构，目前国际上许多从事全合成的著名实验室都在开展communesin的全合成研究工作，包括斯坦福大学的 Trost 教授课题组，加州大学欧文分校的 Overman 教授课题组，加州理工大学的 Stoltz 教授课题组，宾州州立大学的 Funk 和 Weinreb 教授课题组，犹它大学的 Rainier 教授课题组，牛津大学的 Adlington 教授课题组，加州大学洛杉矶分校的 Neil 教授课题组，明尼苏达大学的 Hoye 教授课题组和科罗拉多州立大学的 Williams 教授课题组等，但他们至今均未能完成该分子的全合成。作为全合成研究领域的明星分子，完成 communesin 的全合成不仅对促进合成化学的发展具有重要的科学意义，而且将为以其结构关系研究为基础的创新药物研究提供重要的实验基础，具有潜在的应用前景。本论文通过发展新的合成方法学，在国际高竞争的环境中首次完成了 (±)-communesin F 的全合成。论文包括两个部分，第一个部分为构建 communesin 主体骨架方法学的发展，第二个部分为 (±)-communesin F 的国际上首次全合成及结构鉴定。
    一、构建 communesin 主体骨架方法学的发展。Communesin 的结构中含有高度聚集的复杂多环稠合体系和包括二个毗邻季碳在内的多个手性中心，其主体骨架的构建是全合成的关键所在。在本文所述的方法学之前，Stoltz 和 Funk 发展了采用杂 Diels-Alder 反应，Weinreb 采用 Heck 羰基化反应作为关键反应的方法学；之后，Rainer、Adlington 和 Neil 又分别发展了采用连续亲核取代反应、Diels-Alder 反应、Fischer 吲哚合成来构建 communesin 主体骨架的方法学。对 communesin 主体骨架的构建，充分展现了合成化学家丰富的创造力。在本文的研究中，我们创造性地使用了在吲哚环的2, 3-位发生串联式的分子内环丙烷化−开环−环合反应作为关键反应来构建 communesin 的主体骨架。该方法学使用 α-重氮羰基化合物为反应底物，在三氟甲磺酸铜的催化下，重氮解构后生成的卡宾首先与吲哚 2, 3-位双建发生分子内环丙烷化反应，在吲哚的 2, 3-位构建一个环丙烷环，随后利用原位产生的胺基打开环丙烷，从而同时构建 communesin 骨架中的四个环和三个立体中心。所创造的环丙烷化方法学作为一通用方法随后被同课题组的同事成功地应用于其它吲哚生物碱vincorine, minfiensine和ardeemin的全合成（J. Am. Chem. Soc. 2009, 131, 6013；Angew. Chem. Int. Ed. 2008, 47, 3618； J. Org. Chem. 2009, 74, 298）。

二、(±)-Communesin F 的国际上首次全合成及结构鉴定。Communesin 由七个环稠合而成，从主体骨架到目标产物需要在五环骨架的基础上再增加两个环并对相应的取代基进行调整，这需要正确的合成策略。我们的策略是先采用分子内胺酯交换将五环骨架中的内酯环打开构建五元内酰胺环，然后通过酸催化的亲核取代反应构建较难形成的七元环，最后再构建较容易形成的六元环。通过孜孜不倦的艰难研究，我们最终在国际上研究 communesin 全合成的课题组中脱颖而出，首次完成了 (±)-communesin F 的全合成。该全合成的顺利完成除依赖于我们正确的合成策略外，还依赖于对以下几个化学问题的解决：(1) 将底物从 α-重氮酰胺变为 α-重氮酯，极大地提高了重氮化合物制备和分子内环丙烷化反应的收率，使原料积累变得更加容易。(2) 采用 3，3-克莱森重排以立体选择性的方式正确地构建了两个毗邻季碳中心。(3) 采用微波促进的 Heck 反应成功地在吲哚环的 4 位引入烯丙醇链。(4) 采用 PPTs 催化，立体选择性地构建了难于形成的七元环。(5) 采用硅胶为弱Lewis酸催化胺基取代亚胺酸酯基成功地构建了最后的六元环。(6) 采用醋酸，醋酐和硼氢化钠一步还原乙酰化亚胺基得到 (±)-communesin F，解决了还原中间体不稳定的问题。在成功合成了(±)-communesin F 后，我们通过变温核磁的技术手段，仔细研究所合成样品的核磁谱图，首次揭示该天然产物在中性条件下为一对酰胺键旋转异构体的混合物，该混合物以 s-cis 异构体为主要组分。

    (±)-Communesin F 全合成的成功完成为 communesin 系列其它天然产物的合成研究奠定了坚实的基础，具有重要的科学意义。该研究结果发表于本专业领域国际著名杂志J. Am. Chem. Soc. (J. Am. Chem. Soc. 2007，129，13794)，该论文在2007年第四季度该刊的论文被阅读和下载率的情况统计中排名第二 (most-accessed paper)，并作为2007年至2008年度20篇关于天然产物研究的高水平、具有重要学科影响力和科学价值的论文之一入选第一期 JACSβ (该论文为亚洲地区唯一一篇入选该特刊的论文)。同时，该工作还被“Synfacts”作为亮点文章进行评述和推荐 (Synfacts 2008, 3, 0226)。另外，国际著名杂志Angew. Chem.在其Minireviews专栏中对该研究结果也进行了正面的报道和评述(Angew. Chem. Int. Ed. 2008, 47, 8170)。评述中表明，尽管国际上许多著名实验室均在开展communesin全合成的研究工作，但论文作者的工作是迄今为止完成的首例全合成。
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Total Synthesis of (±)-Communesin F
Yang Jun 
ABSTRACT
	The important indole alkaloids communesins were firstly isolated by Numata and co-workers from the marine alga Enteromorpha intestinalis in 1993. Bioactivity screening indicated that communesins possessed significant cytotoxicity. Communesin A and B exhibited cytotoxic activity against cultured P-388 cells in vitro with ED50 values of 3.5 and 0.45 μg/mL, respectively. Communesin B showed cytotoxicity toward LoVo and KB cell. The mechanism of action may involve disruption of microfilaments. Communesin B, C and D exhibited a moderate antiproliferative activity. The ED50 values against the human acute B cell lymphoblastic leukemia SUP-B15 were 7.2 and 9.0 ug/mL respectively for communesins B and D, and the ED50 value against the human acute tlymphoblastic leukemia MOLT-3 was 8.6 ug/mL for communesin C.

Communesin F consists of a number of intriguing structural features, including two vicinal quaternary stereocenters and two aminal moeties imbedded within a heptacyclic framework. Its significant biological activity and unique structure have attracted the attention of synthetic chemists around the world. So far, many world-wild well known groups have been involved in the research of the total synthesis of communesin, including Trost Group in Stanford University, Overman group in University of California, Irvine, Stoltz group in California Institute of Technology, Funk and Weinreb Group in Pennsylvania State University, Rainier group in University of Utah, Adlington Group in Oxford University, Neil Group in University of California, Los Angeles, Hoye Group in University of Minnesota and Williams group in Colorado State University, but none of them have finished the total synthesis of this alkaloid.

Communesin is a “star molecules” that has been pursued by many high-powered synthetic groups, accomplishment of the total synthesis will not only promote the development of synthetic chemistry, but also provide important experimental details for drug discovery based on the structure-activity relationship. This dissertation reported the first total synthesis of  (±)-communesin F, one member of communesins. The dissertation contains two parts as follows: the first part is “the development of an innovative methodology to assemble the skeleton of communesin”, and the second part is “the total synthesis and characterization of (±)-communesin F”.

Part 1. The development of an innovative methodology to assemble the skeleton of communesin. Communesin contains multi-fused rings system and multiple stereocenters, including two vicinal quaternary carbons. High efficiently construction of the molecular skeleton is the key to accomplish the total synthesis. To do so, synthetic chemists have fully exhibited their smart and endless creativity. Professors Stoltz and Funk chosed a hetero Diels-Alder reaction and Weinreb used a Heck carbonylation reaction as a key step to make the skeleton. Professors Rainier, Adlington and Neil constructed the skeleton of communesin by using a consecutive nucleophilic substitution reaction, Diels-Alder reaction and Fischer indole synthesis as a key step, respectively. Different from their methodology, starting with α-diazo carbonyl compound, we originally used intramolecular cyclopropanation reaction as key reaction to assemble the skeleton of communesin. Thus, in the presence of catalytic amount of Cu(OTf), the diazo substrate decomposed to produce a carbene, which in turn reacted intramolecularly with the 2,3-double bond of indole to give a stable cyclopropane ring intermediate. This cyclopropane ring intermediate easily collapsed to form an indolinium which was capatured by the in situ generated amine group to afford the pentacyclic skeleton with C7 quaternary carbon. Later, as one importantant methodology, the developed cyclopropanation methodology was successfully applied in the total synthesis of other indole alkaloids such as minfiensine, vincorine and ardeemin by colleagues from the same labatory (J. Am. Chem. Soc. 2009, 131, 6013；Angew. Chem. Int. Ed. 2008, 47, 3618; J. Org. Chem. 2009, 74, 298). 

   Part 2. The total synthesis and characterization of (±)-communesin F. After successful construction the pentacyclic skeleton with C7 quaternary carbon by using our developed methodolgy, a reasonable synthetic strategy is desired to eatablish the second C8 quaternary carbon and other two rings in an efficient and stereoselective way. The stereoselective preparation of the second C8 quaternary carbon was realized by O-allylation and consecutive 3,3-rearrangement. The azepine G ring was stereoselectively formed by the acid catalyzed cyclization of the Boc-protected amine with an pre-installed prenol side chain. These highly stereoselective reactions guaranteed the construction of the last F ring with proper stereocenter by activation of the amide bond on the E ring, followed by cyclization with the second amine on the G-ring. Final modification of the functional groups accomplished the first total synthesis of (±)-communesin F. Besides the developed cyclopropane methodology for construction of the pentacyclic skeleton, new strategy and chemical reaction were also created to guarantee the stereochemical results, which allowed construction of the rest E, F, and G ring systems. 
After completed the total synthesis of (±)-communesin F, extensive study on the NMR spectra of synthetic sample disclosed that (±)-communesin F is a mixture of two amide cis/trans rotamers and the cis-isomer is predominated form under neutral conditions. This unusual phenomenon on the structure was not well addressed in Prof. Hayashi’s isolation paper and was not clear before our total synthesis. 

In summary, the total synthesis of (±)-communesin F is creative and significant in the field of organic chemistry and medicinal chemistry. After published on the JACS (2007, 129, 13794-13795), the paper was paid great attention by readers and was ranked top 2 when accounting the most accessed papers of JACS from October to December in 2007. Meanwhile, the paper was honourably selected in the first issue of JACSβ as one of the most innovative and significant twenty total synthesis. Shortly afterward, a paper published in the Synfacts (Synfacts 2008, 3, 0226) and a minireview published in the Angew. Chem. (Angew. Chem. Int. Ed. 2008, 47, 8170) gave a great credit to the first synthesis.
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