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摘要

本報告包含兩部分。第一部份，以10 mol %三氯化鐵搭配10 mol %雙磷配體的催化系統，我們發現它能夠有效率的促進碳-硫鍵的生成。烷基硫醇以及芳香族硫醇均能成功的與一系列的芳香族碘化物進行碳-硫鍵偶合反應而得到高產率的芳香族硫醚 (62-99%)。第二部份，利用簡易的方法我們可以將氧化銅崁進中孔洞氧化矽。這種新穎材料對於碳-硫鍵的生成有極好的活性；令人鼓舞的是這各個催化系統只需要1-5 mol%的催化劑並且不需要使用任何配體，反應過程使用碳酸銫為鹼，這樣的溫和條件可以容忍許多對強鹼敏感的官能基團；例如，醇類、胺類、酮類、硝基化合物、酯類和醛類官能基團都能在反應過程中穩定存在。值得一提的是，催化劑可以多次回收使用而不失其催化活性，符合綠色化學的概念。
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一、目的：參加The 9th Tateshina Conference on Organic Chemistry，並發表我們實驗室最新的研究成果。
二、參加會議經過：

13日中午報到：13:30大會演講開始。第一場演講者為Takuzo Aida教授，他是奈米材料領域中處於領先地位的科學家。這次他的講題是介紹關於有機奈米材料；以自組裝的策略建築出許多有用的材料，並且應用到催化反應、探針和有趣的超分子世界。緊接著是每位壁報報告者的簡單介紹自己以及壁報的內容。當然，本人也發表報告；本實驗室發表的論文獲得熱烈討論，因為在我之前世界上只有一個實驗室報導類似的工作。然而，那個工作最近被證實並非是鐵引起的催化過程。換句話說，本實驗室之工作確定為世界第一個以鐵催化碳-硫鍵生成的例子。第二場演講者為Peter Kündig教授，介紹他們所開發出的手性carbene配體及其在藥物分子合成的應用。13日晚上也有兩場演講，分別為Dr Anne Pichon (Nature Publishing Group)以及來自於Mitsubishi公司的Hiroaki Yamaoka介紹有機光電材料在產業中的重要性。14日早上第一場是來自於ETH的Donald Hilvert教授，介紹酵素在有機化學的應用。15:30-16:50為大會的壁報發表時間，我的位置在12號，我們的工作內容或得與會人士高度的重視，因為鐵是無毒性而且價格低廉的金屬，一直以來備受重視。然而其反應性相對不好，我們用三氯化鐵搭配雙磷配體的催化系統有效的促進碳硫鍵的生成反應。15日早上第一場是來自新加坡的Teck-Peng Loh 教授，他們所開發的新合成方法對我的研究有許多助益。最後一場為Ben Feringa教授的精彩演講，他在超分子化學和催化反應都是處於執牛耳之地位；這是我第一次聽到他的演講，首先他先介紹他們發展的分子機器，後半段Feringa教授報導結合DNA和金屬催化的概念並且將它應用在有機合成的領域。

三、與會心得：經過與許多相同領域的學者討論後，產生許多新的想法,對於之後的研究將有很大的幫助。
鐵具有無毒性而且價格低廉，一直以來備受重視。我們以10 mol %三氯化鐵搭配10 mol %雙磷配體的催化系統能夠有效率的促進碳-硫鍵的生成。烷基硫醇以及芳香族硫醇均能成功的與一系列的芳香族碘化物進行碳-硫鍵偶合反應而得到高產率的芳香族硫醚 (62-99%)。另ㄧ部份，利用簡易的方法我們可以將氧化銅崁進中孔洞氧化矽。這種新穎材料對於碳-硫鍵的生成有極好的活性；令人鼓舞的是這各個催化系統只需要1-5 mol%的催化劑並且不需要使用任何配體，反應過程使用碳酸銫為鹼，這樣的溫和條件可以容忍許多對強鹼敏感的官能基團；例如，醇類、胺類、酮類、硝基化合物、酯類和醛類官能基團都能在反應過程中穩定存在。值得一提的是，催化劑可以多次回收使用而不失其催化活性，符合綠色化學的概念。我們的工作與相關學者進行討論，並受到學界及業界的注意，增加我們在該領域繼續深入研究之信心。
此會議幾乎涵蓋學界及產業界有關有機化學的最新發展，而與會人士邀集各方面的菁英，如Takuzo Aida, Peter Kündig, Hiroaki Yamaoka, Donald Hilvert, Teck-Peng Loh 以及Ben Feringa。有機會聆聽傑出學者親身講述其工作，實屬難得，同時對目前有機化學發展趨勢有新的認識。

四、具體建議：有機化學最新進展之ㄧ為利用低毒性以及價格低廉的金屬為其催化劑。其發展速度可謂日新月異，除了實驗上的精進和努力之外，我覺得最為重要的事基極的參予重要的國際會議，因為在會中不僅可以吸收到全世界相關領域的最新進展；同時我們的發表成果也可以和與會的專家討論。另外一方面，對於提升學校在國際上的學術地位與知名度更是最直接的途徑。研發處對於補助參加國際會之措施對於鼓勵老師及學生參加國際交流有莫大之幫助，希望能夠增加相關補助金額以增進師生出國之意願。
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Iron-catalyzed Cross-Coupling Reaction of Thiols with Aryl Iodides
Jhin-Ru Wu, Che-Hung Lin, Chin-Keng Chen and Chin-Fa Lee*
Department of Chemistry, National Chung Hsing University, Taichung, Taiwan 402, ROC, 
E-mail: cfalee@dragon.nchu.edu.tw
Abstract
FeCl3 in combination with bisphosphine ligands represents an efficient catalyst system for the cross-coupling of aryl- and alkyl thiols with aryl iodides, a broad spectrum of  functional groups can be tolerated during the catalysis. 
Introduction

The transition-metal-catalyzed cross-coupling reaction is arguably one of the most powerful strategies for constructing carbon-carbon and carbon-heteroatom bonds.1 This approach has been widely utilized in organic synthesis and materials science.2

Aryl thioethers are important skeletons for many biologically active compounds.3 Palladium,4-8 nickel,9 cobalt,10 copper,11 indium12 and iron13 are known to serve as the metal sources in combination with appropriate ligands for the synthesis of aryl thioethers. Phosphines are a principal class of ligand for transition-metal-catalyzed reactions.14 Monophosphines were reported as a ligand for the first palladium-catalyzed S-arylation of thiols with aryl halides by Migita et al. in 1980.4 Recent studies suggested that bisphophines are more reactive than monophosphines for these reactions.5 Although many metals catalysts have been explored, it is still desirable to develop an alternative strategy which uses a cheaper and environmentally friendly metals. Cleaner and cheaper alternatives are especially valuable to the pharmaceutical industry.  


Recently iron has been considered as an ideal choice not only because of its lower toxicity and cost compared to other metals but also because it possesses some unusual properties which have been utilized in many transformations.15,16 Iron-catalyzed C-C,17 C-N18 and C-O19 bond forming reactions have recently been developed. Despite the fact that iron was known to promote the formation of disulfides,20 Bolm et al.reported that the first iron-catalyzed S-arylation of aryl thiols with aryl iodides uses FeCl3/N,N’-dimethylethylenediamine as the catalyst.13 However, this approach is limited as this system only works with aryl thiols and is completely ineffective for alkyl thiols. Thus, it is highly desirable to develop a new system to overcome this limitation. Herein we report the combination of FeCl3 with bisphosphines that successfully catalyze coupling of aryl- and alkyl thiols with aryl iodides in good to excellent yields.
Results and discussion

Initially, iodobenzene and thiophenol were selected as substrates to screen the optimized conditions. The results are summarized in Table 1. Various bisphosphines were examined. L1 shows good activity with a 91% isolated yield (entry 1). This ligand has demonstrated the greatest efficacy in palladium-catalyzed cross-coupling reactions of aryl halides and pseudo-halides with thiols.5 However, we felt that the high cost of L1 might limit its practical application. This positive result encouraged us to screen other cheaper and structurally simpler bisphosphines L2-L5. Suprisingly, L2, L3 and L4 also showed excellent activity, even better than L1 (entries 2, 3 and 4). L5 was previously used to couple aryl thiols with aryl iodides in the presence of palladium.8 However, it could not provide a satisfactory result (entry 5). After screening bases and solvents (DMF = N,N-dimethylformamide; dioxane = 1,4-dioxacyclohexane; DME = dimethoxyethane), weak bases such as K2CO3, K3PO4 and Cs2CO3 did not show good results (entries 7-9); NaOtBu and KOtBu were equally active for this transformation.5 Toluene was found to be superior than other solvents (entries 10-12). The moisture stable Fe2O3 was also active with a 79% yield (entry 14). When the reaction was carried out in the absence of a ligand, disulfide was detected as the sole product (entry 15).
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 Fig. 1 Structures of the ligands L1-L5.

Table 1 Optimization of iron-catalyzed coupling of iodobenzene with thiophenola
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	Entry
	[Fe]
	ligand
	base
	solvent
	yield (%)

	1
	FeCl3
	L1
	NaOtBu
	toluene
	91

	2
	FeCl3
	L2
	NaOtBu
	toluene
	99

	3
	FeCl3
	L3
	NaOtBu
	toluene
	99

	4
	FeCl3
	L4
	NaOtBu
	toluene
	97

	5
	FeCl3
	L5
	NaOtBu
	toluene
	29

	6
	FeCl3
	L2
	KOtBu
	toluene
	98

	7
	FeCl3
	L2
	K2CO3
	toluene
	-

	8
	FeCl3
	L2
	K3PO4
	toluene
	-

	9
	FeCl3
	L2
	Cs2CO3
	toluene
	-

	10
	FeCl3
	L2
	NaOtBu
	DMF
	33

	11
	FeCl3
	L2
	NaOtBu
	dioxane
	76

	12
	FeCl3
	L2
	NaOtBu
	DME
	38

	13
	FeCl3
	L2
	NaOtBu
	toluene
	63

	14
	Fe2O3
	L2
	NaOtBu
	toluene
	79b

	15
	FeCl3
	-
	NaOtBu
	toluene
	-


a Reaction conditions: iron source (0.05 mmol, 10 mol%), ligand (0.05 mmol, 10 mol%), iodobenzene (0.75 mmol), thiophenol (0.5 mmol), base (1.0 mmol) in 0.5 mL solvent. b Fe2O3 (0.025 mmol).


Using the previous optimizations, Table 2 summarized the results of the iron-catalyzed S-arylation. A broad range of aryl iodides were tested. Electron-donating and electron- withdrawing aryl iodides all served as suitable partners for coupling with aryl thiols with good to excellent yields. It is important to note that functional groups such as chloro- (entries 1 and 9), free alcohol (entry 2), nitro- (entry 3), enolizable ketone (entry 8), bromo- (entry 10), unprotected amine (entry 11) and ester (entry 12) are all tolerated during the catalysis. Interestingly, when iodobenzene was coupled with 4-methoxythiophenol, 3e resulted in a 83% yield (entry 4). The same compound was obtained in trace amount by reacting electronically deactivated 4-iodoanisole with thiophenol under the same condition. However, this can be dramatically improved by employing L4 as ligand (entry 5). It implies that L4 is more active than L2 for this process.
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Table 2 Iron-catalyzed S-arylation of aryl iodides with aryl thiolsa
	Entry
	product
	yield

 (%)
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a Reaction conditions unless otherwise stated: FeCl3 (0.1 mmol, 10 mol%), L2 (0.1 mmol, 10 mol%), aryl iodide (1.5 mmol), aryl thiol (1.0 mmol), NaOtBu (2.0 mmol) in toluene (1.0 mL). b L4 was used. c KOtBu was used.

Next we turned our attention to developing the coupling protocol for alkyl thiols. Unfortunately, when 1-dodecanethiol and iodobenzene were employed under the optimized conditions for aryl thiols (using ligands L1 and L2) poor yields were observed (Table 3, entries 1 and 2, respectively). L3 is more electron rich than L2 and this modification resulted in a slightly higher yield. L4 shows better results than L2 but is still not sufficient (entry 4). After screening other parameters, including bases (entries 5-8) and solvents (entries 9-11), KOtBu and dioxane were found to be the best base and solvent; in combination with FeCl3/L4 the product was obtained with a 98% yield (entry 11). A lower yield was observed when the reaction was carried out at 110 oC, in this trial disulfide was determined as the major product by GC-MS analysis (entry 12). Fe2O3 shows lower activity than FeCl3  with a product yield of 24% (entry 13). Unsatisfactory results were also observed when the reaction was performed in the absence of a ligand (entry 14).

In order to test the scope of S-arylation using alkyl thiols, we utilized a wide array of aryl iodides, the results are summarized in Table 4. Both long chain alkyl thiols, and sterically hindered thiols can be employed. For example, both tBu- (entries 2-4, 7, 9 and 10) and 2-methylbutyl thiol (entry 5) yield satisfactory results. Benzyl mercaptan was ineffective in previous iron-catalyzed S-arylation,13 but with our approach it can be coupled with iodobenzene to get 5f in 75% isolated yield (entry 6). Functional groups such as enolizable ketone (entries 7 and 8), aldehyde (entry 9), free amine (entries 10 and 11) and nitrogen-containing heterocycle (entry 12) are all suitable as coupling partners.
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Table 3 Evaluation of iron-catalyzed coupling reaction of iodobenzene with 1-dodecanethiola
	Entry
	[Fe]
	ligand
	base
	solvent
	yield (%)

	1
	FeCl3
	L1
	NaOtBu
	toluene
	21

	2
	FeCl3
	L2
	NaOtBu
	toluene
	33

	3
	FeCl3
	L3
	NaOtBu
	toluene
	41

	4
	FeCl3
	L4
	NaOtBu
	toluene
	50

	5
	FeCl3
	L4
	K2CO3
	toluene
	62

	6
	FeCl3
	L4
	K3PO4
	toluene
	14

	7
	FeCl3
	L4
	Cs2CO3
	toluene
	64

	8
	FeCl3
	L4
	KOtBu
	toluene
	70

	9
	FeCl3
	L4
	KOtBu
	DMF
	71

	10
	FeCl3
	L4
	KOtBu
	DME
	34

	11
	FeCl3
	L4
	KOtBu
	dioxane
	98

	12
	FeCl3
	L4
	KOtBu
	dioxane
	7b

	13
	Fe2O3
	L4
	KOtBu
	dioxane
	24c

	14
	FeCl3
	-
	KOtBu
	dioxane
	16


a Reaction conditions: iron source (0.05 mmol, 10 mol%), ligand (0.05 mmol, 10 mol%), iodobenzene (0.75 mmol), 1-dodecanethiol (0.5 mmol), base (1.0 mmol) in 0.5 mL solvent. b 110 oC. c Fe2O3 (0.025 mmol).

Table 4 Iron-catalyzed S-arylation of aryl iodides with alkyl thiolsa
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a Reaction conditions unless otherwise stated: FeCl3 (0.1 mmol, 10 mol%), L4 (0.1 mmol, 10 mol%), aryl iodide (1.5 mmol), alkyl thiol (1.0 mmol), KOtBu (2.0 mmol) in dioxane (1.0 mL). b Cs2CO3 was used. 

In conclusion, we have demonstrated that the combination of FeCl3 with bisphosphines L2 or L4 proves to be an efficent catalytic system for S-arylation of aryl- and alkyl thiols with aryl iodides. To the best of our knowledge, this is the first example of iron-catalyzed S-arylation of alkyl thiols with aryl halides. Understanding the origins of this novel system and applications to other cross-coupling reactions are under progress in our laboratory.
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