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Abstract

:

Sequentially Pd-catalyzed processes are excellent entries to heterocycle synthesis. The broad mechanistic variety combined with often very mild reaction conditions allow the concatenation of elementary organic and organometallic steps to novel sequences in the sense of one-pot domino and multicomponent reactions. Given the numerous opportunities of alkyne coordination and their Pd-mediated transformations, alkynylation and carbometallation play a key role, both for purely organometallic sequences as well as in those processes that are intercepted by cyclocondensation. Pd-catalyzed aminations also find more and more entry into novel heterocycle syntheses based upon this theme.
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1. Introduction


Organic synthesis has tremendously advanced since the advent of transition metal catalysis. Over the years, not only a considerable synthetic efficiency was achieved but also concatenations of organometallic elementary steps were established that led to an unprecedented increase in structural complexity. By name, these processes are commonly referred to as metal catalyzed domino, tandem, or cascade reactions [1]. During the past two decades, in spite of their different literal meaning all these terms have been progressively used in this context as synonyms since by design they all fall into the realm of one-pot transformations, which have been recently reviewed [2,3,4]. A particular advantage of these concepts is the huge increase in structural complexity facilitated by the use of even the simplest starting materials. This is also one of the driving factors for constant research advancements in this field [5,6,7,8,9,10,11,12,13,14,15,16,17].



In general, transition metal catalyzed cascade reactions can be categorized into two groups, either being domino reactions that constantly repeat the same elementary step [15,16,17], or they are constituted by reaction steps that consist of fundamentally different elementary transformations [18,19,20,21,22,23,24,25]. As such, transition metal catalyzed domino reactions involve organometallic intermediates which are constantly regenerated and yield complex, often polycyclic, organic products after numerous insertion steps and after a concluding elimination. Mostly in palladium catalyzed processes, unimolecular reactions that proceed intramolecularly, for instance via cyclic carbopalladation [26,27,28], generate complex polycyclic structures beginning with linear polyunsaturated substrates. Moreover, metal catalyzed cascade reactions that proceed in a parallel or sequential manner [18,22] offer even more versatility if the catalyst bears the capability of performing different catalytic processes, especially if the adjustment of the reaction conditions from step to step with additives can trigger different catalytic steps. Conceptually however, for obvious reasons, parallel catalysis is more difficult to develop than sequential catalysis. According to Fogg’s and dos Santos’ terminology, sequential catalysis can be categorized as bi- or multicatalytic one-pot processes, assisted tandem catalysis or auto tandem catalysis, respectively [1]. Consequently, the most demanding part in the development of such processes is the identification of an apt precatalyst which has the potential to catalyze various reactions in a one-pot fashion, thereby rapidly enabling the access to complex molecular scaffolds in diversity oriented syntheses [29,30,31,32,33].



One of the two essential requirements to the catalytic system is the generation or retention of a functional group which is then appropriate for a subsequent reaction. Secondly, the catalyst or catalyst precursor has to be present in the reaction medium at the outset without any further addition of catalyst after the initial step. Additives to trigger the subsequent step might be added stepwise though.



To date, sequentially transition metal catalyzed processes predominantly make use of palladium [34,35], rhodium [36], and ruthenium [37] as metal sources. Recently, an overview focusing on cyclizing metal catalyzed processes in the sense of auto and assisted tandem catalysis according to Fogg’s and dos Santos’ classification in mind [1], gave an insight into this concept [38]. Here, we specifically focus on syntheses of heterocycles employing sequentially palladium catalyzed processes that are one-pot reactions in sensu stricto. Special attention will be given to Pd-catalyzed alkynylation and insertion sequences, sequences based upon aminations, processes that are intercepted by cyclocondensation events, and a few specific sequentially catalyzed processes. In the context of our research, this catalytic concept of sequential catalysis turned out to be particularly useful for diversity oriented synthesis of functional chromophores [39,40].




2. Sequences Based upon Alkynylation and Carbopalladative Insertions


Generally speaking, the majority of Pd-catalyzed sequential, consecutive, and domino processes involve an insertion of the palladium species into a carbon-carbon bond [41,42,43]. Carbopalladation of alkynes is particularly fascinating because, on the one hand, triple bonds are excellent ligands for transition metals, and on the other hand the complexes do not exit the catalytic cycle by β-hydride eliminations as known for Heck vinylations. For these complexes, possible exits are Pd-mediated nucleophilic trapping or a subsequent transmetallation, respectively. To date, the known catalytic systems for Sonogashira reactions are those with the highest capability of subsequent Pd- or Pd-Cu-cocatalyzed cyclizations. Thus, selected developments in Pd-catalyzed cascade cyclizations are discussed in the following.



Based on ortho-iodo phenol or an ortho-iodo benzylalcohol as an aryl halide and phenylacetylene as an alkynyl coupling partner, a Pd-catalyzed domino sequence has been reported where cycloisomerization subsequent to the coupling step affords benzofuran 1 or benzoisofuran 2, respectively [44]. Three different NHC-Pd-pyridine complexes 3–5, where NHC is 1,2,4-trimethyltriazolyldiylidene (3), 1,3-dimethylimidazolylidene (4), and 1,4-dimethyltriazolylidene (5), respectively, have been successfully employed (Scheme 1).
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Scheme 1. Sequentially Pd-catalyzed alkynylation-hydroaryloxylation synthesis of benzofuran 1 and isobenzofuran 2. 






Scheme 1. Sequentially Pd-catalyzed alkynylation-hydroaryloxylation synthesis of benzofuran 1 and isobenzofuran 2.
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Accordingly, the group of Olivi and coworkers reported a three-component coupling-cyclization sequence affording benzofuran 6 or indole 7 involving an initial amine propargylation via classic substitution and a subsequent Sonogashira coupling-cyclization using the established Sonogashira conditions (Scheme 2) [45].
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Scheme 2. Consecutive amine propargylation-Sonogashira coupling-cyclization synthesis of benzofuran 6 and indole 7. 






Scheme 2. Consecutive amine propargylation-Sonogashira coupling-cyclization synthesis of benzofuran 6 and indole 7.
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Another application of Sonogashira conditions in coupling and subsequent cyclization has been published by Pal and coworkers [46]. Despite mechanistic incomprehensibilities pertaining to a formal oxidation step, the cooperation of palladium and copper as catalysts provides thiophene anellated α-pyrones 8 and 9 (Scheme 3, Table 1).
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Scheme 3. Sequentially Pd-catalyzed alkynylation-cyclization-alkynylation synthesis of 4-alkynylthieno[2,3-c]pyran-7-ones 8 and 7-alkynylthieno[3,2-c]pyran-4-ones 9. 






Scheme 3. Sequentially Pd-catalyzed alkynylation-cyclization-alkynylation synthesis of 4-alkynylthieno[2,3-c]pyran-7-ones 8 and 7-alkynylthieno[3,2-c]pyran-4-ones 9.
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Table 1. Selected 4-alkynylthieno[2,3-c]pyran-7-ones 8 and 7-alkynylthieno[3,2-c]pyran-4-ones 9 via sequentially Pd-catalyzed alkynylation-cyclization-alkynylation sequence.







Table 1. Selected 4-alkynylthieno[2,3-c]pyran-7-ones 8 and 7-alkynylthieno[3,2-c]pyran-4-ones 9 via sequentially Pd-catalyzed alkynylation-cyclization-alkynylation sequence.







	
Entry

	
Thiophene

	
Alkyne

	
Alkynylthienopyran-7-Ones 8 and 9 (Yield)






	
1

	
 [image: Applsci 05 01803 i001]

	
 [image: Applsci 05 01803 i002]

	
 [image: Applsci 05 01803 i003]




	
2

	
 [image: Applsci 05 01803 i001]

	
 [image: Applsci 05 01803 i004]

	
 [image: Applsci 05 01803 i005]




	
3

	
 [image: Applsci 05 01803 i001]

	
 [image: Applsci 05 01803 i006]

	
 [image: Applsci 05 01803 i007]




	
4

	
 [image: Applsci 05 01803 i008]

	
 [image: Applsci 05 01803 i004]

	
 [image: Applsci 05 01803 i009]




	
5

	
 [image: Applsci 05 01803 i008]
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Another remarkable extension of the Sonogashira catalyst system has been published by Pinto, Neuville, and Zhu in which they employed the catalytic system in a Sonogashira alkynylation-carbopalladation-C–H activation-cyclization sequence [47]. Their three-component synthesis afforded an access to 3-(diaryl-methylene)oxindoles 10 using the initial catalyst source for various steps (Scheme 4, Table 2).
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Scheme 4. Sequentially Pd-Cu-catalyzed Sonogashira-carbopalladation-CH-activation-cyclization synthesis of 3-(diarylmethylene)indolin-2-ones 10. 
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Table 2. Selected 3-(diarylmethylene)oxindoles 10 via sequentially Pd-Cu-catalyzed Sonogashira-carbopalladation-CH-activation-cyclization sequence.







Table 2. Selected 3-(diarylmethylene)oxindoles 10 via sequentially Pd-Cu-catalyzed Sonogashira-carbopalladation-CH-activation-cyclization sequence.







	
Entry

	
Alkynoyl Anilide

	
R3-I

	
R4-I

	
3-(Diarylmethylene)oxindoles 10 (Yield)






	
1

	
R1 = 4-MeO,

R2 = Me

	
R3 = p-O2NC6H4

	
R4 = o-O2NC6H4

	
 [image: Applsci 05 01803 i012]




	
2

	
R1 = 4-MeO,

R2 = Me

	
R3 = Ph

	
R4 = m-F3CC6H4

	
 [image: Applsci 05 01803 i013]




	
3

	
R1 = H,

R2 = SEM

	
R3 = Ph

	
R4 = p-ClC6H4

	
 [image: Applsci 05 01803 i014]




	
4

	
R1 = 2-MeO,

R2 = Me

	
R3 = p-MeOC6H4

	
R4 = o-O2NC6H4

	
 [image: Applsci 05 01803 i015]




	
5

	
R1 = 4-MeO,

R2 = Me

	
R3 = 2-pyridyl

	
R4 = o-O2NC6H4

	
 [image: Applsci 05 01803 i016]









The use of ortho-iodo anilines provides access to a variety of substrates for consecutive domino reactions which can then be applied to the synthesis of heterocycles [5,6,7,9,48,49,50,51] and functional materials [39]. One example is the preparation of (tetrahydroisobenzofuran) spiro-benzofuranones or spiro-indolones in moderate to excellent yields by use of the domino insertion-coupling-isomerization-intramolecular Diels-Alder sequence of alkynoyl ortho-iodo phenolesters or alkynoyl ortho-iodo anilides and propargyl allyl ethers [52,53]. The particular interest in the target compounds is based on their solution and solid state luminescence. Making use of the aforementioned concept, the intermediary enyne indolone 11 has been transformed into solid state red fluorescent push-pull indolones 12 in a consecutive one-pot three-component sequence (Scheme 5, Table 3) [54].
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Table 3. Selected push-pull indolones 12.







Table 3. Selected push-pull indolones 12.







	
Entry

	
o-Iodo Alkynylanilide

	
Aryl Acetylene

	
Amine

	
Indolones 12 (Yield)






	
1

	
R1 = Ac, R2 = H

	
R3 = OMe

	
piperidine

	
 [image: Applsci 05 01803 i017]




	
2

	
R1 = Ac, R2 = tButyl

	
R3 = tButyl

	
piperidine

	
 [image: Applsci 05 01803 i018]




	
3

	
R1 = SO2Me, R2 = OMe

	
R3 = Cl

	
piperidine

	
 [image: Applsci 05 01803 i019]




	
4

	
R1 = Ac, R2 = H

	
R3 = OMe

	
morpholine

	
 [image: Applsci 05 01803 i020]




	
5

	
R1 = Me, R2 = H

	
R3 = Cl

	
morpholine

	
 [image: Applsci 05 01803 i021]








a The acetyl group is cleaved upon workup and isolation.
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Scheme 5. Three-component synthesis of push-pull indolones 12. 
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Mechanistically, the bicatalytic system of palladium and copper catalyzes an insertion-alkynylation-amination path. Related to these results, Balalaie and coworkers published a facile entry to alkynoyl ortho-iodo anilides using the well-established Ugi four-component reaction [55].
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Table 4. Selected 2,4-diarylpyrano[2,3-b]indoles 13 prepared via sequentially Pd-Cu-catalyzed insertion-coupling-cycloisomerization domino synthesis.







Table 4. Selected 2,4-diarylpyrano[2,3-b]indoles 13 prepared via sequentially Pd-Cu-catalyzed insertion-coupling-cycloisomerization domino synthesis.







	
Entry

	
o-Iodo Alkynyl-Anilide

	
Aryl Acetylene

	
2,4-Diarylpyrano[2,3-b]indoles 13 (Yield)






	
1

	
R1 = H

	
R2 = H

	
 [image: Applsci 05 01803 i022]




	
2

	
R1 = H

	
R2 = OMe

	
 [image: Applsci 05 01803 i023]




	
3

	
R1 = Cl

	
R2 = OMe

	
 [image: Applsci 05 01803 i024]




	
4

	
R1 = H

	
R2 = CN

	
 [image: Applsci 05 01803 i025]




	
5

	
R1 = H

	
R2 = CO2Me

	
 [image: Applsci 05 01803 i026]









Based on previous results, Schönhaber, Frank, and Müller found, when secondary ortho-iodo alkynoyl anilides (R1 = H) are used, that intermediate 11 (Scheme 5), formed by the palladium-copper co-catalyzed insertion-coupling, undergoes a transition-metal catalyzed cycloisomerization to give a new class of proto- and metallochromic luminescent 2,4-diarylpyrano[2,3-b]indoles 13 (Scheme 6, Table 4) [56].
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Scheme 6. Sequentially Pd-Cu-catalyzed insertion-coupling-cycloisomerization domino synthesis of 2,4-diarylpyrano[2,3-b]indoles 13. 






Scheme 6. Sequentially Pd-Cu-catalyzed insertion-coupling-cycloisomerization domino synthesis of 2,4-diarylpyrano[2,3-b]indoles 13.
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Over the past decades, the Sonogashira alkynylation has turned out to be the most versatile catalytic synthesis of internal alkynes starting from (hetero)aryl or vinyl halides and terminal acetylenes [42,57,58,59,60,61,62]. Most Sonogashira reactions are bimetallically catalyzed by palladium and copper complexes and, therefore, this unique catalyst system has also been shown to be suitable for CuAAC (Cu-catalyzed alkyne-azide cycloaddition) [63,64,65,66,67,68,69], eventually, in a sequential or consecutive fashion.



Sonogashira coupling of various aryl halides with (trimethylsilyl)acetylene followed by fluoride mediated desilylation and subsequent CuAAC represents a fairly general approach to 1,4-disubstituted triazoles 14 in good to excellent yield (Scheme 7) [70]. Besides TBAF, CuF2 was identified as a fluoride source that could also beneficially catalyze the CuAAC.
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Scheme 7. Consecutive three-component synthesis of 1,4-disubstituted triazoles 14 via Sonogashira alkynylation-desilylation-CuAAC sequence. 






Scheme 7. Consecutive three-component synthesis of 1,4-disubstituted triazoles 14 via Sonogashira alkynylation-desilylation-CuAAC sequence.
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The ubiquity of indoles in nature combined with their established pharmaceutical role in drug development has made indole derivatives attractive targets for synthesis. Indoles substituted at C-3 [71,72] and their aza analogues [73] are known to exhibit remarkable biological activities. Particularly in the case of azaindoles, their ability to bind to the hinge region of kinases renders them promising structural motifs for kinase inhibition studies [74,75,76,77]. Thus a one-pot multicomponent strategy was developed involving the coupling of N-Boc protected 3-iodo NH-heterocycles with (trimethylsilyl)acetylene that furnished the TMS-protected heterocyclic alkynes as intermediates, which, after in situ deprotection, gave rise to terminal alkynes that underwent subsequent CuAAC with an azide to furnish 3-triazolyl indoles or aza-indoles 15 (Scheme 8) [78]. Encouraged by the success of this three-component process, the strategy was further elaborated involving in situ generation of azides in a four-component one-pot sequence. Removal of the Boc group was carried out as a separate step under relatively mild conditions and some derivatives obtained by this concise strategy exhibited satisfactory kinase inhibition activity.
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Scheme 8. Consecutive three-component synthesis of N-Boc 3-triazolyl (aza)indoles and azoles 15 via Sonogashira alkynylation-desilylation-CuAAC sequence. 






Scheme 8. Consecutive three-component synthesis of N-Boc 3-triazolyl (aza)indoles and azoles 15 via Sonogashira alkynylation-desilylation-CuAAC sequence.
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Likewise, aroyl chlorides successfully underwent Sonogashira coupling and desilylation steps to give terminally unsubstituted ynones that were subsequently transformed to 1-substituted-4-phenylacyl-1H-1,2,3- triazoles 16 under dielectric heating (Scheme 9) [70].
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Scheme 9. Consecutive three-component synthesis of 1-substituted 4-acyl-1H-1,2,3-triazoles 16 via Sonogashira alkynylation-desilylation-CuAAC sequence. 






Scheme 9. Consecutive three-component synthesis of 1-substituted 4-acyl-1H-1,2,3-triazoles 16 via Sonogashira alkynylation-desilylation-CuAAC sequence.
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In a related study, the one-pot synthesis of 1-substituted 4-acyl-triazoles 17 was improved by (1) switching to the more robust TIPS (tris(isopropyl)silyl) protecting group; (2) reducing the amount of triethylamine in the Sonogashira step to one stoichiometrically necessary equivalent, as previously shown for TMS-alkynone formation by Karpov and Müller [79]; and (3) employing AgF as an efficient reagent for the removal of the TIPS group [80]. In addition, the reaction proceeds smoothly at room temperature and gives rise to good yields (Scheme 10) [81].
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Scheme 10. Consecutive three-component synthesis of 1-substituted 4-acyl-1H-1,2,3-triazoles 17 via Sonogashira alkynylation-desilylation-CuAAC sequence. 






Scheme 10. Consecutive three-component synthesis of 1-substituted 4-acyl-1H-1,2,3-triazoles 17 via Sonogashira alkynylation-desilylation-CuAAC sequence.
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Not many methods for the synthesis of N-unsubstituted triazoles are available [82] and their potential biological activity encouraged the development of synthetic strategies. This led to the development of a three-component one-pot synthesis of 4,5-disubstituted-1,2,3-2H-triazoles 18 starting from acid chlorides, terminal acetylenes, and sodium azide via ultrasonication promoted Sonogashira coupling-1,3-dipolar cycloaddition (Scheme 11) [83].
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Scheme 11. Consecutive three-component synthesis of 4,5-disubstituted-1,2,3-2H-triazoles 18 via Sonogashira alkynylation-cycloaddition sequence. 






Scheme 11. Consecutive three-component synthesis of 4,5-disubstituted-1,2,3-2H-triazoles 18 via Sonogashira alkynylation-cycloaddition sequence.
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The developed strategy exhibited a wide range of tolerated substrates, also showing its compatibility with both electron donating and electron withdrawing substituents. Thus such 1,2,3-2H-triazoles provided an opportunity for further exploration of their inclination towards reacting in coupling reactions. The screening of various substrates showed the regioselective N-2 arylation furnishing 1,4,5-trisubstituted-1,2,3-triazoles by nucleophilic aromatic substitution with 1-chloro-4-nitrobenzene.



Another illustration for Pd-Cu-sequentially catalyzed processes was presented by Merkul, Urselmann, and Müller with a consecutive Sonogashira-Glaser reaction, where first a (hetero)aryliodide was coupled with (trimethylsilyl)acetylene which was subsequently desilylated by potassium fluoride. Under aerobic conditions the oxidation states of Pd and Cu are altered and an alkyne dimerization furnishes the symmetrically substituted butadiynes 20 in the sense of a pseudo four-component process [84]. This sequence was employed as an entry to a pseudo five-component synthesis of symmetrically substituted 2,5-di(hetero)arylthiophenes 19 (Scheme 12) [85]. Likewise, the Müller group disclosed a rapid access to intensively blue luminescent 2,5-di(hetero)arylfurans when potassium hydroxide was used as the bifunctional nucleophile [86]. The same concept was applied to the synthesis of 3-(hetero)arylmethyl-2,5-di(hetero)aryl-substituted thiophenes in the sense of a pseudo five-component process by employing (hetero)aryl methylthiols as masked dinucleophilic substrates [87].





[image: Applsci 05 01803 g012 1024] 





Scheme 12. Pseudo five-component Sonogashira-Glaser cyclization synthesis of symmetrical 2,5-di(hetero)arylthiophenes 19. 






Scheme 12. Pseudo five-component Sonogashira-Glaser cyclization synthesis of symmetrical 2,5-di(hetero)arylthiophenes 19.
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Another very recently reported sequence is the sequentially Pd-Cu-catalyzed Sonogashira coupling Cu-catalyzed cyclization approach towards cyclopenta[b]naphthalene and benzo[b]fluorene derivatives 21 starting from aryl 1-cyanoalk-5-ynyl ketones reported by the group of Shia and coworkers (Scheme 13, Table 5) [88]. A tentative mechanism for the Cu-catalyzed cyclization succeeding the Sonogashira coupling starts with the oxidation of the copper(I)-species to give copper(II) and a hydroperoxide anion. The activated hydrogen atom in α-position to the cyano and the keto group is abstracted and the carbon radical undergoes a 5-exo-dig cyclization to produce a vinyl radical. This radical then attacks the benzene ring to give a cyclohexadienyl radical. Aromatization is reconstituted by aromatic homolytic substitution, eventually forming hydrogen peroxide.
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Scheme 13. Sequential Pd-Cu-catalyzed Sonogashira coupling-Cu-catalyzed cyclization synthesis of cyclopenta[b]naphthalene and benzo[b]fluorene derivatives 21. 
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Table 5. Selected cyclopenta[b]naphthalene and benzo[b]fluorene derivatives 21 prepared by the sequential Pd-Cu-catalyzed Sonogashira coupling-Cu-catalyzed cyclization.







Table 5. Selected cyclopenta[b]naphthalene and benzo[b]fluorene derivatives 21 prepared by the sequential Pd-Cu-catalyzed Sonogashira coupling-Cu-catalyzed cyclization.







	
Entry

	
Ketone

	
(Hetero)aryl Iodide

	
Cyclopenta[b]-Naphthalenes and Benzo[b]fluorenes 21 (Yield)






	
1

	
phenyl

	
R2 = H

	
 [image: Applsci 05 01803 i027]




	
2

	
phenyl

	
R2 = p-HO2C

	
 [image: Applsci 05 01803 i028]




	
3

	
p-anisyl

	
R2 = p-NC

	
 [image: Applsci 05 01803 i029]




	
4

	
phenyl

	
3-pyridyl iodide

	
 [image: Applsci 05 01803 i030]




	
5

	
benzofuran-6-yl

	
R2 = H

	
 [image: Applsci 05 01803 i031]










3. Sequences Based upon Amination


Initiated by Buchwald and Hartwig in the past two decades Pd-catalyzed carbon-heteroatom bond forming processes have considerably fertilized the field of heterocyclization and the catalyst sources are often identical with those for carbon-carbon bond forming processes [89,90,91,92,93]. Several intriguing one-pot sequences have been developed on this conceptual basis furnishing specific substitution patterns on classical and novel heterocyclic core structures.



A prominent example of a two-component sequential catalysis is the intermolecular-intramolecular Buchwald-Hartwig double amination reported by Tamao and coworkers [94]. The method uses 2,2′-dihalobiphenyls and primary amines for the synthesis of multisubstituted carbazoles 22 that possess intriguing optical properties (Scheme 14). The methodology has then been applied to the synthesis of different compound classes, for instance to the synthesis of diazacarbazoles [95], ladder-type π-conjugated heteroacenes [96], dithienopyrroles [97,98,99], and to the synthesis of the phenothiazine backbone of promazines [100].
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Scheme 14. Sequentially Pd-catalyzed intermolecular intramolecular Buchwald-Hartwig double amination sequence to access multisubstituted carbazoles 22. 






Scheme 14. Sequentially Pd-catalyzed intermolecular intramolecular Buchwald-Hartwig double amination sequence to access multisubstituted carbazoles 22.
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The method has also been employed in the synthesis of dithienothiazines 23 that possess interesting electronic properties involving reversible oxidation and can therefore be regarded as new donors for functional π-systems (Scheme 15, Table 6) [101,102].
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Scheme 15. Sequentially Pd-catalyzed intermolecular intramolecular Buchwald-Hartwig double amination sequence to access dithienothiazines 23. 
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Table 6. Selected dithienothiazines 23 via Pd-catalyzed intermolecular intramolecular Buchwald-Hartwig double amination.







Table 6. Selected dithienothiazines 23 via Pd-catalyzed intermolecular intramolecular Buchwald-Hartwig double amination.







	
Entry

	
Amine

	
Dithienothiazines 23 (Yield)






	
1

	
R1 = Ph

	
 [image: Applsci 05 01803 i032]




	
2

	
R1 = p-MeOC6H4

	
 [image: Applsci 05 01803 i033]




	
3

	
R1 = p-F3CC6H4

	
 [image: Applsci 05 01803 i034]




	
4

	
R1 = p-FC6H4

	
 [image: Applsci 05 01803 i035]




	
5

	
R1 = nBu

	
 [image: Applsci 05 01803 i036]









Fang and Lautens reported an assisted tandem catalysis involving an intramolecular palladium-catalyzed Buchwald-Hartwig amination and intermolecular Suzuki-Miyaura coupling [103]. By the use of gem-dihalovinyls as starting materials, 2-functionalized indoles 24 could be accessed using various organoboron compounds as coupling partners in the Suzuki-Miyaura-coupling (Scheme 16, Table 7).



The developed method has been further elaborated by the same group to provide access to substituted azaindoles and thienopyrroles, respectively [104,105,106]. If the gem-dihalovinyl group was placed ortho to the amino group in amino-pyridines or anilines, the catalytic system performed a Buchwald-Hartwig amination followed by subsequent Suzuki- [104,105] or Heck-coupling [106], respectively. In a related fashion, the Lautens group could employ the same concept for a thioanellation furnishing 2-substituted benzothiophenes by sequentially Pd-catalyzed CS– and CC–bond formation [107]. Furthermore, the developed Pd-catalyzed Buchwald-Hartwig amination Suzuki-coupling methodology has been applied to the synthesis of kinase insert domain-containing receptor (KDR) kinase inhibitors, which pose as promising compounds in anti-tumor therapy [105].
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Scheme 16. Sequentially Pd-catalyzed Buchwald-Hartwig amination Suzuki-Miyaura coupling sequence for the synthesis of 2-functionalized indoles 24. 
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Table 7. Selected 2-functionalized indoles 24 via sequentially Pd-catalyzed Buchwald-Hartwig amination Suzuki-Miyaura-coupling sequence.







Table 7. Selected 2-functionalized indoles 24 via sequentially Pd-catalyzed Buchwald-Hartwig amination Suzuki-Miyaura-coupling sequence.







	
Entry

	
gem-Dihalovinyl

	
Boronate

	
2-Functionalized Indoles 24 (Yield)






	
1

	
R1 = H, R2 = H, R3 = H, X = Br

	
R4 = Ph

	
 [image: Applsci 05 01803 i037]




	
2

	
R1 = H, R2 = H, R3 = H, X = Cl

	
R4 = Ph

	
 [image: Applsci 05 01803 i038]




	
3

	
R1 = H, R2 = H, R3 = CF3, X = Br

	
R4 = Ph

	
 [image: Applsci 05 01803 i039]




	
4

	
R1 = H, R2 = H, R3 = H, X = Br

	
R4 = p-MeOC6H4

	
 [image: Applsci 05 01803 i040]




	
5

	
R1 = H, R2 = H, R3 = H, X = Br

	
R4 = o-MeC6H4

	
 [image: Applsci 05 01803 i041]









β,β′-Dibromo-ortho-bromo styrenes 25 are fascinating substrates for multiple cross-coupling reactions where all carbon-bromine bonds display minute differences in their propensity to undergo oxidative addition. Liang et al. have reported a three-component synthesis of α-alkynyl indoles 26 in moderate to good yields (Scheme 17, Table 8) [108]. The sequence commences with an intermolecular site-selective Sonogashira coupling at the E-configured bromo styrene position followed by an intermolecular Buchwald-Hartwig amination furnishing the α-alkynyl enaminyl Pd-species 27 which concludes the process with an intramolecular catalytic amination, thereby establishing the indole annulation.
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Scheme 17. Three-component synthesis of α-alkynyl indoles 26 via Sonogashira-inter- and intra-molecular Buchwald-Hartwig sequence. 
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Table 8. Selected α-alkynyl indoles 26 via Sonogashira-inter- and intramolecular Buchwald-Hartwig sequence.







Table 8. Selected α-alkynyl indoles 26 via Sonogashira-inter- and intramolecular Buchwald-Hartwig sequence.







	
Entry

	
β,β′-Dibromo-ortho-Bromo Styrene

	
Alkyne

	
Amine

	
α-Alkynyl Indoles 26 (Yield)






	
1

	
R1 = H

	
R2 = p-F3CC6H4

	
R3 = Ph

	
 [image: Applsci 05 01803 i042]




	
2

	
R1 = H

	
R2 = nOctyl

	
R3 = Ph

	
 [image: Applsci 05 01803 i043]




	
3

	
R1 = H

	
R2 = Ph

	
R3 = p-MeOC6H4

	
 [image: Applsci 05 01803 i044]




	
4

	
R1 = 4-F

	
R2 = Ph

	
R3 = p-MeC6H4

	
 [image: Applsci 05 01803 i045]




	
5

	
R1 = H

	
R2 = 3-thienyl

	
R3 = Ph

	
 [image: Applsci 05 01803 i046]









A Pd-catalyzed three-component N-arylation-carbopalladation-CH-activation-cyclization sequence to afford the indolone scaffold has been reported by Zhu’s group [109]. Using Xantphos as the initial ligand no further addition of the same is needed after the N-arylation of the secondary propiolamide. Entering an intermolecular carbopalladation-CH-activation-arylation, the addition of a second aryliodide completes the formation of 3-(diarylmethylene)indolin-2-ones 28 (Scheme 18, Table 9).
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Scheme 18. Sequentially Pd-catalyzed N-arylation-carbopalladation-CH-activation-cyclization synthesis of 3-(diarylmethylene)indolin-2-ones 28. 
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Table 9. Selected 3-(diarylmethylene)indolin-2-ones 28 via sequentially Pd-catalyzed N-arylation-carbopalladation-CH-activation-cyclization.







Table 9. Selected 3-(diarylmethylene)indolin-2-ones 28 via sequentially Pd-catalyzed N-arylation-carbopalladation-CH-activation-cyclization.







	
Entry

	
Alkynoyl Amide

	
(Hetero)aryl Bromide

	
Aryl Iodide

	
3-(Diarylmethylene)-Indolin-2-Ones 28 (Yield)






	
1

	
R1 = Me, R2 = H

	
p-O2NC6H4Br

	
o-O2NC6H4I

	
 [image: Applsci 05 01803 i047]




	
2

	
R1 = Me, R2 = H

	
p-NCC6H4Br

	
o-O2NC6H4I

	
 [image: Applsci 05 01803 i048]




	
3

	
R1 = Me, R2 = H

	
p-OHCC6H4Br

	
o-O2NC6H4I

	
 [image: Applsci 05 01803 i049]




	
4

	
R1 = Bn, R2 = H

	
p-O2NC6H4Br

	
o-O2NC6H4I

	
 [image: Applsci 05 01803 i050]




	
5

	
R1 = Bn, R2 = OMe

	
p-O2NC6H4Br

	
p-MeOC6H4I

	
 [image: Applsci 05 01803 i051]










4. Sequences Intercepted by Cyclizations


Reactive members of the class of three-carbon building blocks are alkynones [110] and 1,3-diaryl propenones [111], so-called chalcones, which can be rapidly transformed into five-, six-, and even seven-membered heterocycles in a Michael-addition cyclocondensation sequence.



A catalytic access to ynones [79,112] and enones [113,114,115,116] by Sonogashira-coupling therefore provides an entry to the preparation of a variety of heterocycles. Based on this motivation, the concept has been studied in great detail and elaborated into well-established protocols by the group of Müller in the last decade. Since major advancements of this one-pot methodology have been already reviewed [117,118,119,120] only recent conceptual achievements with respect to sequentially Pd-catalyzed processes [34] will be highlighted here.



One of these achievements is a consecutive three-component synthesis of pyrazoles using (hetero)aroyl chlorides, terminal alkynes, and hydrazines to regioselectively access substituted heterocyclic structures [121,122]. As an example the combination with an electrophilic halogenation led to a one-pot four-component sequence of 4-halo pyrazoles 29 (Scheme 19) [123].





[image: Applsci 05 01803 g019 1024] 





Scheme 19. Four-component synthesis of 4-halo pyrazoles 29. 






Scheme 19. Four-component synthesis of 4-halo pyrazoles 29.
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Further elaboration of the previously reported concept afforded the transformation of the in situ generated 4-halo pyrazole 29 in the presence of catalytic metal complexes in a Suzuki-coupling [123]. In the sense of an assisted tandem catalysis, the addition of catalytic amounts of triphenylphosphane to the reaction mixture for the retention of the correct oxidation state of the Pd source gave rise to the formation of 1,3,4,5-tetrasubstituted pyrazoles 30 in a four-step sequence comprising Sonogashira-coupling, addition-cyclocondensation, halogenation, and Suzuki-coupling in a one-pot fashion (Scheme 20, Table 10). All title compounds feature intense blue fluorescence and high quantum yields.



The concatenation of Sonogashira and Suzuki coupling in a one-pot process, intercepted by cyclocondensation with hydrazines, was successfully applied to the efficient microwave-assisted consecutive four-component synthesis of 1-, 3-, and 5-biarylsubstituted pyrazoles 31, 32, and 33 (Scheme 21, Table 11) [124]. This robust protocol allows the introduction of bromo aryl substituents on all three substrates as points of diversification. In every case the one-pot sequence terminates with a Suzuki arylation by adding (hetero)aryl boronates or boronic acids to the reaction mixture. This diversity-oriented approach enables tailoring, fine-tuning, and optimization of absorption and emission properties. By physical organic studies, including molecular modelling, high fluorescence quantum yields up to 97% (compound 33a) were achieved.
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Scheme 20. Sequentially Pd-Cu-catalyzed Sonogashira alkynylation-cyclocondensation-bromination-Suzuki arylation synthesis of 1,3,4,5-tetrasubstituted pyrazoles 30. 
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Table 10. Selected 1,3,4,5-tetrasubstituted pyrazoles 30 via sequentially Pd-Cu-catalyzed Sonogashira alkynylation-cyclocondensation-halogenation-Suzuki arylation synthesis.







Table 10. Selected 1,3,4,5-tetrasubstituted pyrazoles 30 via sequentially Pd-Cu-catalyzed Sonogashira alkynylation-cyclocondensation-halogenation-Suzuki arylation synthesis.







	
Entry

	
(Hetero)aroylchloride

	
Alkyne

	
Boronic Acid

	
1,3,4,5-Tetrasubstituted Pyrazoles 30 (Yield)






	
1

	
R1 = p-MeOC6H4

	
R2 = Ph

	
R3 = p-OHCC6H4

	
 [image: Applsci 05 01803 i052]




	
2

	
R1 = p-ClC6H4

	
R2 = Ph

	
R3 = p-OHCC6H4

	
 [image: Applsci 05 01803 i053]




	
3

	
R1 = p-ClC6H4

	
R2 = nPr

	
R3 = p-OHCC6H4

	
 [image: Applsci 05 01803 i054]




	
4

	
R1 = p-MeOC6H4

	
R2 = Ph

	
R3 = p-MeC6H4

	
 [image: Applsci 05 01803 i055]




	
5

	
R1 = p-ClC6H4

	
R2 = Ph

	
R3 = p-MeOC6H4

	
 [image: Applsci 05 01803 i056]
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Scheme 21. Sequentially Pd-Cu-catalyzed Sonogashira alkynylation-cyclocondensation-Suzuki arylation synthesis of 1-, 3-, and 5-biarylsubstituted pyrazoles 31, 32, and 33. 
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Table 11. Selected 1-, 3-, and 5-biarylsubstituted pyrazoles 31, 32, and 33 via sequentially Pd-Cu-catalyzed Sonogashira alkynylation-cyclocondensation-Suzuki arylation synthesis.







Table 11. Selected 1-, 3-, and 5-biarylsubstituted pyrazoles 31, 32, and 33 via sequentially Pd-Cu-catalyzed Sonogashira alkynylation-cyclocondensation-Suzuki arylation synthesis.







	
Entry

	
(Hetero)aroyl Chloride

	
Alkyne

	
Hydrazine

	
Boronic Acid

	
1-, 3-, and 5-Biarylsubstituted Pyrazoles 31, 32, and 33 (Yield)






	
1

	
R1 = 2-thienyl

	
R2 = Ph

	
R3 = p-BrCC6H4

	
R4 = p-tolyl

	
 [image: Applsci 05 01803 i057]




	
2

	
R1 = Ph

	
R2 = nBu

	
R3 = p-BrCC6H4

	
R4 = p-tolyl

	
 [image: Applsci 05 01803 i058]




	
3

	
R1 = p-BrC6H4

	
R2 = p-tolyl

	
R3 = Me

	
R4 = 4-F-2-MeC6H3

	
 [image: Applsci 05 01803 i059]




	
4

	
R1 = p-BrC6H4

	
R2 = Ph

	
R3 = Me

	
R4 = p-NCC6H4

	
 [image: Applsci 05 01803 i060]




	
5

	
R1 = o-FC6H4

	
R2 = p-BrC6H4

	
R3 = Me

	
R4 = p-tolyl

	
 [image: Applsci 05 01803 i061]




	
6

	
R1 = Ph

	
R2 = p-BrC6H4

	
R3 = Me

	
R4 = p-tolyl

	
 [image: Applsci 05 01803 i062]









Since the reaction conditions used for the alkynylation of aroyl chlorides can easily be conditioned to be Brønsted acidic, Müller and coworkers could show that using THP-protected propargyl alcohols as the alkyne species and sodium chloride or iodide leads to an effective coupling-acetal cleavage-hydrogen halide Michael addition-cyclocondensation sequence giving the compound class of 3-halofurans [125,126]. Of equal interest is the fact that the conditions are compatible with a subsequent Suzuki-coupling by mere addition of the desired boronic acids and Na2CO3 in excess to the reaction mixture. The intermediary iodo furan then affords the corresponding trisubstituted furan [125].



Applying the previously mentioned concept to the synthesis of the corresponding 4-iodo pyrroles however requires the choice of an apt protecting group for the nitrogen. As such, the Boc group is a convenient choice due to its tolerance towards several reaction conditions and the inherent easy removability of a carbamate. As an example, (hetero)aroyl chlorides and N-Boc-protected propargyl amine have been coupled to give rise to an intermediary alkynone which is then rapidly transformed by addition-cyclocondensation with sodium iodide and PTSA into N-Boc-4-iodo-2-substituted pyrroles 34 (Scheme 22) [127].
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Scheme 22. Three-component synthesis of N-Boc-4-iodo-2-substituted pyrroles 34. 






Scheme 22. Three-component synthesis of N-Boc-4-iodo-2-substituted pyrroles 34.
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Due to the introduced iodide into the pyrrole core, the N-Boc-protected 4-iodo pyrroles 34 can now be easily coupled with various alkyne species in the sense of a subsequent Sonogashira-coupling, based on the assumption that the catalyst system is still intact. Addition of a terminal alkyne to the reaction mixture therefore allowed the transformation of 34 into N-Boc-2-aryl-4-alkynyl pyrroles 35 in the sense of a one-pot four-step coupling-addition-cyclocondensation-coupling sequence that retains the nitrogen protecting group (Scheme 23) [127].
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Scheme 23. Sequentially Pd-Cu-catalyzed three-component synthesis of N-Boc-2-aryl-4-alkynyl pyrroles 35. 






Scheme 23. Sequentially Pd-Cu-catalyzed three-component synthesis of N-Boc-2-aryl-4-alkynyl pyrroles 35.
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Another recently disclosed sequence is the sequentially Pd-Cu-catalyzed three-component Sonogashira-coupling imine formation double cycloisomerization reaction yielding hetero α,α′-dimers of heterocycles 36, reported by Murata and coworkers (Scheme 24, Table 12) [128]. The sequence starts with the alkynylation of 2-bromo cyclohexen-1-carbaldehyde with a conformationally predetermined enyne carbonyl compound followed by imine formation and eventual double cycloisomerization to the final product.





[image: Applsci 05 01803 g024 1024] 





Scheme 24. Sequentially Pd-Cu-catalyzed three-component synthesis of hetero α,α′-dimers of heterocycles 36. 
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Table 12. Selected hetero α,α′-dimers of heterocycles 36 via sequentially Pd-Cu-catalyzed three-component synthesis.







Table 12. Selected hetero α,α′-dimers of heterocycles 36 via sequentially Pd-Cu-catalyzed three-component synthesis.







	
Entry

	
Alkyne

	
Amine

	
Hetero α,α′-Dimers of Heterocycles 36 (Yield)

	
Hetero α,α′-Dimers of Heterocycles 35 (Yield)






	
1

	
R1 = p-MeOC6H4

	
R2 = tBu

	
 [image: Applsci 05 01803 i063]

	
 [image: Applsci 05 01803 i064]




	
2

	
R1 = p-Ph2NC6H4

	
R2 = tBu

	
 [image: Applsci 05 01803 i065]

	
 [image: Applsci 05 01803 i066]




	
3

	
R1 = Ph

	
R2 = Bn

	
 [image: Applsci 05 01803 i067]

	
 [image: Applsci 05 01803 i068]









The very same protocol could also be exemplified in the preparation of 2-(5′-furanyl)furan and -pyrrole 37 and the monodisperse heterooligomer 38 (Scheme 25).





[image: Applsci 05 01803 g025 1024] 





Scheme 25. Sequentially Pd-Cu-catalyzed synthesis of 2-(5′-furanyl)furan and -pyrrole 37 and the monodisperse heterooligomer 38. 






Scheme 25. Sequentially Pd-Cu-catalyzed synthesis of 2-(5′-furanyl)furan and -pyrrole 37 and the monodisperse heterooligomer 38.
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5. Miscellaneous Sequentially Pd-Catalyzed Cyclizations


Before the advent of CuAAC for regioselective triazole synthesis [63], a regiospecific synthesis of 2-allyl-1,2,3-triazoles 39 by palladium-catalyzed cyclization via azidation of allyl methyl carbonate with TMSN3 at elevated temperature was reported by Yamamoto (Scheme 26) [129].



This palladium-catalyzed three-component reaction of activated alkynes (substituted with electron withdrawing group(s)), allyl carbonate, and trimethylsilyl azide also represented a regiospecific formation of 2-allyl-1,2,3-triazoles.



While various Pd catalyst species were not able to transform nonactivated alkynes solely, copper co-catalysis finally led to a significant extension of the methodology, tolerating nonactivated alkynes (Scheme 26) [130]. Two sets of reaction conditions were optimized for regioselective one-pot syntheses of 1-allyl 1,2,3-triazoles 40 and 2-allyl 1,2,3-triazoles 41 employing nonactivated alkynes as substrates (Scheme 27). The optimization studies disclosed the regioselective role exerted by phosphane ligands.





[image: Applsci 05 01803 g026 1024] 





Scheme 26. Pd-catalyzed three-component reaction of alkynes, allyl carbonate, and trimethylsilyl azide to regiospecifically give 2-allyl-1,2,3-triazole 39. 
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Scheme 27. Regioselective Pd-Cu-catalyzed three-component syntheses of 1-allyl 1,2,3-triazoles 40 and 2-allyl 1,2,3-triazoles 41. 






Scheme 27. Regioselective Pd-Cu-catalyzed three-component syntheses of 1-allyl 1,2,3-triazoles 40 and 2-allyl 1,2,3-triazoles 41.
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The Lautens group has further developed Catellani’s norbornene-mediated Pd-catalyzed ortho-alkylation of iodo arenes under Heck conditions [131] and published an efficient methodology accessing functionalized polycyclic heterocycles by employing a norbornene-mediated, palladium-catalyzed tandem alkylation direct arylation sequence in a one-pot fashion [132,133,134,135]. After oxidative addition of the palladium(0) species to the employed iodoarene a carbopalladation of norbornene precedes the sp2 CH activation that enables the alkylation. Reductive elimination of the postulated intermediary palladium(IV) complex followed by dismissal of norbornene gives rise to a second CH activation that results in the heteroannulated pyrroles 42 (Scheme 28, Table 13). Following this methodology, six- and seven-membered annulated pyrroles and pyrazoles [132], polycyclic thiophenes and furans [133], annulated 2-H-indazoles and 1,2,3- and 1,2,4-triazoles [134], and, even more remarkable, sterically hindered bi- and tricyclic benzonitriles [135] have been prepared.
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Scheme 28. Sequentially Pd-catalyzed, norbornene mediated tandem alkylation direct arylation sequence in a one-pot fashion affording heteroannulated pyrroles 42. 
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Table 13. Selected heteroannulated pyrroles 42 via sequentially Pd-catalyzed, norbornene mediated tandem alkylation direct arylation sequence.







Table 13. Selected heteroannulated pyrroles 42 via sequentially Pd-catalyzed, norbornene mediated tandem alkylation direct arylation sequence.







	
Entry

	
Pyrrole

	
Aryliodide

	
Heteroannulated Pyrroles 42 (Yield)






	
1

	
 [image: Applsci 05 01803 i069]

	
 [image: Applsci 05 01803 i070]

	
 [image: Applsci 05 01803 i071]




	
2

	
 [image: Applsci 05 01803 i069]

	
 [image: Applsci 05 01803 i072]

	
 [image: Applsci 05 01803 i073]




	
3

	
 [image: Applsci 05 01803 i069]

	
 [image: Applsci 05 01803 i074]

	
 [image: Applsci 05 01803 i075]




	
4

	
 [image: Applsci 05 01803 i076]

	
 [image: Applsci 05 01803 i070]

	
 [image: Applsci 05 01803 i077]




	
5

	
 [image: Applsci 05 01803 i078]

	
 [image: Applsci 05 01803 i079]

	
 [image: Applsci 05 01803 i080]










6. Conclusions


The interest in sequential catalysis involving transition metals in cyclization and cycloisomerization is growing tremendously. The enormous inherent potential for structural complexity provided by cyclization as well as the waste-preventing, atom economical use of the catalyst in sequential catalysis have sparked this interest. This concept, based on reactivity, has mainly been highlighted for the recent development of Pd-catalyzed sequential processes that are currently rapidly evolving. In the years to come, sequentially Pd-catalyzed cyclization syntheses will become a valuable tool for the rapid synthesis of biologically active molecules, functional heterocycles, and for the development of novel smart materials, and expectedly, only the first steps have been taken.







Acknowledgments


The authors gratefully acknowledge the continuous support by the Fonds der Chemischen Industrie (scholarship for Timo Lessing).




Author Contributions


Timo Lessing compiled the literature, prepared the graphics of the schemes and wrote the first draft. Thomas J. J. Müller actualized the literature research, prepared additional graphics and finalized the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fogg, D.E.; Dos-Santos, E.N. Tandem catalysis: A taxonomy and illustrative review. Coord. Chem. Rev. 2004, 248, 2365–2379. [Google Scholar] [CrossRef]

	



Patil, N.T.; Shinde, V.S.; Gajula, B. A one-pot catalysis: The strategic classification with some recent examples. Org. Biomol. Chem. 2012, 10, 211–224. [Google Scholar] [CrossRef] [PubMed]

	



Burke, A.J.; Marinho, V.R.; Furtado, O.M.R. Recent multiple transition metal catalysed single-pot reactions. Curr. Org. Synth. 2010, 7, 94–119. [Google Scholar] [CrossRef]

	



Lee, J.M.; Na, Y.; Han, H.; Chang, S. Cooperative multi-catalyst systems for one-pot organic transformations. Chem. Soc. Rev. 2004, 33, 302–312. [Google Scholar] [CrossRef] [PubMed]

	



Kirsch, G.; Hesse, S.; Comel, A. Synthesis of five- and six-membered heterocycles through palladium-catalyzed reactions. Curr. Org. Synth. 2004, 1, 47–63. [Google Scholar] [CrossRef]

	



Nakamura, I.; Yamamoto, Y. Transition-metal-catalyzed reactions in heterocyclic synthesis. Chem. Rev. 2004, 104, 2127–2198. [Google Scholar] [CrossRef] [PubMed]

	



Balme, G.; Bossharth, E.; Monteiro, N. Pd-assisted multicomponent synthesis of heterocycles. Eur. J. Org. Chem. 2003, 2003, 4101–4111. [Google Scholar] [CrossRef]

	



De Meijere, A.; Schelper, M. Metal-assisted cyclizations: Cascade and domino reactions. Actual. Chim. 2003, 265, 51–56. [Google Scholar] [CrossRef]

	



Battistuzzi, G.; Cacchi, S.; Fabrizi, G. The aminopalladation/reductive elimination domino reaction in the construction of functionalized indole rings. Eur. J. Org. Chem. 2002, 2002, 2671–2681. [Google Scholar] [CrossRef]

	



Poli, G.; Giambastiani, G.; Heumann, A. Palladium in organic synthesis: Fundamental transformations and domino processes. Tetrahedron 2000, 56, 5959–5989. [Google Scholar] [CrossRef]

	



Grigg, R.; Sridharan, V. Palladium catalysed cascade cyclisation-anion capture, relay switches and molecular queues. J. Organomet. Chem. 1999, 576, 65–87. [Google Scholar] [CrossRef]

	



De Meijere, A.; Bräse, S. Palladium in action: Domino coupling and allylic substitution reactions for the efficient construction of complex organic molecules. J. Organomet. Chem. 1999, 576, 88–110. [Google Scholar] [CrossRef]

	



Molander, G.A.; Harris, C.R. Sequencing reactions with samarium(II) iodide. Chem. Rev. 1996, 96, 307–338. [Google Scholar] [CrossRef] [PubMed]

	



Malacria, M. Selective preparation of complex polycyclic molecules from acyclic precursors via radical mediated- or transition metal-catalyzed cascade reactions. Chem. Rev. 1996, 96, 289–306. [Google Scholar] [CrossRef] [PubMed]

	



Tietze, L.F. Domino reactions in organic synthesis. Chem. Rev. 1996, 96, 115–136. [Google Scholar] [CrossRef] [PubMed]

	



Tietze, L.F.; Beifuss, U. Sequential transformations in organic chemistry: A synthetic strategy with a future. Angew. Chem. Int. Ed. Engl. 1993, 32, 131–163. [Google Scholar] [CrossRef]

	



Tietze, L.F. Domino-reactions: The tandem-knoevenagel-hetero-diels-alder reaction and its application in natural product synthesis. J. Heterocycl. Chem. 1990, 27, 47–69. [Google Scholar] [CrossRef]

	



Wasilke, J.-C.; Obrey, S.J.; Baker, R.T.; Bazan, G.C. Concurrent tandem catalysis. Chem. Rev. 2005, 105, 1001–1020. [Google Scholar] [CrossRef] [PubMed]

	



Ajamian, A.; Gleason, J.L. Two birds with one metallic stone: Single-pot catalysis of fundamentally different transformations. Angew. Chem. Int. Ed. 2004, 43, 3754–3760. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, Y.; Nakagai, Y.-I.; Itoh, K. Ruthenium-catalyzed one-pot double allylation/cycloisomerization of 1,3-dicarbonyl compounds leading to exo-methylenecyclopentanes. Chem. Eur. J. 2004, 10, 231–236. [Google Scholar] [CrossRef] [PubMed]

	



Cossy, J.; Bargiggia, F.; BouzBouz, S. Tandem cross-metathesis/hydrogenation/cyclization reactions by using compatible catalysts. Org. Lett. 2003, 5, 459–462. [Google Scholar] [CrossRef] [PubMed]

	



Thadani, A.N.; Rawal, V.H. Stereospecific synthesis of highly substituted skipped dienes through multifunctional palladium catalysis. Org. Lett. 2002, 4, 4317–4320. [Google Scholar] [CrossRef] [PubMed]

	



Son, S.U.; Park, K.H.; Chung, Y.K. Sequential actions of cobalt nanoparticles and Palladium(II) catalysts: Three-step one-pot synthesis of fenestranes from an enyne and an alkyne diester. J. Am. Chem. Soc. 2002, 124, 6838–6839. [Google Scholar] [CrossRef] [PubMed]

	



Louie, J.; Bielawski, C.W.; Grubbs, R.H. Tandem catalysis: The sequential mediation of olefin metathesis, hydrogenation, and hydrogen transfer with single-component Ru complexes. J. Am. Chem. Soc. 2001, 123, 11312–11313. [Google Scholar] [CrossRef] [PubMed]

	



Evans, P.A.; Robinson, J.E. Regio- and diastereoselective tandem rhodium-catalyzed allylic alkylation/Pauson-Khand annulation reactions. J. Am. Chem. Soc. 2001, 123, 4609–4610. [Google Scholar] [CrossRef] [PubMed]

	



Cacchi, S. Heterocycles via cyclization of alkynes promoted by organopalladium complexes. J. Organomet. Chem. 1999, 576, 42–64. [Google Scholar] [CrossRef]

	



Negishi, E.; Copéret, C.; Ma, S.; Liou, S.-Y.; Liu, F. Cyclic carbopalladation. A versatile synthetic methodology for the construction of cyclic organic compounds. Chem. Rev. 1996, 96, 365–393. [Google Scholar] [CrossRef]

	



Negishi, E.; Wang, G.; Zhu, G. Palladium-Catalyzed Cyclization via Carbopalladation and Acylpalladation. In Metal Catalyzed Cascade Reactions; Müller, T.J.J., Ed.; Springer: Berlin, Germany; Heidelberg, Germany, 2006; pp. 1–48. [Google Scholar]

	



Schreiber, S.L.; Burke, M.D. A planning strategy for diversity-oriented synthesis. Angew. Chem. Int. Ed. 2004, 43, 46–58. [Google Scholar]

	



Burke, M.D.; Berger, E.M.; Schreiber, S.L. Generating diverse skeletons of small molecules combinatorially. Science 2003, 302, 613–618. [Google Scholar] [CrossRef] [PubMed]

	



Arya, P.; Chou, D.T.H.; Baek, M.G. Diversity-based organic synthesis in the era of genomics and proteomics. Angew. Chem. Int. Ed. 2001, 40, 339–346. [Google Scholar] [CrossRef]

	



Cox, B.; Denver, J.C.; Binnie, A.; Donnelly, M.C.; Evans, B.; Green, D.V.S.; Lewis, J.A.; Mander, T.H.; Merritt, A.T.; Valler, M.J.; et al. Application of high-throughput screening techniques to drug discovery. Prog. Med. Chem. 2000, 37, 83–133. [Google Scholar] [PubMed]

	



Schreiber, S.L. Target-oriented and diversity-oriented organic synthesis in drug discovery. Science 2000, 287, 1964–1969. [Google Scholar] [CrossRef] [PubMed]

	



Müller, T.J.J. Sequentially Palladium-Catalyzed Processes. In Metal Catalyzed Cascade Reactions; Müller, T.J.J., Ed.; Springer: Berlin, Germany, 2006; pp. 149–205. [Google Scholar]

	



Lebel, H.; Ladjel, C.; Bréthous, L. Palladium-catalyzed cross-coupling reactions in one-pot multicatalytic processes. J. Am. Chem. Soc. 2007, 129, 13321–13326. [Google Scholar] [CrossRef] [PubMed]

	



Körber, N.; Müller, T.J.J. Rhodium-catalyzed stereoselective Alder-ene reactions and first sequential transformations. Chem. Today Chim. Oggi 2006, 24, 22–29. [Google Scholar] [CrossRef]

	



Bruneau, C.; Dérien, S.; Dixneuf, P.H. Cascade and Sequential Catalytic Transformations Initiated by Ruthenium Catalysts. In Metal Catalyzed Cascade Reactions; Müller, T.J.J., Ed.; Springer: Berlin, Germany, 2006; pp. 295–326. [Google Scholar]

	



Müller, T.J.J. Sequential Catalysis Involving Metal Catalyzed Cycloisomerizations and Cyclizations. In Molecular Catalysts: Structure and Functional Design; Gade, L.H., Hofmann, P., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2014; pp. 255–279. [Google Scholar]

	



Müller, T.J.J.; D’Souza, D.M. Diversity oriented syntheses of functional π-systems by multi-component and domino reactions. Pure Appl. Chem. 2008, 80, 609–620. [Google Scholar] [CrossRef]

	



Müller, T.J.J. Diversity-Oriented Synthesis of Chromophores by Combinatorial Strategies and Multi-Component Reactions. In Functional Organic Materials. Syntheses, Strategies, and Applications; Müller, T.J.J., Bunz, U.H.F., Eds.; Wiley-VCH Verlag GmbH & Co. KgaA: Weinheim, Germany, 2007; pp. 179–223. [Google Scholar]

	



Vlaar, T.; Ruijter, E.; Orru, R.V.A. Recent advances in palladium-catalyzed cascade cyclizations. Adv. Synth. Catal. 2011, 353, 809–841. [Google Scholar] [CrossRef]

	



Negishi, E.-I.; Anastasia, L. Palladium-catalyzed alkynylation. Chem. Rev. 2003, 103, 1979–2018. [Google Scholar] [CrossRef] [PubMed]

	



Negishi, E.-I. Handbook of Organopalladium Chemistry for Organic Synthesis; Wiley & Sons: New York, NY, USA, 2002. [Google Scholar]

	



Zanardi, A.; Mata, J.A.; Peris, E. Domino approach to benzofurans by the sequential sonogashira/hydroalkoxylation couplings catalyzed by new N-heterocyclic-carbene-Palladium complexes. Organometallics 2009, 28, 4335–4339. [Google Scholar] [CrossRef]

	



Olivi, N.; Spruyt, P.; Peyrat, J.-F.; Alami, M.; Brion, J.-D. Tandem amine propargylation-Sonogashira reactions: New three-component coupling leading to functionalized substituted propargylic amines. Tetrahedron Lett. 2004, 45, 2607–2610. [Google Scholar] [CrossRef]

	



Raju, S.; Batchu, V.R.; Swamy, N.K.; Dev, R.V.; Sreekanth, B.R.; Babu, J.M.; Vyas, K.; Kumar, P.R.; Mukkanti, K.; Annamalai, P.; et al. Tandem versus single C–C bond forming reaction under palladium-copper catalysis: Regioselective synthesis of α-pyrones fused with thiophene. Tetrahedron 2006, 62, 9554–9570. [Google Scholar] [CrossRef]

	



Pinto, A.; Neuville, L.; Zhu, J. Palladium-catalyzed three-component synthesis of 3-(diarylmethylene)oxindoles through a domino Sonagashira/carbopalladation/C–H activation/C–C bond-forming sequence. Angew. Chem. Int. Ed. 2007, 46, 3291–3295. [Google Scholar] [CrossRef] [PubMed]

	



Zeni, G.; Larock, R.C. Synthesis of heterocycles via palladium π-olefin and π-alkyne chemistry. Chem. Rev. 2004, 104, 2285–2309. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.J.; Gribble, G.W. Palladium in Heterocyclic Chemistry; Pergamon Press: New York, NY, USA, 2000. [Google Scholar]

	



Balme, G.; Bouyssi, D.; Monteiro, N. Palladium-mediated cascade or multicomponent reactions: A new route to carbo- and heterocyclic compounds. Pure Appl. Chem. 2006, 78, 231–239. [Google Scholar] [CrossRef]

	



Padwa, A.; Bur, S.K. The domino way to heterocycles. Tetrahedron 2007, 63, 5341–5378. [Google Scholar] [CrossRef] [PubMed]

	



D’Souza, D.M.; Rominger, F.; Müller, T.J.J. A domino sequence consisting of insertion, coupling, isomerization, and diels-alder steps yields highly fluorescent spirocycles. Angew. Chem. Int. Ed. 2005, 44, 153–158. [Google Scholar] [CrossRef] [PubMed]

	



D’Souza, D.M.; Kiel, A.; Herten, D.P.; Müller, T.J.J. Synthesis, structure and emission properties of spirocyclic benzofuranones and dihydroindolones—A domino insertion-coupling-isomerization-diels-alder approach to rigid fluorophores. Chem. Eur. J. 2008, 14, 529–547. [Google Scholar] [CrossRef] [PubMed]

	



D’Souza, D.M.; Muschelknautz, C.; Rominger, F.; Müller, T.J.J. Unusual solid-state luminescent push-pull indolones: A general one-pot three-component approach. Org. Lett. 2010, 12, 3364–3367. [Google Scholar] [CrossRef] [PubMed]

	



Bararjanian, M.; Balalaie, S.; Rominger, F.; Movassagh, B.; Bijanzadeh, H.R. Six-component reactions for the stereoselective synthesis of 3-arylidene-2-oxindoles via sequential one-pot Ugi/Heck carbocyclization/Sonogashira/nucleophilic addition. J. Org. Chem. 2010, 75, 2806–2812. [Google Scholar] [CrossRef] [PubMed]

	



Schönhaber, J.; Frank, W.; Müller, T.J.J. Insertion-coupling-cycloisomerization domino synthesis and cation-induced halochromic fluorescence of 2,4-diarylpyrano[2,3-b]indoles. Org. Lett. 2010, 12, 4122–4125. [Google Scholar] [CrossRef] [PubMed]

	



Sonogashira, K. Development of Pd-Cu catalyzed cross-coupling of terminal acetylenes with sp2-carbon halides. J. Organomet. Chem. 2002, 653, 46–49. [Google Scholar] [CrossRef]

	



Yin, L.; Liebscher, J. Carbon-carbon coupling reactions catalyzed by heterogeneous Palladium catalysts. Chem. Rev. 2007, 107, 133–173. [Google Scholar] [CrossRef] [PubMed]

	



Doucet, H.; Hierso, J.C. Palladium-based catalytic systems for the synthesis of conjugated enynes by Sonogashira reactions and related alkynylations. Angew. Chem. Int. Ed. 2007, 46, 834–871. [Google Scholar] [CrossRef] [PubMed]

	



Chinchilla, R.; Nájera, C. Recent advances in Sonogashira reactions. Chem. Soc. Rev. 2011, 40, 5084–5121. [Google Scholar] [CrossRef] [PubMed]

	



Chinchilla, R.; Nájera, C. The Sonogashira reaction: A booming methodology in synthetic organic chemistry. Chem. Rev. 2007, 107, 874–922. [Google Scholar] [CrossRef] [PubMed]

	



Chinchilla, R.; Nájera, C. Chemicals from alkynes with Palladium catalysts. Chem. Rev. 2014, 114, 1783–1826. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Rostovtsev, V.V.; Green, L.G.; Fokin, V.V.; Sharpless, K.B. A stepwise huisgen cycloaddition process: Copper(I)-catalyzed regioselective “ligation” of azides and terminal alkynes. Angew. Chem. Int. Ed. 2002, 41, 2596–2599. [Google Scholar] [CrossRef]

	



Torne, C.W.; Christensen, C.; Meldal, M. Peptidotriazoles on solid phase: [1,2,3]-triazoles by regiospecific Copper(I)-catalyzed 1,3-dipolar cycloadditions of terminal alkynes to azides. J. Org. Chem. 2002, 67, 3057–3064. [Google Scholar] [CrossRef]

	



Hänni, K.D.; Leigh, D.A. The application of CuAAC “click” chemistry to catenane and rotaxane synthesis. Chem. Soc. Rev. 2010, 39, 1240–1251. [Google Scholar] [CrossRef] [PubMed]

	



Kappe, C.O.; van der Eycken, E. Click chemistry under non-classical reaction conditions. Chem. Soc. Rev. 2010, 39, 1280–1290. [Google Scholar] [CrossRef] [PubMed]

	



Hein, J.E.; Fokin, V.V. Copper-catalyzed azide-alkyne cycloaddition (CuAAC) and beyond: New reactivity of Copper(I) acetylides. Chem. Soc. Rev. 2010, 39, 1302–1315. [Google Scholar] [CrossRef] [PubMed]

	



Liang, L.; Astruc, D. The Copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) “click” reaction and its applications. An overview. Coord. Chem. Rev. 2011, 255, 2933–2945. [Google Scholar] [CrossRef]

	



Hassan, S.; Müller, T.J.J. Multicomponent syntheses based upon cu-catalyzed alkyne-azide cycloaddition (CuAAC). Adv. Synth. Catal. 2015, 357, 617–666. [Google Scholar] [CrossRef]

	



Friscourt, F.; Boons, G.J. One-pot three-step synthesis of 1,2,3-triazoles by Copper-catalyzed cycloaddition of azides with alkynes formed by a Sonogashira cross-coupling and desilylation. Org. Lett. 2010, 12, 4936–4939. [Google Scholar] [CrossRef] [PubMed]

	



Kubota, N.K.; Iwamoto, H.; Fukazawa, Y.; Uchio, Y. Five new sulfur-containing polybrominated bisindoles from the red alga Laurencia brongniartii. Heterocycles 2005, 65, 2675–2682. [Google Scholar]

	



El-Gamal, A.A.; Wang, W.-L.; Duh, C.-Y. Sulfur-containing polybromoindoles from the formosan red alga Laurencia brongniartii. J. Nat. Prod. 2005, 68, 815–817. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, T.A.; McNeil, D.W.; Rose, J.M.; David, E.; Shih, C.-K.; Grob, P.M. Novel non-nucleoside inhibitors of human immunodeficiency virus type 1 reverse transcriptase. 6. 2-indol-3-yl- and 2-azaindol-3-yl- dipyridodiazepinones. J. Med. Chem. 1997, 40, 2430–2433. [Google Scholar] [CrossRef] [PubMed]

	



Hong, S.; Lee, S.; Kim, B.; Lee, H.; Hong, S.-S.; Hong, S. Discovery of new azaindole-based PI3Kα inhibitors: Apoptotic and antiangiogenic effect on cancer cells. Bioorg. Med. Chem. Lett. 2010, 20, 7212–7215. [Google Scholar] [CrossRef] [PubMed]

	



Hammond, M.; Washburn, D.G.; Hoang, T.H.; Manns, S.; Frazee, J.S.; Nakamura, H.; Patterson, J.R.; Trizna, W.; Wu, C.; Azzarano, L.M.; et al. Design and synthesis of orally bioavailable serum and glucocorticoid-regulated kinase 1 (SGK1) inhibitors. Bioorg. Med. Chem. Lett. 2009, 19, 4441–4445. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.; Li, R.; Connolly, P.J.; Emanuel, S.; Middleton, S.A. Synthesis of 2-amino-4-(7-azaindol-3-yl)pyrimidines as cyclin dependent kinase 1 (CDK1) inhibitors. Bioorg. Med. Chem. Lett. 2006, 16, 4818–4821. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.-C.; Ye, H.; Conway, B.R.; Derian, C.K.; Addo, M.F.; Kuo, G.-H.; Hecker, L.R.; Croll, D.R.; Li, J.; Westover, L.; et al. 3-(7-Azaindolyl)-4-arylmaleimides as potent, selective inhibitors of glycogen synthase kinase-3. Bioorg. Med. Chem. Lett. 2004, 14, 3245–3250. [Google Scholar] [CrossRef] [PubMed]

	



Merkul, E.; Klukas, F.; Dorsch, D.; Grädler, U.; Greiner, H.E.; Müller, T.J.J. Rapid preparation of triazolyl substituted NH-heterocyclic kinase inhibitors via one-pot Sonogashira coupling-TMS-deprotection-CuAAC sequence. Org. Biomol. Chem. 2011, 9, 5129–5136. [Google Scholar] [CrossRef] [PubMed]

	



Karpov, A.S.; Müller, T.J.J. A new entry to a three component pyrimidine synthesis by TMS-ynones via Sonogashira-coupling. Org. Lett. 2003, 5, 3451–3454. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Kim, B.; In, J. Facile deprotection of bulky (trialkylsilyl)acetylenes with silver fluoride. Synthesis 2009, 1963–1968. [Google Scholar] [CrossRef]

	



Hwang, S.; Bae, H.; Kim, S.; Kim, S. An efficient and high-yielding one-pot synthesis of 4-acyl-1,2,3-triazoles via triisopropylsilyl-protected ynones. Tetrahedron 2012, 68, 1460–1465. [Google Scholar] [CrossRef]

	



Jin, T.; Kamijo, S.; Yamamoto, Y. Copper-catalyzed synthesis of N-unsubstituted 1,2,3-triazoles from nonactivated terminal alkynes. Eur. J. Org. Chem. 2004, 3789–3791. [Google Scholar] [CrossRef]

	



Li, J.; Wang, D.; Zhang, Y.; Li, J.; Chen, B. Facile one-pot synthesis of 4,5-disubstituted 1,2,3-(NH)-triazoles through Sonogashira coupling/1,3-dipolar cycloaddition of acid chlorides, terminal acetylenes, and sodium azide. Org. Lett. 2009, 11, 3024–3027. [Google Scholar] [CrossRef] [PubMed]

	



Merkul, E.; Urselmann, D.; Müller, T.J.J. Consecutive one-pot Sonogashira-glaser coupling sequence—Direct preparation of symmetrical diynes by sequential Pd/Cu-catalysis. Eur. J. Org. Chem. 2011, 238–242. [Google Scholar] [CrossRef]

	



Urselmann, D.; Antovic, D.; Müller, T.J.J. Pseudo five-component synthesis of 2,5-di(hetero)arylthiophenes via a one-pot sonogashira-glaser-cyclization sequence. Beilstein J. Org. Chem. 2011, 7, 1499–1503. [Google Scholar] [CrossRef] [PubMed]

	



Klukas, F.; Grunwald, A.; Menschel, F.; Müller, T.J.J. Rapid pseudo five-component synthesis of intensively blue luminescent 2,5-di(hetero)arylfurans via sonogashira-glaser-cyclization sequence. Beilstein J. Org. Chem. 2014, 10, 672–679. [Google Scholar] [CrossRef] [PubMed]

	



Klukas, F.; Perkampus, J.; Urselmann, D.; Müller, T.J.J. Pseudo five-component synthesis of 3-(hetero)arylmethyl-2,5-di(hetero)aryl-substituted thiophenes via sonogashira-glaser-cyclization sequence. Synthesis 2014, 46, 3415–3422. [Google Scholar] [CrossRef]

	



Wong, Y.-C.; Kao, T.-T.; Yeh, Y.-C.; Hsieh, B.-S.; Shia, K.-S. Palladium(0)/Copper(I)-catalyzed tandem cyclization of aryl 1-cyanoalk-5-ynyl ketone system: rapid assembly of cyclopenta[b]naphthalene and benzo[b]fluorene derivatives. Adv. Synth. Catal. 2013, 355, 1323–1337. [Google Scholar] [CrossRef]

	



Hartwig, J.F. Transition metal catalyzed synthesis of arylamines and aryl ethers from aryl halides and triflates: Scope and mechanism. Angew. Chem. Int. Ed. 1998, 37, 2046–2067. [Google Scholar] [CrossRef]

	



Hartwig, J.F. Carbon-heteroatom bond-forming reductive eliminations of amines, ethers, and sulfides. Acc. Chem. Res. 1998, 31, 852–860. [Google Scholar] [CrossRef]

	



Wolfe, J.P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, S.L. Rational development of practical catalysts for aromatic carbon-nitrogen bond formation. Acc. Chem. Res. 1998, 31, 805–818. [Google Scholar] [CrossRef]

	



Lakshman, M.K. Palladium-catalyzed C–N and C–C cross-couplings as versatile, new avenues for modifications of purine 2′-deoxynucleosides. J. Organomet. Chem. 2002, 653, 234–251. [Google Scholar] [CrossRef]

	



Schlummer, B.; Scholz, U. Palladium-catalyzed C–N and C–O coupling—A practical guide from an industrial vantage point. Adv. Synth. Catal. 2004, 346, 1599–1626. [Google Scholar] [CrossRef]

	



Nozaki, K.; Takahashi, K.; Nakano, K.; Hiyama, T.; Tang, H.-Z.; Fujiki, M.; Yamaguchi, S.; Tamao, K. The double N-arylation of primary amines: Toward multisubstituted carbazoles with unique optical properties. Angew. Chem. Int. Ed. 2003, 42, 2051–2053. [Google Scholar] [CrossRef] [PubMed]

	



Abboud, M.; Aubert, E.; Mamane, V. Double N-arylation reaction of polyhalogenated 4,4′-bipyridines. Expedious synthesis of functionalized 2,7-diazacarbazoles. Beilstein J. Org. Chem. 2012, 8, 253–258. [Google Scholar] [CrossRef] [PubMed]

	



Kawaguchi, K.; Nakano, K.; Nozaki, K. Synthesis of ladder-type π-conjugated heteroacenes via Palladium-catalyzed double N-arylation and intramolecular O-arylation. J. Org. Chem. 2007, 72, 5119–5128. [Google Scholar] [CrossRef] [PubMed]

	



Koeckelberghs, G.; de Cremer, L.; Vanormelingen, W.; Dehaen, W.; Verbiest, T.; Persoons, A.; Samyn, C. Improved synthesis of N-alkyl substituted dithieno[3,2-b:2′,3′-d]pyrroles. Tetrahedron 2005, 61, 687–691. [Google Scholar] [CrossRef]

	



Mitsudo, K.; Shimohara, S.; Mizoguchi, J.; Mandai, H.; Suga, S. Synthesis of nitrogen-bridged terthiophenes by tandem buchwald-hartwig coupling and their properties. Org. Lett. 2012, 14, 2702–2705. [Google Scholar] [CrossRef] [PubMed]

	



Weidelener, M.; Wessendorf, C.D.; Hanisch, J.; Ahlswede, E.; Götz, G.; Lindén, M.; Schulz, G.; Mena-Osteritz, E.; Mishra, A.; Bäuerle, P. Dithienopyrrole-based oligothiophenes for solution-processed organic solar cells. Chem. Commun. 2013, 49, 10865–10867. [Google Scholar] [CrossRef] [PubMed]

	



Dahl, T.; Tornøe, C.W.; Bang-Andersen, B.; Nielsen, P.; Jørgensen, M. Palladium-catalyzed three-component approach to promazine with formation of one carbon-sulfur and two carbon-nitrogen bonds. Angew. Chem. Int. Ed. 2008, 47, 1726–1728. [Google Scholar] [CrossRef] [PubMed]

	



Dostert, C.; Wansrath, C.; Frank, W.; Müller, T.J.J. 4H-dithieno[2,3-b:3′,2′-e][1,4]thiazines—Synthesis and electronic properties of a novel class of electron rich redox systems. Chem. Commun. 2012, 48, 7271–7273. [Google Scholar] [CrossRef] [PubMed]

	



Dostert, C.; Czaijkowski, D.; Müller, T.J.J. 2,6-difunctionalization of N-substituted dithienothiazines via dilithiation. Synlett 2014, 25, 371–374. [Google Scholar]

	



Fang, Y.-Q.; Lautens, M. Pd-catalyzed tandem C–N/C–C coupling of gem-dihalovinyl systems: A modular synthesis of 2-substituted indoles. Org. Lett. 2005, 7, 3549–3552. [Google Scholar] [CrossRef] [PubMed]

	



Fang, Y.-Q.; Yuen, J.; Lautens, M. A General modular method of azaindole and thienopyrrole synthesis via Pd-Catalyzed tandem couplings of gem-dichloroolefins. J. Org. Chem. 2007, 72, 5152–5160. [Google Scholar] [CrossRef] [PubMed]

	



Fang, Y.-Q.; Karisch, R.; Lautens, M. Efficient syntheses of KDR kinase inhibitors using a Pd-catalyzed tandem C–N/Suzuki coupling as the key step. J. Org. Chem. 2007, 72, 1341–1346. [Google Scholar] [CrossRef] [PubMed]

	



Fayol, A.; Fang, Y.-Q.; Lautens, M. Synthesis of 2-vinylic indoles and derivatives via a Pd-catalyzed tandem coupling reaction. Org. Lett. 2006, 8, 4203–4206. [Google Scholar] [CrossRef] [PubMed]

	



Bryan, C.S.; Braunger, J.A.; Lautens, M. Efficient synthesis of benzothiophenes by an unusual Palladium-catalyzed vinylic C–S coupling. Angew. Chem. Int. Ed. 2009, 48, 7064–7068. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Meng, T.; Zhang, H.-J.; Xi, Z. Palladium-catalyzed, one-pot, three-component approach to α-alkynyl indoles from o-bromo-(2,2-dibromovinyl)benzenes, terminal alkynes and arylamines. Synlett 2011, 911–914. [Google Scholar] [CrossRef]

	



Pinto, A.; Neuville, L.; Zhu, J. Palladium-catalyzed domino N-arylation/carbopalladation/C–H functionalization: Three-component synthesis of 3-(diarylmethylene)oxindoles. Tetrahedron Lett. 2009, 50, 3602–3605. [Google Scholar] [CrossRef]

	



Bol’shedvorskaya, R.L.; Vereshchagin, L.I. Advances in the chemistry of ethynyl ketones. Russ. Chem. Rev. 1973, 42, 225–240. [Google Scholar] [CrossRef]

	



Synthesis of Enones. In The Chemistry of Enones; Patai, S.; Rappoport, Z. (Eds.) Wiley and Sons: New York, NY, USA, 1989; Volume 29, pp. 199–280.

	



D’Souza, D.M.; Müller, T.J.J. Catalytic alkynone generation by sonogashira reaction and its application in three-component pyrimidine synthesis. Nat. Protoc. 2008, 3, 1660–1665. [Google Scholar] [CrossRef] [PubMed]

	



Müller, T.J.J.; Ansorge, M.; Aktah, D. An unexpected coupling-isomerization sequence as an entry to novel three-component-pyrazoline syntheses. Angew. Chem. Int. Ed. 2000, 39, 1253–1256. [Google Scholar] [CrossRef]

	



Braun, R.U.; Ansorge, M.; Müller, T.J.J. The coupling-isomerization synthesis of chalcones. Chem. Eur. J. 2006, 12, 9081–9094. [Google Scholar] [CrossRef] [PubMed]

	



Schramm, née Dediu, O.G.; Müller, T.J.J. Microwave-accelerated coupling-isomerization reaction (MACIR)—A general coupling-isomerization synthesis of 1,3-diarylprop-2-en-1-ones. Adv. Synth. Catal. 2006, 348, 2565–2570. [Google Scholar]

	



Liao, W.-W.; Müller, T.J.J. Sequential coupling-isomerization-coupling reactions—A novel three-component synthesis of aryl-chalcones. Synlett 2006, 3469–3473. [Google Scholar] [CrossRef]

	



Müller, T.J.J. Synthesis of carbo- and heterocycles via coupling-isomerization reactions. Synthesis 2012, 44, 159–174. [Google Scholar] [CrossRef]

	



Müller, T.J.J. Palladium-Copper Catalyzed Alkyne Activation as an Entry to Multi-component Syntheses of Heterocycles. In Synthesis of Heterocycles via Multicomponent Reactions II; Orru, R.V.A., Ruijter, E., Eds.; Springer: Berlin, Germany, 2010; pp. 25–94. [Google Scholar]

	



Willy, B.; Müller, T.J.J. Multi-component heterocycle syntheses via catalytic generation of alkynones. Curr. Org. Chem. 2009, 13, 1777–1790. [Google Scholar] [CrossRef]

	



Willy, B.; Müller, T.J.J. Consecutive multi-component syntheses of heterocycles via Palladium-Copper catalyzed generation of alkynones. ARKIVOC 2008, 2008, 195–208. [Google Scholar]

	



Willy, B.; Müller, T.J.J. Regioselective three-component synthesis of highly fluorescent 1,3,5-trisubstituted pyrazoles. Eur. J. Org. Chem. 2008, 4157–4168. [Google Scholar] [CrossRef]

	



Liu, H.L.; Jiang, H.F.; Zhang, M.; Yao, W.J.; Zhu, Q.H.; Tang, Z. One-pot three-component synthesis of pyrazoles through a tandem coupling-cyclocondensation sequence. Tetrahedron Lett. 2008, 49, 3805–3809. [Google Scholar] [CrossRef]

	



Willy, B.; Müller, T.J.J. Rapid one-pot four-step synthesis of highly fluorescent 1,3,4,5-tetrasubstituted pyrazoles. Org. Lett. 2011, 13, 2082–2085. [Google Scholar] [CrossRef] [PubMed]

	



Denißen, M.; Nordmann, J.; Dziambor, J.; Mayer, B.; Frank, W.; Müller, T.J.J. Sequentially Palladium catalyzed coupling-cyclocondensation-coupling (C3) four-component synthesis of intensively blue luminescent biarylsubstituted pyrazoles. RSC Adv. 2015, 5, 33838–33854. [Google Scholar] [CrossRef]

	



Karpov, A.S.; Merkul, E.; Oeser, T.; Müller, T.J.J. One-pot three-component synthesis of 3-halo and 3-chloro-4-iodo furans. Eur. J. Org. Chem. 2006, 2991–3000. [Google Scholar] [CrossRef]

	



Karpov, A.S.; Merkul, E.; Oeser, T.; Müller, T.J.J. A novel one-pot three-component synthesis of 3-halo furans and sequential Suzuki coupling. Chem. Commun. 2005, 2581–2583. [Google Scholar] [CrossRef] [PubMed]

	



Merkul, E.; Boersch, C.; Frank, W.; Müller, T.J.J. Three-component synthesis of N-boc 4-iodo pyrroles and sequential one-pot alkynylation. Org. Lett. 2009, 11, 2269–2272. [Google Scholar] [CrossRef] [PubMed]

	



Murata, T.; Murai, M.; Ikeda, Y.; Miki, K.; Ohe, K. Pd- and Cu-catalyzed one-pot multicomponent synthesis of hetero α,α′-dimers of heterocycles. Org. Lett. 2012, 14, 2296–2299. [Google Scholar] [CrossRef] [PubMed]

	



Kamijo, S.; Jin, T.; Huo, Z.; Yamamoto, Y. Regiospecific synthesis of 2-allyl-1,2,3-triazoles by palladium-catalyzed 1,3-dipolar cycloaddition. Tetrahedron Lett. 2002, 43, 9707–9710. [Google Scholar] [CrossRef]

	



Kamijo, S.; Jin, T.; Huo, Z.; Yamamoto, Y. A one-pot procedure for the regiocontrolled synthesis of allyltriazoles via the Pd-Cu bimetallic catalyzed three-component coupling reaction of nonactivated terminal alkynes, allyl carbonate, and trimethylsilyl azide. J. Org. Chem. 2004, 69, 2386–2393. [Google Scholar] [CrossRef] [PubMed]

	



Catellani, M. Selective organometallic syntheses from molecular pools. Pure Appl. Chem. 2002, 74, 63–68. [Google Scholar] [CrossRef]

	



Blaszykowski, C.; Aktoudianakis, E.; Bressy, C.; Alberico, D.; Lautens, M. Preparation of annulated nitrogen-containing heterocycles via a one-pot palladium-catalyzed alkylation/direct arylation sequence. Org. Lett. 2006, 8, 2043–2045. [Google Scholar] [CrossRef] [PubMed]

	



Martins, A.; Alberico, D.; Lautens, M. Synthesis of polycyclic heterocycles via a one-pot ortho alkylation/direct heteroarylation sequence. Org. Lett. 2006, 8, 4827–4829. [Google Scholar] [CrossRef] [PubMed]

	



Laleu, B.; Lautens, M. Synthesis of annulated 2H-indazoles and 1,2,3- and 1,2,4-triazoles via a one-pot Palladium-catalyzed alkylation/direct arylation reaction. J. Org. Chem. 2008, 73, 9164–9167. [Google Scholar] [CrossRef] [PubMed]

	



Mariampillai, B.; Alberico, D.; Bidau, V.; Lautens, M. Synthesis of polycyclic benzonitriles via a one-pot aryl alkylation/cyanation reaction. J. Am. Chem. Soc. 2006, 128, 14436–14437. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file129.png





media/file78.png
OMe.

26¢ (51%)





media/file27.png





media/file43.png
o

Q Pd(PPhj3),Cl; (5 mol%), Cul (10 mol%)
J\ . —TMs THF, NEts, 1t, 1h Rt _ ,
R al N—R
Then: MeOH /

N=
TBAF, cm <1o mol%) or CuF; (200 mol%) N
120 °C (MW), 20 m 16
(5 examples, 32-88%)

16a: R' = Ph, R? = Bn, 40% (TBAF, Cul); 42% (CuF,)
16b: R! = p-MeOCgH,, R? = Bn, 80% (TBAF, Cul); 83% (Cqu)
16¢: R' = p-FCgH,, R? = Bn, 82% (TBAF, Cul); 88% (CuFy)
16dv R1 =p02N05H4 R2 = Bn, 32% (TBAF, Cul); 36% (CuF5)?

2 = Bn, 35% (TBAF, Cul); 34% (CuF,)
an(PPha)ZCIQ (5 mol%) in NEts, A





media/file110.png
R’ 3 mol% Pd,(dba)s, 18 mol% PPh;

0
- 9 mol% Cul ~i O [\
O r H2N_R2 N
+ »> \ / I2
N OHC toluene, rt, 24 h R
R = p-MeOCgH4, p-Ph,NCgHa, p-CF5CgHa, p-CNCgH,, 2-thienyl, Ph , |36 53,879
R? = Bu, Bn, allyl (7 examples, 53-87%)
Sonogash/ra [Pd, Cu] | o
coupling cycloisomerization | [Cu]
Y
O
R']
R?NH,
AN g
imine formation
OHC






media/file61.png
7.5% Pd(dba),

S
720 S\ 1 15% dppf |
S N

3 equiv NaO'Bu |
Br Br toluene, 110 °C, 30 h R’

R" = p-Me,NCgH,, p-MeOCgH,, 23
p-'BuCgH,4, p-MeCgH,, Ph, (14 examples, 20-94%)

p-FCgH,4, o/m/p-CICgHy,,
p-BrCGH4, p-CF306H4,
p-NCCgHy,, "butyl, benzyl





media/file35.png
13d (15%)





media/file112.png
N
B

35a (53%)





media/file96.png
e 30e (50%)





media/file53.png





media/file10.png





media/file5.png
a

COH 5% PdCI,(PPhs),, 6% Cul R S
— /i _
Orl 2 equivs =——R N Z or _ 7
S DMF, NEt3, 70-80 °C, 8 h | |
\_ 0~ Yo7 R o~ 0" R
CO,H
8 9
(10 examples, 57-82%) (3 examples, 55-88%)

R = alkyl, aryl, (CH»),OH (n = 2, 3), C(CH3),0OH, CH(CH5)OH, CH,OPh





media/file104.png





media/file19.png
R
S
N~ Yo

R2

R!'=H, OMe
R2 = Me, SEM
[Pd®, Cul] Sonogashira
R3.| coupling
Y
R3
~
iy
yZ
0

5.0 mol% Pd(PPhs),, 2.5 mol% Cul

R3-1, NaOAc, DMF, 60 °C

then: R*-1, DMF, 110 °C

R*-Pd-|

carbopalladation

R3
>~ R9— o)
N
k2
10

(14 examples, 43-82%)
A

CH-activation
cyclizing arylation






media/file45.png
o

Jo.=

TIPS
Cl

RN,

method A or method B

o
1
R )k\/\N/RZ

N\N

(13 examples method A: 68-84%,

B: 65-86%)

17a: R' = Ph, R? = Bn, 83%?; 85%" 17i: R'=Ph, R? = 2-thienyICH,, 82%2; 83%"

17b: R = p-MeOCgH,, R? = Bn, 81%"; 86%° OAc

17c: R" = p-O;NCgHj, R? = Bn, 68%%; 65%" 17j: R'=Ph R?= o  82%% 85%°

17d: R' = p-FCgH,, R? = Bn, 84%*, 83%" AcO -

17e: R' = 2-thienyl, R? = Bn, 82%*; 84%°

17f: R" = Ph, R? = p-MeOCgH,CH,, 83%% 82%®  17k: R =Ph, R? = Ph, 79%

17g: R' = Ph, R? = p-O,NCgH,CH,, 82%°2; 80%° 171: R'=Ph, R? = p-MeOCgH,, 81%2; 80%°

17h: R' = Ph, R? = nOct, 81%*; 86%" 17m: R' = Ph, R? = 2,6-Et,CgH,, 84%" ; 84%"
PPh); (2 mol? Cu|(5 mol%), THF, it, 0.5 h

F (1
PPhs), (2 mol%) Cul (5 mol%), THF, 1t

50 mol%), 60 °C, 13 h.
,0.5h.

AgF (150 mol%), t, 5 h.





media/file88.png
2mol% PACl,(PPhs)y, 4 mol% Cul
quUiv =
1.05 equiv NEts, THF, rt 1h

O

R™ “Cl then: 1.10 equiv R3NHNH,, ‘BuOH, AcOH
150 °C (MW),10 min
then: 1.10 equiv N-halo succinimide, rt, 30 min
R' = p-anisyl, p-tolyl, p-NO,CgHs, p-CICgH,
R? = Ph, p-'BuCgH,, "Pr
R®=H, Me

N—N,
\

29
(6 examples, 53-93%)
Hal = Cl, Br





nav.xhtml


  applsci-05-01803


  
    		
      applsci-05-01803
    


  




  





media/file71.png





media/file84.png
4 0

5

NO;

28b (63%. E/Z=1:3)





media/file92.png
"
"N 30a (54%)





media/file41.png
PdCIx(PPhs), (2 mol%), Cul (4 mol%)
THF, NEts, rt, 123 h

Bn

15a (75%)

Ther

15b (83%)

Then: TBAF (150 mol%), rt, 0.5 h
en

R2N;, MeOH, rt, 24-119 h

n\N Bn
N
N
boowe A \_
N 7y )
kN N Y
Yoo oo

15c (73%) 15d (64%)

150 (72%)






media/file37.png
R!
5% PdCIg(PPhg);, 5% Cul O

R?CoHy
I NEt, THF. 20,
// = 7\
then: A, 48 h
N/ o R?

13
(10 examples, 15-54%)

H,
R?=H, CN, OMe, ‘Bu, Me, CO,Me
Oxidative Pd-Cu-assisted
Addition Cycloisomerization

R R!
{Pdl] V4 Jipdi) PRECH=ou_ RZCeH, {Cul =
. R?
Insertion T Abgnyiation
N 0
) N
! !

1






media/file98.png
2 mol% PdCIly(PPh3),, 4 mol% Cul
2.05 equiv Et3N, CH-Cl,, 16 h, rt

1.1 equiv 4-BrCgH,NHNH, HCI

40 min, 100 °C (MW)

1.5 equiv R*B(OH),, 20 mol% PPh;

3 equiv Cs,CO3, H,O, 90 min, 100 °C (MW)

2 mol% PdCly(PPhs),, 4 mol% Cul
1.05 equiv Et;N, THF, 2 h, rt

1.1 equiv R3NHNH,, 20 min, 150 °C (MW)
1.5 equiv R*B(OH),, 20 mol% PPh;
3 equiv Cs,CO3, HyO, 60 min, 120 °C (MW)

2 mol% PdCly(PPhs),, 4 mol% Cul
1.05 equiv EtsN, THF, 2 h, rt

O
+ —R?
R ~clI then:
then:
O
Cl + =R?
then:
Br then:
O
Jl\ +r®8r
R Cl then:

then:

R' = Ph, 0-FCgH,, 2-thienyl, p-anisyl, o-CICgH,
R? = Ph, p-tolyl, "Bu
R3 = Me

1.1 equiv R3NHNH,, 20 min, 150 °C (MW)
1.5 equiv R*B(OH),, 20 mol% PPhs
3 equiv Cs,CO3, H,O, 60 min, 120 °C (MW)

R* = Ph, p-tolyl, p-NCCgzH,, 0-2-Me-4-FCgH3, 5-methyl-2-thienyl

R4
31
(8 examples, 19-62%)
R4
NN—R?
\
N—N
\
Me

32
(4 examples, 51-66%)

(7 examples, 29-76%)





media/file114.png





media/file127.png





media/file120.png
R—=—=—R2 + A M | pessing

dppp: 1,3-bis(diphenylphosphano)propane

R' = Ph, H, Et, cyclohexen-1-yl, {Bu, "Pent, "Hex, CO,Me,
R2 = CN, CHO, COMe, CO,Me, P(O)(OEt),, SO,Ph. NE,

Pd,(dba); - CHCI3 (2.5 mol%) R R?
dppp (10 mol%)

I\
N_ _N
AcOEt (0.5 M), 100 °C 2-24 h N

)y

39
(15 examples, 15-66%)





media/file12.png





media/file3.png
5 mol% PdClI,(PPhs),
10 mol% Cul

0 °C, then 50 °C

5 mol% PdCl,(PPhg),
10 mol% Cul

Y

0 °C, then 50 °C

Y

@)

6 (75%)

()
o

Ts
7 (97%)





media/file133.png





media/file55.png





media/file68.png
3
1 mol% Pd(OAC),, 2 mol% S-Phos R
XX (R'0),BR*, K3PO, - H,O X
R—- - R-L N_g4
Pz NHX toluene, 90-100 °C, 1-14 h Z~N
\
¥ s
X =Cl, Br 24 050
R'=H. m-Me, m-F, p-F, m-CFs m-CO,Me. p-OBn (21 examples, 72-96%)

R?=H, Bn

R =H, Me, CF;

R?* = Ph, p-MeOCgH,4, 0-MeCgHy, p-F3CCgHy, 3-thienyl, alkyl
I P(cyclo-hex),
l OMe

S-Phos:
MeO





media/file102.png
&

P
2P

on

32b (59%)





media/file86.png
8d (53%. E/Z = 1:4)





media/file25.png
12a (89%) *





media/file73.png





media/file124.png
10 mol% PdCI, or Pd(OAc),
22 mol% tri(2-furyl)phosphane

H:\Br H

R N 2 equiv Cs,CO3
N + —R3 2 equiv norbornene
| Y/ H | = d >
AcCN, 90 °C, 23 h
R2
n=1,2
R'=H, CO,Et

R? = Me, MeNTs, OMe, ClI
R®=H, NO,, CO,Me, MeNTs, OMe

PdoL,
I
[ e
[IL,Pd]
R2
lb
ILPd] N
[ e
=
R2
Cs,CO4 | - ©8!
- CsHCO, H,\
R1 n Br
L‘Pd/L \ENfH
| R % .
/ -
R2

R

41

(10 examples, 59-91%)

- Pd°L,






media/file90.png
2 mol% PdCIg(PPha)z, 4 mol"/o cul

1.05 equlv NEta, THF rt 1 h

1
cl then: 1.10 equiv MeNHNH,, 'BuOH
, 150 °C (MW), 10 min
then: 1.10 equiv N-halo succinimide, rt, 30
then: 1.10 equiv R®B(OR),, 2.50 equiv K,CO3, H,0
8 mol% PPhj, 160 °C (MW), 20 min

R!

Sonogashira
coupling

_—
N—N,
\

cyclocondensation
Me

R2 MeNHNH, ,
jl F [ACOH] RWRZ NBS
bromination

(0]

p—amsyl p-CICgH4

R3 = p—tolyl p-anlsyl p-benzaldehyde

Suzuki
coupling

R1

30
(7 examples, 42-61%)

R3B(OR),
CO;

Br

R2

N—N,
\

Me






media/file65.png
ha
o

23d (87%)





media/file132.png





media/file107.png
JOJ\ H\N 5 2 mul% PdCIz(’\IID:h3)1gH?: 20:1% Cul R
+ —Boc 5 equiv NEt;,
R’ Cl = / R'
- then: 5.0 equiv Nal ’?‘
2.0 equiv PTSA - H20 BUOH, 1 h, rt Boc
= p-tolyl, p-MeOCgH, then: 2.0 equiv =—1

R?="Buy, TIPS, Ph 4.0 equiv CszCO3, 70°C, 1h (3 examples, 53-67%)





media/file82.png
y 5 mol% Pd(OAc), O ,
Acc N 3 mol% Xantphos @/R
\©\ . \ — =2 Cs,CO3, dioxane, 100 °C, 6 h N /
3 // — \ / > Acc

o) then: R3CgH,4l, DMF, 110 °C, 15 h o
Acc = NO,, CN, COPh, CHO N
R = Me, Bn L
R?=H, OMe 28
R3 = 0-NO,, p-OMe (8 examples, 32-67%)
PPh, PPh,

0]
Xantphos: O O

Me Me





media/file57.png





media/file31.png
R2

5% PdCly(PPhs),, 5% Cul
=——CgH,R3
iPryNEt, THF, 16-24 h, rt

| //
o,

oxidative

0
[Pd’Lnl addition

R2

R' = Ac, Me, SO,Me, SO,Tol

R? =H, Cl, ‘Bu, OMe

R3 = OMe, 'Bu, CN, CI, NO,

R* = H, (CHy)4, (CH,CH,)20, "hexyl
R® = (CHy)4 (CH,CH,)20, p-anisyl, 'Pr

I
|
PdL, / /
©iN insertion
| )
R']

Y

then: R*R5NH, EtOH, A, 24 h

=——CgzH,R?
[Cu'Ly]

alkynylation

12

(18 examples, 60-99%)

R*RONH

Michael-type
addition






media/file116.png
3

o2

35¢ (71%)





media/file48.png
PdCI,(PPhs), (1 mol%) R2
0 Cul (2 mol%) ] 0
NEt,, ultrasonication, rt or 45 °C, 1 h R AN
1 = R? > | /N via
R c + = Then: NaNj3, DMSO, rt, 1-3 h N—q R’ N
H
R2
18

(33 examples, 60-99%)
R' = Ph, 0-MeCgH,4, m-MeCgHj,, p-MeCgH,4, 3,5-Me,CgHs, 0-CICgH4, m-CICgH,4, p-CICgH4, 3,5-Cl,CgH3, p-O,NCgH,,
p-MeOCgH,, 2-furyl, cyclohexen-1-yl
R? = Ph, p-MeOCgH,4, p-FCgH,4, 3-thienyl, ferrocenyl, "Pr, "Bu, "Pent, 99%





media/file9.png
H

8a (80%)





media/file74.png
X Br
| v
P Br
R1/ Br R®NH,
25

R'=H, 6-F, 5-Me
R’2 n-octyl, (hetero)aryl
= aryl

[Pd]

Sonogashira

PPh,

O.
Xantphos: O O

Me Me

—RZ
= 5 mol% Pd(OAc),

=z

10 mol% Xantphos | A\
Cs,CO3, NMP, 120 °C A N,
R \R3

6
(15 examples, 39-75%)

[Pd] /ntramo/ecular
Buchwald-Hartwi
upling
R2
FZ
R3NH, | NN
intermolecular 1/ Z N~r3
Buchwald-Hartwig R [Pd]
coupling 27






media/file22.png
10¢ (59%)





media/file109.png
R! 3 mol% Pdy(dba)s, 18 mol% PPh;
9 mol% Cul
0 Br- HN—R? RrL_O / \
. g Y
b2
% OHC toluene, rt, 24 h R

R'= p-MeOCgHy, p-PhoNCgHy, p-CF3CgHg, p-CNCgHy, 2-thienyl, Ph
RZ— ‘Bu, Bn, allyl

36
(7 examples, 53-87%)

Son;)”g,;'?h/ra (Pd, Cul cycloisomerization | [Cu]
[0} [0}
R! R
R2NH,
% imine formation %
OHC rRENS






media/file80.png





media/file14.png





media/file122.png
Ph—= + R __-CC0:Me , \e.siN,

R—=——-=H + /\/OCOZMe + Me;SiN;

Pd,(dba); - CHCIl; (2.5 mol%) Ph H

CuCI(PPhs), (10 mol%)
P(OPh); (20 mol%) N

AcOEt, 100 °C, 24-48 h

40a: R=H, 73%
40b: R = Ph, 72%

Pd(OAc)s (2 mol%) R H
CuBr (2 mol%) —

PPh3 (8 mol%)
> Ny /N\/\
toluene, 80 °C, 3-48 h N

41
(16 examples, 38-88%)

R = Ph, p-M602CC6H4, m-MeOzCCgH4, O-M902006H4, p-NCC(3H4, p—MeOC6H4,
"Hex, ‘Bu, (CH,)sOH, (CH,)4Cl, cyclohexen-1-yl, CC(CH,)sCHs, PrsSi,





media/file126.png





media/file100.png
o

31b (60%, rr 6:1)





media/file130.png





media/file105.png
Jol\ H 2 mol% PACIy(PPhs),, 4 mol% cul
N—Boc 5 equiv NEt;, THF, 2
+ 3
o = ,
then: 5.0 equiv Nal
equiv PTSA - H,0O
BUOH, 1 h, rt

= p-MeCgHj, m-MeCgHy, 0-MeCgHy, p-MeOCgH4, CgHs, p-CICgH4, p-FCoHa,
2-thienyl, R-styryl, cyclopropyl, 1-adamantyl

34
(11 examples, 61-75%)





media/file118.png
Ve N O / \

\ [ X

37a (X = O, 90%) 38 (53%)
37b (X = NBn, 84%)





media/file46.png
1
0 RN, R Z N\—R?
1)I\ + ==—TIPS > N§N/
R Cl method A or method B 17

(13 examples,method A: 68-84%,
method B: 65-86%)

17a: R' = Ph, R? = Bn, 83%2; 85%° 17i: R' = Ph, R? = 2-thienyICH,, 82%?2; 83%"

17b: R' = p-MeOCgH,4, R? = Bn, 81%2; 86%" AcO _OAc

17¢: R' = p-O,NCgH,4, R? = Bn, 68%2; 65%" 17j; R'=Ph, R?= o  82%% 85%?P
17d: R" = p-FCgH,4, R? = Bn, 84%2; 83%" ACO

17e: R' = 2-thienyl, R? = Bn, 82%2; 84%° OAC

17f: R = Ph, R? = p-MeOCgH,CH,, 83%%; 82%" 17k: R' = Ph, R? = Ph, 79%2; 78%"
17g: R' = Ph, R? = p-O,NCgH,CH,, 82%2; 80%" 171: R'=Ph, R? = p-MeOCgH,, 81%2; 80%
17h: R' = Ph, R? = nOct, 81%2; 86%" 17m: R' = Ph, R? = 2,6-Et,CgH3, 84%2 ; 84%"
method A: Sonogashira coupling with PdCIl,(PPhs), (2 mol%), Cul (56 mol%), THF, rt, 0.5 h.
Then: desilylation and CUAAC with Cul (50 mol%), AgF (150 mol%), 60 °C, 13 h.
Pmethod B: Sonogashira coupling with PdCl,(PPhs), (2 mol%), Cul (5 mol%), THF, rt, 0.5 h.
Then: desilylation and CUAAC with Cul (10 mol%), 1,10-phenanthroline (2 mol%), AgF (150 mol%), rt, 5 h.





media/file59.png
~ <
5% [Pd,(dba)g] N\ I \ 4
15-20% P-ligand N
2.4 equivs NaO'Bu |Iq1
or 22

2.8 equivs Cs,CO5 or K3POy4
toluene or dimethoxyethane
80-100 °C, 24-72 h

(11 examples, 8-92%)

R" = Ph, p-MeOCgH,, p-O,NCgH,, "octyl

R?=H, 5,5'-(MeO),, 4,4'-(MeO),, 4,4'5,5'-Me,, 4,4'5,5'-(MeQ),, 4,4'-(CF3),
Hal = Br, |

P-ligand: P/Bus, S-BINAP, 2-(‘Bu,P)-biphenyl





media/file135.png





media/file29.png
z’z

12e (99%)





media/file16.png





media/file93.png
o~
"N 30b (61%)





media/file20.png
o~ A
&

e 10a (71%)





media/file63.png





media/file50.png
2 mol% PdCI,(PPh3),, 4 mol% Cul
NEt;, DMF, RT, 1.5 h

(hetero)aryl—l + ——SiMe;
then: KF, MeOH, air, RT, 16 h
then: Na,S - 9 H,O, KOH, MW (120 °C), 2 h
Sonogashira
coupling [Pd, Cu]
Y .
KF, MeOH air, [Pd, Cu]
(hetero)aryl———=SiMe; > (hetero)aryl—— -
desilylation Glaser coupling
MeQO OMe

O /S\

19a (72%) 19b (63%)

s
(hetero)aryl (hetero)aryl

S

19
(16 examples, 8-72%)

A

Na,S, H,O | dihydrosulfurative
cyclization
(hetero)ary|———————=—(hetero)aryl
20

(61-93%, if isolated)

19¢ (68%)

19d (44%)






media/file7.png





media/file76.png





media/file33.png
'©13b (54%)





media/file89.png
2 mol% PdCly(PPh3),, 4 mol% Cul
0 1.00 equiv =——R?
1.05 equiv NEt3, THF, rt, 1 h

Y

R I . B3 t
then: 1.10 equiv R°NHNH,, ‘BuOH, AcOH
150 °C (MW),10 min
then: 1.10 equiv N-halo succinimide, rt, 30 min

R' = p-anisyl, p-tolyl, p-NO,CgH,, p-CICgH,
R? = Ph, p-'BuCgHy, "Pr
R =H, Me

Hal

R1 R2
N

N—N
\R3
29
(6 examples, 53-93%)
Hal = CI, Br





media/file0.png
mol% 3or4or5

~H phenylscetylene
Z Cs,CO.

) 3
DMSO, 80 °C, t

oH 1mol% 3ordors
phenylacetylene
” Cs,C0;

DMSO, 80°C, 1h

O, with 3: 93% (8 h)
Y Ph with 4: 16% (20 h) (CH2),OH
with 5: 88% (16 h)

X
Ph
by Sonogashira coupling

n=0furnishing 1

with 3: 85% (X = I), 43% (X = Br) = O furnishi
with 4: 80% (X = 1), 77% (X =By "~ | furnishing2
with §:

84% (X = 1), 45% (X = Br)

Me\ Me\
V2 N N
=X 3 O D
Cl / Cl /
Me





media/file111.png
36a (53%)





media/file4.png
ST coH 59 PdCly(PPhs),, 6% Cul R

S
°’I 2 equivs =—R S 2 = or // Z
S DMF, NEt3, 70-80 °C, 8 h I l
g 0P 0" R 0707 R
CO,H
8 9
(10 examples, 57-82%) (3 examples, 55-88%)

R = alkyl, aryl, (CH2),OH (n = 2, 3), C(CH3),0H, CH(CH3)OH, CH,OPh





media/file52.png
@)
0 CN
10% Pd(PPhs),, 30% Cul
CN 7\ 2 equiv pyrrolidine R' O"

R1—— N + Y
R2"\— dichl th ir. rt, 3.5h
y Ichloromethane, air, rt, 3.

I
” g
RZ

21
(33 examples, 51-95%)

R'=H, p-MeO, o-MeO, p-NC, p-Me, 3,4-thienoannulation, 3,4-furoannulation,

p-Cl, p-CF3 p-CO,Me, 3,4-benzannulation
R? = CeHs p-tolyl, o-tolyl, p-anisyl, m-anisyl, p-CH3COCgH4 p-NCCgH,4, p-OHCCgH,4 p-benzoyl, p-F3CCgHy

pP-OoNCgH,4, m-OoNCgHy, p-ClCgHy4, p-FCgH,4, m-HOCH,CgH,4, p-phenol, p-aniline, 5-indolyl, 3-thienyl, 3-pyridyl, 2-naphthyl





media/file18.png
| | 5.0 mol% Pd(PPhg3)s, 2.5 mol% Cul /
O\ R, NaOAc, DMF, 60 °C AN
R'4— )
N™ O then:R%I, DMF, 110 °C -
R2
R'=H,
R2 =M SEeM .
=ve (14 examples, 43-82%)
[Pd°, Cul] Sonogashira o
R3-1 coupling CH—_actrvauor_r
cyclizing arylation

R*-Pd-|

0 carbopalladation






media/file95.png
~of.

"M 30d (60%)





media/file44.png
0 Pd(PPhs),Cl, (5 mol%), Cul (10 mol%)
™S THF, NEts, rt, 1 h

Then: MeOH, R?N;
TBAF, Cul (10 mol%) or CuF, (200 mol%)
120 °C (MW), 20 min

16a: R' = Ph, R? = Bn, 40% (TBAF, Cul); 42% (CuF5)

16b: R' = p-MeOCgzH,, R? = Bn, 80% (TBAF, Cul); 83% (CuF)
16¢c: R' = p-FCgH,4, R? = Bn, 82% (TBAF, Cul); 88% (CuF,)
16d: R' = p-O,NCgzH,, R? = Bn, 32% (TBAF, Cul); 36% (CuF,)2
16e: R' = 0-MeCgH,, R? = Bn, 35% (TBAF, Cul); 34% (CuFy)
2Pd(PPh3),Cl, (5 mol%) in NEts, A, 10 h

N—R?

16
(5 examples, 32-88%)





media/file87.png
28e (32%)





media/file103.png
33a (29%)





media/file26.png
12b (97%) *





media/file28.png
12d (60%) *





media/file79.png





media/file36.png
0

) oMe 3¢ (17%)





media/file62.png
=

7

R

23a (82%)





media/file113.png





media/file11.png
\

OH

8b (53%)





media/file97.png
o 2 mol% PACIy(PPhs),, 4 mol% Cul

\(YRZ
J-k 2.05 equiv EtzN, CH,Cly, 16 h, 1t ,(1

+ =—R? =
R cI then: 1.1 equiv 4-BrCgHsNHNH; HCI
40 min, 100 °C (MW)
then: 1.5 equiv R*B(OH),, 20 mol% PPh;
&b
3eq

uiv Cs,COg, H,0, 90 min, 100 e (Mw)

31
(8 examples, 19-62%)

[} RS
2 mol% PdCIZ(PPh3)2 4 mol% cul
' _ 1.05 equiv Et;N, THF, 2 N —R?
+ =
then: 1.1 equiv RNHNH, 20 min, 150 °C (MW) [}]—N
Br then: 1.5 equiv R*B(OH),, 20 mol% PPh; e
3 equiv Cs,CO3, H0, 60 min, 120 °C (MW) 32
(4 examples, 51-66%)
o 2 mol% PACI,(PPhs),, 4 mcl% Cul
Jk = s 1.05 equiv EtsN, THF. \
_—< >— r 4>
R “ci then: 1.1 equiv R*NHNH,, 20 min, 150 °C (MW) N_N\
then: 1 5 equlv R*B(OH),, 20 mol% PPhy
iv Cs,CO3, H;0, 60 min, 120 °C (MW) 33
(7 examples, 29-76%)
. 0-FCgH, 2-thienyl, p-anisyl, 0-CICgH,
R2 = Ph p-tolyl, "Bu

R" = Ph, p-tolyl, p-NCCqHs, 0-2-Me-4-FCgHs, 5-methyl-2-thienyl





media/file67.png
X 1 mol% Pd(OAc),, 2 mol% S-Phos
r (RO)

BR?, K3PO, -
Rl—
X -100 °C, 1-
= ']‘H toluene, 90-100 °C, 1-14 h
RZ
X=Cl, Br
R'= H m-Me, m-F, p-F, m-CF3, m-CO,Me, p-OBn
R2=H, Bn
R®= H Me, CF;

R* = Ph, p-MeOCgH,4, 0-MeCgH,, p-F3CCgH,, 3-thienyl, alkyl

S-Phos: P(cyclo-hex),

O. l OMe

R3
R*—:\ \ R4
FZ N

Lo

24
(21 examples, 72-96%)





media/file54.png
CoM

21b (51%)





media/file2.png
5 mol% PdCly(PPhs);
10 mol% Cul

| N NEt,
—
+ EtNH + /T 0 °C, then 50 °C
OH Br (<]
6 (75%)

5 mol% PdCly(PPhy),

N
@ + HN >+ 0—» N
NHTs 0 °C, then 50 °C N





media/file121.png
Pd,(dba); - CHCl; (2.5 mol%)

uCI(PPha), (10 mol%) >/—\<
P(OPh); (20 mol%) NN
ph—= + R A\_-OC0Me , yesiN, N
AcOEt, 100 °C, 24-48 h
R
40a:R=H, 73%
40b: R = Ph, 72%
Pd(OAC); (2 mol%) R H
CuBr (2 mol%)
PPh; (8 mol%)
R Ho+ ANO0Me oy ——————— > N%N/N\/\
toluene, 80 °C, 3-48 h

M
(16 examples, 38-88%)
R = Ph, p-MeO,CCgHy, m-MeO,CCgHj, 0-MeO,CCgHg, p-NCCgHy, p-MeOCgHy,
Hex, Bu, (CH2)30H, (CH2)4Cl, cyclohexen-1-yl, CC(CH,)sCHa, PrsSi,





media/file24.png





media/file101.png





media/file72.png





media/file91.png
2 mol% PdCly(PPhs),, 4 mol% Cul RS
1.00 equiv =——R?
o 1.05 equiv NEtg, THF, rt, 1 h R! \ X\ —R?
1 o —
R*Cl then: 1.10 equiv MeNHNH,, ‘BuOH N N\Me
ACOH, 150 °C (MW), 10 min
then: 1.10 equiv N-halo succinimide, rt, 30 min 30

then: 1.10 equiv R°B(OR),, 2.50 equiv K,CO3, H,0

8 mol% PPhs, 160 °C (MW), 20 min

Sonogashira
coupling

R2 MeNHNH,

Y
R% [ACOH]
o cyclocondensation

R' = p-anisyl, p-CICgH,4
R? = Ph, "Pr
R3 = p-tolyl, p-anisyl, p-benzaldehyde

N—N
\

A
Suzuki | R3B(OR),
coupling K,CO4

Br

NBS R\ —R?
> \
bromination N—N\
Me

(7 examples, 42-61%)






media/file85.png
al
o, O .
te 28¢ (35%., E/IZ=1:4)

=2,





media/file42.png
2
P\N T™S
S~
| ﬁl via //
A PdCly(PPhs), (2 mol%), Cul (4 mol%) \_N
7T N THF, NEt, rt, 1-23 h R A
R1_. X | X + —— TMS > ’/,"' S r,"’ ~ \
See~N Then: TBAF (150 mol%), rt, 0.5 h RI-- x | N, R x | X
\ Then: R?N3, MeOH, rt, 24-119 h Yoo ~N N N
Boc ~ \ \
X =CH, N Boc Soc
15
(19 examples, 30-84%)
Bn Bn Bn Bn Bn
\ \ \ | \
) ) ) G
\_-N NN ome \ N \ o \_-N
= NZ /]
N\ R _ S \ AW
N NN N NN N N N
\ \ \ | \
Boc Boc Boc Boc Boc
15a (75%) 15b (83%) 15¢ (73%) 15d (64%)

16e (72%)





media/file69.png





media/file56.png
]
on

2
N 21d (91%)





media/file115.png
3

3

o7

36¢ (71%)





media/file38.png
R1

R1
5% PdCI>(PPhs),, 5% Cul
p-R2CgH,——=
| // NEt;, THF, 20 h, rt
©i then: A, 48 h
N
I O
H

R'=H, Cl
R? = H, CN, OMe, ‘Bu, Me, CO,Me

Oxidative
Addition

13
(10 examples, 15-54%)

Pd-Cu-assisted
Cycloisomerization

R1

O

[l // /" [Pdl]  p-R°CeHy—=—=—1Cu] 7S
—_— > R2
N Insertion Alkynylation @)
I O
H

Ir—=z

Ir—=z

11 —





media/file99.png
31a(55%. rr 22:1)





media/file128.png





media/file60.png
7.5% Pd(dba),

72 1 15% dppf
— ~,) + HN—R
S 3 equiv NaO'Bu

Br Br toluene, 110 °C, 30 h

R'= p-Me,NCgH,, p-MeOCgH,,
p-'BuCgH,, p-MeCgH,, Ph,
p-FCgHy4, o/m/p-CICgH,,
p-BrCeHy, p-CF3CeHy,
p-NCCgHy, "butyl, benzyl

23
(14 examples, 20-94%)





media/file30.png
5% PdCI;(PPha)z, 5% Cul

rPerEt THF 16 24 h,rt

y
@( / then: R*R°NH, EtOH, A, 24 h
N

0 oxidative
PALal | “addition

|
|
PdL, / /
_—
@EN insertion alkynylation
| o

R'

R' = Ac, Me, SO,Me, SO,Tol
R?=H, Cl, 'Bu, OMe
R® = OMe, ‘Bu, CN, Cl
R‘= H, (CHa, (CHZCH»Z hexyl
= (CHy)s, (CH;CH,)20, p-anisyl, 'Pr

12
(18 examples, 60-99%)

R*RONH

Q)

Michael-t type
additiol

e






media/file81.png
5mol% Pd(OAc),

Acc. W 3 mol% Xantphos
RN Cs,CO0;, dioxane, 100 °C, 6 h
+ == R?
Br o} then: R3CgHal, DMF, 110 °C, 15 h

Acc = NO,, CN, COPh, CHO {
R'=Me, Bn R
R2 =H, 28

=0-NO,, p—OMe (8 examples, 32-67%)

PPh, PPh,
0.

Xantphos: O

Me Me





media/file13.png
A





media/file39.png
Pd(PPh3)4 (5 mol%), Cul (10 mol%)
MeOH, iPr,NEt, 120 °C (mw), 20 min N=N\
R'—X + =—TMS
Then: R2N3 R1/§/ N—g2
TBAF, Cul (10 mol%) or

14
CuF; (200 mol%) (11 examples, 53-99%)
120 °C (mw), 20 min

R' = Ph, p-MeOCgHy, p-F3CCqHa, p-FCoHa, p-MeCgHy, 0-MeCgHy, p-OoNCgHg, X = I, Br
R? = Bn, p-MeOCgH4CHy, p-O,NCgH4CH,





media/file125.png





media/file131.png





media/file23.png
10d (67%)





media/file83.png
28a (64%. E/Z = 1:3)





media/file66.png
19!





media/file58.png
Hal 5% [Pd,(dba)s]
- =\ R 15-20% P-ligand
= +
? \ VAR, 2.4 equivs NaO'Bu
Hal
@ 2.8 equivs Cs,CO; or KsPO,

toluene or dimethoxyethane
80-100 °C, 24-72 h

R" = Ph, p-MeOCgH,, p-O,NCgHy, "octyl
RZ
Hal = Br, |

P-ligand: P'Buj, S-BINAP, 2-(‘Bu,P)-biphenyl

H, 5,5'(MeO),, 4,4(MeO),, 4,4'5,5-Mey, 4,4'5,5-(MeO)y, 4,4'-(CF3),

22
(11 examples, 8-92%)





media/file117.png
37a (X =0, 90%)
37b (X = NBn, 84%)

38 (53%)





media/file40.png
Pd(PPhs), (5 mol%), Cul (10 mol%)
MeOH, iPr,NEt, 120 °C (mw), 20 min N=N

\
RI—X + ==—TMS /K/N
2
Then: R2N; RN\ R
TBAF, Cul (10 mol%) or 14

CuF; (200 mol%) (11 examples, 53-99%)
120 °C (mw), 20 min

Y

R1 = Ph, p-MeOC6H4, p-F3CC6H4, p-FC6H4, p—MeC6H4, o-MeC6H4, p-OQNC6H4, X=1,Br
R? = Bn, p-MeOCgH,CH,, p-O,NCgH,CH,





media/file15.png
I





media/file134.png
EOC,






media/file108.png
R2

4

JOJ\ H\N . 2 mol% PdACl,(PPhs),, 4 mol% Cul n
. —Boc 105 equiv NEts, THF, 2h, it~
RV N0 =/ . ~ R
then: 5.0 equiv Nal '}'
2.0 equiv PTSA * H,0, ‘BuOH, 1 h, t Boc
R' = p-tolyl, p-MeOCgH, then: 2.0 equiv =——R? 35

R? = "Bu, TIPS, Ph 4.0 equiv Cs,C0O5, 70 °C, 1 h (3 examples, 53-67%)





media/file32.png
13a (35%)





media/file49.png
2 mol% PdCIy(PPhg),, 4 mol% Cul
NEt;, DMF, RT, 15 h /@\
(heteroaryl—I  + SiMes (hetero)aryl (hetero)aryl
then: KF, MeOH, air, RT, 16 h
then: NazS - 9 H,0, KOH, MW (120 °C), 2 h

19
(16 examples, 8-72%)

Sonogashira | o, o

, Cu

coupling NaS, H0 | dihydrosulfurative
cyclization

KF, MeOH air, [Pd, Cu]

(hetero)ary—==—SiMe; (heterojaryl—= (hetero)aryl—==—-==—(hetero)aryl
desilylation Glaser coupling 20
(51-93%, if isolated)

R el o P
19a (72%) 19b (63%) 19¢c (68%)

7\ 7\ 7\
\_/ \_/

19d (44%)





media/file75.png
XX
|// Br "
=1 Br R3NH,
25

R'=H, 6-F, 5-Me
R? = n-octyl, (hetero)aryl
R3 = aryl

/ [Pd]

Sonogashira
coupling

PPh,

O
Xantphos: O O

Me Me

PPh,

5 mol% Pd(OAc), = N\
10 mol% Xantphos | — R2
. /
Cs,CO3, NMP, 120 °C % N
R’ N\,
R
26
(15 examples, 39-75%)
A N
[Pd] intramolecular
\ Buchwald-Hartwig

coupling

R3NH,

intermolecular
Buchwald-Hartwig R

coupling 27






media/file1.png
OH

Tmol% 3 or4orb
phenylacetylene

Y

©f\OH
X

X=Br |

C82CO3
DMSO, 80 °C, ¢t

Tmol% 3or4orb
phenylacetylene

CSZCO3
DMSO, 80 °C, 1 h

0! with 3: 93% (8 h)
)—Ph with 4: 16% (20 h) (CH,)-OH
with 5: 88% (16 h)

1 via

A
Ph

by Sonogashira coupling

n = 0 furnishing 1

with 3: 85% (X =1), 43% (X = Br) n = 1 furnishing 2

O with 4: 80% (X = 1), 77% (X = Br)
\ with 5: 84% (X = 1), 45% (X = Br)
Ph
2

CT ¢ Q—Pd% 1 Q—Pd% ]





media/file70.png





media/file136.png





media/file77.png





media/file47.png
=Ph,o

PdC|2(PPh3)2 (1 mol%) R?
Cul (2 m
||I0r= onication, rt or 45 °C, 1 h R | N\ o
2
R® " Then: NaN;, DMSO, tt, 1-3 h Ney/ via
H

18
33 examples, 60-99%
3,5-Me,CgHa, 0-CICgHs, m-CICgHs, p-CICqHs, 3,5-CloCgHg, p-O;NCgHa,

= Ph, p-MeOCqHs,

o-MeC MeCgH,
p-Me OCSHA‘ quryl cyclohexen1
p-FCgHg, 3-thienyl, ferrocenyl, "Pr, "Bu, "Pent, 99%





media/file123.png
10 mol% PdCl, or Pd(OAc):

2
Q,)f\ " 22 mol% tri(2-furyl)phosphane '
R! NN Br A 5 2 equiv Cs,CO;3 N " e
+ R 2 equiv norbornene l
UH | = 7 N\ ¥

AcCN, 90 °C, 23 h
=1,2

R' = H, COEt

R? = Me, MeNTs, OMe, Cl

R3— H, NO,, CO,Me, MeNTs, OMe

PdoL,
NN
| =
[ILoPd]
1P N
| =
=
R2
CSQCO31 CsHCO:!
3
L R! ﬁ\Br
L\

M
(10 examples, 59-91%)

7 NN
= X

| o=
[BrL,Pd]

RZ






media/file119.png
Pda(dba)s - CHCl3 (2.5 mol%) 1 R?
oCOM dppp (10 mol%) >—<
R—==R2 + A~ -C0Me | pesin, N/ \N
ACOEL (0.5 M), 100 °C 2-24 h N
dppp: 1,3-bis(diphenylphosphano)propane l
R'=Ph, H, E! cyclohexen-1-yl, Bu, "Pent,
R? = CN, CHO, COI

39
e, (15 examples, 15-66%)
Me, CO,Me, P(O)(OEt),, SOzPh NEtz





media/file106.png
o H 2 mol% PdCly(PPhg),, 4 mol% Cul /[_S
R1

\
1)]\ .\ N—Boc 105 equiv NEty, THF, 2h, it N
R ¢l — }
E— then: 5.0 equiv Nal |I30c
2.0 equiv PTSA - H,O 34
ly
BuOH, 1 h, rt (11 examples, 61-75%)

R1 = p-MeC6H4, m-MeCGH4, o-MeC6H4, p-MeOC6H4, C6H5, p-C|C6H4, ,O-FC6H4,
2-thienyl, 3-styryl, cyclopropyl, 1-adamantyl





media/file17.png
N

\

9)
b (60%)





media/file94.png
.
M 30 (56%)





media/file8.png





media/file51.png
o
CN
Q o 10% Pd(PPhs)s, 30% Cul
2 equiv pyrrolidine R ’
e N/ .

= RP A= dichloromethane, air, rt, 3.5 h
=
g £

21
(33 examples, 51-95%)
R'=H, p- MeO o—MeO p NC -Me, 3,4-thienoannulation, 3,4-furoannulation,
p-Cl, p-CF3, p-C benzannulation
R%= CsH5 p lolyl o—lo\yl p-i anlsyl m-: anlsyl p-CH3COCgH,, p-NCCgHy4, p-OHCCgHy, p-benzoyl, p-F3CCeHy,
Ha, m-O,NCgH,, p-Cl 14, p-FCgH4, m-HOCH,CgH,, p-phenol, p-aniline, 5-indolyl, 3-thienyl, 3 -pyridyl, 2-naphthyl





media/file64.png





media/file34.png
g
Lo

ove
13¢ (41%)





media/file21.png
%

5

10
b
(66%)





