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Eleven years in chemistry! Done but not good! Forgive me, chemistry! Ye, I know that you had no choice for your life before but now you have the chance to decide your life and career. Ye a Diphénylacétylène (0.5 mmol), HBpin (1.05 equiv, 0.52 mmol), ratio Z/E déterminé par analyse RMN 1 H autour de 85/15 pour chaque essai. b Mo = micro-onde. c n.r. = Aucune conversion n'a été observée.

Avec les conditions optimales en mains, nous avons examiné la réactivité des alcynes symétriques et disymétriques pour étudier la régio-et stéréo-sélectivité en fonction de la substitution de l'alcyne (tableau II). Les alcynes ont tous subi une syn-addition pour conduire aux produits correspondants où le Bpin s'additionne sur le carbone avec l'encombrement stérique le plus important avec des rendements et des stéréosélectivités de modérés à bons.

Cependant, les alcynes contenant l'ester ont fourni les isomères E, probablement à cause de l'effet de coordination. Ensuite, nous avons voulu étudier la diboration d'alcynes qui est encore une réaction peu décrites dans la littérature. Nous avons d'abord étudié les conditions de réaction avec le diphénylacetylène et le pinacol diborane comme produits de départ (table III). Nous avons trouvé que le HCo(PMe3)4 comme catalyseur, le toluène comme solvant, à 160 o C comme température optimale durant 6 h permettait d'obtenir le produit de diboration. Les conditions de réaction optimales en main, nous avons étudié la réactivité des alcynes symétriques et disymétriques (tableau IV). Les alcynes aryliques ont fourni des produits de diboration de syn-addition majoritaire avec des rendements de modérés à bons et une stéréosélectivité autour de 70:30. Pour les alcynes portant un groupement alkyle, les isomères Z ont donné de faibles rendements. L'oct-4-yne n'a pas conduit à la formation de produit de diboration. Avec les conditions de réaction optimisée en main, nous avons étudié l'étendue de la réaction avec des substrats portant des substituants aromatiques, hétéroaromatiques et alkyles sur l'alcyne. À notre grande déception, la quasi-totalité d'entre eux n'ont pas donné les produits correspondants. Le protocole semble ne fonctionner que pour les dérivés de 1-phényl-2triméthylsilylacétylène (tableau VI). 

E

a. Alcyne (0,5 mmol), AB (0,55 mmol) et 5,0 mol% HCo(PMe3)4 dans 2 mL de HFIP à 65 ° C pendant 1 j. Le rendement isolé, les rapports E/Z du brut sont déterminés par RMN 1 H. b. Contenant des matériaux de départ c. uk signifie produits inconnus. d. Perdez du produit pendant la purification. e. 0.33 equiv. AB. f. L'isomère E/Z ne peut pas se distinguer de la RMN 1 H. g. 0,55 equiv. AB.

Ensuite, nous avons étudié l'étendue de la réaction de semi-hydrogénation de sélectivité Z des alcynes avec les conditions réactionnelles optimales (tableau VIII). Comparée à la semihydrogénation de sélectivité E, la réaction s'est déroulée avec une de bonnes sélectivités Z mais avec des conversions plus faibles. Ainsi, les substrats portant des groupes attracteurs d'électrons conduisent à des conversions relativement plus faibles que ceux possédant des groupements donneurs en électrons. Une variété de groupes fonctionnels sont tolérés dans les conditions réactionnelles. Notamment, les substrats contenant des groupement bromo, des amines, la Le L-Phth-t-Leu-OH a donné le meilleur ee parmi tous les acides aminés modifiés dans nos mains.

L Co L L OR C L Co L L R 2 H R 1 L Co L L H R 1 R 2 HCo(PMe 3 ) 4 ROH R 1 R 2 NH 3 BH 3 B(OR) 3 ROH R 1 Cycle I A B H L = PMe 3 , N 2 /PPh 3 R = (CF 3 ) 2 CH, (CH 3 ) 2 CH L Co L L R 1 R 2 L Co L L H R 2 R 1 L Co L H R 2 R 1 R 1 R 2 R 2 R 1 Cycle II E H D [F] L R 2
HCoN 2 (PPh 3 ) 3 Indole (0,5 mmol), alcène (1,5 mmol), [Cp*Co(CO)I2] (10,0 mol%), AgSbF6 (20,0 mol%) et additifs chiraux (1,0 équiv.) Dans du 1,2-DCE (0,50 mL) à 50 °C pendant 20 h, rendement isolé, la valeur ee a été détectée par HPLC. 

General introduction

Organic synthesis played an important role in biochemistry, material sciences, agrochemical and pharmaceutical industries, providing the corresponding compounds. So far, most of the synthesis required the pre-existing functional groups (Scheme I). Compared with the direct R-H (with R = C, Si, B, H…) activation, the introduction of these functional groups needs more steps and generates by-products.

Scheme I. Functional group interconversion vs R-H activation

Thus, the economic and sustainable C-H functionalization has become a powerful tool in organic synthesis in the past decades. Noble and costly transition metals have made major progresses in this field such as palladium, 1,2 iridium, 3,4 rhodium, 5,6 and ruthenium 7,8,9 . Earthabundant, inexpensive and typically less toxic 3d-transition metals have drawn more attention in the recent years. Since cobalt exhibits similar reactivity with the noble rhodium and iridium, cobalt played a central role in the achievements in C-H functionalization with 3d metal complexes.

The aim of our project is to explore the application of cobalt complex in R-H activation.

There are three chapters in this thesis. 1. Hydroboration and diboration of alkynes. 2. Hydrogenation of alkyne. 3. Enantioselective C-H alkylation. Each chapter commences with 1 Le Bras, J.; Muzart, J. Eur. J. Org. Chem. 2018, 2018, 1176. 2 Sharon R. Neufeldt; Sanford, M. S. Acc. Chem. Res. 2012, 456, 936. 3 Suzuki, T. Chem. Rev. 2011, 111, 1825. 4 Pan, S.; Shibata, T. ACS Catal. 2013, 3, 704. 5 Bois, J. D. Org. Pro. Res. Dev. 2011, 15, 758. 6 Song, G.; Wang, F.; Li, X. Chem. Soc. Rev. 2012, 41, 3651. 7 12 Suzuki did an outstanding work in the field of crosscoupling reactions where non-toxic boron compounds play an important role. 13 The environmentally benign organoboron compounds are ideal candidates for green chemistry due to their nontoxicity to plants, animals, and other complex life forms. 10 As nucleophilic partners in C-H activation and C-X (X = C, N, O or other heteroatoms) bonds formation, alkylboronates and alkenylboronates witnessed an increase of attention. 14 For instance, the volume of papers published where HBpin (pinacolborane) (B-1) and B2pin2

(Bis(pinacolate)diboron) are appearing as reactant or reagent has grown exponentially, respectively, as many as 2766 and 15851 publications (SciFinder, 02.07.2019).

The direct hydroboration of C-C unsaturated bonds is one of the most atom-economical way to provide valuable alkylboronates and alkenylboronates intermediates. 15 Transition metalcatalyzed hydroboration also play an important role in their synthesis. The first-row transition metals for example cobalt made great contributions in this application due to its sustainability in environment and economy. Since thousands of papers were reported in this field, herein we will only focus on cobalt-catalyzed hydroboration and diboration of the unsaturated C-C bonds using HBpin and B2pin2. 

Hydroboration reactions of alkenes

One of the seminal works on organoborane synthesis was reported by Subba and his coworkers in 1956. 16 By reacting NaBH4 with olefins in the presence of a Lewis acid such as AlCl3 they described an elegant access to the corresponding borane (scheme 1). Further oxidation in the presence of H2O2 furnished the related alcohol. However, only two substrates (pentene and the 1,1'-diphenylethylene) were described.

Scheme 1. Hydroboration of olefins catalyzed by aluminum chlorides Diborane (B2H6) or the borane adduct (BH3•THF) reacted rapidly with alkenes to give the anti-Markovnikov alkene hydration products at room temperature. However, the other hydroborating reagents with high electron density at boron, such as catecholborane (1,3,2benzodioxaborole), and pinacolborane, needed more elevated temperatures for the hydroboration reaction. In the history of synthesis of alkylboronates, several common methods can be used. One of the possible approaches is via the reaction of an organo-lithium or a Grignard reagent with boron compounds. 17 However, this method had a poor functional group tolerance and lots of inorganic salts were produced during the reaction which is not atomeconomic.

Another classical method for hydroboration is through the use of transition metal-based catalysts. Thus, in 1985, Männig and Nçth firstly reported that the Wilkinsons catalyst was able to catalyze hydroboration of olefins (scheme 2). After that, the following decades witnessed a huge development of rhodium-catalyzed olefin hydroboration. 18 Iridium 19 complexes also have made great contributions on synthesis of alkylboronic acid derivatives and several reviews gave the details description of the last decades evolution. 20 However, the low crustal abundance of precious metal (and thus the catalysts) limited the further wide application. Moreover, sometimes the high toxicity also had a bad influence on the environment sustainability. Recently, earth-abundant and inexpensive first row transition metals attracted tremendous attention in this field as interesting alternatives. Again many reports on iron 21,22,23,24, nickel 25 , and copper 26 catalyzed hydroboration of alkenes can be find in the literature in the recent decade. In our manuscript we will turn our attention only on cobalt catalyzed hydroboration of alkenes and alkynes

Anti-Markovnikov selective hydroboration of alkenes

The majority of known reports on hydroboration of alkenes gave the anti-Markovnikov isomers. Cobalt as catalyst for hydroboration was firstly reported in 2013 by Chirik. Indeed, Chirik's group described that bis(imino)pyridine cobalt methyl complexes (Co-1 to Co-3) were able to catalyze the hydroboration of olefins with HBpin in the absence of solvent (scheme 3). 27 The effective pre-catalyst tolerated both terminal and internal olefins. For the internal alkenes during the use of the more active catalyst Co-3, a chain walking process underwent to give the terminal alkylboronic esters. The plausible mechanism based on deuterium labeling is shown in scheme 4. Initially, the pre-catalyst Co-1 react with DBpin to generate the active bis(imino)pyridine cobalt hydride complex Co-4. Next, the olefin inserts into the Co-H bond to form the bis(imino)pyridine cobalt alkane complex Co-5. In the case of terminal alkene, the process undergoes 1, 2-olefin insertion. For internal alkenes, the process goes through a series of β-hydrogen elimination-olefin reinsertion steps which look like the bis(imino)pyridine cobalt complex walking on the carbon chain. Eventually, the Co-5 complex reacts with DBpin to afford the desired alkylborane and to regenerate the active complex Co-4 either via a σ-bond metathesis or an oxidative addition-reductive elimination. In 2014, Huang's group showed that the PNN cobalt complex Co-6 was able to catalyze the alkene hydroboration (scheme 5). 28 They were able to apply this reaction to both vinylarenes and aliphatic olefins with a wide range of functional groups affording the corresponding anti-Markovnikov products. In 2017, Zhang and his coworkers described the cobalt-catalyzed regioselective hydroboration of terminal alkenes with the Co(II)-PNP pincer complex Co-7 and the dinuclear cobalt complex Co-8 (scheme 6). 29 With respect to anti-Markovnikov selectivity, they used (H-PNP)Co•BArF4 {BArF4 = tetrakis [3,5-bis(trifluoromethyl)-phenyl]borate} as the catalyst. In case of the more challenging Markovnikov selectivity, they designed and used the dinuclear Co(II)-NNN complex. However, their protocol was limited to terminal alkenes and had a low functional group tolerance. Scheme 6. Regioselective hydroboration of terminal alkene with Co-7 and Co-8

NaBH 4 + AlCl 3 B diglyme, 25 o C H 2 O 2 OH R R + HBpin R R Bpin Bpin Co-1 / Co-2 N N N Co R 1 R 1 R 2 R 1 R 1 R 2 CH 3 Co-1 R 1 = i Pr, R 2 = H Co-2 R 1 = R 2 = Me N N N Co
In 2017, Fout and her coworkers reported that (DIPPCCC)CoN2 (DIPPCCC = bis (2, 6diisopropylphenylbenzimidazol-2-ylidene)phenyl) complex Co-9 catalyzed the hydroboration of olefins and nitriles under mild conditions (scheme 7). 30 Similar to other precious metals catalysts, the protocol furnished the anti-Markovnikov products with moderate to good yields with good functional group tolerance starting from aliphatic and aromatic alkenes. Furthermore, the protocol was also extended to the hydroboration of nitriles, generating the corresponding amines in moderate to good yields.

Scheme 7. Co-9 hydroboration of alkenes and nitriles

According to deuterium labeling experiments, they proposed a mechanism (scheme 8).

Initially, the Co-9 complex underwent oxidative addition of HBpin to give the Co-10 species. with chiral NHC ligand (scheme 10) 32 catalyst systems provided a potential access to asymmetric hydroboration of 1,1-disubstituted alkenes. Scheme 9. Iridium complex catalyzed asymmetric hydroboration Scheme 10. Copper complex catalyzed asymmetric hydroboration It is only in 2014 that Huang's group firstly described the use of iminopyridineoxazoline (IPO) Co(I) methyl complex Co-14 to catalyze an asymmetrical hydroboration of 1,1-disubstituted aryl alkenes with HBpin at room temperature (scheme 11). 33 However, the substrate scope was limited to arylalkenes. The alkyl olefins offered a low to moderate enantioselectivity.

R = alkyl, aryl R = aryl N N N N PPID DIPP Co N 2 R 1 N Bpin R 1 + R + 1 equ. HBpin C R N Bpin Bpin C 6 H 6 , rt, 1h
Scheme 11. Co-14 catalyzed asymmetrical hydroboration of 1,1-disubstituted aryl alkenes In the same time, Lu and his coworkers described the use of a similar iminopyridineoxazoline (IPO)Co(II) dichloride complex Co-15 to catalyze the asymmetrical anti-32 Corberan, R.; Mszar, N. W.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2011, 50, 7079. 33 Zhang, L.; Zuo, Z.; Wan, X.; Huang, Z. J. Am. Chem. Soc. 2014, 136, 15501 To give sight into the mechanism (scheme 21), they conducted some deuterium experiments. Firstly, the Co(acac)2 was reduced into the active complex Co-32 in the presence of phosphorus ligand. Next, norbornene was inserted into Co-H bond to form the Co-33 complex which subsequently reacted with HBpin to form the Co-34 complex. Next, the Co-34 complex underwent 2,1-insertion with vinylarene substrates to provide sterically hindered Co-35 complex which underwent a valence tautomerization to give the less hindered alkylcobalt species Co-37. Eventually, the Co-37 complex reacted with HBpin to regenerate the Co-32 complex and release the branched gem-bis(boryl)alkane products. Scheme 21. Proposed mechanism for hydroboration of vinylarenes

Isomerization-hydroboration of alkenes

Besides hydroboration and multiborylation, cobalt catalyst can also be employed to provide an isomerization-hydroboration process of alkenes. This transformation gives an access to remote hydroboration of the multisubstituted internal alkenes with terminal selectivity.

For instance, in 2014, the Turculet's group reported that the complex (Nphosphinoamidinate)cobalt(amido) (Co-38) was able to catalyze the hydroboration of simple alkylalkenes with HBpin to provide terminal alkylboronic ester (scheme 22). 44 However, the substrates are limited to aliphatic alkenes. Aromatic or heteroatom alkenes were not working. Furthermore, the corresponding iron complex can also catalyze the same reaction but with lower conversion.

Scheme 22. Co-38 catalyzed isomerization-hydroboration of alkenes with HBpin

In 2016, they further applied the catalyst to other borane reagents such as 1,3-dimethyl-1,3-diaza-2-boracyclo-pentane (B-2) and benzo-1,3,2-diazaborolane (B-3) (scheme 23). 45 The cobalt and iron complex can catalyze isomerization-hydroboration of terminal, germinal, and internal alkenes into terminal boronate products. Scheme 23. Co-38 catalyzed isomerization-hydroboration of alkenes with B-1 and B-3

In 2015, Chirik and his workers reported that the classical simple well-defined cobalt complex [HCoN2(PPh3)3] (Co-39) catalyzed the hydroboration of terminal and internal alkenes to provide branched alkylboronic esters (scheme 24). 46 In this process, the terminal alkenes undergo chain walking to give the secondary alkylboronic esters. 44 in presence of B2pin2 as the borating reagent, which generated stoichiometric amounts of boroncontaining by-products. The straightforward and practical alkyne hydroboration by HBX2 was one of the most atom-economic method, with high functional group tolerance to access alkenyl boranes. Herein, we will focus our attention on the hydroboration methods with HBpin as the hydroborating reagent.

In 1972, Brown and Gupta firstly reported mono-hydroboration of alkynes by catecholborane (scheme 26) with high regioselectivities and without catalyst or solvents. 50 Later they applied the same method for the hydroboration of alkenes. 51 Scheme 26. Hydroboration of alkynes by catecholborane Since catecholborane is air and moisture sensitive and due to its easy decomposition, unwilling hydroboration products can be obtained. Chemists examined various dialkylboranes (R2BH) for the suitable hydroborating reagents. Due to its air and moisture stability and easy handling, HBpin became the most used hydroborating reagent. In 1992, Knochel and his coworkers were the first to prepare the HBpin and developed a protocol of the hydroboration of alkynes and alkenes (scheme 27). 52 However, even if the reactions worked on large scale, the substrates were limited to simple alkynes without functional groups.

Scheme 27. Hydroboration of alkynes by HBpin 50 Brown, H. C.; Gupta, S. K. J. Am. Chem. Soc. 1972, 94, 4370. 51 Brown, H. C.; Gupta, S. K. J. Am. Chem. Soc. 1975, 97, 5249. 52 Charles E.; Tucker, J. D.; Knochel, P. J. Org. Chem. 1992, 57, 3482.
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HBpin

Thanks to Knochel's pioneering work, the following years ushered in developments in alkyne hydroboration. Indeed, varieties of transition metals such as Zr, Rh, Ir, Cu, Pd, Ag, Fe, Co, and Ni and transition metal-free hydroboration approaches have been examined. 53 For instance, in 1995, Pereira and Srebnik described the first transition metal ZrCp2HCl catalyzed hydroboration of alkynes under ambient temperature with good yields (scheme 28). 54 However, the regioselectivity for oxygen-containing alkynes was low, probably because of Zr-O coordination. Later, Wang and his coworkers added NEt3 to break the Zr-O interaction and increased the temperature to 60 o C to make that oxygen-containing alkynes can reach good E selectivity products. Scheme 28. Zr complex catalyzed hydroboration of alkynes One year later, they described the nickel and rhodium complexes catalyzed hydroboration of terminal alkynes (scheme 29). 48 Scheme 29. Nickel and Rhodium catalyzed hydroboration of alkynes

Copper catalyzed hydroboration of alkynes by HBpin was reported by Lipshutz and his coworkers in 2008 (scheme 30). 55 However, the substrates are limited to activated alkoxycarbonyl substituted alkynes. 53 Due to the high toxicity and price of the precious metals, scientists turned their attention to less-expensive and more abundant metal catalysts such as Al, Fe, Co and also metals-free methods. Enthaler and his coworkers firstly reported the protocol of an iron-catalyzed synhydroboration of alkynes in good yield (scheme 36). 61 However, the internal alkynes failed to give the good regioselectivity. Scheme 36. Iron catalyzed syn-selective hydroboration of alkynes Later, in 2017, Nishibayashi and his coworkers reported an iron complex with pyrrolidebased pincer ligand catalyzed hydroboration of alkynes for the selective formation of the Eisomer under ambient temperature with moderate to good yield (scheme 37). 62 However, the protocol was only amenable for terminal alkynes. 

R 1 R 2 HBpin R 2 H Bpin R 1 B(C 6 F 5 ) 2 Bpin R 2 B(C 6 F 5 ) 2 R 1 R 2 Bpin R 2 B(C 6 F 5 ) 2 R 2 Bpin R 2 R 1 H Bpin R 1 R 1 δ δ I II III R 1 HBpin + R 1 R 1 Bpin H 10 mol% i Bu 2 AlH or AlEt 3 •DABCO toluene, 110 o C, 2 h 40-89% yield or 35-84% yield R 2 R 2 R 1 = H, alkyl, aromatic R 2 = alkyl, aromatic N N DABCO =
EtBpin immediate can be observed by 11 B NMR. Next, the aluminum hydride was selectively inserted into alkynes to form alkenyl aluminum species. Eventually, the alkenyl aluminum species underwent σ-bond metathesis with HBpin to regenerate aluminum hydride and alkenyl boration.

Scheme 41. Aluminum hydride catalyzed hydroboration of alkynes Although transition metal-catalyzed hydroboration has been widely reported, cobaltcatalyzed hydroboration of alkynes was unexplored until 2015 when Chirik's group reported bis(imino)pyridine cobalt (Co-42) catalyzed Z-selective hydroboration of terminal alkynes with HBpin under ambient temperatures (scheme 42). 65 Scheme 42. Co-42 catalyzed Z-selective hydroboration of terminal alkynes According to the deuterium labeling experiments and other experiments, they gave the plausible mechanism (scheme 43). Firstly, the Co-42 complex reacted with alkynes substrates to form active Co-43 complex which underwent oxidative addition with HBpin to provide the Co-44 complex. Next, the Co-45 species was afforded by reductive elimination. Next, pro-(Z) cobalt vinyl intermediate was generated via syn-hydrometalation of alkynylboronates. 65 Obligacion, J. V.; Neely, J. M.; Yazdani, A. N.; Pappas, I.; Chirik, P. J. J. Am. Chem. Soc. 2015, 137, 5855. Furthermore, it could be applied in Suzuki-Miyaura coupling reaction.
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66 Zuo, Z.; Huang, Z. Org. Chem. Front. 2016, 3, 434.
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Scheme 44. Co-15 catalyzed hydroboration of terminal alkynes In 2017, Trovitch's group described the a-diimine cobalt hydride (Co-47) which is generated from NaEt3BH and (Ph2PPrDI)CoCl2 to catalyze the hydroboration of terminal alkynes and nitriles. 67 In respect to the protocol, (Ph2PPrDI)CoH catalyzed hydroboration of alkynes and dihydroboration of nitriles under mild conditions (scheme 45). However, the substrate scope is limited to simple terminal alkynes without functional groups.

Scheme 45. Co-47 catalyzed hydroboration of alkyne and dihydroboration of nitriles

In 2017, Lu and his coworkers reported the chiral imidazoline iminopyridine (IIP) cobalt complex (Co-48) catalyzed regio-and enantioselective hydroboration/hydrogenation of internal alkynes with HBpin and mild H2 (scheme 46). 68 However, the protocol was not available for alkyl alkynes or terminal alkynes which only got the hydroboration product alkenyl boronates.

Scheme 46. Co-48 catalyzed hydroboration/hydrogenation of internal alkynes

To explore the mechanism, they conducted some comparable and deuterium experiments (scheme 47 and 48). The a experiment shows that the reaction conducted hydroboration and followed by hydrogenation. The low ee could be caused by the 67 Ben-Daat, H.; Rock, C. L.; Flores, M.; Groy, T. L.; Bowman, A. C.; Trovitch, R. J. Chem. Commun. 2017, 53, 7333. 68 Guo, J.; Cheng, B.; Shen, X.; Lu, Z. J. Am. Chem. Soc. 2017, 139, 15316. From the results of g and h experiments that trace water had no big influence in yield and ee, they proposed that the trace water in the reaction system could be the hydrogen source during the hydrogenation process in the presence of HBpin. However, they always have some problems such as requiring supporting ligands, higher catalyst loadings, bases or higher temperature. Recently transition metal-free hydroboration protocols have been targeted while together with limited stereo-selectivity. Stereo-and regioselective hydroboration of alkynes with simple catalyst and high functional group tolerance still remained big challenges. Four available isomers can be obtained during the transformation (scheme 50). The various isomers are affected by the substitutes of the alkynes.

Scheme 50. Four possible isomers for hydroboration

Diboration of Alkynes

Alkenyldiboronates which have two boron groups to elaborate for further reaction are considered as useful intermediates in the stereo-controlled synthesis of multisubstituted alkenes.

Chemists have reported several approaches for preparing the alkenyldiboronates compounds.

One of the straightforward methods is the borylation of already monoborylated compounds.

Other pathways generally need several steps and specific substrates. Such as 
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multiborylmethanes 39 and gem-diboration reactions 69 where lithium carbenoids or organolithium reagents react with diboron compounds (scheme 51). The diboration of alkynes, namely, the addition of the B-B bond to alkynes, is the direct and most convenient method to afford diborylalkene products. 70 Scheme 51. Gem-diboration reaction in the presence of organolithium

The more stable, heteroatom-substituted diboron reagents drew more attention during the recent years. However, these more electron-rich diborons derivatives are not as reactive as the early described reagents such as B2Cl4 71 and B2F4 and often require the use of catalysts. Due to its easy synthesis and its relative reactivity, the stable B2pin2 became the reagent of choice for diboration reaction. Reports on transition-metal catalyzed diboration of alkynes always have limited substrates tolerance or other problems 72 , and most of them use noble metals such as Pd (scheme 52), 73 Ir (scheme 53) 74 and Pt 75,76,77 as catalysts. Pt system afforded the unsymmetrical diboration of alkynes. Reports on heterogeneous nanogold 78 or other metal catalysts catalyzed diborylation of alkynes will not be discussed herein. 

2 R 1 X X' + BuLi or LiTMP R 2 R 1 Bpin Bpin + B 2 pin 2 -90 --110 o C, 10-30 min R 1 , R 2 = Alkyl X = halogen, X' = X, H 6 examples 48-93% yield B 2 pin 2 + R 1 R 1 Bpin Bpin 0.5-2 mol% [Pd] C 6 H 6 , rt, 1 d R 1 = alkyl, aryl R 2 = alkyl, H 15 examples 39-99% yield R 2 R 2 N N Pd N N Ph Ph
Scheme 52. Palladium complex catalyzed diboration of alkynes Scheme 53. Iridium complex catalyzed tandem C-H borylation and diboration Despite the progress on diboration of alkynes, the regio-and chem-selectivity of the reaction remain a challenge, because several possible products are possible (scheme 54). Herein, we will focus only on the reactions using B2pin2 where both Bpin groups 1,2-added to the alkynes substrates.

Scheme 54. Possible diboration products Suzuki, Miyaura and their coworkers first reported that platinum(0) complex catalyzed diboration of alkynes by B2pin2 (scheme 55). 76 Later, they extended their protocol to terminal and symmetrical alkynes with some functional groups. 79 Scheme 55. Platinum catalyzed diborylation of alkynes Takaki and his coworkers reported that copper catalyzed diborylation of internal alkynes with B2pin2 (scheme 56). 80 The substrates are limited to simple alkynes without complex functional groups.

79 Ishiyama, T.; Murata, M.; Ozawa, F.; Suzuki, A.; Miyaura, N. Organometallics 1996, 15, 713. 80 Yoshida, H.; Kawashima, S.; Takemoto, Y.; Okada, K.; Ohshita, J.; Takaki, K. Angew. Chem. Int. Ed. 2012, 51, 235. 

HBpin + R R Bpin Bpin 1) 1 mol% [Ir], C 6 H 5 F, rt, 10 min 2) 1 atm CO, 55 o C, 18 h Bpin (5 equiv.) R = alkyl, aryl 10 examples 28-80% R 1 Bpin Bpin R 2 B 2 pin 2 + R 2 R 1 Bpin R 2 Bpin R 1 + + ? R 1 Bpin Bpin (R 2 = H)
C, 20-30 h R 1 Bpin Bpin R 1 ,R 2 = alkyl, aryl, H 9 examples 51-85% yield R 2 B 2 pin 2 + R 2 R 1 (1.5 equiv.) F 3 C CF 3 + O B O B O O 5 mol% Co(PMe 3 ) 4 THF, 80 o C, 1 d B B O O O O CF 3 F 3 C
room temperature (scheme 59). 83 The protocol was also working for unsymmetrical diboron reagent PinB-BDan (Dan = naphthalene-1,8-diaminato) which provided an access to the trisubstituted olefins of different configuration. The product can be further applied in halogenation, hydroboration, and Suzuki-Miyaura cross-coupling reaction.

Scheme 59. Co-61 catalyzed diboration of terminal alkynes

The plausible mechanism they gave is as follow (scheme 60). Firstly, the Co-61 complex reacted with terminal alkyne to form active the Co-62 complex. Subsequently, the species underwent oxidative addition to generate the Co-63 complex which followed by reductive elimination to give alkynylboronate Co-64 complex. Next, regioselective syncobaltboronation of alkynylboronate formed vinylcobalt intermediate (Co-65) which reacted with terminal alkynes to result in the 1,1-selective products.

83 Krautwald, S.; Bezdek, M. J.; Chirik, P. J. J. Am. Chem. Soc. 2017, 139, 3868. 

B 2 pin 2 + R R
Except for π-insertion of the B-B bond into the alkynes to afford multisubstituted alkenes, the transition metal-catalyzed silaboration of alkynes is also a useful pathway which receives lots of attention. 84 The different reactivities of the boryl and silyl groups make sequential elaboration of the multisubstituted alkenes available and could control the regioselectivity of further transformation. 53 The metal and metal-free catalyzed 1,2-addition silylboration of alkynes are widely reported by synthetic organic chemists. 85 Since there are many B-Si reagents (figure 1), herein we will only describe the literature based on the robust PhMe2Si-Bpin which is considered as standard alkyne silaboration reagent.

Figure 1. The available B-Si reagents

In 1996, Ito and his coworkers first reported palladium(0) tert-alkyl isocyanide complex catalyzed cis-silaboration of alkynes with stereo-and regioselectivity (scheme 62). 86 The protocol was applied in both terminal and internal alkynes with moderate to good yield. 

B N N Si Si = SiPh 3 , SiMe 3 , SiPhMe 2 B N N Ph 3 Si i Pr i Pr B O O Me 2 PhSi B O O Me 2 PhSi COO i Pr COO i Pr B O O Me 2 PhSi Ph Ph B Me 2 PhSi O O B Me 2 PhSi B O O Me 2 PhSi B O O Me 2 PhSi B NEt 2 NEt 2 Me 2 PhSi B O O ClMe 2 Si B N i Pr 2 N i Pr 2 Me 2 PhSi PhMe 2 SiBpin + R 1 R 1 Bpin SiMe 2 Ph 2 mol% Pd(OAc) 2 30 mol% t BuCH 2 CMe 2 NC tolene, 110 o C 7 examples 24-88% yield R 2 R 2 R 1 = H, alkyl, aromatic, TMS R 2 = alkyl, aromatic
In 2008, Suginome and his coworkers described palladium catalyzed cis-and transsilaboration of terminal alkynes via control the stoichiometry of the alkyne silaboration (scheme 63). 87 The protocol for the trans-silaboration had a bad tolerance for the sterically demanding alkynes.

Scheme 63. Palladium catalyzed silaboration of terminal alkynes

In 2010, the same group reported a palladium-catalyzed ligand-controlled regioselective silaboration of terminal alkynes (scheme 64). 88 The protocol could tolerate aliphatic and aromatic alkynes.

Scheme 64. Palladium catalyzed silaboration of terminal alkynes They also gave the plausible mechanism (scheme 65). Firstly, palladium catalyst undergoes oxidative addition to afford the palladium complex which coordinates with the alkyne. For the normal silaboration, alkyne inserts into Pd-B bond via the pathway a where the boron is connected to the terminus carbon atom of the alkyne. For the inverse silaboration, the alkyne inserts into the Pd-B bond via pathway b where the silicon is connected to the terminus carbon atom of the alkyne due to the steric hindrance of the phosphine ligand on the catalyst.

87 Ohmura, T.; Oshima, K.; Suginome, M. Chem. Commun. 2008Commun. , 44, 1416. . 88 Ohmura, T.; Oshima, K.; Taniguchi, H.; Suginome, M. J. Am. Chem. Soc. 2010, 132, 12194.

ClMe 2 SiBpin + R R Me 2 i PrOSi Bpin 1 mol% (η 3 -C 3 H 5 )PdCl(PPh 3 ) toluene, rt, 1h i PrOH (1.5 equiv), pyridine, 4d R Me 2 i PrOSi Bpin Z-3 E-3 + 1 2 excess alkyne ( 1 : 2 = 1.0 : 1.2 ) excess silaboration ( 1 : 2 = 1.2 : 1.0 )
Z:E > 99: 1 (81-93% yield)

Z:E 90:10 -7:93 (76-92% yield) 

XMe 2 SiBpin + R R XMe 2 Si R Bpin SiMe 2 X Bpin (η 3 -C 3 H 5 )PdCl,
+ R R SiLPd R B PdLSi B PPh 3 (fast) PdL Si-B R Pd B Si L R Si B R B Si -PdL -PdL a b insertion to Pd-B (normal) (inverse) N Bpin PhMe 2 Si + 3 mol% Pd(OAc) 2 Ar, toluene, reflux N R R PhMe 2 SiBpin
Ts Ts reported that tributylphosphine catalyzed anti-selective vicinal silaboration of alkynoates to produce β-boryl-α-silyl acrylates (scheme 70). The protocol can also be used in diboration of alkyonates with some functional groups. However, the substrates are limited to alkynoates.

30 mol% t BuCH2CMe2NC N R O O N Bpin PhMe 2 Si R O O 63-93% yield
Scheme 70. Tributylphosphine catalyzed silaboration However, there is not reports on 3d transition metals-catalyzed silaboration of alkynes.

Even if the metals with complicated ligands and harsh reaction conditions.

92 Nagao, K.; Ohmiya, H.; Sawamura, M. Org. Lett. 2015Lett. , 17, 1304. Compared with Co(PMe3)4, HCo(PMe3)4 is easier to prepare and gives more insight in deuterium experiments and mechanism interpretation due to its H atom and to the fact that the complex is diamagnetic and can be study by NMR. Since we got good results by using microwave in our previous studies 95 , herein we also essayed the reaction at 160 o C for 0.5 h under microwave condition but there is not a big difference in terms of yields (entries 5-6).

N N Pd N N Pd Pd N N Pd N N SiMe 2 Ph Bpin N N Pd N N SiMe 2 Ph R 1 Bpin R 2 N N Pd N N PhMe 2 SiBpin R 1 Me 2 PhSi Bpin R 2 R 1 R 2
NPMP R R R H + R 1 R 2 5-10 mol% Co(PMe 3 ) 4 toluene, MW 170 o C, 0.5-1 h NPMP R R R R 2 H R 1 R = Alkyl, aryl, H R 1 = Alkyl, aryl R 2 = Alkyl,
3 NPMP R 4 + R 1 R 2 10 mol% Co(PMe 3 ) 4 toluene, 170 o C, 1 h NPMP R 1 R 3 R 4 R 1 = Alkyl, aryl, TMS R 2 = Alkyl, aryl R 3 = Aryl R 4 = H, Me, Ph 31 examples 45-99% yield R 2 N NPMP R 1 R 2 R N NPMP R 1 R 2 R 5-10 mol% Co(PMe 3 ) 4 toluene, MW 170 o C, 1 h R = Alkyl, aryl, H R 1 = H, Alkyl, aryl, TMS R 2 = Alkyl, aryl
H Co I L n HSiR 3 Co III H SiR 3 H L n-1 L = PMe 3 oxidative addition R s R L R s R L C o H R 3 Si L n-2 H R s H R L Co L n-2 H R 3 Si hydrocobaltation R s H R L R 3 Si reductive elimination R L H R s Co L n-2 H R 3 Si R L H R s R 3 Si minor product A BA A C D E reductive elimination major product R 1 R 2
Sawamura reported that phosphine ligand could catalyze diboration of alkynoates. 91 To exclude the possibility that the hydroboration during our reactions is catalyzed by the trimethylphosphine liberated from the HCo(PMe3)4 or Co(PMe3)4 complexes, we conducted the reaction in presence of trimethylphosphine without the cobalt catalyst which proved to be unavailable and no reaction was observed (entry 7). We also conducted a blank reaction without catalyst or phosphine in thermal condition and no reaction was observed (entry 8). Based on our previous studies with the same low-valent cobalt catalysts (HCo(PMe3)4 and Co(PMe3)4) , toluene was choose as the solvent for our reactions. Considering the results obtained, we choose HCo(PMe3)4 as catalyst, 160 o C as temperature, 0.5 h as reaction time in toluene system as our optimal reaction conditions.

R s R L + X-Bpin R S X Bpin R L HCo(PMe 3 ) 4 or Co(PMe 3 ) 4 R S Bpin R L + 1 2 3-(Z/E) 3'-(Z/E) X X = H,

Scope and limitations

With the optimal condition in hand, we screened the symmetrical and unsymmetrical alkynes in order to study the regio-and stereo-selectivity depending on the substitution of the alkyne. All of them provided the corresponding products with moderate to good yield and stereoselectivity. The protocol has a good functional group tolerance (scheme 79). Then we studied the reactivity of the trimethylsilyl-protected alkynes (figure 3). To our delight, aromatic and heteroatom aromatic alkynes could provide the sole regioselective alkenylboronates with the Bpin group close to the larger group in moderate to good yields (41-85%). As already observed before, compounds bearing an electron-donating substituent on the aryl moiety such as a methoxy have a relative lower yield (3f-Z, 57%) while alkenylboronate with CF3 provided a higher yield (3g-Z, 85%). For the 3,5-dimethoxyl substituted aryl and trimethyl(naphthalen-2-ylethynyl)silane, 66% and 75% yield were observed respectively always with a total regioselectivity. Next, we turned our attention to unsymmetrical diarylacetylene derivatives (figure 4).

The idea here is to study the influence of the electronic effect on the alkyne toward the regionand stereo-selectivity of the reaction. Thus, we decided to change the substitution on one of the aryl moieties. We observed that for the 4-MeO and 4-CF3 aryls, a mixture of 3Z and 3'

products were observed, respectively, 57:43 and 40:60 showing that the electronic as a low importance on the regioselectivity. Using a relatively steric hindered aryl on one side with two methyl groups in the ortho-position mainly generated the 3Z region-isomer. (We cannot distinguish the Z and E stereoselectivity for 3'l, 3'm, 3'n products by the 1 H NMR). These results showed that the regio-and stereo-selectivity are determined by the steric hindrance of starting materials instead of a control by electronics effects. Furthermore, it seems thus that the Finally, we examined the alkynoates with and without cobalt catalyst to detect whether cobalt catalyst is necessary or not (figure 5). It seemed that hydroboration of ethyl hept-2-ynoate was catalyzed by PMe3 instead of HCo(PMe3)4, since both of them gave the same yield and stereoselectivity. However, for compounds 3p and 3q, cobalt catalyst was necessary to reach the high conversion of the hydroboration. Here the exclusive E-products were observed, which is opposite of all the stereoselectivity observed until now. This can be possible due to a chelating effect of the ester moiety that changes the stereoselectivity of the chelating effect of ester. 

Diboration of alkynes

Optimization studies

In 1993 Suzuki's group first reported platinum catalyzed diboration of alkynes. 75 Other transition metals such as iridium, copper, and gold have been described to be useful catalyst system. However, cobalt 83 and iron 81 metal have limited reports. Herein, we extended our protocol to diboration of internal alkynes.

Firstly, we optimized the reaction conditions (table 2) with diphenylacetylene and B2pin2 as the starting materials. We firstly tried the reaction at 110 o C with the two catalysts HCo(PMe3)4 and Co(PMe3)4. In both cases, we obtained the alkenyldiboronate with a synaddition, however with moderate yields, respectively, 50% and 37% (entries 1-2). Then we increased temperature to 160 o C and shortened the reaction time to 0.5 h. However, neither HCo(PMe3)4 nor Co(PMe3)4 provided a good conversion, with 37% and 30% yields respectively (entries 3-4). Next, we extended the reaction time to 6 h and 52% conversion was observed (entry 5). Presumably due to the less active B2pin2, diboration of alkynes needs longer time to reach the satisfied yield. However, high temperature for a long time decomposed the starting materials which made the conversion moderate.

As a control experiment, we also conducted the reaction in the absence of cobalt catalyst, and no conversion was observed which proved that this is not a thermal reaction (entry 6). No conversion was observed using PMe3 ligand as the sole catalyst in the reaction which excluded the possibility that phosphine ligand liberated from cobalt complex catalyzed the diboration (entry 7). Finally, we decided to keep the temperature at 160 o C, the reaction time of 6 hours and the toluene as solvent as our standard reaction condition. Finally, we decided to keep the temperature at 160 o C, the reaction time of 6 hours and the toluene as solvent as our standard reaction condition. In such conditions a ratio Z/E of 75/25 (table 3, entry 1) was observed for the formation of the diboron compound. The formation of the E isomer (even in a mixture with the Z isomer) is interesting, because this is the first time that the E isomer is obtained.

Scope and limitations

With our optimal conditions in hand, we studied the scope of the reaction using the starting alkynes already reacted in the hydroboration part. As already mentioned, 1,2bisborolane aryls was obtained with a 75:25 Z/E selectivity in 52% yield. For the TMSprotected alkynes, a good yield (entry 2, 70% yield) was obtained for the trimethylsilylphenylacetylene and a slight decrease of conversion with the electronwithdrawing group CF3 on the phenyl moiety (entry 3, 58% yield). For these two reactions a mixture of stereoisomers was obtained with a Z/E ratio of 65/35 and 68/32 respectively.

Alkynes containing an alkyl group such as 1-(hex-1-yn-1-yl)-4-methoxybenzene 1c and 1-(hex-1-yn-1-yl)-4-(trifluoromethyl)benzene 1d were working in the same conditions, however with low conversion and this time complete Z-selectivity, respectively 29% and 15% yield (entries 4 and 5). For aliphatic alkyne 1b, no desired diboronate alkene product was detected and only a complete degradation was observed (entry 6). To elucidate whether the E-isomer was obtained via post-isomerization from Z-isomer or directly afforded during the catalyst process, we conducted some experiments (figure 6).

Under our optimal condition, 5aZ did not recovered into 5aE in the presence or in absence of HCo(PMe3)4. Thus, it seems that the trans-isomer is obtained directly during the reaction via a trans-diboration reaction and not a post-isomerization. An optimization of the reaction to reach fully the trans-isomer might be an interesting development to do. The regioselective of hydroboration of alkynes is opposite with that of hydrosilylation which the silyl part was connected to steric congested carbon (scheme 75). To exploit the proposed the mechanism, we conducted the preliminary experiment where we observed the progressive disappearance of the cobalt hydride [HCo(PMe3)4] signal by 1 H NMR, when HCo(PMe3)4 and pinacolborane are mixed in toluene-d6, with the simultaneous formation of bubbles (probably hydrogen).

Orpen and his coworkers reported that the B2(cat)2 (cat = 1,2-O2-C6H3) added to a [MeCo(PMe3)4] complex to form a new complex [{B(cat)}Co(PMe3)4] which could be used to catalyze diboration of alkynes. By analogy, herein we proposed the plausible mechanism for the hydroboration and diboration (figure 7). First, the reaction between [HCo(PMe3)4] and HBpin or B2pin2 to generates A complex and release H2 or HBpin. The speculation agreed with the observed gas evolution. Next, the alkyne coordinated with A to form complex B which underwent syn-borylcobaltation to afford the complex C and was considered as regiodeterminative step. Next, the complex D was given via oxidative addition between the complex C and HBpin or B2pin2. Eventually, the complex D underwent reductive elimination to provide product and regenerate active complex A.

Figure 7. Plausible mechanism for hydroboration and diboration of alkynes

Bpin Co I L n L = PMe 3 X = H, Bpin, SiMe 2 Ph oxidative addition R s R L C o I Bpin L n R s Bpin R L Co III L n-2 X Bpin syn-borylcobaltation R s Bpin R L X reductive elimination A BA A C D X Bpin HCo(PMe 3 ) 4 HX R s R L coordination R s Bpin R L Co I L n X Bpin post- Isomerization R s R L Bpin X
With respect to diboration, the regioselectivity is worse than that of hydroboration. Diboration is more difficult to obtain good regioselectivity through the borocobaltation process, since the steric difference between a pinacolborane group and cobalt is less than that between a hydride and cobalt. For the E-isomer, we are not sure the exact mechanism for isomerization of the double bond.

Silaboration of alkynes

We showed that our well-defined cobalt catalyst was able to catalyze the hydrosilylation, hydroboration, and diboration reactions. Obviously, we were wondering if they were able to catalyze the silaboration reaction of alkynes.

Optimization studies

Based on our hydroboration protocol, we screened the optimal reaction condition with the commerical 1-Phenyl-2-trimethylsilylacetylene 1e as starting material and two equiv. of Me2PhSiBpin as silaboration reagent in the presence of 5 mol% of cobalt catalysts (table 4).

Firstly, HCoN2(PPh3)3 and CoCl(PPh3)3 were used as the catalyst, while no desired product was observed (entries 1-2). Further examination of catalysts, both of HCo(PMe3)4 and Co(PMe3)4 at 160 o C gave the desired product (entries 4-5). However, HCo(PMe3)4 at 110 o C with THF as solvent failed to provide the desired product (entry 3). Thus, we choose toluene as the solvent.

Then we checked the effect of the amount of silaboration reagent, the yield decreased from 74% to 64% (entry 6) with less Me2PhSiBpin (0.5 equiv.). Co(PMe3)4 as the catalyst suffered the same situation (entry 7). Decreasing temperature to 120 o C and extending the reaction time to 85 hours, we obtained 28% and 27% isolated products for HCo(PMe3)4 and Co(PMe3)4 respectively (entries 9-10). Thus, it is necessary to keep excess Me2PhSiBpin and high temperature for the conversion.

Once again, we used microwave in our reactions at different time and temperatures.

However, no better results were obtained (entries 11-13). To be annoying, product decomposition was observed during column and contained some byproducts. Finally, we choose 5 mol% HCo(PMe3)4 /160 o C / 20 h /toluene/ as our optimal reaction condition. 

Scope and limitations

With the optimal condition in hand, we screened the scope of substrates with aromatic, heteroaromatic, and alkyl substituents on the alkyne. To our disappointment, almost all of them failed to give the corresponding products. The protocol seemed to be only working for 1-Phenyl-2-trimethylsilylacetylene derivatives (table 5). 

Conclusion

To conclude this part, we developed the protocol that the well-defined low-valent cobalt complex catalyzed the hydroboration and diboration of a wide range of alkynes with moderate to good yield, good regio-and stereo-selectivity. We avoided to use and synthesize the complicated ligands or precious transition metals. However, we failed to apply the well-defined low-valence cobalt catalyst system in silaboration of other alkynes.

7 Experimental Section

Experimental section for the hydroboration and diboration of alkynes

General procedure: hydroboration of alkynes with pinacolborane

In the glove box, a 0.5-2 mL microwave vial was charged with HCo(PMe3)4 (5 mol %, 0.05 mmol, 18.2 mg) which was closely sealed before taken out from the glove box. Next, it was added the degassed mixture of the corresponding alkyne (1 equiv., 1.00 mmol) and pinacolborane 97 % (1.05 equiv., 1.05 mmol, 157 μL) in toluene (1 mL). The mixture was heated in oil bath at 160 °C for 30 min which was then diluted by 2 mL petroleum ether, filtered through a pad of silica and washed with diethyl ether (3 × 10 ml). The crude product was purified by silica chromatography (mixtures of pentane/diethyl ether as eluents) to afford the final products.

General procedure: diboration of alkynes with bis(pinacolato)diboron

In the glove box, a 0.5-2 mL microwave reaction vial was charged with HCo(PMe3)4 ( 5mol %, 0.05 mmol, 18.2 mg) which was closely sealed before taken out from the glove box.

Next, it was added the degassed mixture of the corresponding alkyne (1 equiv., 1.00 mmol) and bis(pinacolato)diboron 97 % (1.05 equiv., 1.05 mmol, 266.6 mg) in toluene (1 mL). The mixture was heated in oil bath at 160 °C for 6 h. The reaction mixture was diluted with 2 mL petroleum ether, filtered through a pad of silica and washed with diethyl ether (3 × 10 ml). The crude product was purified by silica chromatography (mixtures of pentane/diethyl ether as eluents) to afford the final products. 100MHz, CDCl3) δ 150.0, 140.1, 129.2, 125.2 (q, J = 3.8 Hz), 83.7, 32.2, 29.4, 24.9, 22.9, 14.1. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 4,141.7,129.4,124.9 (q,J = 3.8 Hz),83.8,31.5,29.8,24.9,22.6,14.0 Compound was isolated via silica gel flash chromatography (PE/Et2O 98:2) as a yellowish oil (214.6 mg, 71 % yield). 1 H NMR (400 MHz, CDCl 3 ) δ 8.02 (s, 1H), 7.31-7.21 (m, 5H), 1.30 (s, 12H), 0.00 (s, 9H); 13 C NMR (100 MHz, CDCl 3 ) δ 157. 2, 141.6, 128.4, 127.8, 127.6, 83.4, 25.0 Compound was isolated via silica gel flash chromatography (PE/Et2O 97:3) as a colorless oil (240.0 mg, 66% yield). 1 H NMR (400 MHz, CDCl 3 ) δ 7.93 (s, 1H), 6.42 (m, 2H), 6.37 (t, J = 2.3 Hz, 1H), 3.77 (s, 6H), 1.30 (s, 12H), 0.04 (s, 9H); 13 C NMR (100 MHz, CDCl 3 ) δ 160. 3, 156.9, 143.6, 106.3, 100.2, 83.4, 55.5, 25.0, 1.0. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 31.4; HRMS: calcd for C19H31BNaO4Si [M + Na] + : 385.1981, found 385.1983 ;IR: 2982IR: , 1598IR: , 1459IR: , 1317IR: , 1302IR: , 1243IR: , 1147, 840, 840. Compound was isolated via silica gel flash chromatography (PE/Et2O 98:2 to 95:5) as white solid (286.5 mg, 75% yield). 1 H NMR (400 MHz, CDCl 3 ) δ 8.14 (s, 1H), 7.72-7.67 (m, 3H), 7.39 (dd, J = 8.5, 1.5 Hz, 1H), 7.16-7.12 (m, 2H), 3.92 (s, 3H), 1.33 (s, 12H), 0.05 (s, 9H); 13 C NMR (100 MHz, CDCl 3 ) δ 158. 0, 157.3, 136.8, 134.1, 129.8, 128.5, 127.5, 127.3, 126.2, 119.1, 105.9, 83.4, 55.4, as colorless oil (124.4 mg, 41% yield). 1 H NMR (400 MHz, CDCl 3 ) δ 8.51 (m, 2H), 7.91 (s, 1H), 7.55-7.52 (m, 1H), 7.22 (dd, J = 7.7, 4.8 Hz, 1H), 1.30 (s, 12H), 0.00 (s, 9H); 13 C NMR (100 MHz, CDCl 3 ) δ 152.7, 149. 3, 148.7, 137.0, 135.4, 122.8, 83.6, 25.0, 1.0. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 32.2; HRMS: calcd for C 16 H 27 BNO 2 Si [M + H] + : 304.1902, found 304.1900;IR: 2980IR: , 1590IR: , 1470IR: , 1325IR: , 1311IR: , 1247IR: , 1141, 836, 836. as brown oil (205.8 mg, 68 % yield). 1 H NMR (400 MHz, CDCl 3 ) δ 8.49 (d, J = 4.9 Hz, 1H), 7.66 (td, J = 7.6, 1.7 Hz, 1H), 7.16-7.11 (m, 2H), 7.03 (s, 1H), 1.39 (s, 12H), 0.22 (s, 9H); 13 C NMR (100 MHz, CDCl 3 ) δ 155. 4, 146.6, 143.7, 138.3, 122.2, 122.1, 82.5, 26.2, -0.8. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 27.0; HRMS: calcd for C16H27BNO2Si [M + H] + : 304.1902, found 304.1911;IR: 2974IR: , 1582IR: , 1473IR: , 1289IR: , 1244IR: , 1140, 833, 833. 1.32 (s, 12H); 13 C NMR (100 MHz, CDCl 3 ) δ 144. 5, 136.5, 136.4, 129.9, 129.3, 128.0, 128.0, 125.2 (q, J = 3.9 Hz), 84.0, 24.8. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl3) δ 31.8; HRMS: calcd for C21H22BF3NaO2 [M + Na] + : 397.1561, found 397.1566;IR: 2985IR: , 1610IR: , 1322IR: , 1168IR: , 1117IR: , 1062, 850, 751, 694, 850, 751, 694.

(Z)-2-(
(Z)-2-(2-(4-Methoxyphenyl)-1-phenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane H B O O CF 3 H B O O MeO
Compound was isolated via silica gel flash chromatography (PE/Et2O 93:7) as an inseparable 60/40 mixture of the title compounds as a white solid (228.2 mg, 68 % yield).

1 H NMR (400 MHz, CDCl 3 ) δ 7.31 (s, 1H), 7.20-7.17 (m, 2H), 7.14-7.08 (m, 3H), 7.02-6.99 (m, 2H), 6.67-6.63 (m, 2H), 3.74 (s, 3H), 1.30 (s, 12H); 13 C NMR (100 MHz, CDCl 3 ) δ 159. 0, 142.7, 142.7, 131.5, 129.9, 128.8, 128.3, 127.4, 113.3, 83.6, 55.1, 24.8 13 C NMR (100 MHz, CDCl 3 ) δ 143. 0, 137.5, 136.7, 135.3, 134.3, 129.1, 128.4, 128.1, 127.9, 83.5, 24.6, 21.2, 20 2, 138.8, 129.2, 128.8, 127.3, 126.2, 84.5, 60.9, 25.2, 14.4 The two isomers were separated by an additional flash chromatography for characterization. 1 H NMR (400 MHz, CDCl 3 ) δ 7.27-7.17 (m, 3H), 7.14-7.11 (m, 2H), 1.38 (s, 12H), 1.24 (s, 12H), -0.17 (s, 9H); 13 C NMR (100 MHz, CDCl 3 ) δ 146. 0, 127.9, 127.6, 126.3, 84.0, 83.8, 25.7, 24. Compound was isolated via silica gel flash chromatography (PE/Et2O 100:0 to 90:10) as white solid (72.8 mg, 15 % yield). 1 H NMR (400 MHz, CDCl 3 ) δ 7.53 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 7.9 Hz, 2H), 2.04 (m, 2H), 1.35 (s, 12H), 1.33-1.30 (m, 2H), 1.24 (s, 12H), 1.20-1.13 (m, 2H), 0.75 (t, J = 7.3 Hz, 3H); 13 C NMR (100 MHz, CDCl 3 ) δ 146.1, 128.7, 128.0 (q, J = 32.2 Hz), 124.9 (q, J = 3.7 Hz), 124.7 (q, J = 270 MHz), 84.0, 32.5, 31.9, 25.2, 24.9, 22.9, 14.0. The carbons directly attached to the boron atoms were not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 29.9; 19 F NMR (376 MHz, CDCl 3 ) δ -63. 2927,1602,1466,1321,1267,1119,847.

(E)-2,2'-(1-Phenylethene-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)

To the solution of (Z)-trimethyl [2-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)vinyl]silane (1 equiv., 0.33 mmol, 100.0 mg) in 4 mL dichloromethane was added trifluoroacetic acid (1.5 equiv., 0.50 mmol, 38 μL). After stirring for 4 h at room temperature, the reaction mixture was concentrated under reduced pressure. The compound was purified by silica gel flash-chromatography (PE/Et2O 97:3) as colorless oil (51.1 mg, 67 % yield). 1 H NMR (400 MHz, CDCl 3 ) δ 7.50-7.48 (m, 2H), 7.40 (d,J = 18.4 Hz,1H),3H),6.17 4, 147.9, 139.0, 134.4, 128.7, 127.6, 127.4, 127.3, 125.4, 83.6, 25.9, 1.3, -0.3 8, 157.6, 140.4, 139.1, 134.4, 128.6, 128.3, 127.5, 112.8, 83.6, 55.2, 26 The early reports proved the potential cobalt catalysts for alkene hydrogenation.

However, these protocols were limited to simple olefins and it was hard to modify the catalysts by ligand variation. There were no big progresses on cobalt-catalyzed alkene hydrogenation until 2005 when Budzelaar and his coworkers reported cobalt(I) diimine pyridine complex Co-124 catalyzed hydrogenation of mono-substituted and di-substituted alkenes under 5-50 bar of H2 at 50 °C (figure 9). 112 hydrogenation with molecular H2 under mild conditions (scheme 80).

113 In this catalytic process, the terminal alkenes are reduced to alkanes prior to internal alkenes. Furthermore, the protocol could also be employed for aldehydes, ketones and imines. The hydrogenation reactions take place under very mild conditions and require no base additives. The protocol could hydrogenate multiple classes of substrates and has a broad functional-group tolerance.

Scheme 80. Hydrogenation of olefin by Co-66

In 2013, Stryker and his co-workers proposed the cobalt catalyst Co-67 to convert terminal allylbenzene and diphenylacetylene into the corresponding alkane (scheme 81). 114

However, only two substrates were described on this report.

Scheme 81. Hydrogenation of alkyne and alkene by Co-67

In 2014, Peter's group designed and synthesized the bis(phosphino)boryl dicobalt complex Co-68 which could catalyze hydrogenation of alkenes by molecular H2 under mild conditions (scheme 82). 115 However, the substrates were limited to mono-or disubstituted olefins and they didn't further explore the functional groups tolerance. The proposed mechanism they gave is that bis(phosphino)boryl dicobalt complex (Co-68) first reacts with one equivalent of H2 to generate the activated cobalt Co2-H2 (Co-69) which was detected in situ by 1 H NMR spectroscopy (scheme 83). Subsequently, Co2-H2 is in equilibrium with the alkene substrate (S) to form complex Co-70. Finally, alkane is released by the reaction of Co2-H2-S with another equivalent of H2, together with the regeneration of Co2-H2.

Scheme 83. Proposed mechanism of hydrogenation of alkene by Co-68

During the same time, Chirik reported the cobalt(II) dialkyl complex Co-71 catalyzed reduction of the mono-, disubstituted olefin, and the more complicated tri-or tetra-substituted alkene containing an hydroxyl directing group under mild conditions (scheme 84). 
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For the hydrogenation of alkenes containing hydroxyl function catalyzed by Co-71, Hopmann and his co-workers proposed the non-redox metallacycle mechanism via computational study and experiment check in 2018 (scheme 86). 118 In their opinion, the Co-71 complex reacts with terpinen-4-ol under H2 to provide cobalt-monohydride alkoxide complex Fout and her co-workers developed their first protocol that cobalt dihydrogen complex hydrogenated olefins under room temperature (scheme 87).

Co

119 They studied the mechanism by capturing the intermediates which are detected by performing parahydrogen induced polarization (PHIP) transfer NMR spectroscopy and HD labeling technology.

Scheme 87. Hydrogenation of olefin by Co-84

They presented the plausible mechanism as follow (scheme 88). The dinitrogen cobalt complex Co-84 is exposed to H2 atmosphere to form dihydrogen complex Co-85 which is proved to be reversible via HD labeling studies. Olefin subsequently displaces phosphine ligand to coordinate to cobalt center which is demonstrated by the PHIP NMR data where they add p-H2 to the dinitrogen cobalt complex solution, and there are not any signal enhancements. Then Co(III) dihydride intermediate Co-87 is generated by H2 oxidative addition onto the cobalt center. This step is also reversible since SABRE (signal amplification by reversible exchange occurred by polarizing a substrate using p-H2 without any chemical transformation to the substrate. Next, dihydrogen hydride cobalt complex undergoes the migration insertion to generate the Co-88 complex which could trace back to the Co-87 species via β-hydride elimination. The process is supported by detection of the deuterium substrates. Eventually, the complex Co-88 regenerates the dihydrogen cobalt complex and releases alkane via reductive elimination.

119 Tokmic, K.; Markus, C. R.; Zhu, L.; Fout, A. R. J. Am. Chem. Soc. 2016, 138, 11907. Later, they developed a more comprehensive study on the same cobalt catalyst in enantioselective hydrogenation of more complicated alkene substrates such as indenes, dialins and 1,1-diarylethenes. 125 They revealed that there were two reaction pathways in reduction of isomeric exo-and endocyclic alkene. Namely, alkene isomerization and alkene hydrogenation.

R 1 N N N N Mes Mes Co N 2 PPh 3 + H 2 R 2 R 1 C 6 D 6 , rt, 2-22 h R 2 ( 4 
Under the catalyst condition, the five-membered ring obtains the R-isomer, which is owing to isomerization from exocyclic form to endocyclic one. The seven-membered rings do not undergo the isomerization and only the corresponding S-isomer is afforded. Scheme 92 describes the proposed mechanism of endocyclic alkene. Firstly, the Co-92 complex reacts with H2 to provide the active cobalt Co-93 complex. Then alkene substrates insert into the Co-93 complex to form alkylated cobalt complex Co-94 which converts to active Co-93 complex and gives chiral alkene via β-H elimination. The alkene reacts with another equivalent H2 to give the final chiral alkane. The alkylated cobalt Co-95 complex could also undergo cyclometallation of the cyclohexyl group to release the chiral alkane.

In the same time, Lu and his co-workers reported the similar catalyst the chiral iminopyridine oxazoline complex Co-97 which could efficiently catalyze asymmetric hydrogenation of 1,1-diarylethenes with NaBHEt3 under 1 atm of H2 at ambient temperature (scheme 93). 126 

Scheme 93. Asymmetric hydrogenation of olefin by Co-97

The exploratory screen study on simple cobalt precursors-catalyzed asymmetric hydrogenation of olefin was described by Chirik and his co-workers in 2013. 127 They firstly attempted commercially available cobalt salts activated by pyrophoric LiCH2CH3, together with 192 chiral phosphine ligands to catalyze methyl 2-acetamidoacrylate and trans-methylstilbene under 34.5 atm of H2 at ambient temperature (scheme 94).

126 Chen, J.; Chen, C.; Ji, C.; Lu, Z. Org. Lett. 2016, 18, 1594. 127 Friedfeld, M. R.; Shevlin, M.; Hoyt, J. M.; Krska, S. W.; Tudge, M. T.; Chirik, P. J. Science 2013, 342, 1076. 

Scheme 94. Asymmetric hydrogenation of enamides by chiral ligand and CoCl2

In 2018, they further optimized the reaction by replacing the air-sensible activator LiCH2CH3 by Zn/MeOH which was proved to be more practical (scheme 95). 128 In the Zn/MeOH system, almost all the ligands in the library could assist in reducing the methyl 2acetamidoacrylate to the product. The property of high Cl -binding affinity of Zn 2+ enhanced the activation of low valent Co species. The leaving of Cl -results in open coordination sites of cobalt center. It also suppressed the formation of metallic Co(0), since phosphine ligand coordinates to reduced Co(I) species which otherwise could undergo reductive elimination.

Scheme 95. Hydrogenation of dehydro-levetiracetam in industrial scale

The proposed catalytic cycle is described as follow (scheme 96). Firstly, the cobalt dichloride coordinates with biphosphine to form the Co-98 complex, which could generate Co(I) in two pathways. One way is that the Co-98 complex completely dissociates the ligands from the cobalt center, follows by coordination with solvent MeOH to generate Co(MeOH)6Cl2, which forms chloride-bridged cobalt dimer complex Co-99 via reduction by zinc. Another process is that the complex is directly reduced to dimer cobalt (I) via single-electron reduction by zinc in THF, which takes more time (12 h vs 15 min). Owing to the strong affinity of zinc for chloride, the cobalt complex may generate the free coordination site for H2 activation or alkene coordination via one-electron reduction. The valuable medication levetiracetam could be provided by either Co(I) dimer or Co(0) complex in excellent yields (99.1-99.9%) and good ee values (97.5-98.2%). Additionally, the satisfied result of large scale experiments shows the potential application of cobalt catalyst in the industry. 128 Friedfeld, M. R.; Ruck, H. Z. R. T.; Shevlin, M.; Chirik, P. J. Science 2018, 360, 888. 

Semi-hydrogenation of alkynes

As the building blocks in synthesis, alkene has drawn great attentions of organic chemists in the past years. 129 The transition-metal catalyzed semi-hydrogenation of alkynes to alkenes is one of the available methods which is widely explored. The chemo-and stereoselectivity double challenges in hydrogenations of alkynes, namely over-hydrogenation to the fully saturated alkane and selective E/Z configurations (figure 10). 
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environment. 130 Other heterogeneous catalysts systems for instance iron catalyst 131 in ionic liquid requires high pressures of H2 (60 bar).

Figure 11. Selective semi-hydrogenation of alkynes to Z-alkenes

For the more challenging conversion of alkynes to E-alkenes (figure 12), the harsh Birch reduction reaction condition limits the functional group compatibility. catalysts used formic acid as the hydrogen reagent which was a major limitation to substrates (figure 13). 137 Rhodium selectively catalyzed reduction of alkynes to (E) and (Z)-alkenes with the help of various ligands, however this is limited to internal alkyne range. 138 The early work about cobalt catalyzed semi-hydrogenation of alkyne was reported by Ugo and his co-workers in 1971. 139 They used the HCo(CO)n(PPh3)4-n to reduce the 1-pentyne and 2-pentyne under 30 atm H2 at 40-60 o C with excellent yields 90% and 85% respectively, whereas the 2-pentyne is mainly reduced to cis-alkene. However, the harsh condition and the limitation to only few substrates make it hard to be regarded as an efficient catalytic protocol.

There were not comprehensive researches on cobalt catalyzed semi-hydrogenation of alkyne until 2016. As the continuity of their work in cobalt hydrogenation of alkene with the Co-84 complex, Fout and her co-workers reported that the Co-84 complex catalyzed hydrogenation of alkyne to E-selective alkene under ambient temperature and moderate H2 pressures (scheme 97). 140 alkynes, heteroarenes are all successfully employed in the protocol. Isotopic experiment study and PHIP show that H2 is the only hydrogen source. And the catalytic process undergoes a fast Z to E isomerization. The author gave the plausible mechanism (scheme 98).

Scheme 97. Transfer hydrogenation of alkyne with the Co-84 complex

The precatalyst (MesCCC)Co(N2)(PPh3) complex Co-84 generates catalytically active (MesCCC)Co(H2)(PPh3) complex Co-85 under H2 atmosphere. In respect to the left cycle, alkyne substrates replace PPh3 and coordinate with dihydrogen complex to form Co-101 complex. Then H2 oxidative addition to cobalt center results in Co(III) Co-102 complex, follows by migratory insertion of alkyne to form the Co(III)-(-vinyl)hydride/dihydrogen Co-103 complex which undergoes reductive elimination and subsequent coordination of PPh3 to regenerate the catalytic active Co-85 complex and deliver the Z-alkene. The Z to E isomerization is depicted in the right cycle. Initially, the Z-olefin coordinates with the Co-85 complex to afford the Co-105 complex. Next, H2 reversibly oxidative adds to the cobalt center to form the Co-106 complex which then undergoes migratory insertion to generate Co(III)alkyl dihydrogen/hydride species. Eventually, the complex Co-107 undergoes β-hydride elimination to produce the more thermodynamic E-alkene or the kinetically slower reductive elimination to afford alkane. 
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Transfer hydrogenation of alkenes

Compared with hydrogenation reaction using the high-pressure H2 gas, transfer hydrogenation is a relatively practical procedure. 142 However, cobalt-catalyzed transfer hydrogenation remains largely sporadic.

The early work about cobalt catalyzed transfer hydrogenation dated from 1979 when Chung's team used CoBr2 and NaBH4 to reduce mono-or disubstituted alkenes to the corresponding alkanes at room temperature (scheme 100). 143 The stoichiometry cobalt and two equivalents of NaBH4 limit the protocol application. Furthermore, highly elaborated alkenes are not tolerated in the method.

Scheme 100. Transfer hydrogenation of alkene by CoBr2 and NaBH4

RajanBabu described a protocol which used the air-stable [2, 6bis(aryliminoyl) The corresponding Z-alkene with high selectivity (8:1 to > 99:1) is prepared using the bulky tert-butyl phosphine ligand complex Co-113. The more challenging E-selective products are obtained using the less sterically hindered phosphine ligand complexes Co-114 and Co-115.
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Furthermore, the terminal alkynes are successfully transferred into terminal alkenes with the Co-115 complex. Both kinetic experiments and control experiments showed that there is a fast Z to E isomerization during the catalytic process.

Scheme 106. Isomerization of alkyne and deuterium labeling experiments

Isotopic labeling experiments reveal that methanol mediated the protonation of the alkenyl cobalt intermediate (scheme 106). 11 B NMR and GC analysis of the dehydrogenation product of the hydrogen source ammonia borane demonstrate that ammonia borane participates in the catalytic process (scheme 107). 
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The active Co-116 complex is regenerated by reduction of the Co-119 complex with AB together with the generation of B(OMe)3. The catalytic cycle II is responsible for the E isomerization. Z-alkene coordinates with the Co-116 complex to form complex Co-120, follows by insertion of the olefin into the Co-H bond to generate the Co-121 complex which subsequently undergoes β-hydride elimination to extrude the E-alkene and release the cobalt hydride.

Recently, Balaraman used phosphine-free cobalt pincer complex (Co-123) to catalyze semi-reduction of alkyne to Z-selective products (scheme 109). 148 The simple method tolerates a wide range of functional groups such as trimethylsilyl, hydroxyl, acetal, chloride, amine, ether, nitrile, nitro, ester, and heterocyclic motifs. A stepwise reduction of alkyne could be realized by controlling the amount of catalyst used, and 4 mol% of catalyst could provide the alkane product.

Scheme 109. Z-selective transfer hydrogenation of alkyne catalyzed by Co-123

Project Aims and Goals

The preliminary researches on the low-valent cobalt catalyzed C-H functionalization, hydrosilylation, hydrophosphination and hydroboration of alkynes clearly demonstrate the potential of well-defined low-valent cobalt as hydrogenation catalysts. Compared with the tedious transport and storage problem of hydrogen gas, the high hydrogen content (19.6% by weight) and bench stable ammonia borane are now widely used as hydrogen sources. 82 Herein, we continued to explore these catalysts in hydrogenation of alkynes with ammonia borane as hydrogen sources.

148 Landge, V. G.; Pitchaimani, J.; Midya, S. P.; Subaramanian, M.; Madhu, V.; Balaraman, E. Catal. Sci. & Tech. 2018, 8, 428.
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Semi-hydrogenation of diphenylacetylene with ammonia borane

We started our research using the commercially available diphenylacetylene 1a as the model substrates (like for the others studies) and with ammonia borane as hydrogen resource in the presence of both HCo(N2)(PPh3)3 and HCo(PMe3)4.

To our delight, the use of HCo(N2)(PPh3)3 as a catalyst gave low to excellent conversions (11-99%) of the alkene products with moderate to good Z selectivity (Table 6, entries 1-17) depending on the reaction conditions.

First the screening of the solvent revealed that the reaction did not occur in acetic acid (entry 1). A remarkable solvent preference was observed, indeed the alcohols as the solvent afforded higher conversions which is in agreement with the previously published papers. 149 Semi-hydrogenation is increasing in protic solvents such as methanol, ethanol. MeOH, tBuOH, and 1,4-butanediol (entries 3-5) provided the desired product with Z-selectivity with low to moderate Z/E ratios (41/57/2 to 16/82/2) and low to moderate conversions (26-45%). Fluoroalcohols such as trifluoroethanol and HFIP (1,1,1,3,3, tended to give the opposite selectivity with the obtention of the E-isomers in good selectivity or total selectivity for HFIP in good yields (entries 7-8). Screening other alcohols we discovered that the reaction in i PrOH gave a very good selectivity in favor of the Z-isomers (entries 10-12). The reaction was carried out in i PrOH at 50 o C with 66% conversion (entry 10). Heating the reaction to 80 °C in i PrOH, product 9a-Z could be obtained in a 73% yield (entry 11). Increasing the reaction temperature to 85 °C resulted in more E-isomers (entry 12). It seems that the higher reaction time and temperature resulted in isomerization of the compound. Further screening of the solvents revealed that water may be deleterious to the catalysts which resulted in the decrease of conversion and selectivity (entries 6, 9, 13, and17).

149 Chen, C.; Huang, Y.; Zhang, Z.; Dong, X. Q.; Zhang, X. Chem. Commun. 2017, 53, 4612. 

Scope and limitations of semi-hydrogenation of alkynes 4.2.1 E-Selectivity of semi-hydrogenation of alkynes

With the optimized reaction conditions for the stereo-divergent semi-reduction of diphenylacetylene (1a) in hand (scheme 111), we investigated the substrate scopes of this transformation.

Scheme 111. Reaction conditions for stereo-selective semi-hydrogenation of alkyne First, the E-selective semi-hydrogenation using HCo(PMe3)4 of various parasubstituted diarylethynes were studied (figure 14). Para-substituted diarylethynes with either

2 mol% HCoN 2 (PPh 3 ) 3 R 1 R 2 NH 3 BH 3 + R 1 R 2 Ar, 80 o C, iPrOH, 1d R 1 R 2 5 mol% HCo(PMe 3 ) 4
Ar, 65 o C, HFIP, 1d Z E electron-donating (methyl, methoxy, butyl) or electron-withdrawing substituents (fluoride, trifluoromethyl) were all completely transferred into the corresponding E-alkenes as the sole isomer in good isolated yields (57-93%).

Figure 14. Reaction scope for the semi-hydrogenation of para-substituted diarylethynes A wide range of functional groups, such as trimethylsilyl, chloride, ester, amino were also tolerated (figure 15). However, the last three substrates afforded lower E-selectivity with some Z-isomers in moderate yield. For the chloride group 9m, there were 15% of starting material recovered. catalyst that can change the turnover of the reaction. Also, substrate with dimethylamine group only afforded the over-reduction product 9n and some unknown products. The substrate bearing nitro functionality showed no reduction, even at elevated temperature only the Z-alkene isomer was detected with very poor levels of conversion. Moreover, functional aldehyde group (4-(phenylethynyl)benzaldehyde) was reduced to the corresponding hydroxyl group (figure 16)

prior to the reduction of the alkyne.

Figure 16. Reaction scope for the semi-hydrogenation of para-substituted diarylethynes

The reaction of phenyltrimethylsilylacetylene gave a 72:28 E/Z selectivity (figure 17).

The trimethylsilyl group is tolerated in the near acid reaction conditions, whereas the trimethylsilyl group cannot survive in acidic conditions employed in a Pd-catalyzed alkyne reduction. 136 However, both 9q and 9r provide low yields due to loss during purification.

Bromo-substituted aryl moieties appeared to be incompatible with the reaction conditions, and we only observed the recovery of the starting material. Ether was also compatible in our conditions and the E-alkene 9w was obtained in a moderate yield (figure 19) but with a very good selectivity. Dialkyl-substituted acetylene 9x

underwent the full conversion to the alkene product. However, in this particular case the selectivity was difficult to establish from the proton spectrum and further analysis is on investigation for this compound. We next explored the catalytic activity of HCo(PMe3)4 toward the reduction of substrate bearing two internal alkynes. Indeed, the diyne 1y gave low conversion (which was probably due to its low solubility in HFIP). Under optimized conditions, the reduction of 1y resulted in good E selectivity of both C=C bonds or one of the double bonds in moderate yield. A modification of the reaction conditions by increasing the AB to 2.2 equivalents afforded the over-hydrogenation product (E)-but-1-ene-1,4-diyldibenzene (figure 20). Here it is important to notice that once again the selectivity of the hydrogenation toward the E isomer in these conditions is very good, even for the reduction of two double bonds. and (E, Alkane) products (figure 21).

Figure 21. Hydrogenation products of 1z

Coincidentally, 1aa was partially converted to (E, E) and (E, Z) with 1.1 equiv. AB and completely converted to (E, Alkane) with 1.5 equiv. ammonia borane (figure 22). Lastly, we applied the catalytic system to a series of terminal alkynes, yielding the expected terminal olefins in moderate to good yields. The terminal alkynes were more reactive than the internal ones (figure 23). Since the simple terminal styrene derivatives and alkenes were easily evaporated, herein we examined the high boiling point substrates.

Unfortunately, 9-ethynylphenanthrene was over-reduced to alkane (9ad). 2-Ethynyl-6methoxynaphthalene was converted to 2-methoxy-6-vinylnaphthalene in good yield (9af). 2-

(Hex-5-yn-1-yl)isoindoline-1,3-dione underwent double bond isomerization to give (E)-2-(hex- 4-en-1-yl)isoindoline-1,3-dione and (Z)-2-(hex-4-en-1-yl)isoindoline-1,3-dione mixture (9ac).
Furthermore, phenylacetylene derivatives bearing electron-withdrawing group (-CF3) and steric hindered group (-tBu) were converted to corresponding styrene derivatives (9ab, and 9ag) with high selectivity. However, phenylacetylene containing electron donating groups (-OCH2O-) furnished the alkane as major compound (entry 9ah). 9ah and 9ag provided the lower yields than others due to their low boiling point and loss during purification. Phenylacetylene containing heteroatom (silicon) was converted to alkane 9ae with good yield. 

Figure 23. Hydrogenation products of terminal alkynes

Z-Selectivity of semi-hydrogenation of alkynes

Semi-reduction of the alkynes to the Z-isomers was achieved by using HCo(N2)(PPh3)3 reaction conditions (see page 131). The reaction proceeded with good Z-selectivity but with lower conversion.

Similarly, the selectivity of the non-functionalized alkyne was distinctly higher, although the substrates were not completely converted (9b-9i, and 9j). Electron-withdrawing groups afforded relatively lower reactivity while the selectivity was not influenced (9g and 9h).

Figure 24. Complete Z-selective hydrogenation alkynes

Compared with the nonfunctionalized alkynes, the selectivity of the functionalized alkynes had no big influence (figure 25). Trimethylsilyl, ester and bromide all exclusively afforded the corresponding Z-isomers with low to moderate conversions (entries 9j, 9k, and 9t). Para-substituted diphenylacetylene with chloride provided some E-isomer with moderate yield (entry 9m). Noteworthy, the bromide was tolerable under the present conditions (entry 9t). Probably due to the weak coordination of amine and dimethylamine, the two substrates resulted in low stereo-selectivity but higher conversion (figure 26). However, if the functional groups had a quite strong coordination like nitrile, the catalyst could be poisoned and resulted in variable catalytic activity (entry 9o). Substrates with amine (entry 9l) group afforded good yields of corresponding products with 10% unknown products. Substrates with dimethylamine afforded the Z-isomer in good yield where the amount of alkyne is 0.25 mmol.

Figure 26. Hydrogenation of 1l, 1n and 1o

Steric hindrance with one or two methyl substituents in ortho position furnished the corresponding alkene derivatives with excellent selectivity but low yield (entries 9i and 9v)

(figure 27). Alkyl and aryl substituted alkynes 1s and 1u were converted to corresponding alkenes with good selectivity (lost most of the products during evaporation).

Figure 27. Hydrogenation of steric alkynes and aryl alkynes

In respect to ester (9w), Z-selective product was got with moderate yield. Lastly, we examined the semi-hydrogenation of terminal alkynes (figure 28). Unfortunately, overhydrogenation was detected. 2-(Hex-5-yn-1-yl)isoindoline-1,3-dione was over-reduced to alkane (entry 9ac). 9-Ethynylphenanthrene was reduced to alkene with moderate selectivity (entry 9ad). Phenylacetylene derivatives containing heteroatom (silicon) was not tolerated, and 

9v

(6%, 95%, E/Z 0:100) * The brown color yield is the corrected yield with starting materials. 9s and 9u was lost during evaporation unknown compound was recovered (entry 1ae). 2-Methoxy-6-vinylnaphthalene can also be accessed with good yield under the optimized condition (entry 9af). 

Plausible mechanism

Based on our former experiments, we depicted two proposed mechanisms. One proposed mechanism is as follow (figure 29). Initially, the HCo(PMe3)4 complex or the HCoN2(PPh3)3 complex coordinates with alkyne, follows by insertion into the Co-H bond to form the alkenyl cobalt complex B. Subsequently, HFIP or iso-propanol protonates the Co-C bond to generate the Z-alkene and alkoxy cobalt complex C. The active HCo(PMe3)4 complex or the HCoN2(PPh3)3 complex is regenerated by reduction of the C complex with AB together with the generation of B(OR)3.

The catalytic cycle II is responsible for the E isomer. Z-alkene coordinates with HCo(PMe3)4 to form complex D, follows by insertion of the olefin into the Co-H bond to generate complex E which subsequently undergoes β-hydride elimination to extrude the Ealkene and release the cobalt hydride HCo(PMe3)4.

The more bulky HCoN2(PPh3)3 complex only participates in catalytic cycle I to afford the Z-isomer. Since HCoN2(PPh3)3 complex has the big ligand (PPh3), the steric hindrance in complex E makes it hard to undergo isomerization process to provide the E-alkene and easy to go through over-reduction. In contrast, the less sterically hindered HCo(PMe3)4 could promote isomerization process and afford the E-alkene.

In our preliminary reaction, we found that our reaction occurred in aprotic solvent THF.

This could be explained that the reaction can occur through another unclear pathway. Further exploitation will be conducted in the future. 

Conclusion

In summary, we developed the protocol that the simple low-valent cobalt complexes HCo(PMe3)4 and HCoN2(PPh3)3 could selectively catalyze hydrogenation of a range of alkynes under mild conditions with ammonia borane. Both internal and terminal alkynes with different functional groups are tolerated in the protocol. There are some cases less than ideal E/Z selectivity, conversion, and over-reduction of the alkenes which we did not obviate.

Furthermore, the Z-selective semi-hydrogenation shows worse conversion. Despite these disadvantages, our protocol is less expensive, easy operation and no need for complicated ligands or harsh reaction conditions, excess hydrogen resources, or high pressure H2.

Experimental Section

Experimental section for the alkynes

General procedure for the preparation of unsymmetrical diarylalkynes

A general procedure for the synthesis of diarylacetylenes 151 involved the addition of 5.0 mmol of arylacetylene to a mixture of 5.25 mmol of an aryliodide, 7.5 mmol of diisoproprylethylamine, 0.025 mmol of Pd(PPh3)4, and 0.025 mmol of CuI in water (10 mL).

151 Sviripa, V. M.; Zhang, W.; Kril, L. M.; Liu, A. X.; Yuan, Y.; Zhan, C. G.; Liu, C.; Watt, D. S. Bioorg. Med. Chem. Lett. 2014, 24, 3638.
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The mixture was stirred overnight at 75 °C. After cooling, the product was collected by filtration or extracted using dichloromethane and purified by recrystallization or column chromatography.

Characterization data of alkyne products 1 1, 2-Di-p-tolylethyne

To a stirred solution of 4-methyliodobenzen (1.744 g, 8 mmol) in DMF (16 mL) was add CuI (61mg, 0.32 mmol), Pd(PPh 3 ) 2 Cl 2 (112.3 mg, 0.16 mmol), K 2 CO 3 (663.4 mg, 4.8 mmol) and 4-ethynyltoluene (1.07 mL, 8.4 mmol). The reaction proceeded at room temperature under argon for 5 h before the mixture was extracted with EtOAc. The combined organic layers were washed with H 2 O and brine, dried over anhydrous Na 2 SO 4 , concentrated by rotary evaporation.

The crude was purified by column chromatography (PE/Et2O, 200:1) to afford the product (660 mg, 40%) as white solid. 1 H NMR (400 MHz, CDCl 3 ) δ 7.41 (d, J = 8.1 Hz, 4H), 7.14 (d, J = 7.8 Hz, 4H), 2.37 (s, 6H). 13 C NMR (100 MHz, CDCl 3 ) δ 138. 2, 131.4, 129.1, 120.4, 88.9, 21.5.

1-Methoxy-4-(phenylethynyl)benzene

Compound was isolated via column chromatography (PE/Et2O, 60:1) as white solid (2.576 g, 41%). 1 H NMR (400 MHz, CDCl 3 ) δ 7.50 (dd, J = 16.1, 7.7 Hz, 4H), 7.33 (d, J = 6.6 Hz, 3H), 6.88 (d, J = 8.0 Hz, 2H), 3.83 (s, 3H). 13 C NMR (100 MHz, CDCl 3 ) δ 159.6, 133. 0, 131.4, 128.3, 127.9, 123.6, 115.4, 114.0, 89.4, 88.1, 55.3.

1, 2-Bis(4-methoxyphenyl)ethyne

In a flame-dried flask under an atmosphere of argon, 1.0 equiv. of the 4-iodoanisole (1.872 g, 8 mmol) is dissolved in a freshly degassed 1:1 mixture of NEt 3 (10 mL) and THF (10 mL). 2.0 mol% of (Ph 3 P) 2 PdCl 2 (112.3 mg, 0.16 mmol), 4 mol% of CuI (61mg, 0.32 mmol) and 1.1 equiv. of the 4-ethynylanisole (1.14 mL, 8.8 mmol) are added in this sequence and the mixture is stirred overnight at 60 °C. The solvent was concentrated by rotary evaporation. The combined organic layers were washed with H 2 O and brine, dried over anhydrous Na 2 SO 4 , concentrated by rotary evaporation. The crude was purified by column chromatography on a silica gel (PE/EA, 50:1) to afford the product as a white solid (1.58 mg, 83 %). 1 H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 8.9 Hz, 4H), 6.87 (d, J = 8.9 Hz, 4H), 3.82 (s, 6H). 13 C NMR (100 MHz, CDCl3) δ 159. 4, 132.9, 115.7, 114.0, 87.9, 55.3.

p-Fluorophenylphenylacetylene

To a mixture of PdCl2(PPh3)2 (2.0 mol%, 140.4 mg, 0.2 mmol), CuI (4.0 mol%, 228.6 mg, 1.2 mmol) and the 1-fluoro-4-iodobenzene (10.0 mmol) in tetrahydrofuran (30.0 mL) was added Et3N (4.2 mmol) followed by the phenylacetylene (11 mmol) at room temperature under argon. The resulting mixture was heated at 60 °C in the absence of light for 16 h. Upon completion, the reaction mixture was cooled to room temperature and diluted with diethyl ether.

The organic layer was washed with water, 10 % HCl (2 × 5.0 mL), and brine and then dried with Na2SO4. After filtration, the mixture was concentrated under reduced pressure. The crude residue was purified by column chromatography (PE/Et2O, 50:1) to afford the product (779.4 mg, 40%) as white solid. 1 H NMR (400 MHz, CDCl 3 ) δ 7.54-7.49 (m, 4H), 7.39-7.32 (m, 3H), 7.08-7.01 (m, 2H). 13 C NMR (100 MHz, CDCl 3 ) δ 162.5 (d, J = 249.6 Hz), 133.5 (d,J = 8.3 Hz),131.5,128.4,128.3,123.1,119.4 (d,J = 3.6 Hz), 115.6 (d, J = 22.1 Hz), 89.0, 88.3.

1-Phenyl-1-pentyne

Compound was isolated via column chromatography (PE/Et2O, 250:1) as colorless oil (1.153 g, 99%). 1 H NMR (400 MHz, CDCl 3 ) δ 7.42-7.38 (m, 2H), 7.31-7.26 (m, 3H), 2.39 (t, J = 7.0 Hz, 2H), 1.64 (tq, J = 8.1, 5.4 Hz, 2H), 1.06 (t, J = 7.4 Hz, 3H). 13 C NMR (100 MHz, CDCl 3 ) δ 131. 5, 128.2, 127.4, 124.1, 90.2, 80.7, 22.2, 21.4, 13.5.

(4-N, N-dimethylamino-phenyl)phenylacetylene F N
Compound was isolated via column chromatography (PE/Et2O, 30:1) as white solid (481 mg, 88%). 1 H NMR (400 MHz, CDCl 3 ) δ 7.51 (d, J = 6.7 Hz, 2H), 7.42 (d,J = 8.8 Hz,2H),3H),6.68 (d,J = 8.4 Hz, 2H), 3.00 (s, 6H); 13 C NMR (100 MHz, CDCl 3 ) δ 150. 1, 132.7, 131.3, 128.2, 127.4, 124.2, 111.8, 110.1, 90.6, 87.3, 40.2.

1-Chloro-4-(phenylethynyl)benzene

Compound was isolated via column chromatography (PE) as white solid (1.05 g, 4.95 mmol, 99%). 2, 132.8, 131.6, 128. 7, 128.5, 128.4, 122.9, 121.8, 90.3, 88.2.

4-(Phenylethynyl)aniline

Compound was isolated via column chromatography (PE/Et2O, 2:1) as white solid (958.6 mg, 99%). 1 H NMR (400 MHz, CDCl 3 ) δ 7.50-7.48 (m, 2H), 7.34-7.32 (m, 5H), 6.63 (d, J = 8 Hz, 2H), 3.83 (br, 2H); 13 C NMR (100 MHz, CDCl 3 ) δ 146.6, 133. 0, 131.3, 128.2, 127.6, 123.9, 114.7, 112.7, 90.1 (overlap of two signals).

(4-Nitro-phenyl)phenylacetylene

Compound was isolated via column chromatography (PE/Et2O 100:1) as off-white solid (190.0 mg, 17%). 1 H NMR (400 MHz, CDCl 3 ) δ 8.22 (d, J = 8.8 Hz, 2H), 7.67 (d, J = 8.8 Hz, 2H), 7.57 (d, J = 6.6, 3.2 Hz, 2H), 7.39 (dd, J = 5.1, 1.9 Hz, 3H). 13 C NMR (100 MHz, CDCl 3 ) δ 147. 0, 132.3, 131.8, 130.3, 129.3, 128.5, 123.6, 122.1, 94.7, 87.5.

Methyl 4-(phenylethynyl)benzoate

Cl

NH 2 NO 2
COOMe

1, 2-Bis(2-methxylphenyl)ethyne

A 50 mL round-bottomed flask was charged with 1-iodo-2-methxylbenzene (1.09 g, 5.0 mmol, 1.0 equiv.), PdCl 2 (9.0 mg, 1 mol%), pyrrolidine (2 mL, 5.0 equiv.) and H 2 O (10 mL).

The mixture was heated to 50 °C for 15 min before the 1-ethynyl-2-methxylbenzene (697 mg, 1.2 equiv.) was added. The reaction was left stirring for 24 h and then allowed to warm to room temperature. The desired product was extracted with H 2 O/CH 2 Cl 2 . The organic phases were combined and concentrated under reduced pressure. The resulting residue was purified by column chromatography (n-hexane as only eluent) to give as a colorless oil (455 mg, 44%). 1 H NMR (400 MHz, CDCl 3 ) δ 7.60 (d, J = 7.4 Hz, 2H), 7.32-7.28 (m, 4H), 7.28-7.18 (m, 2H), 2.61 (s, 6H). 13 C NMR (100 MHz, CDCl 3 ) δ 139. 9, 131.8, 129.5, 128.2, 125.6, 123.3, 92.3, 20.9.

5-(2, 2-Dibromovinyl)benzo[d][1, 3]dioxole

To a stirred solution of 20.0 mmol of PPh3 and 40.0 mmol of CBr4 in 100 ml of dichloromethane was added benzaldehyde 10.0 mmol at 0 °C. The reaction mixture stirred at r.t. overnight. Then the mixture was added to brine and extracted with ethyl acetate. The residue was purified by column chromatography on silica gel column (PE/Et2O, 10:1) to provide the title compound (2.14 g, 70%) as a yellow oil. 1 H NMR (400 MHz, CDCl 3 ) δ 7.37 (s, 1H), 7.18 (d, J = 1.7 Hz, 1H), 6.95 (dd, J = 8.1, 1.7 Hz, 1H), 6.80 (d, J = 8.1 Hz, 1H), 5.99 (s, 2H). 13 C NMR (100 MHz, CDCl 3 ) δ 147. 8,147.6,136.3,129.2,123.4,115.0,108.2 (d,J = 11.8 Hz), 101.4, 87.9.

5-Ethynylbenzo[d][1,3]dioxole

The pure dibromo alkene product was added dropwise to a solution of 1.6 M n-butyl lithium (4.0 eq.) in dry THF (20 ml) at -78 °C under argon atmosphere. The reaction mixture 3, 128.4, 128.1, 127.9, 79.7, 74.6, 71.5, 57.1.

1-(Phenylethynyl)-4-(trifluoromethyl)benzene

The corresponding aryl iodide (735 µL, 5.0 mmol), PdCl2(PPh3)2 (70. 

General procedure for the preparation of (E)-enynes 152

On a vacuum line, an oven-dried Schlenk flask charged with HCo(PMe3)4 (5 mol%, 0.05 mmol, 18.3 mg) was purged with argon one time and stored under vacuum. During this time, THF was degassed using argon bubbling for 15 minutes. A solution of the appropriate alkyne (1 equiv., 5 mmol) in previously degassed THF (10 mL) was prepared in a round-pear flask and degassed using argon bubbling for 5 additional minutes. Under argon, the alkyne solution was then rapidly added to the Schlenk flask by the mean of a syringe (depending the reaction time, mixture turned generally from dark yellow to dark brown). The Schlenk flask was tightly sealed and allowed to stir at room temperature under argon atmosphere until completion monitored by 

Experimental section for the hydrogenation of alkynes

General procedure for transfer hydrogenation of alkynes

In the glovebox, HCo(PMe3)4 complex (9.1 mg, 5 mol%) or HCoN2(PPh3)3 complex (8.7 mg, 2 mol%), ammonia borane (17.0 mg, 1.1 equiv.), alkyne 1 (0.5 mmol) and alcohol (2 mL) were added sequentially to a 5 mL microtube equipped with a magnetic stir bar. The reaction was stirred for 24 hours at 65 °C or 80 °C. The resulting solution was filtered through a short plug of silica, and the silica was washed with copious ethyl acetate or diethyl ether to remove the organic products. The resulting solution was concentrated under vacuum to afford the crude, which was purified by chromatography on silica gel.

Characterization data of E-alkene products 2

F 3 C CF 3 F F (E)-1,2-Diphenylethene
Compound was isolated via column chromatography (PE) as white solid (70.3 mg, 78%).

1 H NMR (CDCl 3 , 400 MHz) δ 7.53 (d, J = 7.6 Hz, 4H), 7.37 (t, J = 7.6 Hz, 4H), 7.29-7.26 (m, 2H), 7.12 (s, 2H). 13 C NMR (CDCl 3 , 100 MHz) δ 137. 3, 128.7, 128.67, 127.6, 126.5.

(E)-1,2-Di-p-tolylethene.
Compound was isolated via column chromatography (PE) as white solid (97 mg, 93%).

1 H NMR (CDCl 3 , 400 MHz) δ 7.41 (d, J = 8.1 Hz, 4H), 7.17 (d, J = 7.9 Hz, 4H), 7.05 (s, 2H), 2.37 (s, 6H). 13 C NMR (CDCl 3 , 100 MHz) δ 137. 1, 134.6, 129.2, 127.5, 126.2, 21.1.

4-Methoxystilbene

Compound was isolated via column chromatography (PE/Et2O 100:1) as white solid (71.4 mg, 68%). 3, 137.7, 130.2, 128.6, 128.2, 127.7, 127.2, 126.6, 126.2, 114.1, 55.3.

OMe (E)-1,2-Bis(4-methoxyphenyl)ethene

Compound was isolated via column chromatography (PE) as white solid (>69 mg, >57%), we lost the product during the column.

1 H NMR (CDCl 3 , 400 MHz) δ 7.43 (d, J = 8.8 Hz, 4H), 6.93 (s, 2H), 6.89 (d, J = 8.8 Hz, 4H), 3.83 (s, 6H). 13 C NMR (101 MHz, CDCl3) δ 159. 0, 130.5, 127.4, 126.2, 114.1, 55.3.

(E)-1-Ethyl-4-(4-methoxystyryl)benzene

Compound was isolated via column chromatography (PE/Et2O 100:1) as white solid (108.2 mg, 91%).

1 H NMR (400 MHz, CDCl 3 ) δ 7.47-7.41 (m, 4H), 7.19 (d, J = 8.2 Hz, 2H), 7.06-6.98 (m, 2H), 6.90 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H), 2.66 (q, J = 7.6 Hz, 2H), 1.26 (t, J = 7.6 Hz, 3H). 13 C NMR (101 MHz, CDCl 3 ) δ 159. 2, 143.5, 135.1, 130.4, 128.1, 127.6, 127.3, 126.6, 126.2, 114.1, 55.3, 28.6, 15.5.

(E)-1,2-Bis(4-butylphenyl)ethene

Compound was isolated via column chromatography (PE) as colorless solid (128.0 mg, 88%). Compound was isolated via column chromatography (PE) as white solid (68 mg, 63%).

(c reaction was conducted in 50 °C).

1 H NMR (400 MHz, CDCl 3 ) δ 7.51 (d,J = 8.0 Hz,2H),2H),5H), 7.09 (d, J = 16.4 Hz, 1H), 7.04 (d, J = 16.4 Hz, 1H). 13 C NMR (101 MHz, CDCl 3 ) δ 137. 0, 135.9, 133.2, 129.3, 128.8, 128.7, 127.9, 127.6, 127.4, 126.5.

(E)-1-(4-Trimethylsilylphenyl)-2-phenyl-ethylene

Compound was isolated via column chromatography (PE/Et2O 100:1) as white solid (83.3 mg, 66%). 1 H NMR (300 MHz, CDCl 3 ) δ 7.54-7.49 (m, 6H), 7.36 (t, J = 7.2 Hz, 2H), 7.29-7.24 (m, J = 7.6 Hz, 1H), 7.13 (d, J = 3.6 Hz, 2H), 0.29 (s, 9H); 13 C NMR (75 MHz, CDCl 3 ) δ 140. 0, 137.7, 137.3, 133.7, 128.9, 128.7, 128.66, 127.6, 126.5, 125.8, -1.1.

Methyl (E)-4-styrylbenzoate

Compound was isolated via column chromatography (PE/Et2O 50:1) as pale yellow oil (86.2 mg, 72%); 75MHz, CDCl 3 ) δ 166. 9, 141.8, 136.7, 131.2, 130.0, 128.9, 128.8, 128.2, 127.7, 126.8, 126.3, 52.1.

(E)-4-Styrylaniline Si O O NH 2
Compound was isolated via column chromatography (PE/Et2O 4:1) as white solid (86.2 mg, 54%, with 10% Z-isomer); 1 H NMR (300 MHz, CDCl 3 ) δ 7.47 (d,J = 7.8 Hz,2 H),4 H),1 H),7.02 (d,J = 16.4 Hz, 1 H), 6.91 (d, J = 16.4 Hz, 1 H), 6.68 (d, J = 8.5 Hz, 2 H), 3.72 (s, 2 H). 13 C NMR (75 MHz, CDCl 3 ) δ 146. 1, 137.9, 128.7, 128.6, 128.1, 127.7, 126.9, 126.1, 125.1, 115.2.

(E)-1-Phenyl-1-pentene

Compound was isolated via column chromatography (PE) as colorless oil (>22.9 mg, >31%), (d we lost our product during evaporation the solvent); 1 H NMR (400 MHz, CDCl 3 ) δ 0.96 (t, J = 7.5 Hz, 3H), 1.51 (sext, J = 7.3 Hz, 2H), 2.19 (q, J = 7.1 Hz, 2H), 6.20 (dt, J = 15.6, 6.5 Hz, 1H), 6.39 (d, J = 16.2, 1H), 7.17-7.21 (m, 1H), 7.27-7.36 (m, 4H). 13 C NMR ( 100MHz, CDCl 3 ) δ 13.7, 22.5, 35.1, 125.9, 126.7, 128.4, 130.0, 131.0, 138.0.

(E)-2-(Hept-5-en-1-yloxy)tetrahydro-2H-pyran

Compound was isolated via column chromatography (PE/Et2O 30:1) as oil (58.0 mg, 58%). 1 H NMR (CDCl 3 , 400 MHz) δ 5.50-5.35 (m, 2H), 4.58-4.56 (m, 1H), 3.91-3.83 (m, 1H), 3.78-3.69 (m, 1H), 3.53-3.46 (m, 1H), 3.43-3.34 (m, 1H), 2.09-0.83 (m, 15H). 13 C NMR (CDCl 3 , 100 MHz) δ 131. 3, 124.9, 98.8, 67.5, 62.3, 32.4, 30.8, 29.3, 26.2, 25.5, 19.7, 17.9.

(E)-Oct-1-en-1-ylbenzene

Compound was isolated via column chromatography (PE) as yellow oil (65.5 mg, 70%) (e 0.33 mmol ammonia borane was used in the reaction); 1 H NMR (400 MHz, CDCl 3 ) δ 7.36-

O O
7. 27 (m, 3.6H), 7.21-7.17 (m, 1.4H), 6.39 (d, J = 15.8 Hz, 1H), 6.27-6.20 (m, 1H), 2.21 (q, J = 7.0 Hz, 2H), 1.49-1.44 (m, 2H), 1.37-1.32 (m, 6H), 0.91 (t, J = 6.4 Hz, 3H); 13 C NMR ( 101MHz, CDCl 3 ) δ 140. 0, 131.3, 129.7, 128.4, 126.7, 125.9, 33.1, 31.8, 29.4, 28.9, 22.6, 14.1.

(E)-But-1-en-3-yne-1,4-diyldibenzene

Compound was isolated via column chromatography (PE) as white solid (28 mg, 27%, (E, alkyne):(E, E) = 46:54) which is the mixture of (E)-but-1-en-3-yne- 9, 91.8, 108.2, 123.4, 126.3, 128.2, 128.4, 128.6, 128.7, 131.5, 136.4, 141.3.

(1E, 3E)-1, 4-Diphenylbuta-1, 3-diene 1 H NMR (400 MHz, CDCl 3 ) δ 6.69 (dd, J = 14.6, 9.1 Hz, 2 H), 6.97 (dd, J = 14.6, 10.4

Hz, 2H), 7.22-7.23 (m, 2 H), 7.31-7.35 (m, 4 H), 7.45 (d, J = 8.3 Hz, 4H); 13 C NMR (101 MHz, CDCl 3 ) δ 126. 4, 127.6, 128.8, 129.3, 132.8, 137.4.

(1E, 3E)-1,4-Bis(4-(trifluoromethyl)phenyl)buta-1,3-diene

Compound was isolated via column chromatography (PE) as white solid (120 mg, 70%, (E, E):(E, A) = 35:65) which is the mixture of (1E,3E)-1,4-bis(4-(trifluoromethyl)phenyl)buta-1,3-diene and (E)-4,4'-(but-1-ene-1,4-diyl)bis((trifluoromethyl)benzene). 1 H NMR (400 MHz, CDCl3) δ 6.70-6.80 (m, 2 H), 6.99-7.09 (m, 2 H), 7.54 (d,J = 8.3 Hz,4 H),7.60 (d,J = 8.3 Hz,4 H). 13 C NMR (101 MHz, CDCl3) δ 124.13 (q, 1 J C-F = 271.7 Hz), 125.66 (q, 3 J C-F = 3.7 Hz), 126.6, (129.45 (q, 2 J C-F = 32.4 Hz)), 130.9, 132.7, 140.4. 6.5 Hz, 1H), 2.87 (t, J = 7.7 Hz, 2H), 2.62-2.54 (m, 2H). 13 C NMR (101 MHz, CDCl3) δ 145. 5-145.4, 140.9, 132.5, 129.8, (129.1 (q, J = 28.9 Hz)), 128.8, (128.6 (q, J = 32.2 Hz)), 126.1, 125.6 (q, J = 3.6 Hz), 125.5 (q, J = 3.7 Hz), (124.5 (q, J = 272.0 Hz)), (124.4 (q, J = 271.7 Hz)), 35.4, 34.4. 19 F NMR (282 MHz, CDCl 3 ) δ -62.3, -62.5.

(E)-4,4'-(But-1-ene-1,4-diyl)bis(fluorobenzene)

Compound was isolated via column chromatography (PE) as white solid (75 mg, 62%).

1 H NMR (400 MHz, CDCl 3 ) δ 7.31-7.26 (m, 2H), 7.19-7.14 (m, 2H), 7.01-6.96 (m, 4H), 6.36 (d, J = 15.8 Hz, 2H), 6.13 (m, 1H), 2.77 (t, J = 7.7 Hz, 2H), 2.50 (q, J = 7.3 Hz, 2H). 13 4, 138.2, 133.8, 132.2, 129.8, 129.1, 125.8, 124.9, 123.1, 37.8, 37.7, 29.9, 28.3, 28.2, 24.3.

CF 3 F 3 C F F N O O
Compound was isolated via column chromatography (PE) as pale yellow oil and solid (85 mg, 94%, Z/SM = 56:35, contaminated with 9% E-isomer). 137.6, 130.1, 129.7, 129.6, 128.7, 128.2, 126.9, 113.6, 55.2.

(Z)-1,2-Bis(4-methoxyphenyl)ethene

Compound was isolated via column chromatography (PE/Et2O 200:1) as colorless oil and solid (49.0 mg, 41% yield, Z/SM = 32:68). (d we lost some products during purification.) 1 H NMR (400 MHz, CDCl 3 ) δ 7.20 (d, J = 7.8 Hz, 4H), 6.77 (d, J = 7.8 Hz, 4H), 6.45 (s, 2H), 3.79 (s, 6H). 13 C NMR (100 MHz, CDCl 3 ) δ 158. 5, 130.03, 130.00, 128.4, 113.6, 55.2.

O O O (Z)-1-Chloro-4-styrylbenzene
Compound was isolated via column chromatography (PE) a pale white solid (71 mg, 83%, E/Z/SM = 8:53:39). 1 H NMR (400 MHz, CDCl3) δ 7.25-7.17 (m, 9H), 6.63 (d, J = 12.0 Hz, 1H), 6.53 (d, J = 12.0 Hz, 1H). 13 C NMR (101 MHz, CDCl3) δ (136.9), 135. 9, 132.8, 131.0, 130.2, 128.9, 128.8, 128.4, 127.3.

(Z)-4-Styrylmethylbenzoate

Compound was isolated via column chromatography (PE/Et2O 100:1) a pale white solid (71 mg, 84%, Z/SM = 37: 63). 9, 142.1, 136.7, 132.2, 129.5, 129.2, 128.8, 128.6, 128.0, 127.5, 122.7, 52.0.

(Z)- 6, 131.5, 130.4, 129.7, 121.9. However, most of the reports were limited to noble 4d and 5d transition metals, such as toxic and expensive palladium, rhodium, ruthenium, and iridium complexes. Herein, we will focus on the bibliography of inexpensive, earth-abundant, and sustainable 3d metals, such as scandium, nickel, iron, and cobalt complexes published during the last decade.

(Z)-Trimethyl(4-styrylphenyl)silane

Cobalt complex catalyzed C-H activation

The past few decades witnessed the progress cobalt complexes made in C-H activation.

There are two kinds of cobalt catalysts. One is low-valent cobalt, including well-defined complexes such as [MeCo(PMe 3 ) 4 ], 155 [Co(PMe 3 ) 4 ], [HCo(PMe 3 ) 4 ], 156 and [HCo(N 2 )(PPh 3 ) 3 ], 157 or in situ generated complexes from the reduction of cobalt salts in the presence of reductants 158,159 . Another is bench-stable high-valent cobalt catalyst, for instance the commonly used Cp*Co III family of complexes.

Yoshikai and his coworkers described a cobalt/chiral diphosphine system to catalyze intramolecular hydroacylation reactions of 2-acylbenzaldehyde and 2-alkenylbenzaldehyde derivatives into phthalides and indanones (Scheme 112) with good enantioselectivity and yields. 160 However, the protocol was only available for aromatic aldehyde without ortho-and meta-substituents.

153 Seki, M. Org. Process Res. Dev. 2016, 20, 867. 154 Loup, J.; Dhawa, U.; Pesciaioli, F.; Wencel-Delord, J.; Ackermann, L. Angew. Chem. Int. Ed. 2019, 58, 12803. 155 Klein, H.-F. Karsch, H. H. Chem. Ber. 1975, 108, 944. 156 Klein, H.-F. Angew. Chem. Int. Ed. 1970, 9, 904. 157 Halbritter, G.; Knoch, F.; Wolski, A.; Kisch, H. Angew. Chem. Int. Ed. 1994, 33, 1603. 158 Kommagalla, Y.; Chatani, N. Coord. Chem. Rev. 2017, 350, 117. 159 Moselage, M.; Li, J.; Ackermann, L. ACS Catal. 2016, 6, 498. 160 Yang, J.; Yoshikai, N. J. Am. Chem. Soc. 2014, 136, 16748. Scheme 112. Cobalt/chiral diphosphine system for enantioselective intramolecular hydroacylation reactions Later, they developed a protocol with a combination of cobalt salt and chiral phosphoramidite to catalyze the enantioselective C-H alkylation of imine-directed Bocprotected indoles with styrenes to 1,1-diarylethane derivatives in moderate to good yields under mild conditions (scheme 113). 161 However, the alkenes substrates were limited to styrenes. Scheme 113. Cobalt/chiral phosphoramidite catalyzed enantioselective C-H alkylation Later, they reported a cobalt-catalyzed enantio-and diastereoselective intramolecular hydroacylation of trisubstituted alkenes to 2,3-disubstituted indanones in the presence of chiral diphosphine ligand (R, R)-BDPP and regardless of the E/Z isomers of the starting alkenes (scheme 114). 162 161 Lee, P. S.; Yoshikai, N. Org. Lett. 2015, 17, 22. 162 Yang, J.; Rérat, A.; Lim, Y. J.; Gosmini, C.; Yoshikai, N. Angew. Chem. Int. Ed. 2017, 56, 2449. However, the substrates were limited to allylbenzene derivatives and indole derivatives. the catalyst in asymmetric synthesis of dihydroisoquinolones under mild condition (scheme 120). 166 The protocol tolerated different N-chlorobenzamide derivatives and a large range of alkenes.
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Scheme 120. The Co-130 complex catalyzed asymmetric synthesis of dihydroisoquinolones 2 Sc, Ni, and Fe complex catalyzed asymmetric C-H activation Besides the contributions cobalt complexes made in asymmetric C-H activation, other 3d transition metals also have witnessed important progresses. In 2014, Hou and his coworkers firstly synthesized and reported chiral half-Sandwich rare-earth scandium complex catalyzed C-H alkylation of pyridine derivatives with alkenes under mild condition with moderate to good yield and good enantiomeric excess (scheme 121). 167 166 Ozols, K.; Jang, Y. S.; Cramer, N. J. Am. Chem. Soc. 2019, 141, 5675. 167 Song, G.; Wylie, N. O. W.; Hou, Z. M. J. Am. Chem. Soc. 2014, 136, 12209. In 2019, Shi and his coworkers reported that nickel complex / chiral N-hetero carbene ligand in the presence of Lewis acid catalyzed regio-and enantioselective intramolecular C-H cyclization of pyridine to 5,6,7,8-tetrahydroquinolines and 5,6,7,8-tetrahydroisoquinolines under mild condition with moderate to good yield (scheme 129). 171 171 Zhang, W. B.; Yang, X. T.; Ma, J. B.; Su, Z. M.; Shi, S. L. J. Am. Chem. Soc. 2019, 141, 5628. Firstly, the sterically bulky Lewis acid MAD [methylaluminum bis (2,6-di-tert-butyl-4alkylphenoxide)] coordinated with nitrogen of pyridine which made the tethered alkene close to nickel center and formed η 2 -alkene nickel species A. Next,nickel(0) For the proposed mechanism (scheme 135). Firstly, the aldehyde and norbornene coordinated with the Ni-NHC complex in two possible orientations Ia and Ib. To avoid steric congestion, the aryl group was away from the methylene bridge. The bulky naphthalene group of the chiral NHC made Ia to be the preferred orientation. Next, the oxanickelacycle II was 173 Diesel, J.; Grosheva, D.; Kodama, S.; Cramer, N. Angew. Chem. Int. Ed. 2018, 58, 11044. 174 Ahlin, J. S. E.; Cramer, N. Org. Lett. 2016, 18, 3242. 178,179,180 Enlightened by these reports, we believed that by modification the steric hindrance or the electronic properties of the chiral cyclopentadiene derivatives (Cp x ) and synthesize the potential chiral cobalt complex to catalyze C-H functionalization (scheme 139). We commenced our research by probing the effect chiral carboxyl acid additives. However, no reaction was observed with the commercial (S)-camphanic acid, 1pyrenecarboxylic acid, 1-naphtoic acid, (S)-2-methoxy-2-phenylacetic acid, (+)-βcamphorsulfonic acid and L-Boc-Ser-OH as the additives (figure 30). Considering allylbenzene has a larger steric phenyl cycle, we changed the olefin to octene (11a) which proved to be unreactive either. Thus, we tried the activated alkene (E)-but-2-en-1-yl methyl carbonate (11c) at increased temperature in the presence of (S)-camphanic acid which provided the desired product 2-(but-3-en-2-yl)-1-(pyrimidin-2-yl)-1H-indole (12bc) with 49% yield and 3% ee (figure 31).

O N H Cl + R 1 R 2 R NH O R 1 R 2
X X N R 1 R 2 X X N R 1

Figure 31. C-H alkylation with active and inactive alkene

Encouraged by the preliminary results, we turned our attention to the naphthalylicprotected and phthalylic-protected amino acids (figure 32). However, no product formation was observed with L-Naph-t-Leu-OH as additive. While the simplest L-Phth-Leu-OH gave the product 12bc in moderate yield (51%) and low enantioselectivity (2%). Increasing steric hindrance of the amino acid side chain led to subtle change of ee. L-Naph-t-Leu-OH as the additive gave the best yield (60%) and ee (14%). These chiral additives in the recent reaction condition were not good additives for the enantioselectivity.

Figure 32. Modified amino acids as additives

Then we checked the effect of the solvent and temperature on the reaction efficiency (figure 33). By using 1,4-dioxane as the solvent, the same catalytic system resulted in linear product. Replacement of 1,2-DCE with DCM and THF led to a decrease in the yield (29% and 22% respectively) and in enantioselectivity (ee = 5% and 3% respectively). Increasing the temperature to 90 o C had a reverse effect on the product with the obtention of a lower yield (17%) and a decrease of the enantiomeric excess (3%), while decreasing temperature to 50 o C resulted in a higher yield (67% with some linear products) and a lower ee (1%). Figure 34. Chiral carboxylic acid effects on the reaction Then we wondered whether introduction of larger steric hindrance of amino acid side chain could improve the enantioselectivity. To our delight, larger steric hindrance of amino acid side chain led to substantial improvement of the catalytic performance (figure 35). From L-Phth-Leu-OH to L-Phth-i-Leu-OH, the increasing side chain provided an increase of the ee but with moderate to low conversion. For the same additives, the increase of the temperature resulted in higher yield but lower ee and more linear products were observed. The L-Phth-Tyr-OH gave rise to a diminished catalytic activity, affording the product 12aa-(b) in only 5% yield and 12% yield at 50 o C and 85 o C respectively. Maybe because the hydroxy group on benzene coordinated with the cobalt catalyst. To our delight, L-Phth-t-Leu-OH proved to be the optimal one, providing the product in 45% yield and with ee values up to 43%. yield but more linear products and no real change in the ee. Decreasing the temperature provided a higher ee but also a lower yield even with an extended reaction time. Under room temperature, the reaction only provided branched product and up to 51% ee but quite low yield of 10%. TFE was reported to be the optimal solvent for Cp*Co(III)-based C-H activation. 181 However, replacement of 1,2-DCE with TFE resulted in a lower yield and ee and more linear products.

Figure 37. Concentration, solvent and amount of additive effects on the reaction Note that a similar conversion and opposite ee was achieved using D-Phth-t-Leu-OH in the optimized condition (figure 38). We believed that the chiral additive induced the chiral C-H alkylation. Then we modified the amine protected moiety with Boc and cyclohexanecarboxylic acid which led to a substantial decrease of the catalytic performance in term of yield and ee. Apparently, the reaction results were highly sensitive to the N-protected structure.

Having found the reverse enantioselectivity of products with L-Phth-t-Leu-OH and D-Phth-t-Leu-OH as additives, we became interested in the reaction pathway of the present C-H alkylation and the origin of the enantioselectivity. To gain insight into these issues, experiments using chiral carboxyl salts and different work-ups were performed (figure 39). We speculated that chiral carboxyl acid could react with AgSbF6 to afford the active L-Phth-t-Leu-OAg. To 181 Bunno, Y.; Murakami, N.; Suzuki, Y.; Kanai, M.; Yoshino, T.; Matsunaga, S. Org. Lett. 2016Lett. , 18, 2216. prove the speculation, the enantiopure L-Phth-t-Leu-OAg was synthesized and applied in the reaction with other parameters maintained which failed to give the desired products. In addition, the plausible in situ L-Phth-t-Leu-OAg generated with AgSbF6 and L-Phth-t-Leu-OH was also detected which proved useless for the reaction.

Figure 38. Other t-Leu-OH derivatives effects on the reaction Since the yield was moderate, it maybe because the excess acid could react with the alkaline indole to form salts (figure 39). To exclude this possibility, we performed the reaction at the optimal condition with extended time and the crude was washed by saturated Na2CO3 solution, which afforded the desired product with a slight increase of yield (61% yield, 41% ee). Thus, the chiral acid has a slight influence on the yield. When the reaction was conducted in 3 days without Na2CO3 wash, we got the 12aa-(b) in 55% yield and 43% ee. Phth-t-Leu-OH proved to be the optimal one, providing the product in 45% yield and 43% ee.

Scope and limitation

With the optimized catalytic system in hand, we explored the scope of indole and olefin (figure 41). Furthermore, a series of olefins were tested. To our disappointment, the shorter chain hex-1-ene failed to provide the desired products. Moreover, 3-ethoxyprop-1-ene, hex-5-en-1ol and allylbenzene were not reactive in our protocol. and alkynes to dihydrobenzoindoles. 184 Ackerman and his coworkers reported that Cp*Co(CO)I2 and chiral acid system catalyzed enantioselective C-H alkylation on indoles.

Based on these reports, we wondered that the chiral Cp x Co(III) complexes could be employed in asymmetric catalysis C-H functionalization by modulation the electronic and steric properties of Cp ligand. Herein, we tried to synthesize two Cp x Co(III) complexes (figure 40).

During our synthesis process, Cramer and his coworkers reported that trisubstituted chiral cyclopentadienyl cobalt(III) complexes catalyzed asymmetric C-H functionalization in synthesis of dihydroisoquinolones from N-chlorobenzamides and alkenes. 

Conclusion

Although Ackerman and his coworkers reported Cp*Co(CO)I2 and chiral acid system catalyzed enantioselective C-H alkylation on indoles in 2018 which provided moderate yield (34-73%) and ee value (50-96%), we also made some efforts in asymmetrical C-H alkylation.

We used the L-Path-t-Leu-OH as the additive to provide the desired product in 45% yield and 43% ee under 50 o C with 20 h.

6 Experimental Section

General procedures for indole and alkenes

In a 50 mL of round bottom flask, a mixture of indole (1.0 equiv.), 2-bromopyridine/ 2bromopyrimidine (1.2 equiv.), KOH (2.5 equiv.) in DMSO (20.0 mL) was vigorously stirred at 120 °C under nitrogen atmosphere for 24 h. After cooling the mixture to ambient temperature, the reaction mixture was diluted with EtOAc and H2O. The aqueous phase was separated and extracted with EtOAc. The combined organic phases were washed with brine and dried over Na2SO4. After filtration to remove Na2SO4, the filtrate was concentrated in vacuo, and the crude 5,149.0, 138.5, 135.3, 130.5, 126.0, 123.1, 121.3, 121.1, 120.1, 114.7, 112.9, 105.4.

3-Methyl-1-(pyridin-2-yl)-1H-indole

Compound was isolated via column chromatography (PE/Et2O 70:1) as a yellow oil. 5, 148.8, 138.2, 135.3, 131.1, 123.20, 123.16, 120.8, 119.4, 119.0, 114.8, 114.0, 113.1, 9.66.

6-Bromo-1-(pyridin-2-yl)-1H-indole

Compound was isolated via column chromatography (PE/Et2O 50:1) as a white solid. 0, 156.0, 144.5, 139.6, 130.4, 128.3, 127.1, 120.8, 114.2, 55.5, 17.4.

But-2-en-1-yl methyl carbonate

Under an argon atmosphere 8.5 ml (0.10 mol, 1.0 equiv.) of crotyl alcohol and 24 mL (0.30 mol, 3.0 equiv.) of dry pyridine were dissolved in 125 mL of dry CH2Cl2. The solution was cooled to 0 °C and 11.6 mL (0.15 mol, 1.5 equiv.) of methylchloroformate were added dropwise. The resulting mixture was stirred for 4 h at room temperature, before 165 mL of HCl solution (10%) were added to the reaction solution and the layers separated. The aqueous layer was extracted three times with 85 mL of EtOAc. The combined organic layers were washed with 200 ml of brine and dried over MgSO4. The solvent was removed under reduced pressure and the crude product was purified by filtration through a pad of silica, washed by EtOAc. The carbonate (11.05 g, 85 mmol, 85%) was obtained as a colorless oil.

1 H NMR (400 MHz, CDCl3) δ 5.89-5.77 (m, 1H), 5.66-5.55 (m, 1H), 4.55 (dt, J = 6.5

Hz, 2H), 3.77 (s, 3H), 1.72 (m, 3H). 13 C NMR (100 MHz, CDCl3) δ 155.7, 132. 3, 124.5, 68.6, 54.7, 17.7. 

General procedures for the alkylation of indole

2-(Octan-2-yl)-1-(pyridin-2-yl)-1H-indole

Compound was isolated via column chromatography (PE/Et2O 30:1) as a colorless oil (69.1 mg, 45.1%, b/l = 1:0.15). Chiral IA column (Hexane/Iso-propanol = 98:2) was used to detect the ee of product (43.3%). 7, 149.7, 147.5, 138.2, 137.3, 128.6, 122.2, 121.8, 121.4, 120.5, 119.9, 110.0, 99.8, 37.1, 31.7, 30.7, 29.2, 27, 22.6, 20.5, 14.1. and the solvents were removed in vacuo. Compound was isolated via column chromatography (PE/Et2O 30:1) as a colorless oil (63.9 mg, 51.3%). Chiral ODH column (Hexane/Iso-propanol = 99:1) was used to detect the ee of product (0.08%). .66 (q, J = 6.9 Hz, 1H), 1.43 (d, J = 6.9 Hz, 3H). 13 C NMR (100 MHz, CDCl3) δ 155.7, 132.3, 124.5, 68.6, 54.7, 17.7. (0.14 mL, 1.0 mmol) were added to toluene (10 mL) (figure 43). The suspension was heated at 140 °C for 4 hours and water produced during the reaction was collected by water separator.

2-(But

After the solution was cooled down to room temperature, the solvent was removed under vacuum. The crude product was then dissolved in DCM (15 mL), and washed by aqueous HCl (0.5 M, 10 mL) twice and brine (10 mL) once. The combined organic layer was dried over anhydrous MgSO4 and filtered through a pad of Celite and washed by DCM (30 mL).

Evaporation of the solvent afforded the corresponding Phth-protected amino acid products in > 95% yields (purity > 95%). ). 13 C NMR (100 MHz, CDCl3) δ 15. 0, 47.2, 123.6, 131.8, 134.2, 167.3, 174.8. Hz, 3H); 13 C NMR (100 MHz, CDCl3) δ 173.6, 167.8, 134.3, 131.6, 123.6, 57.6, 28.4, 20.9, 19.5. 0, 168.0, 134.3, 131.6, 123.6, 60.0, 35.7, 28. 5, 168.0, 134.3, 131.6, 123.7, 60.0, 35.8, 28.0. ). 13 C NMR (100 MHz, CDCl3) δ 10. 9, 16.8, 25.8, 34.3, 57.0, 123.6, 131.6, 134.2, 167.7. ). 13 C NMR (100 MHz, CDCl3) δ 21. 0, 23.1, 25.1, 37.0, 50.4, 123.6, 131.7, 134.2, 167.6, 175.5. 4, 53.0, 123.5, 126.9, 128.6, 128.8, 131.5, 134.1, 136.4, 167.4, 173.7. 6, 52.4, 110.9, 118.5, 119.6, 122.1, 122.6, 123.5, 127.1, 131.6, 134.1, 136.0, 167.5, 173.9. 4, 52.6, 114.2, 121.9, 126.4, 128.4, 130.4, 133.0, 155.1, 166.2, 169.3. 134.3, 133.7, 131.7, 129.7, 128.8, 128.6, 123.7, 55.6.

(S)-N-1,8-Naphthoyl-t-leucine

A mixture of L-t-leucine (g, 3.0 mmol) and 1,8-naphthalic anhydride (1.71 g, 8.60 mmol) in DMF (25 mL) was heated to reflux for 1 h under argon. The light brown residue was purified by flash chromatography (DCM/MeOH 90:10), to afford (S)-N-1,8-naphthoyl-t-leucine (2.22 g, 90%) as a brownish solid.

White solide, quantitively. = -42.410 (c = 1.02, EtOH). 1 H NMR (400 MHz, CDCl3) δ 1.21 (s, 9H), 5.61 (s, 1H), 7.76 (t, J = 8.0 Hz, 1H), 8.22 (dd, J = 8.3, 0.8 Hz, 1H), 8.60 (t, J = 7.4 Hz, 1H). 13 C NMR (100 MHz, CDCl3) δ 28. [START_REF]E)-1-Chloro-4-styrylbenzene F CF 3 Cl 1,3-Di-tert-butyl-5-vinylbenzene Compound was isolated via column chromatography (PE) as colorless oil (20.0 mg, 19%). (d we lost our product during evaporation.) 1 H NMR[END_REF]36.0,59.6,127.0,128.1,131.5,131.8 (d,J = 31.7 Hz),134.1,162.9,173.3. ). 13 C NMR (100 MHz, CDCl3) δ 19. 1, 22.1, 27.4, 58.4, 122.1, 127.0, 128.3, 131.6, 131.8, 134.3, 164.0, 174.5.

(S)-2-((Tert-butoxycarbonyl)amino)-3,3-dimethylbutanoic acid

White solid (1.046 g, 75%). 1 H NMR (400 MHz, CDCl3) δ 1.02 (s, 9H), 1.44 (s, 9H), 4.12 (d, J = 9.6 Hz, 1H), 5.10 (d, J = 8.4 Hz, 1H). 13 C NMR (100 MHz, CDCl3) δ 26. 5, 28.3, 34.5, 61.6, 79.9, 155.6, 176.7.

(S)-2-(Cyclohexanecarboxamido)-3,3-dimethylbutanoic acid

White solid (591 mg, 41%). 1 H NMR (400 MHz, CDCl3) δ 1.02 (s, 9H), 3H),2H),1H),2H),2H),2.18 (tt,J = 11.7,3.4 Hz,1H),4.52 (d,J = 9.2 Hz,1H),6.09 (d,J = 9.1 Hz,1H). 13 C NMR (100 MHz, CDCl3) δ 25.6, 25.66, 25.68, 26.5, 29.3, 29.9, 34.6, 45.5, 59.6, 274.8, 176.5. 

Synthesis of other chiral additives 1-Bromo-2-methoxynaphthalene

To a stirred solution of 20.00 g (0.15 mol) of 2-methoxynaphthalene in AcOH (200 mL)

was added 100 mL of aqueous HBr (88 mmol of a 48% solution), followed by the dropwise addition of 100 mL of DMSO (1.40 mol). Analysis by TLC indicated the reaction was complete after 5 min at rt. Standard ethereal workup, followed by chromatography (elution with pentane:

EtOAc, 50:1), furnished 2.91 g (78%) of 1-bromo-2-methoxynaphthalene. 7, 133.1, 129.8, 128.9, 128.0, 127.7, 126.1, 124.3, 113.6, 108.7, 57.1.

Methyl 1-methoxy-2-naphthoate

To a vigorously stirred suspension of NaH (2.4 equiv., 5.76g) in 100 mL of DMF was added a solution of 1-hydroxy-2-naphthoic (100 mmol, 18.82g) in 50 mL of DMF by portions at 0 ºC. 185 After the addition was complete, methyl iodide (288 mmol, 17.9 mL) was added and the mixture was heated at 60 ºC for 3 h. After 3h, additional NaH (0.45 equiv., 1.08g) and methyl iodide (155 mmol, 9.4 mL) were added and the resulting mixture was heated for further 1h. The combined mixture was poured into 50 mL of 2 M HCl and extracted several times with ethyl ether. The combined ether extracts were washed successively with 2 M HCl, 2 M Na2SO3, 2 M Na2CO3, water and dried over MgSO4. After the solvent was evaporated, the residue was purified by chromatography to afford the product as a brown oil (4.4 g, 21%). 6, 158.2, 136.7, 128.5, 128.3, 127.8, 126.6, 126.5, 123.6, 119.1, 63.4, 52.2. 185 Veldhuizen, J. J. V.; Garber, S. B.; Kingsbury, J. S.; Hoveyd, A. H. J. Am. Chem. Soc. 2002, 124, 1550. (d,J = 8.6 Hz,1H),3H),5.03 (td,J = 6.6,4.3 Hz,1H),4.33 (td,J = 6.8,4.0 Hz,1H), 2.66 (t, J = 6.6 Hz, 1H), 2.21-2.16 (m, 1H), 2.04 (q, J = 8.0, 4.0 Hz, 1H), 1.76-1.54 (m, 7H), 1.28-0.87 (m, 23H), 0.74 (d, J = 6.5 Hz, 3H). 13 C NMR (100 MHz, CDCl3) δ 166.6, 154. 0, 136.1, 130.0, 127.7, 127.6, 126.1, 125.8, 124.3, 122.2, 121.0, 82.0, 74.5, 49.5, 47.1, 41.0, 39.8, 34.5, 34.3, 31.53, 31.47, 26.3, 25.7, 23.4, 23.3, 22.1, 21.4, 20.9, 16.6, 16.4. ), -0.22 (q, J =11.8, 11.6 Hz, 1H). 13 C NMR (100 MHz, CDCl3) δ 167. 47, 154.23, 136.49, 135.08, 134.22, 132.98, 129.86, 129.27, 129.05, 127.99, 127.86, 127.72, 127.52, 126.54, 126.50, 126.50, 126.41, 124.86, 123.47, 122.30, 113.22, 74.29, 56.38, 46.59, 3959, 34.09, 31.01, 25.56, 22.83, 21.87, 20.94, 15.73.

(S)-2'-Methoxy-[1,1'-binaphthalene]-2-carboxylic acid

A solution of KOH in absolute EtOH was poured through a funnel into a round bottom flask containing (-)-menthyl (S)-2'-methyloxy-1,1'-binaphthalene-2-carboxylate (0.65 g, 1.4 mmol). The flask was equipped with a reflux condenser and purged with nitrogen. As heat was applied from a heating yellow solution. This solution was stirred at reflux for 1 d. The reaction was cooled to rt and concentrated. Then the solution was diluted with 20 mL H2O and washed by ethyl ether (3 × 20 mL). The aqueous layer was then acidified to pH < 2 using concentrated hydrochloric acid, resulting in a voluminous deposition of a cloudy yellow precipitate (413.3 mg, 90%), which was not further purified to deliver acid of > 98% purity. 7.21 (m, 3H), 7.17 (dd, J = 7.5, 7.5 Hz, 1H), 6.89 (d,J = 8.6 Hz,1H),3.68 (s,3H). 13 C NMR (100 MHz, CDCl3) δ 171. 0, 154.2, 137.9, 135.5, 133.8, 132.9, 129.7, 128.9, 128.0, 127.96, 127.9, 127.89, 127.7, 126.7, 126.5, 126.4, 124.8, 123.5, 121.4, 113.6, 56.6. 13 CNMR (100 MHz, CD3OD) δ 135. 4, 135.3, 134.6, 129.4, 128.9, 128.7, 128.2, 127.5, 125.4. (lack of 137.7 for the C). To a solution of catalyst (367.6 mg, 1.0 mmol) and p-nitrophenol (278.2 mg, 2.0 mmol) in MeOH (10.0 ml) was added cinnamaldehyde (1.26 mL, 10.0 mmol) at room temperature.

Preparation of chiral cobalt(III) complex

The solution was stirred for 1 minute before the addition of cyclopentadiene (2.46 ml, 30 mmol).

After stirring the reaction mixture for 20 h at room temperature, excess cyclopentadiene was azeotropically removed with benzene from the reaction mixture. The residue was purified by silica gel column chromatography (AcOEt/hexane 1/20) to afford the products (1.13 g, 57%). 1 H NMR (400 MHz, CDCl3) d 2.80-2.82 (m, 1H), 2.88-2.97 (m, 2H), 3.00-3.11 (m, 2H), 4.30-4.38 (m, 1H), 6.11-6.12 (m, 0.6H), 4.30-4.38 (m, 1H), 6.11-6.12 (m, 0.6H), 6.28-6.34 (m, 1.4H), 6.41-6.43 (m, 1H), 7.19-7.24 (m, 3H), 7.28-7.33 (m, 2H), 9.72-9.74 (m, 1H); 13 C NMR (101MHz, CDCl3) d 40.6, 41.3, 41.4, 42.5, 48.8, 49.2, 126.72, 126.74, 127.5, 127.6, 127.8, 128.66, 128.70, 131.9, 132.1, 133.5, 134.5, 142.4, 143.3, 148.2, 150.2, 201.5. To the solution of the above mixture in MeOH/DCM (6 mL/6 mL) were added pnitrophenol (1.983 g, 1 equiv., 10 mmol) and diisobutylamine (1.7 mL, 1.0 equiv., 10 mmol) at room temperature. The obtained solution was stirred for 24 h under N 2 . The resulting mixture was quenched with pH = 7.0 phosphate buffer. The organic layer was extracted with DCM (3 × 30 mL), the combined dichloromethane layer was washed with brine, dried over Na 2 SO 4 and filtrated. After the solvent was removed under reduced pressure, the residue was purified by silica gel column chromatography (PE/E2O100/1) to afford the product as orange oil (300 mg, 17% yield).

1 H NMR (400 MHz, C 6 D 6 ) δ 7.14-7.07 (m, 4H), 7.07-7.02 (m, 1H), 6.86 (dd, J = 5.2, 1.8 Hz, 1H), 6.37-6.19 (m, 2H), 5.91 (q, J = 2.0 Hz, 1H), 3.93 (dt, J = 6.8, 2.3 Hz, 1H), 3.15 (ddd, J = 19.9, 6.6, 2.8 Hz, 1H), 2.66 (dt, J = 19.9, 2.5 Hz, 1H). 13 C NMR (101 MHz, C 6 D 6 ) δ 154. 28, 153.86, 145.01, 142.58, 140.29, 128.82, 127.62, 126.53, 117.09, 112.82, 51.75, 42.56. filtered. After the solvent was removed under reduced pressure, the residue was detected by 1 H NMR. However, we failed to synthesize the compounds.

6.4.2

Preparation of (1R,2R,4S)-2-(cyclopenta-2,4-dien-1-yl)-1-isopropyl-4methylcyclohexane ligand for the chiral Co(III) complex First, we tried the following method to get the chiral ligand (figure 44). But we failed in the second step. And we thought maybe the n-BuLi is the right dehydrogen reagent. Then we turned our attention to Na which proved to be useless either. L-Menthol (9.369 g, 60 mmol) was added into a 2 L flask under argon flush followed by THF (300 mL), and the solution was cooled to -20 °C. n-Butyllithium (24 mL, 60 mmol, 2.5 M in hexanes) was then added dropwise over 30 min, and the solution was subsequently stirred for 30 min. p-Toluenesulfonyl chloride (12.0 g, 63 mol) was dissolved in THF (300 mL) and added to the solution over the course of 1 h, while the mixture was maintained at -20 °C. The solution was then stirred for 8 h, warmed to -5 °C, and stirred for an additional 1 h. NaCp (36 mL, 72 mmol) dissolved in THF (300 mL) was added dropwise to the reaction mixture, while the temperature was maintained at -5 °C. The mixture was allowed to stir for 10 h at -5 °C, warmed to ambient temperature, and stirred for an additional 6 h. The reaction was then quenched by the addition of water (400 mL), and the mixture was added to a separatory funnel.

The organics were separated from the aqueous phase, which was then extracted with Et2O (3 × 50 mL). The combined organics were dried over sodium sulfate and filtered, and all volatiles were removed from the filtrate by rotary evaporation. The crude was detected by 1 H NMR and only unknown byproducts were detected. 
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  ), HBpin (1.05 equiv, 0.52 mmol), rendement isolé, la régio et la stéréosélectivité ont été déterminées par des analyses RMN 1 H et NOESY, les entrées de couleur bleue sont des réactions avec 20% de PMe3 en tant que catalyseur. b La stéréochimie de 1e et 1f a été confirmée après protodésilylation par l'acide trifluoroacétique pour produire du (E)-4,4,5,5-tétraméthyl-2-styryl-1,3,2-dioxaborolane et du (E)-2-(4méthoxystyryl)-4,4,5,5-tétraméthyl-1,3,2-dioxaborolane.

Finalement, le

  complexe D a subi une élimination réductrice pour fournir le produit et régénérer le complexe actif A.

Figure I .

 I Figure I. Proposition de mécanisme pour l'hydroboration et la diboration d'alcynes

  0.2 mmol), Si-B (0.4 mmol), toluène (1.0 mL), 5 mol% [HCo(PMe3)4], sous Ar. b Alcyne (0.4 mmol), Si-B (0.2 mmol), 10 mol% [HCo(PMe3)4]. avons présenté la littérature dans laquelle on voit que les complexes de cobalt portant des ligands élaborés pouvaient hydrogéner des alcènes en présence de dihydrogène comme réactif. Ce genre de complexes de cobalt possédant des ligands chiraux permettent aussi une approche asymétrique de cette réaction. Nous avons ensuite détaillé la littérature sur la semi-hydrogénation des alcynes par des complexes de cobalt. Enfin, nous avons porté notre attention sur l'hydrogénation d'alcènes et d'alcynes par transfert d'hydrogène par des complexes de cobalt avec (EtO)2SiMeH et NH3BH3 comme source d'hydrogène. Ensuite, nous avons voulu tester nos complexes basse-valences de cobalt dans cette réaction de réduction stéréo-sélective d'alcynes par transfert hydrogène en utilisant NH3BH3 comme source d'hydrogène. Comme toujours, nous avons choisi d'étudier le diphenylacétylène comme produit de départ en présence NH3BH3 pour optimiser les conditions réactionnelles (table VI). Nous avons montré que les conditions HFIP/65 o C/HCo(PMe3)4/1 j permettait d'obtenir sélectivement l'alcène E alors que les conditions i PrOH/80 o C/ HCoN2(PPh3)3/1 j conduisaient quant à elles à une sélectivité en faveur de l'alcène Z.

Figure

  Figure II. Mécanismes proposés pour la semi-hydrogenation d'alcynes stéréodivergente

FigureFigure

  Figure III. Effets des acides carboxyliques chiraux sur les excès énantiomériques

Scheme 4 .

 4 Scheme 4. Proposed mechanism the hydroboration of olefins catalyzed by Co-2 and Co-3

  Scheme 8. Plausible mechanism for Co-9 catalyzed hydroboration of alkene

  hydroboration of alkenes. The b, c, and d experiment elucidated that HBpin was necessary for hydrogenation of alkenyl boronates. Sheme 47. Control experiments The e and f experiments where 26% of D atom loss at the C2 position of products demonstrated that the process of alkene insertion to the cobalt hydride bond was reversible.

  Scheme 48. Deterium experiments

R

  

  Scheme 60. Plausible mechanism for 1,1-selective diboration of terminal alkynes

  Scheme 67. Nano-gold catalyzed cis-silaboration of terminal alkynes

  Scheme 69. Plausible mechanism for palladium catalyzed silaboration

  Scheme 72. Co(PMe3)4 catalyzed annulation of α,β-unsaturated imines and alkynes

R

  

  Scheme 74. Proposed mechanism for C-H functionalization of aromatic imines

Figure 2 .

 2 Figure 2. Hydroboration of alkyne and 1-arylhex-1-ynes

  trimethylsilylethynyl)pyridine and 2-(trimethylsilylethynyl)pyridine are tolerated under the optimal condition with the same complete regioselectivity. Maybe due to nitrogen coordination with cobalt complex which led to a post-isomerization pathway, 2pyridyl alkyne had the exclusive E-isomer (3k-E). 3-Pyridyl alkyne had the general stereoselectivity with 41% conversion.

Figure 3 .

 3 Figure 3. Hydroboration of TMS-protected alkynes

Figure 4 .

 4 Figure 4. Hydroboration of diarylacetylene derivatives

Figure 5 .

 5 Figure 5. Hydroboration of alkynoates

a

  Reaction conditions: alkyne (0.2 mmol), Si-B (0.4 mmol), toluene (1.0 mL), 5 mol% [Co], under Ar. b alkyne (0.4 mmol), Si-B (0.2 mmol), 10 mol% [Co]. c 1,3,5-trimethoxybenzene as internal standard. d products decomposed during column and contained some byproducts.

a

  Reaction conditions: alkyne (0.2 mmol), Si-B (0.4 mmol), toluene (1.0 mL), 5 mol% [HCo(PMe3)4], under Ar. b alkyne (0.4 mmol), Si-B (0.2 mmol), 10 mol% [HCo(PMe3)4].

  via silica gel flash chromatography (PE/Et2O 99:1 to 98:2) as a colorless oil (259.7 mg, 73 % yield) with an inseparable 65/35 of 3d-Z/3'd-Z isomers.1 H NMR (400 MHz, CDCl3) δ 7.58(d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.3 Hz, 2H), 7.20 (s, 1H), 2.34 (m, 2H), 4H), 1.31 (s, 12H), 0.88 (t, J = 7.3 Hz, 3H);13 C NMR (

  11 B NMR (128 MHz, CDCl3) δ 32.1; 19 F NMR (376 MHz, CDCl3) δ -63.4. (400 MHz, CDCl3) δ 7.56 (d, J = 10.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 6.65 (t, J = 7.4 Hz, 1H), 2.11 (q, J = 7.4, 2H), 1.49-1.24 (m, 4H), 1.27 (s, 12H), 0.84 (t, J = 7.3 Hz, 3H) ; 13 C NMR (100 MHz, CDCl3) δ 144.

  . The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl3) δ 32.1; 19 F NMR (376 MHz, CDCl3) δ -63.2.

  Compound was isolated via silica gel flash chromatography (PE/Et2O 98:2) as a white solid (189.4 mg, 57% yield).1 H NMR (400 MHz, CDCl 3 ) δ 7.95 (s, 1H), 7.22-7.20 (m, 2H), 6.84-6.82 (m, 2H), 3.81 (s, 3H), 1.29 (s, 12H), 0.04 (s, 9H);13 C NMR (100 MHz, CDCl 3 ) δ 159.4, 156.9, 134.0, 130.0, 113.2, 83.3, 55.4, 25.0, 1.2. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 31.5; HRMS: calcd for C 18 H 29 BLiO 3 Si [M + Li] + : 339.2137, found 339.2131.Compound was isolated via silica gel flash chromatography (PE/Et2O 98:2) as a white solid (280.7 mg, 85% yield).1 H NMR (400 MHz, CDCl 3 ) δ 7.97 (s, 1H), 7.55(d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.5 Hz, 2H), 1.31 (s, 12H), -0.01 (s, 9H);13 C NMR (100 MHz, CDCl 3 ) δ 155.1, 145.1, 129.6 (q, J = 32.4 Hz), 128.6, 124.8 (q, J = 3.7 Hz), 124.4 (q, J = 270 MHz), 83.6, 25.0, 1.0.The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 32.6.19 F NMR (376 MHz, CDCl3) δ -63.4; HRMS: calcd for C18H26BF3NaO2Si [M + Na] + : 393.1643, found 393.1641.

  25.0, 1.2. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 31.5; HRMS: calcd for C 22 H 31 BNaO 3 Si [M + Na] + : 405.2032, found 405.2043 ; m.p. = 102-103 °C ; IR: 2972, 1571, 1313, 1262, 1138, 838. Compound was isolated via silica gel flash chromatography (PE/Et2O 80:20 to 70:30)

(

  Z)-2-(2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(trimethylsilyl)vinyl)pyridine via silica gel flash chromatography (PE/Et2O 80:20 to 70:30)

  via silica gel flash chromatography (PE/Et2O 97:3) as pale yellow solid (216.7 mg, 58% yield) with 57/43 mixture of 3Z/3'Z. The major product was isolated by flash chromatography for characterization.1 H NMR (400 MHz, CDCl 3 ) δ 7.51 (d, J = 8.0 Hz, 2H), 7.45 (s, 1H), 7.28(d, J = 8.0 Hz, 2H), 3H), 2H),

  . The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation.Purification by recrystallization in hexane afforded the compound as white solid (224.0 mg, 52 % yield) as a 75/25 mixture of Z/E isomers. The two isomers were separated by flash chromatography (PE/Et2O 90:10) for characterization.1 H NMR (400 MHz, CDCl 3 ) δ 7.09-7.00(m, 6H), 6.96-6.93 (m, 4H), 1.32 (s, 24 H);13 C NMR (100 MHz, CDCl 3 ) δ 141.4, 129.5, 127.6, 125.9, 84.2, 25.0. The carbons directly attached to the boron atoms were not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 30.2.

  Compound was isolated via silica gel flash chromatography (PE/Et2O 95:5) afforded the title compound as a white solid (300.1 mg, 70 % yield) as a 65/35 mixture of Z/E isomers.

9 , 1 . 0 .

 910 The carbons directly attached to the boron atoms were not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl3) δ 30.3. (400 MHz, CDCl 3 ) δ 7.22-7.20 (m, 4H), 7.19-7.14 (m, 1H), 1.23 (s, 12H), 0.99 (s, 12H), 0.25 (s, 9H);13 C NMR (100 MHz, CDCl 3 ) δ 147.1, 127.9, 127.5, 126.1, 83.7, 83.2, 25.2, 24.9, 0.9. The carbons directly attached to the boron atoms were not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl3) δ 30.3; HRMS: calcd for C23H38B2NaO4Si [M + Na] + :451.2626, found 451.2627; m.p. = 171-174 °C ; IR: 2982 IR: , 1305 IR: , 1255 IR: , 1138, 843. , 843. Compound was isolated via silica gel flash chromatography (PE/Et2O 97:3 to 95:5) as white solid (290.4 mg, 58 % yield) as an inseparable 68/32 mixture of Z/E isomers.1 H NMR (400 MHz, CDCl 3 ) δ 7.51-7.48 (m, 2H), 7.22 (d, J = 8.0 Hz, 2H), 1.38 (s, 12H), 1.22 (s, 12H), -0.18 (s, 9H);13 C NMR (100 MHz, CDCl 3 ) δ 149.8, 128.5 (q, J = 32 Hz), 128.3, 124.7 (q, J = 238 Hz), 124.6 (q, J = 3.8 Hz), 84.3, 84.0, 25.7, 24.9, 0.99. The carbons directly attached to the boron atoms were not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 28.8; 19 F NMR (376 MHz, CDCl 3 ) δ -63.1. (400 MHz, CDCl 3 ) δ 7.51-7.48 (m, 2H), 7.31 (d, J = 8.0 Hz, 2H), 1.22 (s, 12H), 0.97 (s, 12H), 0.26 (s, 9H);13 C NMR (100 MHz, CDCl 3 ) δ 151.0, 128.5 (q, J = 32 MHz), 128.4, 124.7 (q, J = 238 Hz), 124.6 (q, J = 3.8 Hz), 84.1, 83.6, 25.2, 25.0, 0.99. The carbons directly attached to the boron atoms were not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 28.8; 19 F NMR (376 MHz, CDCl 3 ) δ -63.2. (Z)-2,2'-(1-(4-(Trifluoromethyl)phenyl)hex-1-ene-1,2-diyl)bis(4,4,5,5-tetramethyl-1

  (d, J = 18.4 Hz, 1H),1.32 (s, 12H);13 C NMR (100 MHz, CDCl 3 ) δ149.6, 137.6, 129.0, 128.7, 127.2, 83.5, 25.0. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 29.7. yl)vinyl]trimethylsilane (1 equiv., 0.15 mmol, 50.0 mg) in 2 mL dichloromethane was added trifluoroacetic acid(1.5 equiv., 0.23 mmol, 17 μL). After stirring for 4 h at room temperature, the reaction mixture was concentrated under reduced pressure.Purification by silica gel flash-chromatography (PE/Et2O 95:5) afforded the title compound as a colorless oil (30.2 mg, 87 % yield).1 H NMR (400 MHz, CDCl3) δ 7.45-7.42 (m, 2H), 7.35(d, J = 18.4 Hz, 1H), 6.88-6.85 (m, 2H), 6.01 (d, J = 18.4 Hz, 1H), 3.81 (s, 3H), 1.31 (s, 12H);13 C NMR (100 MHz, CDCl3) δ 160.4, 149.2, 130.6, 128.6, 114.1, 83.4, 55.4, 25.0. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl3) δ 30.0.7.2 Experimental section for the silaboration of alkynesGeneral procedure: Silaboration of alkynes In the glove box, a 0.5-2 mL microwave vial was charged with HCo(PMe3)4 (5 mol %, 3.7 mg) which was closely sealed before taken out from the glove box. Next, it was added the degassed mixture of the corresponding alkyne (1 equiv., 0.2 mmol) and methyldiphenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) silane(2.0 equiv., 0.4 mmol, 110 μL) in toluene (1 mL). The mixture was heated in oil bath at 160 °C for 20 h which was then diluted by 2 mL petroleum ether, filtered through a pad of silica and washed with diethyl ether (3 × 10 ml). The crude product was purified by silica chromatography (mixtures of pentane/diethyl ether as eluents) to afford the final products. and (E)-(2-(Dimethyl(phenyl)silyl)-2-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)vinyl)trimethylsilane

  . The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation.Compound was isolated by silica gel flash-chromatography (PE/Et2O 70:1) as oil (10.5 mg, 11%).1 H NMR (400 MHz, CDCl3) δ 7.53-7.50(m, 2H), 7.30-7.29 (m, 3H), 6.74-6.70 (m, 4H), 3.77 (s, 3H), 1.16 (s, 12H), 0.25 (s, 6H), -0.17 (s, 9H);13 C NMR (100 MHz, CDCl3) δ 162.

  Figure 8. Early works on cobalt-based hydrogenation of alkenes

Figure 9 .

 9 Figure 9. Co-124 catalyzed hydrogenation of alkenes

  Scheme 86. Proposed mechanism for hydrogenation of hydroxylated alkene

  Scheme 96. Cobalt-catalyst activation enabled by single-electron reduction

Figure 10 .

 10 Figure 10. Possible hydrogenation products

Figure 13 .

 13 Figure 13. Pd and Rh catalyzed E-and Z-selective hydrogenation of alkynes

  Scheme 98. Proposed mechanism for the hydrogenation of alkyne by the Co-84 complex

N

  

  Scheme 102. Proposed mechanism of Co-108 catalyzed transfer hydrogenation of alkene

2 . 2

 22 Scheme 103. Co-125 and Co-126 catalyzed transfer hydrogenation of alkenes

  Scheme 110. Terminal alkyne dimerization

Figure 15 .

 15 Figure 15. Reaction scope for the semi-hydrogenation of para-substituted diarylethynes

Figure 17 .

 17 Figure 17. Reaction scope for the semi-hydrogenation of internal alkynes

Figure 18 .

 18 Figure 18. Reaction scope for the semi-hydrogenation of internal alkynes

Figure 19 .(

 19 Figure 19. Reaction scope for the semi-hydrogenation of internal alkynes

Figure 20 .

 20 Figure 20. Hydrogenation products of 1,4-diphenylbuta-1,3-diyne

Figure 22 .

 22 Figure 22. Hydrogenation products of 1aa

  most of the products during evaporation

Figure 25 .

 25 Figure 25. Hydrogenation of functionalized alkynes

  some unknown products. A = alkane b. alkyne (0.25 mmol) 9i (18%, 97%, E/Z 0:100) 9u (22%, >78%, E/Z 0:100) 9s (E/Z 6.5:93.5) 

Figure 28 .

 28 Figure 28. Hydrogenation of ether and terminal alkynes

*

  Figure 29. Proposed mechanism for semi-hydrogenation

  2 mg, 0.1 mmol),CuI (38.2mg, 0.2 mmol), PPh3 (23.2 µL, 0.1 mol) and phenylacetylene(604 µL, 5.5 mmol) were added to a 50 mL round bottle with a stir bar under an atmosphere of argon. Then tetrahydrofuran (10 mL) and triethylamine (10 mL) were added sequentially. The reaction mixture was then stirred at room temperature overnight. Afterwards, 15 mL of water was added and the reaction mixture was extracted with EtOAc (3 × 15 mL). The combined organic fractions were washed with brine and dried over Na2SO4. After filtration, the solvent was removed under reduced pressure. Silica gel column purification with petroleum ether gave 1-(phenylethynyl)-4-(trifluoromethyl)benzene of faint yellow solid quantitatively.1 H NMR (400 MHz, CDCl3) δ 7.66-7.59(m, 4H), 7.58-7.53 (m, 2H), 7.40-7.35 (m, 3H).13 C NMR (100 MHz, CDCl3) δ 131.8, 131.7, 129.9(d, 128.8, 128.4, 127.1, 125.26 (q, JC-F = 3.7 Hz), 124.0(d, 122.6, 91.8, 88.0. 

CF 3 TLC.

 3 After reaction completion, the crude mixture was filtered over a silica pad, washed with diethyl ether and the solvents were concentrated under vacuum. Column chromatography of the residue afforded the desired (E)-enynes.Compound was isolated via column chromatography (PE) as white solid (315 mg, 46%). 1 H NMR (400 MHz, CDCl3) δ 7.62-7.54 (m, 8H), 7.10 (d, J = 16.5 Hz, 1H), 6.47 (d, Prepared according to general procedure from alkyne (1.0 mmol) to afford the products (118 mg, 98%) as a white solid. 1 H NMR (400 MHz, CDCl3) δ 7.45 (m, 4H), 7.39 (m, 5H), 6.28 (d, J = 16.2 Hz, 1H); 19 F NMR (376 MHz, CDCl3) δ -110.9, -112.4.

1 H

 1 NMR (CDCl 3 , 400 MHz) δ 7. 4H), 7.35 (t, J = 7.6 Hz, 2H), 1H), 7.08(d, J = 16.3 Hz, 1H), 6.98 (d, J = 16.3 Hz, 1H), 6.91 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H).13 C NMR (CDCl 3 , 100 MHz) δ 159.

  (400 MHz, CDCl 3 ) δ 7.56 (d, J = 8.0 Hz, 2H), 7.55 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 6.44 (d, J = 16.0 Hz, 1H), 6.32 (dt, J = 15.8 Hz,

  , CDCl3) δ 162.9 (d, J = 276 Hz), 160.0 (d, J = 264 Hz), 137.2.0 (d, J = 16 Hz), 133.8 (d, J = 3.4 Hz), 129.8 (q, J = 7.4 Hz)), 129.4, 129.3 (d, J = 7.4 Hz), 127.4 (d, J = 8.3 Hz), 115.3 (q, J = 21.7 Hz), 115.1 (d, J = 20.8 Hz), 35.0, 34.8. 19 F NMR (282 MHz, CDCl 3 ) δ -115.5-1.59 (m, 3H); 13 C NMR (101 MHz, CDCl 3 ) δ 168.

  of carbon-hydrogen bonds are considered as one of the most powerful transformative strategies in molecular synthesis. The enantioselective C-H functionalization has a prominent role in organic synthesis drug discovery, 153 the pharmaceutical industry, material sciences, which attracts lots of attention of chemists.154 

  Scheme 114. Cobalt/chiral diphosphine catalyzed enantioselective hydroacylation

Co
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 2 Scheme 116. Cobalt catalyzed regio-, diastereo-, and enantioselective cycloaddition

  Scheme 124. Catalytic performance of the SPO-Al

  Scheme 128. Proposed enantioselective C-H exo-selective cyclization of imidazoles mechanism

  Scheme 129. Nickel complex catalyzed intramolecular C-H cyclization of pyridine

  Scheme 131. Chiral nickel/JoSPOphos catalyzed endo-cyclization of imidazoles

  Scheme 136. Iron catalyzed ortho-alkylation and arylation of ferrocenes

  Scheme 138. Plausible mechanism for iron-catalyzed cycle

  Scheme 139. Chiral Cp x Co(CO)I2 complex

Figure 30 .

 30 Figure 30. Commercial chiral carboxyl acid as the C-H alkylation additives

Figure 33 .

 33 Figure 33. The solvent and temperature effects on the reaction

Figure 35 .

 35 Figure 35. Effect of the steric hindrance of the additives on the reaction

Figure 36 .

 36 Figure 36. Silver salts effects on the reaction

Figure

  Figure 39. Control experiments

Figure 40 .

 40 Figure 40. Other chiral additives effects on the reaction

  focused on different indoles. failed to give any desired product (12ca) and 10c was recovered. 6-Bromo-1-(pyridin-2-yl)-1H-indole (10d) as the substrate afforded the desired product 12da with 23% yield and 41% ee.However, neither (E)-1-(6-fluoro-1-methyl-1H-indol-3-yl)-N-(4-methoxyphenyl)methanimine nor (E)-1-(6-chloro-1-methyl-1H-indol-3-yl)-N-(4-methoxyphenyl)methanimine provided the corresponding products (entries 12ea and 12fa). Further examination of (E)-N-(4methoxyphenyl)-1-phenylethan-1-imine did not give the desired product 12ga.

Figure 41 .

 41 Figure 41. The reaction scope of indole and olefin

Figure 42 .

 42 Figure 42. Two chiral Cp x Co(III) complexes

  Compound was isolated via column chromatography (PE/Et2O 80:1) as a yellow oil.1 H NMR (CDCl3, 400 MHz) δ 8.58 (dd, J = 5.0, 1.5 Hz, 1H), 8.20 (dd, J = 8.5, 0.5 Hz, 1H), 7.82 (td, J = 8.0, 2.0 Hz, 1H), 7.73 (d, J = 3.5 Hz, 1H), 7.67 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 8.0 Hz, 1H), 7.30 (td, J = 8.0, 1.0 Hz, 1H), 7.21 (td, J = 8.0, 1.0 Hz, 1H), 7.17 (dd, J = 7.0, 0.5 Hz, 1H), 6.72 (dd, J = 3.5, 0.5 Hz, 1H);13 C NMR (CDCl 3 , 100 MHz) δ 152.

1 H

 1 NMR (CDCl3, 400 MHz) δ 8.57 (m, 1H), 8.14 (d, J = 8.9 Hz, 1H), 7.84 (ddd, J = 8.2, 7.5, 1.9 Hz, 1H), 7.78 (d, J = 1.9 Hz, 1H), 7.70(d, J = 3.5 Hz, 1H), 7.45 (d, J = 8.3 Hz, 1H), 7.37 

A

  suspension of indole (10) (0.50 mmol, 1.0 equiv.), alkene (11) (168 mg, 1.5 mmol), [Cp*Co(CO)I2] (23.8 mg, 50.0 μmol, 10.0 mol %), AgSbF6 (34.4 mg, 100 μmol, 20.0 mol %) (or indicated silver salt) and L-Phth-t-Leu-OH (130 mg, 0.50 mmol, 1.00 equiv.) (or indicated chiral additives) in 1,2-DCE (0.50 mL, 1.00 M) (or indicated solvent) was stirred at 50 °C (or indicated temperature) for 20 h (or indicated time). At ambient temperature, the reaction mixture was filtrated through a pad of silica and washed with EtOAc (3 ×15.0 mL) and the solvents were removed in vacuo. Isolation by column chromatography (PE/Et2O 30:1) to give the desired product. After purification, the ee value was detected by HPLC.

  1-(pyrimidin-2yl)-1-H-indole (10b, 0.50 mmol, 1.00 equiv), but-2-en-1-yl methyl carbonate (11c, 195.2 mg, 1.50 mmol), [Cp*Co(CO)I2] (23.8 mg, 50.0 μmol, 10.0 mol %), AgSbF6 (34.4 mg, 100 μmol, 20.0 mol %) and L-Phth-t-Leu-OH (130 mg, 0.50 mmol, 1.00 equiv) in DCE (0.50 mL, 1.00 M) was stirred at 80 °C for 20 h. At ambient temperature, the reaction mixture was filtrated through a pad of silica and washed with EtOAc(3 ×15.0 mL) 

1 H

 1 NMR (400 MHz, CDCl3) δ 8.81 (d, J = 4.8 Hz, 2H), 8.08 (d, J = 8.3 Hz, 1H), 7.57-7.54 (m, 1H), 7.23-7.15 (m, 1H), 6.54 (s, 1H), 5.91 (ddd, J = 17.1 Hz, J = 10.3 Hz, J = 6.8 Hz, 1H), 4.83 (m, 2H), 4

1

 1 General procedures for the chiral amino acids derivativesL-amino acid (10.0 mmol), 1,3-isobenzofurandione (1.481 g, 10.0 mmol) and Et3N

Figure 43 .

 43 Figure 43. Synthesis for the chiral amino acids derivatives

  quantitively.1 H NMR (400 MHz, CDCl3) δ 7.88-7.86 (m, 2H), 7.75-7.73 (m, 2H), 4.62 (d, J = 8.5 Hz, 1H), 2.79-2.70 (m, 1H), 1.16 (d, J = 6.7 Hz, 3H), 0.91 (d, J = 6.8 

  .48 (c = 1.6, EtOH). 1 H NMR (400 MHz, CDCl3) δ 7.88-7.86 (m, 2H), 7.75-7.72 (m, 2H), 4.73 (s, 1H), 1.18 (s, 9H); 13 C NMR (100 MHz, CDCl3) δ 173.

  m, 1H), 4.70 (d, J = 8.4 Hz, 1H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 7.85 (dd, J = 5.5, 3.0 Hz, 2H

  dd, J = 8.[START_REF]E)-1-Chloro-4-styrylbenzene F CF 3 Cl 1,3-Di-tert-butyl-5-vinylbenzene Compound was isolated via column chromatography (PE) as colorless oil (20.0 mg, 19%). (d we lost our product during evaporation.) 1 H NMR[END_REF] 6.6 Hz, 3H), 1.49(ddq, J = 12.8, 6.4, 3.2, 2.3 Hz 1H), 1.95 (ddd, J = 14.4, 10.2, 4.4 Hz, 1H), 2.40-2.43 (m, 1H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 7.86 (dd, J = 5.4, 3.1 Hz, 2H

  59 (d, J = 8.5 Hz, 2H), 5.22 (dd, J = 8.9, 7.7 Hz, 1H), 7.13-7.19 (m, 5H), 7.68 (dd, J = 5.5, 3.0 Hz, 2H), 7.78 (dd, J = 5.5, 3.0 Hz, 2H).13 C NMR (100 MHz, CDCl3) δ 34.

  51(d, J = 8.4 Hz, 2H), 5.16 (dd, J = 8.9, 7.7 Hz, 1H), 2H), 7.00-7.05 (m, 2H), 7.69 (dd, J = 5.5, 3.0 Hz, 2H), 7.79 (dd, J = 5.5, 3.0 Hz, 2H).13 C NMR (100 MHz, CDCl3) δ 32.

  White solid, 90%.1 H NMR (400 MHz, CDCl3) δ 7.86-7.85 (m, 2H), 7.72-7.70 (m, 2H), 7.59-7.57(m, 2H), 7.38-7.32 (m, 3H), 6.09 (s, 3H);13 C NMR (100 MHz, CDCl3) δ 173.2, 167.0,

  d, J = 7.0 Hz, 1H), 1.3 (d, J = 6.5 Hz, 1H), 2.85 (m, 1H), 5.42 (d, J = 9.2 Hz, 1H), 7.75 (dd, J = 8.3, 7.3 Hz, 1H), 8.22 (dd, J = 8.3, 1.2 Hz, 1H), 8.60 (dd, J = 7.3, 1.2 Hz, 1H

1 H

 1 NMR (400 MHz, 1H), 2H), 7.57 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H), 7.40 (ddd, J = 8.1, 6.8, 1.1 Hz, 1H), 7.28(d, J = 9.0 Hz, 1H), 4.04 (s, 3H);13 C NMR (100 MHz, CDCl3) δ 153.

  NaH (2.5 g, 3 equiv.) andL-menthol (11.15 g, 71.4 mmol) in DMF (10 mL) was heated at 65 °C under argon for 4 h. Gradual dissolution of the menthol and evolution of hydrogen indicated the formation of sodium menthoxide. During the time course, the mixture solidified, which was melted by warming to 90 °C, and the reaction was continued until hydrogen evolution ceased. The mixture was cooled to 50 °C and 10 mL of dry DMF was added with stirring to form a suspension, to which was added methyl 1-methoxy-2-naphthoate and stirring was continued for 1h at 50 °C. The cooled mixture was poured into 35 mL 2 M HCl and extracted several times with ethyl ether. The combined ether extracts were washed successively with 2M HCl, 2 M Na2CO3 and water, then dried over MgSO4. After the solvent was evaporated, the residue was purified by chromatography to afford the product as a colorless crystal. The crystal was recrystallized from ethanol to give (-)-menthyl 1-(-)-menthyloxy-2naphthoate(3.7 g, 39%).

  (400 MHz, CDCl3) δ 8.32 (d, J = 8.0 Hz, 1H), 7.81(d, J = 7.8 Hz, 1H), 7.67 

  Mg turnings (0.67 g, 27.8 mmol) and 5 mL of anhydrous THF are placed under argon.The dropping funnel is charged with 1-bromo-2-methoxynaphthalene(2.1963g, 9.26 mmol) in 10 mL of anhydrous THF. Stirring is initiated and a small portion of the 1-bromo-2methoxynaphthalene solution is run into the reaction flask. The resulting mixture is treated with a few crystals of iodine, where upon a rise in temperature and clouding of the reaction mixture occurs, indicating that the reaction has begun. The remainder of the 1-bromo-2methoxynaphthalene solution is added dropwise with continued stirring at 70 °C. The addition requires approximately 0.8 h. The mixture is then refluxed for an additional 2.0 h. Benzene (15 mL) was then added and the mixture was added into a solution of (-)-menthyl 1-(-)menthyloxy-2-naphthoate(3.65g, 7.85 mmol) in benzene (10 mL) at 0 °C. The ice bath was removed and the resulting solution was stirred at rt for 3 d. The mixture was quenched by the addition of 100 mL of a saturated ammonium chloride solution. The organic layer was separated, and the aqueous layer was extracted with CH 2 Cl 2(3 × 40 mL). The combined organic layers were washed with brine, dried over MgSO 4 . After the solvent was evaporated, the residue was purified by chromatography (pentane/EtOAc 60:1) to give (-)-menthyl (S)-2'-methyloxy-1,1'binaphthalene-2-carboxylate (0.652 g, 18%).1 H NMR (400 MHz, CDCl 3 ) δ 8.14(d, J = 8.6 Hz, 1H), 7.99 (d, J = 8.8, 2.4 Hz, 2H), 7.93 (d, J = 8.2 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.52 (ddd, J = 8.1, 6.7, 1.3 Hz, 1H), 7.41 (d, J = 9.0 Hz, 1H), 1H), 1H), 7.17 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 6.97 (d, J = 8.5 Hz, 1H), 4.48 (td, J = 10.8, 4.4 Hz, 1H), 3.74 (s, 3H), 6H), 

1 H

 1 NMR (400 MHz, CDCl3) δ 9.6 (br, 1H), 8.15 (d, J = 8.8 Hz, 1H), 8.01-7.97 (m, 2H), 7.94 (d, J = 8.4 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7. 54 (m, 1H), 7.37 (d, J = 9.2 Hz, 1H), 7.33-

  solution was prepared by mixing and stirring 30% H2O2 (10 mL, 180 mmol) and formic acid (60 mL) at room temperature for 30 min. To this solution was added (S)-S, S'-([1,1'-binaphthalene]-2,2'-diyl) bis(dimethylcarbamothioate) (2.32 g, 5.0 mmol) in CH2Cl2 dropwise. After stirring at room temperature for 10 h, MnO2 (86.9 mg, 1.0 mmol) was added, and the mixture was stirred at room temperature for further 6 h until the peroxides were completely decomposed (checked by KI starch paper). The reaction mixture was filtered through a plug of Celite and washed with CH2Cl2. The filtrate was concentrated in vacuo to furnish the crude product, which was subjected to silica gel column chromatography (CH2Cl2/MeOH = 4:1). The obtained salts were dissolved in water and passed through a cation exchange column (200 cm 3 , Amberlite IR120H ion-exchange resin from Aldrich). The eluent was concentrated in vacuo. The residue was dissolved in H2O and passed again through a cation exchange column. The filtrate was concentrated in vacuo to afford the product (1.22 g, 59%) as red solid.1 H NMR (400 MHz, CD3OD) δ 8.17 (d, J = 7.9 Hz, 2H), 8.08 (d, J = 8.2 Hz, 2H), 7.96(d, J = 8.4 Hz, 2H), 7.50 (t, J = 7.4 Hz, 2H), 7.23 (t, J = 7.6 Hz, 2H), 6.97(d, J = 8.5 Hz, 2H).

  of the phenylbromide (12.0 mmol, 5 equiv.) in anhydrous ether cooled to -78 °C was slowly added n-BuLi in hexanes (12.0 mmol, 5 equiv.) under the protection of nitrogen. The resulting mixture was allowed to stir at the same temperature for 30 min to give the corresponding phenyllithium ether solution which was added slowly to a solution of corresponding chiral bicyclo[3.3.0]octatrienes(2.4 mmol) in anhydrous Et 2 O (4 mL) and benzene (2 mL) at -40 °C. The reaction was stirred at -40 °C and allowed to warm up slowly.The reaction mixture was stirred at 0 °C and quenched with water. The organic layer was extracted with ether (3 × 30 mL). The combined organic layer was dried over Na 2SO 4 and 

Figure 44 .

 44 Figure 44. Preliminary method for the chiral ligand

Figure 45 .

 45 Figure 45. One-pot synthesis of [(+)-MenthylCpH]

Figure 46 .

 46 Figure 46. Synthesis of [(-)-MenthylCpH] by Marks'group

Figure 47 .

 47 Figure 47. (+)-Neomenthoxyl tosylate for the chiral ligand

Figure 48 .

 48 Figure 48. DIBA i OPr as the reductive reagent for aldehyde

Figure 49 .

 49 Figure 49. Silatrane as the reductive reagent for aldehyde

  Cette thèse est divisée en trois chapitres. Le premier chapitre rapporte l'utilisation the complexes basse-valence de cobalt pour catalyzer les réactions d'hydroboration, de diboration et de silaboration d'alcynes régio-et stéréo-sélectives. Le chapitre 2 est centré sur la réaction d'hydrogénation d'alcynes stéréo-divergente en fonction du catalyseur basse valence de cobalt utilisé. Le troisième chapitre est basé sur l'utilisation de complexes de cobalt haute valence stables de la famille des Cp*Co(III) pour l'activation de liaisons C-H et leur fonctionnalisation asymétrique (en présence d'acide) mais aussi sur des tentatives de synthèse de ce type de complexes possédant un cyclopentadiènyle chiral. Ensuite, nous avons parlé du développement de l'hydroboration des alcynes selon la chronologie. Des variétés de métaux de transition tels que Zr, Rh, Ir, Cu, Pd, Ag, Fe, Co, et Ni et sans métaux de transition sont utilisées pour catalyser l'hydroboration d'alcynes. Nous avons démontré leurs progrès et leurs limites. Puis, nous avons introduit la syn-diboration des alcynes pour obtenir des produits 1,2diborylalcène par différents métaux de transition tels que le Pd, le Co, le Pt et le Cu ou la base (K2CO3). Et ces rapports ont une tolérance au substrat limitée et un impact sur la société avec des sous-produits de type borate. Enfin, nous avons introduit la silaboration par addition 1,2-stéréo-et régiosélective sur des alcynes par les métaux de transition Pd, Pt et Au et la silaboration vicinale anti-sélective d'alcynoates catalysés par la tributylphosphine.

	Ac Phth pin rt AgBF4 AgOAc SET sat. AgOTf AgSbF6 Ar BArF4 BINAP Bn TMS TLC THF TFE T TBAF	6 7 8	Abbreviations 1,3-dioxoisoindolin-2-yl/Phthalic pinacol Résumé Co(PMe3)4 160 (Mo) b room temperature acetyl silver tetrafluoroborate single electron transfer PMe3 160 saturated solution silver acetate silver trifluormethanesulfonate benzyl trimethylsilyl 2,2'-bis(diphenylphosphino)-1,1'-binaphthyle thin layer chromatography tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate tetrahydrofuran aryl 2,2,2-trifluoroethanol silver hexafluoroantimonate temperature tetrabutylammonium fluoride -160	0.5 0.5 0.5	82 n.r. c n.r. c
	BOC			tert-butoxycarbonyl	
	Bu			butyl		
	Cat.			catalytic		
	COD			cyclooctaadiene	
	Conv.			conversion		
	Cp			cyclopentadienyl	
	Cp*			1,2,3,4,5-pentamethylcyclopenta-1,3-diene
	Cy			cyclohexyl		
	DCE			1,2-dichloroethane	
	DCM			dichloromethane	
	DG			directing group	
	ee			enantiomeric excess	
	equiv.			equivalent		
	Et			ethyl		
	FG			functional group	
	HBpin HFIP Table I. Optimisation de l'hydroboration de 1a a pinacolborane 1,1,1,3,3,3-hexafluoro-2-propanol
	HPLC		high pressure liquid chromatography
	HMRS		high resolution mass spectrometry 5 mol% [Co]	H	Bpin
	IMes i-Pr			1,3-bis(2,4,6-trimethylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene iso-propyl Ph Ph + HBpin Ph Ph toluène, t, T
	J KIE			coupling constant kinetic isotope effect 1a	2	3-(Z/E)
	K2CO3		potassium carbonate	
	KOH			potassium hydroxide	
	L L-Ala Entrée	ligand L-Alanine	[Co]	Temp ( o C)	t (h)	Rdt (%)
	L-Leu L-Phe		1	L-Leucine L-Phenylalanine HCo(PMe3)4	110	18	78
	L-Tyr			L-Tyrosine	
	L-Val M	L-Valine molar (mol/L) Ensuite, nous avons décrit les deux seuls rapports sur les complexes de cobalt pouvant 2 Co(PMe3)4 110 18 87
	m.p. catalyser l'hydroboration d'alcènes de type Markovnikov et l'hydroboration asymétrique de type melting point 3 HCo(PMe3)4 160 0.5 85
	Me MW Markovnikov. Puis, nous avons décrit les rapports sur la polyborylation d'alcènes catalysée par methyl micro-wave 4 Co(PMe3)4 160 0.5 78
	Naph			1,8-Naphthalic	
	NMR LYU, you can! NHC 5	nuclear magnetic resonance N-heterocyclic carbene HCo(PMe3)4 160 (Mo) b	0.5	85
	Ph			phenyl		

Chaque chapitre commence par un rappel bibliographique sur le sujet étudié puis par une présentation des objectifs. Ensuite les résultats sont détaillés en déterminant les conditions optimales, l'étendue de la réaction, ces limitations et enfin un mécanisme est proposé avant de conclure et de présenter la partie expérimentale.

Ici nous présentons un résumé détaillé de chaque chapitre. Chapitre 1 Hydroborations, diborations et silaboration d'alcynes catalysées par des complexes basse-valence de cobalt Nous avons commencé par présenter la littérature sur la réaction d'hydroboration d'alcènes. Premièrement, nous avons présenté les travaux pionniers sur les alkylboranes. Ensuite, nous avons montré que certains complexes de cobalt pouvaient catalyser l'hydroboration d'alcènes de type anti-Markovnikov. Ces complexes de cobalt sont en générale formés à partir des complexes Co (I)/ligand et des complexes Co (II)/ligand en présence de réactifs réducteurs. Ensuite, les chimistes ont élaboré les ligands chiraux et appliqué les complexes de cobalt chiraux à une hydroboration asymétrique des alcènes anti-Markovnikov. le cobalt. En outre, nous avons également présenté que le cobalt catalysait l'isomérisation et l'hydroboration d'alcènes. Ensuite, nous avons tourné notre attention vers notre projet. Premièrement, nous avons optimisé les conditions de réaction avec du diphénylacétylène et du pinacolborane commercial comme produits de départ (tableau I). Nous avons choisi HCo(PMe3)4 comme catalyseur, le toluène comme solvant, 160 °C comme température optimale et 0,5 h comme temps de réaction.

Table II .

 II Hydroboration d'alcynes a 

Table III .

 III Optimisation de la réaction de diboration de 1a a Diphénylacétylène (0.5 mmol), B2pin2 (1.05 equiv.), rendement isolé, ratio Z/E n'a pas été déterminé dans l'étude d'optimisation. b n.r. = Aucune conversion n'a été observée.

	7	H	Bpin	PMe3	H	160		H	Si	6	H	n.r. b
	a	69% 87 : 13 3n-Z / 3'n	38 : 62 3o-Z / 3o-E 63% Bpin O O	O	61% 3p-E Bpin O		O	O	3q-E 47% Bpin
				même rendement et ratio		trace			< 30%
						5 mol% [Co]	Bpin	Bpin
			Ph	Ph	+ B 2 pin 2						
						toluène, t, T		Ph	Ph
			1a	4					5a-(Z/E)
	Entrée		[Co]	Temp ( o C)			t (h)		Rdt (%)
	1		HCo(PMe3)4	110				18		50
	2		Co(PMe3)4		110				18		37
	3		HCo(PMe3)4	160				0.5		30
	4		Co(PMe3)4		160				0.5		31
	5		HCo(PMe3)4	160				6		52
	6			-		160				6		n.r. b

Table IV .

 IV Diboration d'alcynes a observé lorsque que [HCo(PMe3)4] est mis en présence de HBpin. Ensuite, l'alcyne est coordonné à A pour former le complexe B qui a subi alors une borocobaltation pour donner le complexe C, cette étape est considéré comme l'étape de régio-détermination. Ensuite, le complexe D est formé par addition oxydante entre le complexe C et HBpin ou B2pin2.

	R 1	R 2	+ B 2 pin 2	5 mol% HCo(PMe 3 ) 4	Bpin	Bpin	+	Bpin	R 2
				toluène, 160 o C, 6 h	R 1	R 2		R 1	Bpin
	1		4		5Z			5E	
	Entrée		Alcyne	R1	R2		Rdt (%)	5Z / 5E
	1		1a	Ph	Ph		52		75:25
	2		1e	Ph	TMS		70		65:35
	3		1g	4-CF3C6H4	TMS		58		68:32
	4		1c	4-MeOC6H4	n-Bu		29		100:0
	5		1d	4-CF3C6H4	n-Bu		15		100:0
	6		1b	n-Pr	n-Pr		n.r. b	-
	a Alcynes (0.5 mmol), B2pin2 (1.05 equiv, 0.52 mmol), rendement isolé, ratio Z/E déterminé par analyse RMN 1 H.
	b n.r. = Aucune conversion n'a été observée.					

Sur la base des résultats expérimentaux et d'autres rapports, nous proposons un mécanisme pour l'hydroboration et la diboration (Figure I). Tout d'abord, HBpin ou B2pin2 réagissent avec le complexe [HCo(PMe3)4] pour générer un complexe nouveau complexe et libérer H2 ou HBpin. Cette proposition est en accord avec le fait qu'un dégagement gazeux est

Table VI .

 VI Optimisation de l'hydrogénation de 1a par transfert d'hydrogène a De plus, des substrats portant deux alcynes et deux énynes internes ont été transformé dans les produits d'hydrogénation correspondants. Les alcynes terminaux ont également été tolérés dans le protocole, indépendamment de la sur-hydrogénation de certains alcynes.

	7		TEF		HCoN2(PPh3)3	3	50 o C	57%		82/15/3
	8		HFIP		HCoN2(PPh3)3	24	50 o C	63%		88/0/12
	9	HFIP : H2O = 3 :1	HCoN2(PPh3)3	4	50 o C	15%		33/63/4
	10		i PrOH		HCoN2(PPh3)3	3	50 o C	66%		16/82/2
	11		i PrOH		HCoN2(PPh3)3	24	80 o C	73%		18/82/0
	12		i PrOH		HCoN2(PPh3)3	24	85 o C	56%		21/79/0
	13	i PrOH : H2O = 3 :1	HCoN2(PPh3)3	3	50 o C	28%		17/80/3
	14		EtOH		HCoN2(PPh3)3	3	50 o C	81%		27/62/11
	15		i butanol	HCoN2(PPh3)3	3	50 o C	83%		34/55/11
	16		BuOH		HCoN2(PPh3)3	3	50 o C	>99%		49/41/10
	17	BuOH : H2O = 3 :1	HCoN2(PPh3)3	3	50 o C	18%		10/90/0
	18		i PrOH		HCo(PMe3)4	24	50 o C	>99%		36/64/0
	19		THF		HCo(PMe3)4	24	50 o C	>99%		>99/1/0
	20		CH3CN		HCo(PMe3)4	24	50 o C	>99%		74/26/0
	21		1,4-Butanediol	HCo(PMe3)4	24	50 o C	>99%		82/18/0
	22		+ HFIP	NH 3 BH 3	[Co] HCo(PMe3)4	24	+ 50 o C	>99%	+	94/6/0
	23	1a	HFIP	8	Ar, T, solvant, t HCo(PMe3)4	9a-E 24	65 o C	9a-Z >99%		9a-A E
	Entrée	Solvant	Catalyseur	t(h)	T	Conv.(%) E : Z:Alcane
	1		HOAc		HCoN2(PPh3)3	3	50 o C	-		-
	2		CH3CN		HCoN2(PPh3)3	3	50 o C	11%		22/78 /0
	3		MeOH		HCoN2(PPh3)3	3	50 o C	26%		41/57/2
	4		tBuOH		HCoN2(PPh3)3	3	50 o C	26%		21/77/2
	5		1,4-Butanediol	HCoN2(PPh3)3	3	50 o C	45%		16/82/2
	6	1,4-Butanediol : H2O =	HCoN2(PPh3)3	3	50 o C	47%		16/77/7
			3 :1						

a. Diphénylacétylène

(0,5 mmol)

, AB (0,55 mmol) et 2,0 mol% HCoN2(PPh3)3 or 5.0 mol% HCo(PMe3)4 dans un solvant de 2 mL à la température et dans le temps indiqués, rendements de conversion de 1a, rapports E/Z de le brut est déterminé par RMN 1 H.

Les conditions réactionnelles optimisées en main pour la semi-réduction E sélective du diphénylacétylène, nous avons voulu étudiér l'étendue de la réaction (tableau VII). Des diaryle éthynes para-substitués avec des substituants donneurs ou attracteurs d'électrons ont tous conduits sélectivement à la formation de l'alcène E correspondants avec de bon rendements en produit isolé. Une large gamme de groupes fonctionnels, tels que les groupes triméthylsilyle, chlorure, ester, éther, amino et cyano sont également tolérés dans les conditions de réaction. Le remplacement d'un fragment aryle par un motif alkyle est également compatible avec les conditions réactionnelles. Les effets stériques ont également joué un rôle non négligeable dans la stéréo-sélectivité.

Table VII .

 VII Semi-hydrogénation d'alcynes de séléctivité E.

		R 1	R 2	+	NH 3 BH 3	5 mol% HCo(PMe 3 ) 4 Ar, 65 o C, HFIP, 1j	R 1	R 2
							OMe	OMe
		2a	2b		2c		MeO	2d
		(78%, E/Z 100:0)	(93%, E/Z 100:0)	(>68%, E/Z 100:0) d	(>57%, E/Z 100:0) d
				n Bu	F		CF 3
	MeO	2e	2f			2g		2h
		(91%, E/Z 100:0)	(88%, E/Z 100:0)	(87%, E/Z 100:0)	(75%, E/Z 100:0)
				Si		O	O	NH 2
		2i		2j		2k		2l
		(75%, E/Z 100:0)	(66%, E/Z 100:0)	(72%, E/Z 88:12)	(54%, E/Z 81:19)
		Cl		N	CN
								NO 2
		2m		2n	2o	1p
		(63%, E/Z 94:6) b	(28%, Alcane/Uk) c	(71%, E/Z 91:9) b

n Bu

Table VIII .

 VIII diméthylamine et esters ont conduit avec une bonne conversion et une sélectivité Z supérieure à celle de la semi-hydrogénation de sélectivité E correspondante. Dans le cas des alcynes terminaux, le protocole Z-sélectif donne souvent des produits de sur-hydrogénation. Cependant, l'éthynyltriphénylsilane lui ne réagit pas dans les conditions réactionnelles. Semi-hydrogénation d'alcynes de séléctivité Z.Alcyne (0,5 mmol), AB (0,55 mmol) et 2,0 mol% HCoN2(PPh3)3 dans 2 mL de iPrOH à 80 o C pendant 1 j, rendement isolé, la couleur brune est le rendement corrigé avec les produits de départ, rapports E/Z de le brut est déterminé par RMN 1 H. b. uk signifie produits inconnus, A signifie alcane. c. produit perdu pendant la purification. d. l'alcyne de départ(0,25 mmol), AB(1,1 équiv.).

	2q						2s			2u
	(E/Z 72:28) d Sur la base de quelques expériences préliminaires et d'autres publications, nous avons (70%, E/Z/Alcane 86:0:14) e (>31%, E/Z 100:0) d
	proposé deux mécanismes possibles. Le premier mécanisme est représenté dans la figure II.
	2 mol% HCoN 2 (PPh 3 ) 3 Initialement, le complexe HCo(PMe3)4 ou le complexe HCoN2(PPh3)3 se coordonne avec un
	2v alcyne, puis une insertion migratoire dans la liaison Co-H permet de former le complexe 2x 2y 2w R 1 R 2 NH 3 BH 3 + R 1 R 2 Ar, 80 o C, i PrOH, 1j
	(79%, E/Z 14:86) b d'alcényl-cobalt B. Ensuite, l'HFIP ou l'iso-propanol permettent la proto-démétallation de la ( E/Z mélange) f (27%, (E,E)/(E,Alcyne), 46:54 ) (58%, E/Z 100:0) Z
		9a	2z		9b	2aa	9c	OMe	MeO	2ac 9d	OMe
	(70%, (E,E)/(E,Alcane) 65:35) g (73%, 94%, E/Z 18:82) (28%, 90%, E/Z 0:100) (62%, (E,alcane)) h (30%, >57%, E/Z 0:100)	(42%, E/Z 57:43) (32%, >41%, E/Z 0:100)
		CF 3						
	MeO	2ab 9e		n Bu	2ad 9f	n Bu	9g	2ae F		2af 9h	CF 3
	(Alcène/Alcane 85:15) d (24%, 81%, E/Z 0:100)	(59%, Alcane) (49%, 89%, E/Z 22:78)	(69%, Alcène) (7%, 87%, E/Z 0:100)	(80%, Alcène) (18%, 93%, E/Z 0:100)
	2ag (>19%, Alcène) d (18%, 97%, E/Z 0:100) 9i	(>28% Alcène/Alcane 16:84) d (37%, 84%, E/Z 0:100) (27%, 72%, E/Z 0:100) 9k 2ah O 9j Si O	(76%, E/Z 22:78) b 9l NH 2
		9m	Cl		9n	N	9o	CN		9s
	(61%, 83%, E/Z 13:87)	(80%, E/Z 13:87) d	(45%, E/Z/A 16:35:49)		(E/Z 6.5:93.5) c
	Br	9t	Br		9u	9v		O	9af
	(38%, 88%, E/Z 0:100)	(22%, >78%, E/Z 0:100) c	(6%, 95%, E/Z 0:100)	(37%, E/A 89:11)
					O				
	O	O			N					Si
	9w (37%, 78%, E/Z 0:100)		O	9ac (26%, A)	9ad (85%, E/A 35:65)		1ae (uk) b

liaison Co-C pour générer le complexe Z-alcène et l'alcoxy cobalt C. Le complexe HCo(PMe3)4 actif ou le complexe HCoN2(PPh3)3 est alors régénéré par réduction du complexe C avec l'aminoborane AB en même temps que la formation de B(OR)3. Le complexe plus volumineux de HCoN2(PPh3)3 participe uniquement au cycle catalytique I pour produire l'isomère Z, probablement en raison de l'encombrement stérique du gros ligand PPh3. Le cycle catalytique II est responsable de l'isomère E. L'alcène Z se coordonne avec HCo(PMe3)4 pour former le complexe D, suivi de l'insertion de l'oléfine dans la liaison Co-H pour générer le complexe E qui subit ensuite une élimination de β d'hydrure pour extruder l'acène E et libérer l'hydrure de cobalt HCo(PMe3)4.

Dans notre étude préliminaire, nous avons constaté que notre réaction pouvait avoir lieu dans un solvant aprotique le THF. Cela laisse suggérer que la réaction peut aussi procéder selon un autre mécanisme ne nécessitant pas de solvant protique. Une exploitation plus poussée sera menée à l'avenir.

-catalyzed Hydroboration and Diboration Chapter 1 Cobalt-catalyzed Hydroboration and Diboration 1 Hydroboration

  

	literatures of the related topics, follows by the project and aim, then results and eventually conclusion. Chapter 1 CobaltInorganic and organic boron chemistry have made a huge progress in the past years. The
	Nobel Prizes in 1976, 1979, and 2010 were awarded to William Lipscomb, Herbert Brown and
	Akira Suzuki respectively for their original studies in these emerging areas of boron
	Functional Group Interconversion chemistry. 10 Despite his great achievement in nuclear magnetic resonance spectroscopy and
	large biomolecules, Lipscomb's main contribution was to deduce the nature of chemical
	R H bonding in boranes, such as B2H6 (diborane), and clusters. 11 Brown was awarded for his R FG 1 R FG 2
	contribution in organoborane chemistry.
	R H activation

Arockiam, P. B.; Bruneau, C.; Dixneuf, P. H. Chem. Rev. 2012, 112, 5879. 8 Kozhushkov, S. I.; Ackermann, L. Chem. Sci. 2013, 4, 886. 9 Manikandan, R.; Jeganmohan, M. Org. & Biomol. Chem. 2015, 13, 10420.

Co-20 25 examples 35-81% yield 65-95% ee 25 examples 47-86% yield 57-95% ee

  Markovnikov hydroboration of 1,1-disubstituted alkenes using NaBHEt3 as the reducing reagent at room temperature (scheme 12).34 The protocol this time was compatible for both aliphatic and aromatic terminal olefins.

	elimination occurs to regenerate the active Co-16 complex and releases the desired alkylboronic
	ester.																			
			1.25 mol% [Ir(OMe)(COD)] 2 In term of OIP cycle, firstly, the OIP•CoCl2 complex is reduced to Co-hydride species
	N O PPh 2 rt, hexane, 18 h 2.5 mol% Co-21 by NaBH( s Bu)3. Next, the Co-21 complex coordinates with alkene substrate which later t Bu Ar R 1 + HBpin 10 examples R 1 = alkyl 64-98% yield 32-92% ee Ar R 1 N O i Pr undergoes insertion to form the alkylcobalt complex Co-23. Eventually, the Co-23 complex Bpin N N Co i Pr R 1 R 1 0.5 mol% Cl Cl R 1 = alkyl, aryl, R 2 = alkyl 24 examples reacts with HBpin to provide the product and reforms the active Co-21 complex.
	R 2		+ HBpin	1.5 mol% NaBHEt 3	i Pr rt, neat/toluene, 1 h Co-15	R 2	Bpin				53-99% ee 45-96% yield
		7.5 mol% CuCl Scheme 12. Co-15 catalyzed asymmetrical hydroboration of 1,1-disubstituted alkenes
					7.5 mol%	Ph SO 3	Ph										
			11examples Then in 2017, the same group reported the dual-stereoselective hydroboration of alkenes N N
	Ar with a flexible oxazoline aminoisopropylpyridine ligand and CoCl2 as pre-catalyst or the rigid + B 2 pin 2 Ar 64-98% yield 61-92% ee Bpin Ph
	80 mol% NaO t Bu, -50 o C, THF, 48 h OIP•CoCl2 complex Co-20 (scheme 13) as the catalyst. 35 They showed that the obtained chiral
	alkylboronic ester could undergo C-X (X = C, N, O) cross-coupling reactions on large scale
	with retention of configuration. However, the substrates are limited to the α-substituted
	sterically hindered styrenes.																
	R 3	R 1	Bpin R 2	NH	N	N	O	t Bu (OAP)	R 3	R 1	R 2	i Pr	N N Co Cl	Cl	N	O	Bn	(OIP)	R 3	R 1	Bpin R 2
					+ CoCl 2				+			i Pr							
			NaHB( s Bu) 3 , THF, 25 o C			HBpin		NaHB( s Bu) 3 , THF, 25 o C		
	R 1 = alkyl, aryl R 2 = alkyl R 3 = alkyl, aryl, heteratom Scheme 14. Mechanism for the dual stereo-									
											N	O									
	R		N Co-14 i Pr Scheme 13. Dual stereo-selective hydroboration of sterically hindered styrenes N Co i Pr CH 3 R 1 + HBpin 64-99% ee R 56-99% yield Bpin R 1 0.5-2 mol% R 1 = alkyl 25 examples
			rt, THF, 0.5-12 h Based on deuterium experiments, they proposed a mechanism (scheme 14). With
	respect to OAP cycle, initially, the OAP cobalt complex is generated via the dehydrogenation
	of OAP ligand in the presence of NaBH( s Bu)3. Next, the active Co-16 complex coordinates
	with the alkene substrate which subsequently undergoes oxidative addition with HBpin to form
	the Co-18 intermediates. Finally, the alkene inserts into the Co-B bond and then a reductive
	34 Chen, J.; Xi, T.; Ren, X.; Cheng, B.; Guo, J.; Lu, Z. Org. Chem. Front. 2014, 1, 1306.			
	35 Zhang, H.; Lu, Z. ACS Catal. 2016, 6, 6596.												

i Pr

selective hydroboration of alkenes 1.1.2 Markovnikov-selective hydroboration of alkenes

  

			Scheme 15. Co-24 catalyzed Markovnikov selective hydroboration of styrene
	L*CoCl 2 Then in 2017, Thomas's group reported that the bipyridiyl-oxazoline Co(II) chloride N N O NH L* = imine Co-20 t Bu + complex (Co-25) as pre-catalyst in the presence of NaO t Bu was able to catalyze the L* = NaBH( s Bu 3 ) Bpin CoCl 2 NaBH( s Bu 3 ) Markovnikov selective hydroboration of styrene derivatives at room temperature (scheme
	Ar 16). 37 The protocol had a good functional groups tolerance. However, the protocol was not H Ar L*CoH Ar H Ar Bpin L*Co Co-21 Co-16 amenable for the alkyl alkenes which gave the anti-Markovnikov products or mixtures of both
	isomers.				HBpin		
	Bpin	H	CoL* Ar	(OAP)	Ar CoL*	Co*L	Ar H Co-23	(OIP)	Ar HCoL*
	Co-19				Co-17				Co-22
					Ar	HBpin			
				H	CoL*				
			Scheme 16.		Bpin	Co-18			
			Compared with the anti-Markovnikov selective hydroboration, the rare cobalt-catalyzed
	Markovnikov-selective hydroboration of alkene was available only during the recent years due
	to the development of new chiral ligands. In 2016, Valle and his coworkers synthesized and
	reported the first mono-anionic CCC-NHC Cobalt pincer complexes Co-24 in the presence of
	NaBHEt3 which made Markovnikov selective hydroboration of the styrene possible at room
	temperature (scheme 15). 36 However, the protocol was only limited to styrene.
	36 Reilly, S. W.; Webster, C. E.; Hollis, T. K.; Valle, H. U. Dalton Trans. 2016, 45, 2823.

Co-25 catalyzed Markovnikov selective hydroboration of styrenes 1.1.3 Multiborylation

  

	as the rhodium-catalyzed diboration of borylalkenes 41 or the iridium-catalyzed triple C(sp 3 )-H
	borylations. 42	+	0.3 mol%	Bu	N	N O	O Co I	N Co-24 Bu N	Bpin
			HBpin	1 mol% NaBHEt 3, THF, 22 o C	92% yield
				Scheme 17. Triborylations of trihalides
		In 2015, Huang and his coworker described that ( t BuPNN)CoCl2 (Co-26) in presence
	of NaBHEt3 was able to catalyze the styrene derivatives dehydrogenative
	borylations-hydroboration to form directly the 1,1,1-tris(boronate) (scheme 18). 38 However,
	1,2-and 1,1-disubstituted styrenes were unaccessible and alkyl-alkenes provided a mixture of
	diboryl and monoboryl products.					
							N	O	
	R	+ Scheme 18.	HBpin	N Cl 2 mol% NaO t Bu, rt, THF, 1 h N Co 1 mol% Cl Co-25	t Bu	R	Bpin	R = alkyl, aryl 24 examples 45-92% yield
		Multiborylated compounds are very useful as organic intermediates for multiple C-C
	and C-heteroatom bond formation reactions. 38 However reports on 1,1,1-tris(boronates) which
	contain three boronate moieties at the same carbon atom are still rare. The seminal method was
	through triborylations of the corresponding trihalides (scheme 17). 39 Other traditional
	transition metal-catalyzed hydroborations of borylalkenes or borylalkynes can be used, 40 such
	37 Peng, J.; Docherty, J. H.; Dominey, A. P.; Thomas, S. P. Chem. Commun. 2017, 53, 4726.
	38 Zhang, L.; Huang, Z. J. Am. Chem. Soc. 2015, 137, 15600.	
	39 Matteson, D. S. Synthesis 1975, 3, 147.					
	40 Norman, T. B. M. N. C. Top. Catal. 1998, 5, 63.				

Co-26 catalyzed dehydrogenative borylations-hydroboration of vinylarenes They proposed the possible mechanism as follow (scheme 19). Firstly, pre-catalyst ( t BuPNN)CoCl2 reacts with NaBHEt3 to afford the active cobalt-hydride complex Co-27 which can react with B2pin2 to generate the cobalt-boryl complex Co-28 and release HBpin. Next, the alkene substrate inserts into Co-28 to form the Co-29 intermediate which undergoes β-hydride elimination to provide monoborylalkene and regenerate Co-27. Next, the Co-27 complex once

  

					N				
				( t Bu) 2 P	Co		N		
				Cl		Cl	Co			B(OMe) 2
		RCX 3 + 6B(OMe) 3 + 6Li Bpin	-30 o C, THF NaBHEt 3	(MeO) 2 B Ar	C B(OMe) 2 R Bpin Bpin Bpin	+ 3LiX + 3LiB(OMe) 4 HBpin
		Ar	Bpin		[Co]H		HBpin		[Co]	Bpin
										Ar	Bpin Bpin
								[Co] Bpin
	[Co]		Bpin							Bpin
	Ar		Bpin							Ar	Bpin
										Ar
								Bpin	[Co]
										Ar
	Bpin							
	Ar Ar	+ [Co] Bpin 2 B 2 pin 2	2 mol% Co-26	N Co [Co]H Cl ( t Bu) 2 P Cl	N	R Ar	Bpin	Bpin Bpin Bpin	Ar = aryl, heteraryl 61-97% yield 23 examples
				4 mol% NaBEt 3 H, rt, pentane B 2 pin 2	
				HBpin					
		Scheme 19. Mechanism for Co-26 catalyzed vinylarene multiboronates
	In 2018, the Ge's group described that the use of Co(acac)2 with the ligand Xantphos in
	the presence of norbornene (nbe) catalyzed hydroboration of a large range of styrene derivatives
	into 1,1-diboronates under mild condition (scheme 20). 43
	again reacts with B2pin2 to generate cobalt-boryl the complex Co-28 which undergoes another
	2,1-insertion and dehydrogenative borylation to provide 1,1-diboryl alkene complex.
	Eventually, the Co-28 complex inserts into 1,1-diboryl alkene to form the Co-31 complex
	which reacts with HBpin to give 1,1,1-triboryl alkane product and regenerates the Co-28 Scheme 20. Co(acac)2 catalyzed hydroboration of vinylarenes into 1,1-disubstituted
	complex.						diborylalkane	
	41 Nguyen, P.; Coapes B.; Woodward, A. D.; Taylor, N. J.; Burke, J. M.; Howard, J. A.K.; Marder, T. B. J.
	Organomet. Chem. 2002, 652, 77.					
	42 Mita, T.; Ikeda, Y.; Michigami, K.; Sato, Y. Chem. Commu. 2013, 49, 5601. 43 Teo, W. J.; Ge, S. Angew. Chem. Int. Ed. 2018, 57, 1654.

-26 Co-27 Co-28 Co-29 Co-27 Co-28 Co-30 Co-31

  

					B 2 pin 2				
	R	R 1	+	HBpin (2.1 equiv)	2 mol% Co(acac) 2 2 mol% Xantphos 1.2 equ. nbe THF, 50 o C, 12 h	R	R 1	Bpin Bpin	R = alkyl, heteratom R 1 = alkyl 32 examples 25-87%

-34 Ar Ar CoL Bpin Co-35 Ar H Bpin H LCo [Co-36]

  

		Co(acac) 2, Xantphos, HBpin						
		Bpin								
						Xantphos =		O	
	Ar	Bpin	LCo	H		Ph	P	Ph	Ph	P	Ph
	HBpin	Bpin	Co-32	LCo	H				
	LCo	H				Co-33				
			(minor pathway)		HBpin				
	Bpin Co-37	LCo Bpin HBpin CoAr HBpin (minor pathway) Bpin (minor pathway)				
				Ar						

Co-40 and Co-41 catalyzed hydroboration of alkenes 1.2 Hydroboration reactions of alkynes

  

														Bpin	R = aryl, alkyl
				Ar		R		5 mol% HCoN 2 (PPh 3 ) 3		Ar	R	6 examples 54-91%
									HBpin				
				R	n				THF, rt, 0.5-5 h			R	Bpin	n	R = aryl, alkyl 5 examples 53-87%
										t Bu t Bu			
			N Scheme 24. Co-39 catalyzed isomerization-hydroboration of alkenes P Co N TMS
										N		TMS
		1 mol% In the same year, they also synthesized and described the redox-active 2,2′:6′,2′′-R = alkyl
	R terpyridine and α-diimine ligands cobalt-alkyl complexes Co-40, and Co-41 to catalyze the n + HBpin R Bpin n 11 examples 92-98% Co-38
	rt, 1 h isomerization-hydroboration of sterically hindered alkenes to terminal alkyl boronates (scheme
	25). 47												
		R 1	R 3							1 mol% [Co]			R 5
		R 2	R 4	+	HBpin		methyl tert-butyl ether, rt	R 6	Bpin
					i Pr				i Pr	i Pr			i Pr
		[Co] =		i Pr	N	Co	N	i Pr	or	i Pr	N N	Co	N	i Pr TMS	R 1 , R 2 , R 3 , R 4 , R 5 , R 6 = H, alkyl, aryl 12 examples > 98%
						Co-40		t Bu t Bu				Co-41
	or	N P Scheme 25. As the versatile building blocks in the Suzuki-Miyaura cross-coupling reaction or other TMS N M N HBpin TMS + Bpin 1 mol% rt, 1 h N H BH H N B HN H N vs M = Co, Fe 95% 95%
	important C-X bond formations, 48 vinylboronate ester compounds have drawn continuous
	attentions and their preparation has been broadly reported in the past decades. The initial
	classical method was to use Grignard reagents or lithium reagents to react with trialkyl borates
	to provide simple organoborane compounds on large scale but often with contamination of other
	unwanted stereoisomers or bis-alkylation. 49 Another traditional approach was via the cross-
	coupling between aryl halides and (alkoxy)diboron. However, the protocol was limited to
	arylboronic esters. Also, the borylation reactions catalyzed by transition metals such as silver
	Ruddy, A. J.; Sydora, O. L.; Small, B. L.; Stradiotto, M.; Turculet, L. Chem. Eur. J. 2014, 20, 13918. 47 Palmer, W. N.; Diao, T.; Pappas, I.; Chirik, P. J. ACS Catal. 2015, 5, 622.
	45 Ogawa, T.; Ruddy, A. J.; Sydora, O. L.; Stradiotto, M.; Turculet, L. Organometallics. 2016, 36, 417. 48 Schubert, P.; Morris, S. Tetrahedron Lett. 1996, 37, 3283.
	46 Scheuermann, M. L.; Johnson, E. J.; Chirik, P. J. Org. Lett. 2015, 17, 2716. 49 Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457.

Scheme 37. Iron complex catalyzed hydroboration of alkynes In 2016, Stephan and his coworkers developed the protocol that Pier's borane as the

  

		Scheme 38. Pier's borane catalyzed hydroboration of alkynes
	They proposed the possible mechanism (scheme 39). Firstly, the borane is activated by
	the alkyne substrate in the presence of HBpin. Next, the active catalyst alkyl diborane I
	coordinated with alkynes to form II which undergoes hydroboration with HBpin to generate
	III. Eventually, III releases the product and active borane.
	R 1	R 2	+	HBpin	100 o C, toluene, 1d 2.5 mol% Fe 2 (CO) 9	R 1	Bpin R 2	R 1 = Alkyl, aryl, heteraryl R 2 = Alkyl, H, aryl 29 examples 43-99% yield
								P t Bu 2
			HBpin Scheme 39. Plausible mechanism for hydroboration + P t Bu 2 R Bpin H 1 mol% N Fe H
	hexane, rt, 16 h In 2016, Cowley and his coworkers reported that aluminum hydride catalyzed R R = alkyl, aromatic 64-94% yield hydroboration of alkynes with HBpin with moderate to good yield (scheme 40). 64 The protocol
	has the same problem with other protocols with a bad functional group tolerance and the
	substrates limited to aliphatic or aromatic alkynes.	
	pre-catalyst catalyzed hydroboration of both internal and terminal alkynes to E-selective
	isomers (scheme 38). 63					
		R 1		R 2	+	HBpin	5 mol% HB(C 6 F 5 ) 2	Bpin	H
							DCM, rt, 5 h	R 1	R 2
		50-99% yield Scheme 40. Aluminum hydride catalyzed hydroboration of alkynes R 1 = H, alkyl, aromatic R 2 = alkyl, aromatic, TMS
	The mechanism they proposed was as follow (scheme 41). Firstly, active aluminum
	hydride was generated via alkyl/hydride exchange between aluminum and boron where the
	61 Haberberger, M.; Enthaler, S. Chem. -Asian. J. 2013, 8, 50.	
	62 Nakajima, K.; Kato, T.; Nishibayashi, Y. Org. Lett. 2017, 19, 4323.
	63 Fleige, M.; Mobus, J.; Vom Stein, T.; Glorius, F.; Stephan, D. W. Chem. Commun. 2016, 52, 10830. 64 Bismuto, A.; Thomas, P. S.; Cowley, J. M. Angew. Chem. Int. Ed. 2016, 55, 15356.

87:13 41-91% yield Co-42 Eventually, the Co-46 complex

  reacted with alkyne to release Z-selective vinylboronate products and regenerate the Co-43 complex.

	Co CH 3 rt, THF, 6-24 h Cy 3 mol% Z/E = 98:2 -Scheme 43. Plausible mechanism Cy + HBpin R Bpin R R = Alkyl, aryl 13 examples

for Co-42 catalyzed alkynes hydroboration In 2016, Huang and his coworker reported the Co-15 complex catalyzed hydroboration of terminal alkynes

  

into 1,1-diboronate alkanes under room temperature with a wide range of functional groups (scheme 44). 66 This protocol is working for both alkyl and aryl alkynes.

  Scheme 56. Copper catalyzed diborylation of alkynes Nakamura and his coworkers reported that simple commercial iron catalyzed synaddition of the B-B bond to alkynes to afford 1,2-diborylalkene products (scheme 57).81 However, the protocol was limited to simple terminal and internal alkynes with a bad functional group tolerance. And it generated stoichiometric borate wastes.

	R 1	R 2	+	B 2 pin 2	2 mol% Cu(OAc) 2 7 mol% PCy 3 toluene, 80 o C, 3-77 h Bpin R 1	Bpin R 2	R 1 , R 2 = alkyl, aryl 13 examples 43-82% yield
					10 mol% FeBr 2			
					10 mol% LiOMe			
					1.5 equiv. MeOBpin			
				THF or Bu 2 O, 80 o			
	R 1	R 2	+	B 2 pin 2	3 mol% Pt(PPh 3 ) 4 DMF, 80 o C, 24 h	Bpin R 1	Bpin R 2	R 1 ,R 2 = alkyl, aryl, H 5 examples 78-86% yield

Scheme 57. Iron catalyzed diboration of alkynes So far, only two literatures about cobalt catalyzed diboration of alkynes. In 2006, Norman and his coworkers synthesized the [Co(PMe3)3{B(cat)}2] (cat = 1,2-O2C6H4) complex (Co-60) from the reaction between [Co(PMe3)4] and B2(cat)2 and used the complex in diboration of alkyne and borylation of aryl bromide (scheme 58). 82 However, they only gave one example of the internal alkyne and no yield was reported. Scheme 58. Co-60 catalyzed diboration of alkyne In 2017, Chirik's group reported cyclohexyl-substituted pyridine(diimine) cobalt methyl complex (Co-61) catalyzed diboration of terminal alkynes into 1,1-diborylalkenes at 81 Nakagawa, N.; Hatakeyama, T.; Nakamura, M. Chem. Eur. J. 2015, 21, 4257. 82 Adams, C. J.; Baber, R. A.; Batsanov, A. S.; Bramham, G.; Charmant, J. P. H.; Haddow, M. F.; Howard, J. A. K.; Lam, W. H.; Lin, Z.; Marder, T. B.; Norman, N. C.; Orpen, A. G. Dalton Trans. 2006, 1370.

  Scheme 65. Plausible mechanism for the regioselective silaboration of alkynes In 2013, Sato and his coworkers described the Pd(OAc)2 catalyzed silaboration of ynamides to afford tri-and tetra-substituted enamide derivatives in a highly regio-and stereoselective manner (scheme 66).

		PPh 3	normal selectivity
		toluene, rt	
			12 examples
	R = Aryl, alkyl		61-99% yield
	X = Ph, Cl	P t Bu 2	inverse selectivity

89 

Scheme 66. Pd(OAc)2 catalyzed silaboration of ynamides In 2014, Stratakis and his coworker reported a nano-gold catalyzed silaboration of terminal alkynes with the silicon group connected to the terminal carbon atom under ambient temperature (scheme 67)

90 

. In other reports, the Bpin always connected to the terminal carbon atom in other reports. However, the conversion was low and companied with disilylation byproducts.

89 Saito, N.; Saito, K.; Sato, H.; Sato, Y. Adv.

Syn. & Catal. 2013, 355, 853. 90 Gryparis, C.; Stratakis, M. Org. Lett. 2014, 6, 1430. 

  Due to their low toxicity, easy handling, and high functional group compatibility, both alkenylboronates and 1,2-diborylalkenes have important implications in synthesis of πconjugated compounds 93 and natural products 94 . In the past years, chemists have extensively reported hydroboration of alkynes with HBpin and diborylation of alkynes with B2(pin)2 via transition metals-catalyzed reactions. Despite the expensive noble metal catalysts accompanied with special and designed ligands, chemists also developed the use of first-row transition metals such as iron and cobalt. The catalytic species, the ligands, and the additives have influences on the regio-and stereo-selectivity and yields. Alkyne structures also affected the selectivity.

	4 Project objectives and aims			
				PhMe 2 SiBpin		
				active			
			I				
					II		
				IV			
						III	
						O	
	EtOOC	R	+	PhMe 2 SiBpin	neat, 80 o C, 8 h 10 mol% PBu 3	Me 2 PhSi EtO	R 2 Bpin
	R = alkyl, aryl, heteroaryl		11 examples
						70-99% yield

Our group reported that Co(PMe3)4 catalyzed C-H functionalization of aromatic imines by alkynes with anti-selectivity in excellent yield and a wide functional group tolerance (scheme 71).

95 

Scheme 71. Co(PMe3)4 catalyzed C-H functionalization of aromatic imines We also reported that Co(PMe3)4 catalyzed annulation of α,β-unsaturated imines and alkynes to dihydropyridines by C-H bond activation/alkenylation/6π-electrocyclization cascade reaction with good yield (scheme 72).

96 

The reaction had a good functional group tolerance and can work on gram scale.

93 Yavari, K.; Moussa, S.; Ben Hassine, B.; Retailleau, P.; Voituriez, A.; Marinetti, A. Angew. Chem. Int. Ed. 2012, 51, 6748.

94 

Lee, S. J.; Gray, K. C.; Paek, J. S.; Burke, M. D. J. Am.

Chem. Soc. 2008, 130, 466. 95 

Fallon, B. J.; Derat, E.; Amatore, M.; Aubert, C.; Chemla, F.; Ferreira, F.; Perez-Luna, A.; Petit, M. J. Am.

Chem. Soc. 2015, 137, 2448. 96 
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Table 1 .

 1 Optimization of the hydroboration of 1a a

	?
	Bpin, SiPhMe 2
	Rs = small group, R L = large group

c

a Diphenylacetylene (0.5 mmol), HBpin (1.05 equiv, 0.52 mmol), isolated yield, Z/E ratio was determined by

1 

H NMR with always around 85:15. b MW = microwave. c n.r. = no reaction.

Table 2 .

 2 Optimization of the diboration of 1a a

				5 mol% [Co]	Bpin	Bpin
	Ph	Ph	+ B 2 pin 2		
				toluene, t, T	Ph	Ph
		1a	4		5a-(Z/E)
	Entry	[Co]	Temp ( o C)	Time (h)	Yield (%)
	1	HCo(PMe3)4	110	18	50

Table 3 .

 3 Diboration of internal alkynes a

	Entry	Alkyne	R1	R2	Yield (%)	5Z / 5E
	1	1a	Ph	Ph	52	75:25
	2	1e	Ph	TMS	70	65:35
	3	1g	4-CF3C6H4	TMS	58	68:32
	4	1c	4-MeOC6H4	n-Bu	29	100:0
	5	1d	4-CF3C6H4	n-Bu	15	100:0
	6	1b	n-Pr	n-Pr	n.r. b	-

a Alkynes (0.5 mmol), B2pin2 (1.05 equiv, 0.52 mmol), isolated yield, Z/E ratio was determined by 1 H NMR. b n.r. = no reaction.

Table 4 .

 4 Optimization of the silaboration of 1e a

Table 5 .

 5 Scope of the silaboration of 1 a

				[Co]	Me 2 PhSi	Bpin
	Si	+	PhMe 2 SiBpin	solvent, T, t	Si
	1e		6		7e-E

)-2-[1-(4-Methoxyphenyl)hex-1-en-1-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

  The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl3) δ 30.8; HRMS: calcd for C 19 H 29 BNaO 3 [M + Na]

	(Z)-2-(1-(4-Methoxyphenyl)hex-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
		O
	H	B O Compound was isolated via silica gel flash chromatography (PE/Et2O 99:1 to 97:3) as
	a colorless oil (145.5 mg, 46 % yield) with 85/15 of 3c-Z/3c-Z' isomers. 1 H NMR (400 MHz,
	CDCl3) δ 7.32-7.29 (m, 2H), 7.15 (s, 1H), 6.89-6.85 (m, 2H), 3.81 (s, 3H), 2.40 (m, 2H), 1.52-
	1.44 (m, 2H) 1.41-1.30 (m 2H), 1.30 (m, 12H), 0.91 (t, J = 7.2 Hz, 3H); 13 C NMR (100 MHz,
	CDCl3) δ 158.8, 141.3, 130.8, 130.6 (2C), 113.6 (2C), 83.4 (2C), 55.3, 32.3, 29.3, 24.9 (4C),
	CDCl3) δ 30.6. H B O O 23.0, 14.2. 1 H NMR (400 MHz, CDCl3) δ 7.09-7.07 (m, 2H), 6.87-6.84 (m, 2H), 6.53 (t, J = 7.3
	(Z)-4,4,5,5-Tetramethyl-2-(oct-4-en-4-yl)-1,3,2-dioxaborolane Hz, 1H), 3.80 (s, 3H), 2.16 (q, J = 7.3 Hz, 2H), 1.43-1.27 (m, 4H), 1.27 (s, 12H), 0.84 (t, J =
	7.2 Hz, 3H); 13 C NMR (100 MHz, CDCl3) δ 157.9, 148.1, 132.7, 130.2, 113.3, 83.5, 55.3, 31.7,
	Compound was isolated via silica gel flash chromatography (PE/Et2O 99:1 to 98:2) as 29.8, 24.9, 22.7, 14.1. The carbon directly attached to the boron atom was not detected due to
	colorless oil (131 mg, 55 % yield). 1 H NMR (400 MHz, CDCl3) δ 6.29 (t, J = 7.1 Hz, 1H), quadrupolar relaxation. 11 B NMR (128 MHz, CDCl3) δ 30.2; HRMS calcd for C 19 H 29 BNaO 3 [M
	2.13-2.08 (m, 4H), 1.44-1.33 (m, 4H), 1.25 (s, 12H), 0.93-0.88 (m, 6H); 13 C NMR (100 MHz, + Na] + : 339.2105, found 339.2114 ; IR: 2923, 1604, 1511, 1244, 830 .
	CDCl3) δ 146.1, 83.1, 30.8, 30.7, 24.9, 23.5, 22.6, 14.2, 14.2. The carbon directly attached to
	the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl3) δ
	30.4.	

1,2-Diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

Compound was isolated via silica gel flash chromatography (PE/Et2O 99:1 to 98:2) as white solid (260.3 mg, 85 % yield) with 72/28 mixture of Z/E isomers. The major product, the Z-isomer was isolated for characterization.

1 

H NMR (400 MHz, CDCl3) δ 7.41 (s, 1H), 7.32-7.27 (m, 2H), 7.26-7.20 (m, 3H), 7.16-7.08 (m, 5H), 1.35 (s, 12H);

13 

C NMR (100 MHz, CDCl3) δ 143.

3, 140.6, 137.1, 130.1, 129.0, 128.4, 128.0, 127.7, 126.4, 83.9, 24.9

. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR

(128 MHz, + : 339.2102, found 339.2106 ; IR: 2976, 2930, 1607, 1508, 1347, 1246, 829. 

(Z

  , 1.1. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 32.4; HRMS: calcd for C 17 H 27 BLiO 2 Si [M + Li] + :309.2032, found 309.2021; IR: 2981 IR: , 1569 IR: , 1446 IR: , 1319 IR: , 1246 IR: , 1142, 845. , 845. 

  . The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 31.8.

	6.83-6.80 (m, 2H), 3.80 (s, 3H), 1.32 (s, 12H), other signals are overlapped with the major
	product; 13 C NMR (100 MHz, CDCl 3 ) δ 158.1, 140.9, 137.2, 132.5, 130.1, 129.6, 127.8, 126.1,
	113.7, 83.7, other signals are overlapped with the major product.
	(Z)-2-(1-Mesityl-2-phenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
	Compound was isolated via silica gel flash chromatography (PE/Et2O 93:7) as a white
	solid (240.8 mg, 69 % yield) with an inseparable 87/13 mixture of 3Z/3'Z.

2-(1-(4-Methoxyphenyl

)-2-phenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

1 

H NMR (400 MHz, CDCl 3 ) δ 7.33 (s, 1H), 7.30-7.29 (m, 2H), 7.23-7.21 (m, 2H),

1 

H NMR (400 MHz, CDCl 3 ) δ 7.43 (s, 1H), 7.

16-7.11 (m, 3H), 7.04-6.99 (m, 2H)

, 6.90 (s, 2H), 2.34 (s, 3H), 2.08 (s, 6H), 1.31 (s, 12H);

)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hept-2-enoate

  overlapped with the major product;13 C NMR (100 MHz, CDCl 3 ) δ 143.4, 140.2, 136.1, 135.2, 134.2, 128.7, 127.9, 127.5, 126.1, 83.7, 24.8, 21.0, 20.2. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 31.7; HRMS: calcd for C 14 H 27 BNaO 4 Si [M + Na] + : 321.1667, found 321.1672.Compound was isolated via silica gel flash chromatography (PE/Et2O 90:10) as a yellowish oil (140.7 mg, 47 % yield).1 H NMR (400 MHz, CDCl3) δ 7.51-7.48 (m, 2H), 7.38- 7.32 (m, 3H), 6.43 (s, 1H), 4.26 (q, J = 7.1 Hz, 2H), 1.42 (s, 12H), 1.31 (t, J = 7.2 Hz, 3H);13 C NMR (100 MHz, CDCl3) δ 168.

	attached to the boron atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz,
	CDCl3) δ 31.4. H
	O	B	O
		O O	
		O	
	H	B O
	Methyl (E)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hept-2-enoate
		1 H NMR (400 MHz, CDCl 3 ) δ 6.00 (s, 1H), 3.71 (s, 3H), 2.27 (m, 2H), 1.51-1.45 (m,
	2-(2-Mesityl-1-phenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 2H), 1.35 (s, 12H), 1.31-1.25 (m, 4H), 0.88 (m, 3H); 13 C NMR (100 MHz, CDCl 3 ) δ 168.3,
	O 125.6, 84.1, 51.7, 35.9, 31.6, 27.8, 25.0, 22.5, 14.1. The carbon directly attached to the boron
	H atom was not detected due to quadrupolar relaxation. 11 B NMR (128 MHz, CDCl 3 ) δ 30.3; B O 1 H NMR (400 MHz, CDCl 3 ) δ 6.75 (s, 2H), 2.25 (s, 3H), 2.03 (s, 6H), 1.38 (s, 12H),
	OMe B O O B O HRMS: calcd for C 15 H 27 BLiO 4 [M + Li] + : 289.2160, found 289.2150; IR: 2986, 2926, 1715, H H O O 1305, 1137. H Si O O other signals are Methyl (ZCompound was isolated via silica gel flash chromatography (PE/Et2O 95:5) as a O B O O
	colorless oil (169.0 mg, 63 % yield) with 38/62 mixture of Z/E isomers. The two isomers were
	separated by flash chromatography for characterization. 1 H NMR (400 MHz, CDCl 3 ) δ 6.39 (s,
	1H), 3.70 (s, 3H), 2.66 (m, 2H), 1.45-1.38 (m, 2H), 1.32-1.28 (m, 4H), 1.26 (s, 12H), 0.88 (m,
	3H); 13 C NMR (100 MHz, CDCl 3 ) δ 166.6, 129.3, 84.2, 51.1, 32.0, 30.2, 29.4, 24.8, 22.7, 14.1.
	The carbon directly attached to the boron atom was not detected due to quadrupolar relaxation.
	11 B NMR (128 MHz, CDCl 3 ) δ 30.0; HRMS: calcd for C 15 H 27 BNaO 4 [M + Na] + : 305.1897, H
	O O found 305.1888; IR: 2987, 2925, 1724, 1330, 1264, 1133. B O O

.1. The carbon directly Ethyl (E)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(trimethylsilyl)acrylate

Compound was isolated via silica gel flash chromatography (PE/Et2O 94:6) as white solid (181.9 mg, 61 % yield).

1 

H NMR (400 MHz, CDCl 3 ) δ 6.39 (s, 1H), 4.19 (q, J = 7.1 Hz, 2H), 1.36 (s, 12H), 1.27 (t, J = 7.1 Hz, 3H), 0.16 (s, 9H);

13 

C NMR (100 MHz, CDCl 3 ) δ 166.

5, 137.0, 84.0, 60.8, 25.3, 14.4, -1.4

.

Ethyl (E)

-3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)acrylate

  2; HRMS: calcd for C 25 H 37 B 2 F 3 NaO 4 [M + Na] + : 503.2731, found 503.2736; m.p. = 97-98 °C; IR: 2986,

  116 

	R 1	R 1 R 2 R 3	+	R 2	+ H 2 (1 atm) H 2 1-5 mol% Co-71 C 6 D 6 , RT, 2.5 -8 h 2 mol% [ Cy PBP)CoH] 2 toluene, 25 o C, 2-24 h	R 1 R 2 Co-68 R 1 R 3	R 2 R 1 , R 2 , R 3 = H, alkyl, (hetero)aryl R 1 = alkyl, aryl R 2 = H, alkyl 4 examples 92-100% yield 17 examples 57-99% yield
	N Scheme 84. Co-71 catalyzed hydrogenation of multi-substituted olefins N CoI 2 , Na/Hg N B N B PCy 2 Cy 2 P H
	THF A proposed mechanism for the hydrogenation of alkene is depicted by the experimental PCy 2 Cy 2 P H Co Co studies and DFT calculation (scheme 85). 117 Initially, the cobalt (II) dialkyl complex Co-71
	N undergoes hydrogenolysis to form cobalt (II) dihydride complex Co-72. Next, olefin N B PCy 2 Cy 2 P H Cy PB(H)P
	[ Cy PBP)CoH] 2 coordinates with the cobalt center, follows by migration insertion to generate the intermediate
	Co-74 which affords the alkane product and Co(0) species Co-75 via reductive elimination.
	The Co(0) species coordinates with another alkene to keep stable which regenerates active
	cobalt(II) dihydride complex Co-76 by reacting with hydrogen.
					Ph 2 P P Ph 2	Co	H H	-2SiMe 4 + 2H 2	Ph 2 P Ph 2 P	Co	SiMe 3 SiMe 3
								R 1
								R 2	R 3
								R 1
					H 2 Ph 2 P	R 2
						Co
					P Ph 2	H	H	R 3
					[Co]			[Co]-H 2
	Ph 2				Co-68	R 2	Co-69 R 1
								Ph 2
								P
								P	Co	H	R 3	S = Alkene
					alkane			Ph 2	Co-H 2 -S
								Co-70
								H 2
					Ph 2		
					P		
					Co	
					P		
					Ph 2		

116 Friedfeld, M. R.; Margulieux, G. W.; Schaefer, B. A.; Chirik, P. J. J. Am.

Chem. Soc. 2014, 136, 13178. 

Scheme 85. Plausible mechanism for the hydrogenation of trisubstituted alkene by Co-71 117 Ma, X.; Lei, M. J.

Org. Chem. 2017, 82, 2703. 

  The disclosed transitionmetal catalysts such as Mn, 132 Ru, 133 Pd, 127,134 and Co 135 using molecular hydrogen all have the problem of limited substrates. The only metal-free Lewis acid system employed high temperature and hydrogen pressure (140 °C and 50 bar).

			Pd/CaCO 3 or Pb(OAc) 2 /quinoline		
	R 1	R 2	nano Fe/ 60 bar H 2 H 2	R 1	R 2
			Pd, Rh, Ru, Mn, Co		
			H 2		
			Cr		
			HCOOH/H 2 O/NH 3 BH 3		
			[Ru]/HSi(OEt) 3		R 2
	R 1	R 2	CuI, TBAF	R 1	
			Li (Na)/ NH 3 (l)		
			Birch-type reduction		
			HB(C 6 F 5 ) 2		
			140 o C, 50 bar H 2		
	To the best of our knowledge, only a few papers reported ligand controlled selective
	semi-reduction of alkynes to the corresponding (E)-or (Z)-olefin isomers. Both Pd and Ni
	130 Lindlar, H; Dubuis, R. Org. Synth. 1966, 68, 182.		
	131 Gieshoff, T. N.; Welther, A.; Kessler, M. T.; Prechtl, M. H. G.; Jacobi von Wangelin, A. Chem. Commun. 2014,
	50, 2261.				

136 Figure 12. Selective semi-hydrogenation of alkynes to E-alkenes 132 Zhou, Y. P.; Mo, Z.; Luecke, M. P.; Driess, M. Chem. Eur. J. 2018, 24, 4780. 133 Srimani, D.; Diskin-Posner, Y.; Ben-David, Y.; Milstein, D. Angew. Chem. Int. Ed. 2013, 52, 14131. 134 Maazaoui, R.; Abderrahim, R.; Chemla, F.; Ferreira, F.; Perez-Luna, A.; Jackowski, O. Org. Lett. 2018, 20, 7544. 135 Tokmic, K.; Fout, A. R. J. Am. Chem. Soc. 2016, 138, 13700. 136 Liu, Y.; Hu, L.; Chen, H.; Du, H. Chem. Eur. J. 2015, 21, 3495.

  Internal alkynes with different functional groups, dialkyl-substituted

			2 mol% Pd 2 dba 3 / 4 mol% dppb			55-98% yield
	R 1	R 2	2 equiv. HCOOH	R 1	R 2	Z:E = 99:1 -61:39
	R 1 , R 2 = alkyl, aryl 19 examples	25% aqueous HCOOH 1 mol% Pd 2 dba 3 / 2 mol% dppb	R 1	R 2	83-95% yield E:Z = 99:1 -30:70
			2 mol% Rhacac(CO) 2 / 5 bar H 2			83-94% yield
	R 1	R 2	P( t Bu) 2	R 1	R 2	Z:E = 95:5 -89:11
	R 1 , R 2 = alkyl, aryl 5 examples	2 mol% Rhacac(CO) 2 10 bar CO/H 2	R 1	R 2	89-96% yield E:Z = 98:2 -92:8

137 Shen, R.; Chen, T.; Zhao, Y.; Qiu, R.; Zhou, Y.; Yin, S.; Wang, X.; Goto, M.; Han, L. B. J. Am.

Chem. Soc. 2011, 133, 17037. 138 

Jagtap, S. A.; Bhanage, B. M. Chem. Select. 2018, 3, 713.

139 

Pregaglia, G. F.; Andreetta, A.; Ferrari, G. F.; Ugo, R. J.

Organometal. Chem. 1971, 30, 387. 140 

Tokmic, K.; Fout, A. R. J. Am.

Chem. Soc. 2016, 138, 13700. 

-113, Co-114 and Co-115

  Scheme 105. Selective transfer hydrogenation of alkynes by Co

											R 1 , R 2 = alkyl, (heter)aryl 21 examples, 33-98% yield
											E:Z = 99:1 -1:1
	21 examples 48-99% yield E:Z = 99:1 -4 :1	tBu 2 P	Cl	H N Co	Cl	PtBu 2	iPr 2 P	Cl	Cl	PiPr 2
				Co-113			Co-114	Co-115

Table 6 .

 6 Co-Catalyzed Transfer Hydrogenation of 1a a

			+	NH 3 BH 3	[Co]		+	+
					Ar, T, solvent, t		
		1a		8		9a-E		9a-Z	9a-A
	Entry	Solvent	Catalyst	t (h)	T	Conv.(%) E : Z:Alkane
	1		HOAc		HCoN2(PPh3)3	3	50 o C	-	-
	2		CH3CN		HCoN2(PPh3)3	3	50 o C	11%	22/78 /0
	3		MeOH		HCoN2(PPh3)3	3	50 o C	26%	41/57/2
	4		t BuOH		HCoN2(PPh3)3	3	50 o C	26%	21/77/2
	5		1,4-Butanediol	HCoN2(PPh3)3	3	50 o C	45%	16/82/2
	6	1,4-Butanediol : H2O =	HCoN2(PPh3)3	3	50 o C	47%	16/77/7
			3 :1				
	7		TEF		HCoN2(PPh3)3	3	50 o C	57%	82/15/3
	8		HFIP		HCoN2(PPh3)3	24	50 o C	63%	88/0/12
	9	HFIP : H2O = 3 :1	HCoN2(PPh3)3	4	50 o C	15%	33/63/4
	10		i PrOH		HCoN2(PPh3)3	3	50 o C	66%	16/82/2

150 Ventre, S.; Derat, E.; Amatore, M.; Aubert, C.; Petit, M. Adv.

Syn. & Catal. 2013, 355, 2584. 

1,2-Bis(4-bromophenyl)ethene

  

	Compound was isolated via column chromatography (PE) white solid (147 mg, 88%,
	Z/SM = 38: 62). 1 H NMR (300 MHz, CDCl 3 ) δ 7.36 (d, J = 8.8 Hz, 4 H), 7.08 (d, J = 8.8 Hz, 4
	H), 6.54 (s, 2 H);	13 C NMR (75 MHz, CDCl 3 ) δ 135.

  In 2018, Cramer and his coworkers reported that nickel complex/chiral N-heterocyclic carbene ligand in the presence of Lewis acid catalyzed enantioselective intramolecular olefin hydroarylation of 2-and 4-pyridones to annulated pyridones under mild condition with moderate to good yield (scheme 126).169 Scheme 126. Nickel catalyzed intramolecular olefin hydroarylation of 2-and 4-pyridones In 2018, Ye and his coworkers described the Ni-Al bimetallic/chiral SPO catalyzed enantioselective C-H exo-selective cyclization of imidazoles with alkenes to give a series of bi-or polycyclic imidazoles with β-stereocenter in moderate to good yield (scheme 127).170 

	Bn	N	O	0.25 mol% Ni(COD) 2 0.25 mol% SPO-Al no PPh 3 , no AlMe 3	Bn	N	O		SPO-Al =	Ar	N	P	OAlMe 2 t Bu
				toluene, 40 o C, 12 h						N
								96% yield, 94% ee	Ar	t Bu
			O P H R R		R	P R	OH	AlMe 3 -CH 4		R	P R	OAlMe 2 A
									PPh 3		Ni(COD) 2
					O		H					
				Bn	N		*		L n Ni R	R OAlMe 2 B P	Bn N	O	H
	Scheme 127. Nickel catalyzed enantioselective C-H exo-selective cyclization of imidazoles
	Bn N Based on the deuterium experiments and competitive experiments, they gave the O Al O P R R Ni H O Ni P Al O R Bn N R H proposed mechanism (scheme 128). Firstly, the pentavalent phosphine oxide tautomerized to
	C trivalent phosphinous acid form which reacted with Lewis acid AlMe3 and coordinated with E
	O nickel complex to generate pre-active species and release methane. Next, the bimetallic species Al O R
	Bn N coordinated with the imidazole substrates to form complex A. The complete deuterium transfer P R Ni H
												D

169 Diesel, J.; Finogenova, A. M.; Cramer, N. J.

Am. Chem. Soc. 2018, 140, 4489. 170 

Wang, Y. X.; Qi, S. L.; Luan, Y. X.; Han, X. W.; Wang, S.; Chen, H.; Ye, M. J.

Am. Chem. Soc. 2018, 141, 5360. 

  underwent oxidative addition to give the Ni-D complex B. Next, the seven-membered ring species C was formed via the anti-Markovnikov hydronickelation of the alkene. Finally, endo-annulation product was afforded by reductive elimination of C.

	Scheme 130. The plausible mechanism for intramolecular C-H cyclization of pyridine
	In 2019, Ackerman and his coworkers reported chiral nickel/JoSPOphos manifold
	catalyzed enantioselective alkene endo-hydroarylations of imidazole derivatives in the absence
	of pyrophoric AlMe3 with moderate to good yields (scheme 131). 172

172 Loup, J.; Muller, V.; Ghorai, D.; Ackermann, L. Angew.

Chem. Int. Ed. 2019, 58, 1749. 

  formed via oxidative cyclization which was enantio-determined step. Next, the silane reacted with nickel alkoxide to give nickel hydride complex III which underwent hydrometallation, C(sp 2 )-H activation proceeds to provide cyclometallation IV and release norbornane. Finally, the complex IV underwent reductive elimination to generate Ni species and deliver the silyl

	indanol ether.
	+ Scheme 135. Proposed mechanism for enantioselective three-component coupling + R 2 CHO 10 mol% Ni(COD) 2 OSiR'R 2 R 1 10 mol% L R'R 2 SiOH THF, 23 o C, 17 h R 1 R 2 In 2017, Butenschön and his coworkers firstly reported that iron complex catalyzed
	38-99% yield 69-96% ee ortho-alkylation and arylation of ferrocene derivatives bearing ortho-directing groups to R 1 = aryl, alkyl, H R 2 = alkyl, H, heteroatom R, R' = aryl, alkyl L = racemic 1,2-disubstituted ferrocenes (scheme 136). However, they only gave two
	enantioselective ortho-phenylation of ferrocenes with the triazole-containing TAM-group and
	8-aminoquinoinyl-group as the ortho-directing groups in moderate enantiomeric excess. 175

175

Schmiel, D.; Butenschön, H. Organometallics 2017, 36, 4979. 

  H NMR (400 MHz, CDCl3) δ 8.30-8.26 (m, 2H), 7.88-7.83 (m, 1H), 7.63-7.53 (m, 3H), 4.07 (s, 3H), 3.99 (s, 3H); 13 C NMR (100 MHz, CDCl3) δ 166.

1 

mol% NaBEt 3 H, rt, THF, 12 h Co-15

H NMR (400 MHz, CDCl3) 3.97 (s, 1 H), 3.84 (t, J = 5.7 Hz, 6 H),

2.89 (t, J = 5.7 Hz, 6 H).
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The reaction was refluxed over 4 h and then cooled to room temperature. The resulting solids were filtered and further recrystallized from xylene to give silatrane as white fibrous crystals.

Dried the product to get the white powder.

Résumé Chapter 2 Cobalt-catalyzed Hydride Transfer Reactions 1 Hydrogenation reactions

Hydrogenation is a core reaction in organic chemistry which produced useful fine chemicals and compounds used in agriculture and pharmaceuticals. 100 Homogeneous catalyzed-hydrogenation with its atom economical, and no byproducts makes great contributions in both laboratory and industrial scale synthesis. Due to the development of sustainable chemistry, the earth-abundant metals such as Fe 101 , Co and Mn now can almost replace the precious metals like Ir 102 , 103 , Rh and Ru 104 and are widely used in catalytic hydrogenation in recent years. Herein, we will focus our attention on potential cobalt-catalyzed homogeneous hydrogenation of alkene and alkyne reactions. 105

Hydrogenation of alkenes

Many transition metal complexes could cleave the H-H bond. However, the substrate structure, the auxiliary ligand, and reaction pressure have a big influence on the catalytic efficiency. Elaborated ligand design made cobalt catalysts available for cleaving the H-H bond.

The seminal work on cobalt-catalyzed homogeneous hydrogenation of alkenes was given by Iguchi's group in 1942 (figure 8). They employed the [CoH(CN)5] 3-complex to hydrogenate conjugated dienes to mono-enes at room temperature with 1 atmosphere of H2. 106 The following decades, Funabiki, Reger, and Alper continued the research of pentacyanocobaltatecatalyzed hydrogenation of conjugated dienes. 107 Later, Breslow and his coworkers used Co(acac)3 and Al( i C4H9)3 for the hydrogenation of cyclohexene and 1-hexene with high conversion under mild conditions. 108 In addition, Ugo's group 109 and Atwood's group 110 reported that HCo(CO)4-n[P(C4H9)3]n and CH3COCo(CO)2P(OCH3)2 catalyzed hydrogenation was stirred at -78 °C for 1 h and then, room temperature for 2 h. Reaction mixture was quenched with sat. NH 4 Cl solution and extracted with ethyl acetate. The acquired organic phase was then dried over anhydrous Na 2 SO 4 . After removing the volatile solvent, the resulting residue was purified by flash chromatography (PE/Et2O, 130:1) to afford the product as yellow oil and the yield is unknown because of breaking the bottle. 1 H NMR (400 MHz, CDCl 3 ) δ 7.03 (dd, J = 8.0, 1.6 Hz, 1 H), 6.93 (d, J = 1.5 Hz, 1 H), 6.75 (d, J = 8.0 Hz, 1 H), 5.97 (s, 2 H), 2.97 (s, 1 H); 13 C NMR (100 MHz, CDCl 3 ) δ 148. 3, 147.4, 126.9, 115.3, 112.0, 108.4, 101.3, 83.5, 75.5.

1,3-Di-tert-butyl-5-(2,2-dibromovinyl)benzene

Preparation according to general procedure from aldehyde (5.0 mmol) and affording the products quantitatively as a white solid. 1 H NMR (400 MHz, CDCl3) δ 7.51 (s, 1 H), 7.39 (s, 3 H), 1.33 (s, 18 H).

1,3-Di-tert-butyl-5-ethynylbenzene 1 H NMR (400 MHz, CDCl 3 ) δ 7.42 (t, J = 1.8 Hz, 1 H), 7.35 (d, J = 1.9 Hz, 1 H), 3.02 (s, 1 H), 1.32 (s, 18 H).

((Prop-2-yn-1-yloxy)methyl)benzene

Propargyl alcohol (1.0 g, 17.8 mmol, 1.0 equiv.) was added dropwise at 0 °C to a suspension of sodium hydride (780 mg, 60% dispersion in mineral oil, 19.6 mmol, 1.1 equiv.)

in THF (40 mL) and the reaction mixture was allowed to warm up to room temperature in 1 h.

Tetrabutylammonium iodide (330 mg, 0.9 mmol, 0.05 equiv.) and corresponding benzyl 7, 136.9, 134.2, 132.9, 129.5, 128.8, 126.9, 126.1, 123.7, 118.9, 113.0, 105.7, 55.2.

9-Ethylphenanthrene

Compound was isolated via column chromatography (PE/Et2O 15:1) as white solid (57.0 mg, 59%). 2, 132.1, 131.3, 130.6, 129.6, 128.0, 126.5, 126.4, 126.1, 125.8, 124.9, 124.3, 123.2, 122.4, 26.1, 14.5. 9, 134.7, 129.5, 127.7, 126.3, 35.4, 33.5, 22.4, 14.0.

(Z)-1-Styryl-4-(trifluoromethyl)benzene

Compound was isolated via column chromatography (PE) a pale white solid (116 mg, 93%, Z/SM = 18: 82). 9, 136.5, 132.3, 129.1, (129.0), 128.8, 128.7, 128.4, 127.6, 125.13 (q, JCF = 3.8 Hz), (124.2 (q, J = 270.1 Hz)); 19 F NMR (376 MHz, CDCl3) δ -62.5.

Compound was isolated via column chromatography (PE) colorless oil (91 mg, 72%, Z/SM = 27: 73).

1 H NMR (CDCl 3 , 400 MHz) δ 7.31-7.25 (m, 2H), 7.25-7.17 (m, 7H), 6.60-6.52 (m, 2H), 0.22 (s, 9H); 13 C NMR (CDCl 3 , 100 MHz) δ 139. 4, 137.5, 137.4, 133.7, 133.2, 130.4, 130.2, 128.8, 128.1, 127.1, -1.1.

(Z)-4-Styrylbenzonitrile

Compound was isolated via column chromatography (PE/Et2O 20:1) yellowish oil (72 mg, 69%, E/Z/SM = 35:16:49). 0, 136.2, 133.3, 132.0, 129.5, 128.7, 128.5, 128.3, 127.8, 118.9, 110.4.

(Z)-1-Methyl-2-styrylbenzene

Compound was isolated via column chromatography (PE) yellowish oil (94.5 mg, 97%, Z/SM = 18: 82). 1 H NMR (300 MHz, CDCl 3 ) δ 7.26-7.00 (m, 9H), 6.67 (d, J = 12.3 Hz, 1H), 6.62 (d, J = 12.3 Hz, 1H), 2.28 (s, 3H); 13 C NMR (75 MHz, CDCl 3 ) δ (137. 1, 137.0, 136.1, 130.5, 130.1), 129.5, 128.88, 128.85, 128.1, 127.2, 127.0, 125.7, 19.9.

(Z)-Oct-1-enylbenzene

Compound was isolated via column chromatography (PE) yellowish oil (>73 mg, 78%, Z/SM = 22:78), (d we lost our products during evaporation). 

toluene, 40 o C R 1 = alkyl, aryl, F, Cl, Br R 2 = alkyl 63-95% yield 72-96% ee (dd, J = 8.9, 2.0 Hz, 1H), 7.20 (ddd, J = 7.4, 4.9, 0.8 Hz, 1H), 6.65 (dd, J = 3.5, 0.6 Hz, 1H); 13 C NMR (CDCl 3 , 100 MHz) δ 152. 2, 148.9, 138.6, 133.8, 132.1, 126.9, 125.9, 123.5, 120.4, 114.8, 114.5, 114.4, 105.0.

1-(Pyrimidin-2-yl)-1H-indole

To a solution of indole (3.5145 g, 30 mmol) in DMF (70 mL) was added sodium hydride (60% wt. in mineral oil, 1.8 g, 45 mmol) portion-wise. The reaction mixture was allowed to stir at room temperature for 1 hour. To the solution was added 2-chloropyrimidine (5.1539 g, 45 mmol) and the reaction mixture was heated to 150 °C for 2 days. The reaction mixture was allowed to return to room temperature before being poured into brine (450 mL) and EtOAc (450 mL). The organic layer was separated and was re-washed with brine (300 mL), the aqueous layer was re-extracted with EtOAc (2 × 300 mL). The combined organic layers were dried over 6.71 (dd, J = 3.7, 0.8 Hz, 1H). 13 C NMR (75 MHz, CDCl3) δ 158. 1, 135.4, 131.3, 125.8, 123.6, 122.1, 120.8, 116.2, 116.1, 106.9.

N-(4-Methoxyphenyl)-1-phenylethan-1-imine

The mixture of 30 mmol acetophenone and 30 mmol substituted anilines was stirred in 60.0 mL toluene at 120 °C for 1d in the presence of 2 g molecular sieve (4Å) and a catalytic amount of concentrated H 2 SO 4 (10 mol %). The mixture was then filtered and the solvent was removed under reduced pressure to produce crude N-(4-methoxyphenyl)-1-phenylethan-1imine yellow solid without further purification. 

(S)-O, O'-([1,1'-Binaphthalene]-2,2'-diyl) bis(dimethylcarbamothioate)

To an ice-cooled solution of (S)-1,1'-binaphthol (5.73 g, 20 mmol) in 40 mL of dry DMF under N2 was added NaH (60% oil dispersion) (1.92 g, 80 mmol) in portions. 186 To the resulting suspended mixture was added N, N-dimethylthiocarbamoyl chloride (9.89 g, 80 mmol) in one portion. After 1 h the green reaction mixture was cooled to room temperature and slowly poured into 1% aqueous KOH solution (100 mL) with vigorously stirring. The white precipitate was filtered, washed with water and dissolved in DCM. The DCM solution was washed with brine and dried over Na 2 SO 4 . After filtration and evaporation, the crude product was purified by silica gel column chromatography (pentane/AcOEt = 10:1 to 5:1) to give (4.6 g, 50%). 1 H NMR (400 MHz, CDCl 3 ) δ 7.96 (d, J = 8.9 Hz, 2H), 7.90 (m, 2H), 7.62 (d, J = 8.9 Hz, 2H), 7.44 (dd, J = 8.2, 6.7 Hz, 4H), 7.29 (d, J = 8.5, 6.7 Hz, 2H), 3.08 (s, 6H), 2.51 (s, 6H); 13 C NMR (100 MHz, CDCl 3 ) δ 186. 2, 149.5, 133.3, 131.4, 128.2, 127.7, 126.8, 126.3, 125.7, 124.0, 123.7, 43.2, 42.7, 38.0.

(S)-S, S'-([1,1'-Binaphthalene]-2,2'-diyl) bis(dimethylcarbamothioate)

A solution of (S)-O, O'-([1,1'-binaphthalene]-2,2'-diyl) bis(dimethylcarbamothioate) (1.23 g, 10.0 mmol) in 1,2,4-trichlorobenzene (50 mL) was refluxed at 240 o C for 15 h with stirring. The brown reaction mixture was cooled to room temperature, and directly purified by silica gel column chromatography (PE/AcOEt = 5:1 to 0:1) to give (2.32 g, 50%) white solid. 1 H NMR (400 MHz, CDCl3) δ 2.76 (brs, 12H), 7.08 (d, J = 8.5 Hz, 2H), 7.22 (td, J = 7.6, 6.8, 1.1 Hz, 2H), 7.40-7.49 (m, 2H), 7.79 (d, J = 8.7 Hz, 2H), 7.90 (d, J = 8.2 Hz, 2H), 7.97 (d,J = 8.6 Hz,2H). 13 C NMR (100 MHz, CDCl3) δ 166. 0, 140.7, 133.1, 133.0, 128.2, 128.0, 127.7, 126.7, 126.4, 126.2, 36.6. 186 Satake, S.; Kurihara, T.; Nishikawa, K.; Mochizuki, T.; Hatano, M.; Ishihara, K.; Yoshino, T.; Matsunaga, S. Nat. Catal. 2018, 1, 585. 

Ethyl (S)-2-(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate

A dry round-bottomed flask was charged with (L)-proline (100 mmol, 11.513 g, 1 equiv.)

and K2CO3 (100 mmol, 13.81 g, 1 equiv.). The mixture was solubilized in 60 mL of anhydrous MeOH and ethyl chloroformate (300 mmol, 25.8 mL, 3 equiv.) was added at room temperature for 16h. Once completed, the solvent was evaporated and the obtained residue was solubilized in water. The product was extracted with chloroform (6 × 100 mL), dried with Na2SO4 and concentrated under reduced pressure. The product was obtained as a pale-yellow oil, and used in the next step without further purification.

A dry two-neck round-bottomed flask connected to a condenser was charged with Mg turnings (200 mmol, 4.8 g, 2 equiv.), recently activated by I2, and 30 mL of anhydrous THF was added. The heterogeneous mixture was cooled to 0 ºC and bromobenzene (400 mmol, 42 mL, 4 equiv.) was added slowly. The final mixture was then agitated at room temperature for 3h. A second dry round-bottomed flask was charged with the intermediate from the previous procedure and 50 mL of anhydrous THF. The solution was cooled to 0 ºC and the recently prepared Grignard reagent was added via cannula. The final mixture was then stirred at 0 ºC and followed by TLC. Once completed, a saturated aqueous solution of NH4Cl (50mL) was added to the reaction. The biphasic mixture was separated and the aqueous phase was extracted with ethyl acetate (6 × 100 mL). The combined organic extracts were washed with brine (3 × 30 mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure. The residue was purified by flash column chromatography (AcOEt/PE/Et3N 15:84:1) and the product was obtained as a white solid in 34% overall yield (11.095 g, contain some EtOAc solvent) for two steps. 22.9, 29.6, 47.7, 61.9, 65.9, 81.6, 127.10, 127.14, 127.4, 127.6, 127.8, 128.2, 143.7, 146.3, 171.1. (hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (34 mmol, 11.095g, 1 equiv.) and 50 mL of anhydrous MeOH. KOH (340 mmol, 19.1g, 10 equiv.) was added and the final mixture was refluxed for 4 h. After the solvent was evaporated, the material was solubilized in water (50 mL) and the product was extracted with chloroform (6 × 80 mL). The combined organic extracts were dried over anhydrous Na2SO4 and concentrated under reduced pressure. The product was obtained as white solid in 97% yield (8.3687g) and used in the next step without further purification.

(S)-Diphenyl(pyrrolidin-2-yl)methanol

1 H NMR (400 MHz, CDCl3) δ 7.13-7.60 (m, 10H), 4.28 (t, J = 7.5 Hz, 1H), 2.90-3.00 (m, 2H), 1.51-1.83 ppm (m, 4H); 13 C NMR (101MHz, CDCl3) δ 147. 9, 145.3, 128.2, 128.0, 126.5, 126.4, 125.9, 125.5, 64.5, 53.4, 46.8, 26.3, 25.4.

(S)-2-(((Tert-butyldimethylsilyl)oxy)diphenylmethyl)pyrrolidine

To (S)-diphenylprolinol (8.3687 g, 33 mmol, 1.0 equiv.) in CH 2 Cl 2 (66 mL), 3, 145.1, 129.2, 128.3, 127.6, 127.2, 127.0, 126.9, 83.0, 65.6, 47.2, 27.8, 26.3, 25.0, 19.0, -2.7, -3.3.

General conclusion

General conclusion

The aim of our project was to explore the well-defined low-valent cobalt complexes and Cp*Co III family of complexes on their applications in R-H activation. As a continuity of our preliminary work on low-valent cobalt-catalyzed hydroarylation of alkenes and alkynes, hydrosilylation of alkynes, we explore the other possibility of bond activation by the low-valent cobalt complexes (HCo (PMe3)4, Co(PMe3)4 andHN2Co(PPh3)3).

We began the study by exploiting the availability of low-valent cobalt complexes in hydroboration and diboration of alkynes. We developed the protocol that catalytic amounts of HCo(PMe3)4 could effectively catalyze hydroboration and diboration of alkynes with good stereo-and regio-selectivity in good yields. The hydroboration reactions can finish in less an hour. Besides, we also showed that the well-defined HCo(PMe3)4 can be used to catalyze silaboration of special alkynes with good stereo-and regio-control.

Next, we found that catalytic amounts of HCo(PMe3)4 and HN2Co(PPh3)3 could catalyze stereo-selective transfer semi-hydrogenation of alkynes to E-alkenes and Z-alkenes by ammonia borane under mild conditions. The protocol has a good functional group tolerance.

Finally, we explored the application of the bench-stable Cp*Co(III) in asymmetrical C-H activation. We found that Cp*CoCOI2/ L-Phth-t-Leu-OH system could catalyze C-H alkylation of indole with unbiased olefin with moderate yield and ee. Besides we also conducted the elementary exploitation in synthesis of chiral Cp*Co III complex.

In summary, the low-valent cobalt complex HCo(PMe3) 

Cobalt-catalyzed Hydroelementation Reactions

Abstract: This thesis was focused on well-defined low-valent cobalt complexes HCo(PMe3)4/HCoN2(PPh3)3, the bench stable family Cp*Co(III) of complexes and their applications in R-H activation (R = B, C, Si). First, we successfully used the HCo(PMe3)4 complex to catalyze regio-and stereo-selective hydroboration and diboration of alkynes. In addition, we exploited the HCo(PMe3)4 complex to catalyze silaboration of alkyne. Then, we demonstrated that the HCo(PMe3)4 complex and HCoN2(PPh3)3 complex were useful in the stereo-divergent hydrogenation of alkynes. Finally, we explored the application of the benchstable Cp*Co(III) together with chiral additives in asymmetrical C-H bond functionalization.

In addition, we conducted the elementary exploitation in synthesis of chiral Cp*Co(III) complexes. 
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