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Abstract 
 

              This thesis is divided into two parts. The first part focuses on the Cu-catalyzed 

cross-coupling of organoaluminum reagents with organohalides. One of the most powerful 

tools for the construction of C-C bonds is cross-coupling. But, this reaction is 

predominantly catalyzed by Pd, a rare and expensive transition metal, which inevitably 

makes the process unsustainable in the long-term. Furthermore, Pd-catalyzed cross-

coupling also shows low tolerance for alkyl and heteroaryl substrates because of β-hydride 

elimination and catalyst deactivation, respectively. Although these issues remain largely 

solved by using sterically hindered and electron-rich ligands, however making these types 

of ligands is synthetically challenging and often involves multi-step processes. As such, 

the use of these ligands in large scale productions is also cost-prohibitive. In order to 

alleviate these problems, we have developed the cross-coupling reaction with Cu, an earth-

abundant and inexpensive transition metal. Regarding this, we have been able to discover 
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the Cu-catalyzed coupling of alkyl-, aryl- and alkynylaluminum reagents with 

organohalides. This Cu-catalyzed cross-coupling does not suffer from β-hydride 

elimination and no rearrangement is seen when secondary alkylaluminum reagents are 

used. It also shows tolerance with heteroaromatic substrates. Unexpectedly, no ligand is 

needed when heteroaryl halides are used for cross-coupling. We have also conducted 

mechanistic studies through radical clock experiments, competition experiments and 

kinetic studies, and proposed a catalytic cycle for the Cu-catalyzed coupling of 

organoaluminum reagents with aryl halides. These mechanistic studies designate that the 

reaction proceeds through an oxidative addition-reductive elimination pathway. 

              The second part of this thesis is about the development of Ni-catalyzed 

regioselective dicarbofunctionalization of olefins in styrene derivatives by intercepting 

Heck C(sp3)-NiX intermediates with arylzinc reagents. This method utilizes a readily 

removable imine as a coordinating group that plays a dual role of intercepting oxidative 

addition species derived from aryl halides and triflates to promote Heck carbometallation, 

and stabilizing the Heck C(sp3)-NiX intermediates as transient metallacycles to suppress 

β-hydride elimination and facilitate transmetalation/reductive elimination steps. This 

approach affords diversely-substituted 1,1,2-triarylethyl products that occur as structural 

motifs in various natural products and bioactive molecules like cassigarol B, 4-[1-(p-

hydroxyphenyl)-2-phenylethyl]phenoxyacetic acid, etc. 
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Chapter 1: Transition Metal Catalyzed Cross-Coupling Reactions 

1.1.  Background 

 “Organic synthesis is considered, to a large extent, to be responsible for some of the 

most exciting and important discoveries of the twentieth century in chemistry, biology and 

medicine and continues to fuel the drug discovery and development processes with myriad 

processes and compounds for new medical breakthroughs and applications.’’ These words 

from K. C. Nicolaou1 shows the significance of synthetic organic chemistry over the last 

two centuries since Wöhler’s synthesis of urea in 1828 AD. There are lots of issues organic 

chemists are facing in the twenty-first century: responding to an ever-growing demand for 

new, efficient and environmentally friendly methods to perform chemical transformations.2 

Among these transformations, the selective carbon-carbon bond formation is certainly of 

great significance because it acts as a unique tool for the construction of complex 

molecules. 

Cross-coupling is one of the main synthetic methods for the formation of C-C bond, 

which involves the coupling of organometallic reagents with organic halides or related 

electrophiles in presence of transition metal catalyst. In this transformation, generally 

catalyzed by Pd, a wide variety of organometallic reagents, such as those of Zn (Negishi), 

B (Suzuki-Miyaura), Mg (Kumada), Si (Hiyama) and Sn (Stille), are utilized as coupling 

partners along with organohalides (Scheme 1.1).3 As such, this Nobel Prize-winning (2010) 

reaction remains one of the most versatile transformations in organic synthesis. The 

versatility of cross-coupling is nicely summarized recently by Roughley and co-worker in 
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the pursuit of drug candidates, who reported that about 62% of the total C-C bond forming 

processes involved cross-coupling.4 

Scheme 1.1. Various types of cross-coupling 

 

 

 

 

 Negishi reported the first Ni-catalyzed cross-coupling of organoaluminum reagents 

with aryl halides in 1976 to form arylated alkenes.5 Later, Pd was used which helped to 

increase the stereospecificity. Subsequently, Negishi6 (Scheme 1.2) and Fauvarque and 

Jutand7 used the organozinc to carried out the cross-coupling. In 1979, Suzuki reported the 

first example of Pd-catalyzed cross-coupling between 1-alkenylboranes and aryl halides 

(Scheme 1.3).8 The beauty of this Suzuki-Miyaura coupling was this reaction uses the air 

and moisture sensitive organoboron reagent and this reaction could be done under mild 

reaction conditions. Corriu9 and Kumada10 independently developed the Ni-catalyzed 

cross-coupling of Grignard reagents with alkenyl and aryl halides in 1972 (Scheme 1.4). 

Later, Kumada used the phosphorus based ligand to tune the reactivity of the metal to 

improve the cross-coupling. In 1988, Hiyama developed the Pd- and Ni-catalyzed cross-

coupling of organosilanes and aryl halides and triflates activated by fluoride source like 

tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF) (Scheme 1.5).11 Later, 

Denmark12 and DeShong13 improved this reaction using siloxanes. In 1976, Eaborn was 

the first who reported the Pd-catalyzed cross-coupling of organodistannane reagent with 

aryl iodide.14 In 1977, Migita reported the Pd-catalyzed cross-coupling of organotin 
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reagents with aryl bromides.15 In 1978, Stille synthesized the ketone using aroyl chlorides 

with organotin in much more milder condition than reported by Eaborn and Migita 

(Scheme 1.6).16 

Scheme 1.2. Pd-catalyzed Negishi coupling 

 

 

  

Scheme 1.3. Pd-catalyzed Suzuki-Miyaura coupling 

 

 

 

 

Scheme 1.4. Ni-catalyzed Corriu-Kumada coupling 

 

 

 

Scheme 1.5. Ni-catalyzed Hiyama coupling 

 

 

 

Scheme 1.6. Pd-catalyzed Stille coupling 
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Most of the cross-coupling reactions are catalyzed by Pd or Ni and these cross-

coupling reactions have similar catalytic cycle (Scheme 1.7). Initially, off the catalytic 

cycle involves the in situ reduction of the catalyst precursor MIILn (1) to the reactive 

species M0Ln (2), either with the organometallic reagent or with an additional reducing 

agent. In the case of metal (0) precursors, such as Pd(dba)2 or Ni(cod)2 no preliminary 

reduction is required. The first step is an oxidative addition to the C-X bond of the 

electrophile R-X, affording the organometallic complex 3. Subsequent ligand exchange 

reaction with the organometallic reagent R’-M’ leads to the complex 4. Reductive 

elimination provides the desired cross-coupling product R-R’ and regenerates the active 

catalyst M0Ln (2). The structure of the ligand Ln plays an essential role among all the 

factors influencing the catalysts efficiency. For instance, electron-rich ligands facilitate the 

oxidative addition step, whereas sterically demanding ligands enhance the reductive 

elimination step.17 

Scheme 1.7. Catalytic cycle of the transition metal catalyzed cross-coupling reaction 
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The majority of these transition metal-catalyzed cross-couplings were catalyzed by 

Pd and very few of them were done with other transition metals (Figure 1.1). So, there is 

still much more need to be done in this field with inexpensive metals like copper, nickel, 

iron and cobalt. 

 

 

Figure 1.1. Status of various transition metals in cross-coupling (Source: Scifinder citation 

index; search criteria: cross-coupling; duplicates removed; data until 05/25/2018) 

As expected, the transition metal catalyzed cross-coupling has been utilized in the 

synthesis of a variety of marketed drugs and materials, among others. For example, the 

Suzuki coupling is employed for the synthesis of COX-2 inhibitor, a drug used for the 

treatment of rheumatoid arthritis and osteoarthritis. Pharmaceutical company Pfizer uses 

the Kumada and Negishi couplings to synthesize PDE472, a phosphodiesterase type 4D 

inhibitor, which was being investigated as a drug lead for the treatment of asthma.18 

Negishi coupling is applied towards the synthesis of VEGFR kinase inhibitor, a bioactive 

Pd
73%

Ni 
10%

Cu
9%

Fe
4%

Co
1%

Rh
1%

Ru
1%

Others
1%

Status of various transition metals in cross-coupling

Pd Ni Cu Fe Co Rh Ru Others

https://en.wikipedia.org/wiki/Phosphodiesterase
https://en.wikipedia.org/wiki/Asthma
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molecule that shows antitumor activity.18 Kumada coupling is utilized for the synthesis of 

polymers such as polyalkylthiophenes, which are used for making organic solar cells and 

solar diodes (Figure 1.2).19 Similarly, Negishi coupling has found use in the preparation of  

teranthrylethynylene (D3ANT) for use in the preparation of thin film transistor (TFT).20 

 

 

 

Figure 1.2. Different types of drugs and polymer obtained from cross-coupling 

1.2.   Nickel, Iron and Cobalt as Sustainable Metals for Cross-Coupling  

In spite of being well-developed with wide applications in both academia and 

industry, cross-coupling reactions are mainly catalyzed by the precious and rare transition 

metal Pd. Consequently, large scale production of drugs and commodity chemicals in the 

long term will be challenging. Alternative strategies like catalyst recycling are also being 

used21 as a sustainable approach but it will only be practical for short term due to loss of 

catalyst during recycling. Therefore, there is a need for practical solutions that can be used 

for cross-coupling in order to make this chemical process sustainable in the long-term. 

Despite being widely used, challenges remain for Pd-catalyzed cross-coupling 

reactions. Firstly, in spite of the widespread application of Pd in cross-coupling reactions, 

its natural abundance and cost has always remained a major concern for the long-term 

sustainability and large-scale use of this transformation. Pd exists only in a very low 

concentration on the earth’s crust (6.3x10-7 ppm) while its demand remains on constant 
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rise.4 It is likely that Pd becomes even more scarce, development of an alternative catalyst 

based on the earth-abundant transition metals such as Ni (9.0 × 10-3 ppm), Fe (6.3 ppm), 

and Co (3.0 × 10-3 ppm),   is crucial. The price of Pd is much higher than Ni, Fe and Co.22,23 

Iron is less toxic in comparison to Pd and is present in the large number of the biological 

system as metalloproteins like hemoglobin.24 In the recent times, earth-abundant and 

inexpensive transition metals like iron, cobalt and  nickel have been used in cross-

coupling.25,26 

The next challenge associated with C-C bond forming reaction is β-hydride 

elimination. Although β-hydride elimination plays a vital role in the formation of Heck 

products,27 this process does not help in the formation of desired products in many cases 

of cross-coupling reactions catalyzed by Pd. Alkyl halides or organometallic reagents with 

β-hydrogens will undergo β-hydride elimination upon reaction to Pd to give undesired 

olefins, thereby derailing the cross-coupling pathway (Scheme 1.8).28 Secondary 

alkylmetal reagents containing β-hydrogens also cause further challenges due to 

rearrangement by sequential β-hydride elimination and migratory insertion processes 

giving undesired products.29  

Scheme 1.8. Problems due to β-hydride elimination 
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In order to prevent or slow down this process, or to accelerate reductive elimination, 

various types of well-designed, but difficult to synthesize, bulky and expensive ligands are 

required.30 Bulky ligands prevent β-hydride elimination by forcing β-hydrogens out of co-

planarity with the transition metals, a required geometry for such a process (Figure 1.3).31,32 

Sterically hindered ligands facilitate the reductive elimination by forming low coordinate 

transition metals.33  

 

 

 

Figure 1.3. Sterically demanding electron-rich ligands 

Buchwald and co-workers have reported the Pd-catalyzed Negishi coupling of 

secondary alkylzinc halides with aryl halides. They have used sterically hindered bulky 

biaryl phosphine CPhos ligand in order to prevent the β-hydride elimination (Scheme 

1.9).34 But in case of Co-catalyzed Kumada coupling reported by Kambe’s group no such 

sterically hindered bulky ligands were needed and the cross-coupling between tertiary alkyl 

Grignard reagents with primary alkyl halides proceeded in presence of LiI and 2 

equivalents of isoprene. No Heck product was reported due to the β-hydride elimination 

(Scheme 1.10).35 Furthermore, Knochel’s group had reported that Co-catalyzed cross-

couplings did not suffer from rearrangement of secondary alkylhalides to unbranched 

products.36 
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Scheme 1.9. Pd-catalyzed Negishi coupling using CPhos ligand 

 

Scheme 1.10. Cobalt-catalyzed cross-coupling of alkyl halides with tertiary alkyl Grignard 

reagents 

 

 Another challenge linked with the use of Pd based catalyst is its low tolerance with 

the heteroaromatic substrates. Heteroarenes widely occur in natural products, 

pharmaceuticals, drug candidates and bioactive molecules,18 and play vital roles in the 

biological system.37 However, heteroaromatic substrates are less tolerated by Pd-catalyzed 

cross-couplings as they bind to Pd-catalysts competitively over the ligands causing catalyst 

deactivation that leads to reaction termination (Scheme 1.11).32,38 To address these 

problems, application of complex electron-rich bidentate and sterically hindered ligands, 

similar to those discussed above (Figure 1.3), are needed.39 But Co-catalyzed cross-

couplings between heteroaryl chlorides and aryl- or heteroarylmagnesium halides do not 

required such complex electron-rich bidentate and sterically hindered ligands (Scheme 

1.12).40  

Scheme 1.11. Problems due to heteroaryl substrates 
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Scheme 1.12. Co-catalyzed cross-coupling between heteroaromatic chloride and 

heteroaromatic Grignard reagent 

 

 

1.3.   Copper as a Sustainable Metal for Cross-Coupling  

The use of Cu in cross-coupling reactions is clearly not unprecedented. The journey 

of Cu-catalyzed coupling began with the development of the Glaser coupling (Scheme 

1.13), later modified by Hay in 1962,41 when Glaser reported his work in 1869 for the 

homocoupling of alkynes with Cu(I)-salts.42 In 1963, Castro and Stephens developed 

Castro-Stephens cross coupling between Cu(I) acetylide and aryl halide forming a 

disubstituted alkyne and copper halide.43 Organocuprates (the Gilman reagents) are well 

known to couple with alkyl halides.44 Cu is also widely used for coupling processes such 

as oxidative Heck,45 Sonogashira,46  and Ullmann reactions.47  

Scheme 1.13. Cu-catalyzed Glaser coupling 

 

 

Iron-catalyzed cross-coupling generally works with highly reactive but less 

functional group tolerant Grignard reagents.48 While nickel has been shown to have 

somewhat broader use, its toxicity has remained a major concern.49 Cobalt is also known 

to be toxic to plant, animal and humans.50,51 Removal of these metals from the finished 

products requires stringent and cost-intensive protocols  in order to meet their threshold 

concentrations (<10 ppm) mandated by the Federal Drug Administration (FDA).52  In this 
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scenario, we expect that copper would offer a realistic alternative owing to its low cost, 

earth abundance and low toxicity relative to Ni and Co.53  

Ni and Fe-catalyzed cross-couplings are also known to undergo β-hydride 

elimination with a similar degree of facility.54-56 But the Cu-catalyzed cross-coupling does 

not suffer from β-hydride elimination. Recently, our group reported Cu-catalyzed cross-

coupling between tertiary alkylzinc halides with aryl halides in absence of ligand. No Heck 

product was reported due to the β-hydride elimination (Scheme 1.14).57 In addition to this, 

Cu-catalyzed cross-coupling shows tolerance to heteroaromatic substrate.58,59 

Scheme 1.14. Cu-catalyzed Negishi coupling without ligand 

 

 

 Since Cu(I) (d10) is isoelectronic to Pd(0), Cu(I) catalysts are expected to have 

reactivity similar to that of Pd(0) catalysts. In addition, several research findings in Cu-

catalyzed reactions have shown that Cu catalysts demonstrate some reactivity patterns that 

are uniquely different from, and sometimes better than, Pd catalysts.58,59 Therefore, Cu-

based catalysts are expected to offer not only a sustainable and cost-effective alternative to 

Pd but also facilitate in simplifying many reaction protocols for the cross-coupling of alkyl- 

and heteroaryl-based substrates.  

Despite the long history of Cu-catalyzed cross-coupling in C-C bond forming 

reaction, Cu-catalyzed cross-couplings are poorly developed. Most reactions require high 

catalyst loadings, high temperatures and proceed with a limited substrate scope. These 

reactions are also largely limited to aryl iodides60 with exceptions of some electron 
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deficient aryl bromides that have been shown to react with organomagnesium,58 aryltin,61 

arylindium,62 and arylboron reagents.63 These issues are generally ascribed to low stability 

of organocopper(I) species. Cu(I) complexes tend to undergo single electron transfer and 

disproportionation reactions.64 The Cu-C and Cu-ligand bonds are also comparatively 

weaker than those of the second and third row late transition metals. As a result, 

organocopper(I) species can readily undergo ligand dissociation and decomposition during 

catalytic reactions. In addition, Cu complexes form aggregates. Due to decomposition and 

aggregation, high and low valent organocopper intermediates are hard to isolate in stable 

forms and characterize, which makes it difficult to study the mechanisms of Cu-catalyzed 

reactions.64-67 In quest of solving these problems, our group found that the P,N-based 

hybrid ligands PN-1 (2-(diphenylphosphaneyl)-N,N-dimethylaniline) and PN-2 (2-(di-tert-

butylphosphaneyl)-N,N-dimethylaniline) (Figure 1.4) where P-atom helps as −acceptor 

to stabilize Cu in a low oxidation state Cu(I) while both P- and N- acts as -donors which 

could help to increase the reactivity of the Cu(I). This strategy helped our group to generate 

very stable P,N-ligated Cu(I) complexes such as dimeric forms of (PN)CuI, (PN)CuF and 

(PN)CuOMe, and the three-coordinate monomeric (PN)CuPh in order to conduct 

mechanistic studies.62,68 With the use of these ligands, our group was able to develop Cu-

catalyzed Hiyama coupling,69,70 Suzuki-Miyaura coupling68,71 and Negishi coupling.72,73 

Similarly, our group developed the Cu-catalyzed  cross-coupling of organoindium62, 

arylzirconium74 and arylaluminum75  reagents with aryl iodides and bromides.   

 

 

Figure 1.4. Structure of P,N-ligands used for cross-couplings 
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Despite the difficulties in developing  the Cu-catalyzed cross-coupling processes, 

the Cu-salts were successfully used to form C-C bond in conjugate addition, 1,2-addition, 

and allylic reactions of Grignard and organozinc reagents.76,77 These Cu-catalyzed 

transformations work well with the reactive and traditional organometallic reagents such 

as the Grignard and organozinc76,78-80 reagents as well as stable organometallic compounds 

of Si81-93 and B.94-107 Our group first reported Cu-catalyzed Hiyama coupling of aryl- and 

heteroaryltriethoxysilanes with aryl and heteroaryl iodides in good to excellent yields 

(Scheme 1.15).69 Li and co-workers reported Cu-catalyzed Suzuki-Miyaura coupling of 

arylboronic acids with vinyl iodides and bromides using 1,4-diazabicyclo[2.2.2]octane 

(DABCO), Cs2CO3 and tetrabutylammonium bromide (TBAB) (Scheme 1.16).108 Zhang 

and co-workers had shown that Cu2O nanoparticles can be used to perform the Stille 

coupling of vinyl- and alkynyltin reagents with aryl iodides, bromides and chlorides in the 

presence of KF and TBAB to give excellent yields (Scheme 1.17).61 Kambe and co-workers 

reported the Cu-catalyzed Kumada coupling of Grignard reagents with generally 

unreactive primary alkyl fluorides in the presence of 1,3-butadiene as an additive (Scheme 

1.18).59 Our group had successfully developed the Cu-catalyzed cross coupling of 

diarylzinc with aryliodides to give good to excellent yields (Scheme 1.19).73 

Scheme 1.15. Cu-catalyzed Hiyama coupling  

 

 

Scheme 1.16. Cu-catalyzed Suzuki-Miyaura coupling  
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Scheme 1.17. Cu-catalyzed Stille coupling  

 

 

Scheme 1.18. Cu-catalyzed Kumada coupling  

 

         

Scheme 1.19. Cu-catalyzed Negishi coupling  

 

1.4.   Summary 

Cross-coupling is the powerful tool for forming C-C bond and is mainly catalyzed 

by Pd. In order to develop cross-coupling transformations into a sustainable chemical 

process with particular emphasis placed on replacing rare, expensive, and toxic Pd with 

earth abundant, inexpensive, and non-toxic TM, Cu can in particular be regarded as the 

TM of choice that fulfils these requirements. Cu-catalysts are known to execute cross-

couplings of a variety of organometallic reagents, such as organomagnesium, organoboron, 

organosilicon, organoindium and organomanganese, with alkyl, aryl and heteroaryl halides 

which clearly demonstrate the potential application of Cu as an alternative to Pd. Cu-

catalysts displays the reactivity pattern that is unique from Pd, Ni and Fe as demonstrated, 

for example, in the “ligandless” Cu-catalyzed aryl–heteroaryl and heteroaryl–heteroaryl 

coupling, an otherwise difficult transformation when utilizing Pd, Ni and Fe-catalysts. Cu-
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catalyzed cross-couplings do not suffer from β-hydride elimination and are known to 

tolerate the heteroaromatic substrates as well.  

1.5.    References 

(1) Nicolaou, K. C.; Vourloumis, D.; Winssinger, N.; Baran, P. S. Angew. Chem. Int. 

Ed. 2000, 39, 44. 

(2) Trost, B. M. Angew. Chem. Int. Ed. 1995, 34, 259. 

(3) Johansson Seechurn, C. C. C.; Kitching, M. O.; Colacot, T. J.; Snieckus, V. Angew. 

Chem. Int. Ed. 2012, 51, 5062. 

(4) Roughley, S. D.; Jordan, A. M. J. Med. Chem. 2011, 54, 3451. 

(5) Negishi, E.-i.; Baba, S. J. Chem. Soc. Chem. Commun. 1976, 596b. 

(6) King, A. O.; Okukado, N.; Negishi, E.-i. J. Chem. Soc. Chem. Commun. 1977, 683. 

(7) Fauvarque, J. F.; Jutand, A. J. Organomet. Chem. 1977, 132, C17. 

(8) Miyaura, N.; Suzuki, A. J. Chem. Soc. Chem. Commun. 1979, 866. 

(9) Corriu, R. J. P.; Masse, J. P. J. Chem. Soc. Chem. Commun. 1972, 144a. 

(10) Kohei, T.; Koji, S.; Yoshihisa, K.; Michio, Z.; Akira, F.; Shun-ichi, K.; Isao, N.; 

Akio, M.; Makoto, K. Bull. Chem. Soc. Jpn. 1976, 49, 1958. 

(11) Hatanaka, Y.; Hiyama, T. J. Org. Chem. 1988, 53, 918. 

(12) Denmark, S. E.; Choi, J. Y. J. Am. Chem. Soc. 1999, 121, 5821. 

(13) Mowery, M. E.; DeShong, P. J. Org. Chem. 1999, 64, 3266. 

(14) Azarian, D.; Dua, S. S.; Eaborn, C.; Walton, D. R. M. J. Organomet. Chem. 1976, 

117, C55. 

(15) Masanori, K.; Kazuo, S.; Yutaka, S.; Toshihiko, M. Chem. Lett. 1977, 6, 301. 

(16) Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1978, 100, 3636. 



16 
 

(17) Hartwig, J. F. Organotransition Metal Chemistry: From Bonding to Catalysis; 

University Science Books, 2010. 

(18) Magano, J.; Dunetz, J. R. Chem. Rev. 2011, 111, 2177. 

(19) McCullough, R. D.; Lowe, R. D. J.Chem.Soc.,Chem.Commun. 1992, 70. 

(20) Dell'Aquila, A.; Marinelli, F.; Tey, J.; Keg, P.; Lam, Y.-M.; Kapitanchuk, O. L.; 

Mastrorilli, P.; Nobile, C. F.; Cosma, P.; Marchenko, A.; Fichou, D.; Mhaisalkar, 

S. G.; Suranna, G. P.; Torsi, L. J.Mater.Chem. 2008, 18, 786. 

(21) Gladysz, J. A. Chem.Rev. 2002, 102, 3215. 

(22) Stephan, E.; Kathrin, J.; Matthias, B. Angew. Chem. Int. Ed. 2008, 47, 3317. 

(23) http://www.icmj.com/current-metal-prices.php, 06/15/2018. 

(24) https://en.wikipedia.org/wiki/Hemoglobin, 06/10/2018. 

(25) Powell, D. A.; Maki, T.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 510. 

(26) Cahiez, G.; Moyeux, A. Chem. Rev. 2010, 110, 1435. 

(27) Heck, R. F. J.Am.Chem.Soc. 1969, 91, 6707. 

(28) Cárdenas, D. J. Angew. Chem. Int. Ed. 2003, 42, 384. 

(29) Tamao, K.; Kiso, Y.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94, 9268. 

(30) Frisch, A. C.; Beller, M. Angew. Chem. Int. Ed. 2005, 44, 674. 

(31) Hartwig, J. F.; Richards, S.; Barañano, D.; Paul, F. J. Am. Chem. Soc. 1996, 118, 

3626. 

(32) Billingsley, K.; Buchwald, S. L. J. Am. Chem. Soc. 2007, 129, 3358. 

(33) Tanaka, D.; Romeril, S. P.; Myers, A. G. J. Am. Chem. Soc. 2005, 127, 10323. 

(34) Han, C.; Buchwald, S. L. J. Am. Chem. Soc. 2009, 131, 7532. 

http://www.icmj.com/current-metal-prices.php


17 
 

(35) Iwasaki, T.; Takagawa, H.; Singh, S. P.; Kuniyasu, H.; Kambe, N. J. Am. Chem. 

Soc. 2013, 135, 9604. 

(36) M., H. J.; Diana, H.; Paul, K. Angew. Chem. Int. Ed. 2015, 54, 4478. 

(37) Horton, D. A.; Bourne, G. T.; Smythe, M. L. Chem. Rev. 2003, 103, 893. 

(38) Slagt, V. F.; de Vries, A. H. M.; de Vries, J. G.; Kellogg, R. M. Org. Process Res. 

Dev. 2010, 14, 30. 

(39) Yang, Y.; Niedermann, K.; Han, C.; Buchwald, S. L. Org. Lett. 2014, 16, 4638. 

(40) Korn, T. J.; Cahiez, G.; Knochel, P. Synlett. 2003, 2003, 1892. 

(41) Hay, A. S. J. Org. Chem. 1962, 27, 3320. 

(42) Glaser, C. Justus Liebigs Annalen der Chemie. 1870, 154, 137. 

(43) Stephens, R. D.; Castro, C. E. J. Org. Chem. 1963, 28, 3313. 

(44) Whitesides, G. M.; Fischer, W. F.; San Filippo, J.; Bashe, R. W.; House, H. O. J. 

Am. Chem. Soc. 1969, 91, 4871. 

(45) Liwosz, T. W.; Chemler, S. R. Org. Lett. 2013, 15, 3034. 

(46) Mahendar, L.; Gopi Krishna Reddy, A.; Krishna, J.; Satyanarayana, G. J. Org. 

Chem. 2014, 79, 8566. 

(47) Hassan, J.; Sévignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M. Chem. Rev. 2002, 

102, 1359. 

(48) Hedström, A.; Lindstedt, E.; Norrby, P.-O. J. Organomet. Chem. 2013, 748, 51. 

(49) Chervona, Y.; Arita, A.; Costa, M. Metallomics. 2012, 4, 619. 

(50) Leyssens, L.; Vinck, B.; Van Der Straeten, C.; Wuyts, F.; Maes, L. Toxicology. 

2017, 387, 43. 

(51) https://en.wikipedia.org/wiki/Cobalt_poisoning, 06/13/2018. 



18 
 

(52) http://www.accessdata.fda.gov/scripts/fdcc/?set=FCN&id=1224, 06/01/2018. 

(53) Kennedy, D. C.; McKay, C. S.; Legault, M. C. B.; Danielson, D. C.; Blake, J. A.; 

Pegoraro, A. F.; Stolow, A.; Mester, Z.; Pezacki, J. P. J. Am. Chem. Soc. 2011, 133, 

17993. 

(54) Joshi-Pangu, A.; Ganesh, M.; Biscoe, M. R. Org. Lett. 2011, 13, 1218. 

(55) Phapale, V. B.; Cardenas, D. J. Chem. Soc. Rev. 2009, 38, 1598. 

(56) Mako, T. L.; Byers, J. A. Inorg. Chem. Front. 2016, 3, 766. 

(57) Thapa, S.; Kafle, A.; Gurung, S. K.; Montoya, A.; Riedel, P.; Giri, R. Angew. Chem. 

Int. Ed. 2015, 54, 8236. 

(58) Hintermann, L.; Xiao, L.; Labonne, A. Angew. Chem. Int. Ed. 2008, 47, 8246. 

(59) Terao, J.; Ikumi, A.; Kuniyasu, H.; Kambe, N. J. Am. Chem. Soc. 2003, 125, 5646. 

(60) Ito, H.; Sensui, H.-o.; Arimoto, K.; Miura, K.; Hosomi, A. chem.Lett. 1997, 26, 

639. 

(61) Li, J.-H.; Tang, B.-X.; Tao, L.-M.; Xie, Y.-X.; Liang, Y.; Zhang, M.-B. J. Org. 

Chem. 2006, 71, 7488. 

(62) Thapa, S.; Gurung, S. K.; Dickie, D. A.; Giri, R. Angew. Chem. Int. Ed. 2014, 53, 

11620. 

(63) Mao, J.; Guo, J.; Fang, F.; Ji, S.-J. Tetrahedron. 2008, 64, 3905. 

(64) Kochi, J. K. J. Organomet. Chem. 2002, 653, 11. 

(65) Smith, K. M. Organometallics. 2005, 24, 778. 

(66) Ribas, X.; Jackson, D. A.; Donnadieu, B.; Mahía, J.; Parella, T.; Xifra, R.; Hedman, 

B.; Hodgson, K. O.; Llobet, A.; Stack, T. D. P. Angew. Chem. Int. Ed. 2002, 41, 

2991. 

http://www.accessdata.fda.gov/scripts/fdcc/?set=FCN&id=1224


19 
 

(67) Thapa, S.; Shrestha, B.; Gurung, S. K.; Giri, R. Org. Biomol. Chem. 2015, 13, 4816. 

(68) Gurung, S. K.; Thapa, S.; Kafle, A.; Dickie, D. A.; Giri, R. Org. Lett. 2014, 16, 

1264. 

(69) Gurung, S. K.; Thapa, S.; Vangala, A. S.; Giri, R. Org. Lett. 2013, 15, 5378. 

(70) Gurung, S. K.; Thapa, S.; Shrestha, B.; Giri, R. Synthesis. 2014, 46, 1933. 

(71) Gurung, S. K.; Thapa, S.; Shrestha, B.; Giri, R. Org. Chem. Front. 2015, 2, 649. 

(72) Thapa, S.; Kafle, A.; Gurung, S. K.; Montoya, A.; Riedel, P.; Giri, R. Angew. Chem. 

Int. Ed. 2015, 54, 8236. 

(73) Thapa, S.; Vangala, A. S.; Giri, R. Synthesis. 2016, 48, 504. 

(74) Thapa, S.; Basnet, P.; Gurung, S. K.; Giri, R. Chem. Commun. 2015, 51, 4009. 

(75) Shrestha, B.; Thapa, S.; Gurung, S. K.; Pike, R. A. S.; Giri, R. J. Org. Chem. 2016, 

81, 787. 

(76) Wang, Y.; Burton, D. J. Org. Lett. 2006, 8, 1109. 

(77) Alexakis, A.; Bäckvall, J. E.; Krause, N.; Pàmies, O.; Diéguez, M. Chem. Rev. 

2008, 108, 2796. 

(78) Mohapatra, S.; Bandyopadhyay, A.; Barma, D. K.; Capdevila, J. H.; Falck, J. R. 

Org. Lett. 2003, 5, 4759. 

(79) Kang, S.-K.; Yamaguchi, T.; Kim, T.-H.; Ho, P.-S. J. Org. Chem. 1996, 61, 9082. 

(80) Piers, E.; Romero, M. A. J. Am. Chem. Soc. 1996, 118, 1215. 

(81) Franz, A. K.; Woerpel, K. A. J. Am. Chem. Soc. 1999, 121, 949. 

(82) Yamasaki, S.; Fujii, K.; Wada, R.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 

2002, 124, 6536. 

(83) Tomita, D.; Wada, R.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 4138. 



20 
 

(84) Nishihara, Y.; Ikegashira, K.; Hirabayashi, K.; Ando, J.-i.; Mori, A.; Hiyama, T. J. 

Org. Chem. 2000, 65, 1780. 

(85) Ikegashira, K.; Nishihara, Y.; Hirabayashi, K.; Mori, A.; Hiyama, T. Chem. 

Commun. 1997, 1039. 

(86) Nishihara, Y.; Ikegashira, K.; Toriyama, F.; Mori, A.; Hiyama, T. Bull. Chem. Soc. 

Jpn. 2000, 73, 985. 

(87) Itami, K.; Ushiogi, Y.; Nokami, T.; Ohashi, Y.; Yoshida, J.-i. Org. Lett. 2004, 6, 

3695. 

(88) Herron, J. R.; Ball, Z. T. J. Am. Chem. Soc. 2008, 130, 16486. 

(89) Russo, V.; Herron, J. R.; Ball, Z. T. Org. Lett. 2009, 12, 220. 

(90) Herron, J. R.; Russo, V.; Valente, E. J.; Ball, Z. T. Chem. Eur. J. 2009, 15, 8713. 

(91) Taguchi, H.; Ghoroku, K.; Tadaki, M.; Tsubouchi, A.; Takeda, T. J. Org. Chem. 

2002, 67, 8450. 

(92) Taguchi, H.; Ghoroku, K.; Tadaki, M.; Tsubouchi, A.; Takeda, T. Org. Lett. 2001, 

3, 3811. 

(93) Cornelissen, L.; Vercruysse, S.; Sanhadji, A.; Riant, O. Eur. J. Org. Chem. 2014, 

2014, 35. 

(94) Ohmiya, H.; Yokokawa, N.; Sawamura, M. Org. Lett. 2010, 12, 2438. 

(95) Ohmiya, H.; Yokobori, U.; Makida, Y.; Sawamura, M. J. Am. Chem. Soc. 2010, 

132, 2895. 

(96) Takaya, J.; Tadami, S.; Ukai, K.; Iwasawa, N. Org. Lett. 2008, 10, 2697. 

(97) Yamamoto, Y.; Kirai, N.; Harada, Y. Chem. Commun. 2008, 2010. 



21 
 

(98) Yang, H.; Li, H.; Wittenberg, R.; Egi, M.; Huang, W.; Liebeskind, L. S. J. Am. 

Chem. Soc. 2007, 129, 1132. 

(99) Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 8910. 

(100) Wada, R.; Shibuguchi, T.; Makino, S.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. 

Chem. Soc. 2006, 128, 7687. 

(101) Miyaura, N.; Itoh, M.; Suzuki, A. Tetrahedron Lett. 1976, 17, 255. 

(102) Miyaura, N.; Sasaki, N.; Itoh, M.; Suzuki, A. Tetrahedron Lett. 1977, 18, 173. 

(103) Miyaura, N.; Itoh, M.; Suzuki, A. Synthesis 1976, 1976, 618. 

(104) Miyaura, N.; Itoh, M.; Suzuki, A. Bull. Chem. Soc. Jpn. 1977, 50, 2199. 

(105) Uemura, T.; Chatani, N. J. Org. Chem. 2005, 70, 8631. 

(106) Demir, A. S.; Reis, Ö.; Emrullahoglu, M. J. Org. Chem. 2003, 68, 10130. 

(107) Evans, D. A.; Katz, J. L.; West, T. R. Tetrahedron Lett. 1998, 39, 2937. 

(108) Li, J.-H.; Li, J.-L.; Wang, D.-P.; Pi, S.-F.; Xie, Y.-X.; Zhang, M.-B.; Hu, X.-C. J. 

Org. Chem. 2007, 72, 2053. 

 

 

 

 



22 
 

Chapter 2: Cross-Coupling of Organoaluminum Reagents 

2.1.  Introduction 

Aluminum remains one of the most earth abundant, inexpensive and low toxic 

metals. Organoaluminum reagents not only can easily transmetalate with Cu-salts but also 

has high chemoselectivity and Lewis acidity which helps to improve the yield.1 Knochel 

and co-workers developed a convenient method for the synthesis of functionalized 

organoalanes from metallic aluminum, which could potentially widen the scope of 

organoaluminum in organic synthesis. Zhou and co-workers reported an efficient method 

for the synthesis of heteroaryl compounds through Pd-catalyzed cross-coupling reactions 

of (hetero)aryl bromides or benzyl halides with heteroarylaluminum reagents (Scheme 

2.1).2  

Scheme 2.1. Cross-coupling of thienylaluminium reagent with aryl bromides 

 

 

There are some cases where direct transmetalation of organoalanes to Pd has been 

found to be slow and Pd required mediators like ZnCl2 or CdCl2 to enable sequential 

transmetalations.3 In some cases intramolecular co-ordination of heteroatoms to Al is 

necessary for efficient cross-couplings of alkylalanes with organohalides.4 In contrast, 

organoaluminum reagents are also known to transmetalate with Cu-salts based on their 

participation in the allylic and conjugate addition reactions, a required first step in 

developing Cu-catalyzed cross-coupling (Scheme 2.2).5-7  
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Scheme 2.2. Cu-catalyzed conjugate addition of a trialkyl aluminum reagent with a 

simplephos ligand 

 

 

 

 

There are a lot of examples of cross-coupling of organometallic reagents derived 

from Si, B, Mg, Zn and Sn with Pd and Ni but there are limited cases of utility of similar 

organometallic complexes of Al. There are some examples of  coupling of arylalanes and 

alkenylalanes while those of alkylalanes are still limited.4,8-13 Inspired by these literature 

reports and our recent work on Cu-catalyzed cross-couplings, we explored the feasibility 

of using organoalumium reagents as coupling partners in order to broaden the scope of Cu-

catalyzed cross-couplings.14  

2.2.Copper-Catalyzed Cross-Coupling of Organoaluminum Reagents with C(sp2)-

Halides 

Our initial investigation began with the reaction of triphenylaluminum with p-

iodotoluene in presence of 2 mol% 2-(diphenylphosphino)-N,N-dimethylaniline (PN-1) 

ligand, 2 mol% CuI in DMF at 120 °C, which gave the coupled product, 4-phenyltoluene, 

only in 45% GC yield. But when 3 equivalents of LiCl was added, the yield increased to 

88% in 6 h. However, 2 equivalents of LiCl remained optimal for the standard reaction 

with the commercially available Ph3Al. Lower product yields resulted by increasing or 

decreasing the amounts of LiCl to 1 or 4 equivalents. The reaction did not proceed in the 

absence of CuI and gave lower yield (26%) in absence of PN-1 ligand. The reaction gave 
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only 17% yield in absence of both PN-1 and LiCl. When the reaction time was decreased 

to 3 h, the product was formed in 73% yield. When CuOtBu purified through sublimation 

was used instead of CuI, the product was obtained in 73% yield. When the reaction was 

performed with Pd- or Ni-catalysts instead of CuI, low yields were obtained, which suggest 

that the current reaction is unlikely to be catalyzed by low levels of Pd and Ni contaminants. 

When Co- and Fe-catalysts were used instead of CuI, the product was formed only 11% 

and 0%, respectively (Table 2.1).  

Table 2.1. Optimization of reaction conditionsa   

 

 

 

 

 

 

 

 

 

 

 

aReactions were run 0.1 mmol scale in 0.5 mL DMF. One equiv of 1 was used with respect 

to 2. bCalibrated GC yields (average of at least two parallel runs). Value in parenthesis is 

the isolated yield (1.0 mmol). c1 mol % Fe(OAc)2, Co(OAc)2, Ni(OAc)2 or (Ph3P)4Ni was 

used. 
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 Next, we looked at the effect of various ligands on the reaction that are either 

analogous to PN-1 or are well known for Cu-based catalytic reactions. Various types of 

ligands used in the reaction are shown in Figure 2.1 and the corresponding yields of the 

product 3 are presented in the bar diagram in Figure 2.2. Replacing Ph2P- group in PN-1 

with (tBu)2P- group (PN-2) decreased the product yield significantly (56%). Use of PN-3 

and PN-4 in which the dimethylamino goup of PN-1 was replaced by piperidinyl (PN-3) 

and morpholinyl (PN-4) groups afforded significantly low product yields (54% and 72%, 

respectively). Changing the dimethylamino group of PN-1 to pyridinyl (PN-5 and PN-6) 

and carbazolyl (PN-7) groups also furnished the product 3 only in 30%, 36% and 21% 

yields, respectively. Use of rotationally flexible ligand PN-8 also afforded the product 3 in 

35% yield. Diphenylphosphorus amide ligand PN-9 provided the product 3 in a reasonable 

yield (65%).  Bidentate phosphine-based ligands such as bis(diphenylphosphino)benzene 

(PP-1) afforded the product 3 in lower yield (29%) than the reaction without a ligand 

(45%). Phenanthroline (NN-1) and bidentate amine-based ligands (NN-2, NN-3 and NN-

4) that are known to generate excellent Cu-catalysts for arylation of amines and phenols15-

19 also affected reaction adversely and decreased the product yields to 32%, 23%, 35% and 

28%, respectively. Similarly, anionic ligands such as 8-hydroxyquinoline (NO-1) and 

2,2,6,6-tetramethyl-3,5-heptanedione (OO-1), which are also excellent ligands for C-N and 

C-O bond formation,15-19 afforded lower product yields (27% and 26%, respectively) than 

without a ligand. N-heterocyclic carbene (NHC) ligands, such as 1,3-bis(2,4,6-

trimethylphenyl)imidazolium chloride (SIMes•HCl), also decreased the product yield 

(25%).  
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Figure 2.1. Ligands used for reaction optimization 

 

 

Figure 2.2. Bar diagram showing the percentage yields of 4-phenyltoluene (3) from the 

reaction of triphenylaluminum reagent with 4-iodotoluene in the presence of various types 

of ligands instead of PN-1 under the standard reaction conditions from Table 2.1, entry 2. 

Yields are GC yields (average of at least two parallel runs) of the product 3 calibrated 

against 2-nitrobiphenyl as an external standard. 
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 Once we found that the combination of PN-1 and CuI as the best catalyst, we 

commenced to explore the substrate scope of the reaction. The reaction proceeds with 

electron-neutral and electron-rich triarylaluminum reagents (Table 2.2). The reactions of 

these triarylaluminum reagents proceed with both electron-poor and electron-rich aryl 

iodides and afford corresponding biaryl products in good yields. The reaction tolerates 

sensitive functional groups such as nitrile, thiomethoxy and TBS-protected alcohol (entries 

4-6) and sterically hindered substituents like iso-propyl group at the ortho-position of 

iodoarenes (entry 7). 

 Table 2.2. Coupling of triarylaluminum reagents with aryl iodidesa                   
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aReactions were run in 1.0 mmol scale in 0.5 mL DMF. One equiv of Ar3Al was used with 

respect to ArI. Reactions for entries 1, 4, 6 and 8 were run for 12 h. Reactions for entries 

2, 3, 5 and 7 were run for 6 h. Each reaction contains 3 equivalents of LiCl, written in 

parenthesis below the reaction arrow, which is generated during the preparation of 

triarylaluminum reagents. bYields are for analytically pure products isolated by column 

chromatography from a 1.0 mmol scale reaction. c5 mol% CuI/PN-1 was used. d2 mol% 

CuI/PN-1 was used.  

 Our current reaction conditions can be applied for the arylation of heteroaryl 

iodides for the synthesis of a variety of heterobiaryl compounds (Table 2.3). However, 

heteroarenes did not require any ligand for the best product yields. Reactions with 

heteroaryl iodides under the standard conditions that contain PN-1 ligand afford the cross-

coupled products in lower yields. Reactions can be performed with nitrogen-containing 

heteroaryl iodides such as 2-iodopyridine, 2-chloro-4-iodopyridine, 6-iodoquinoline, 7-

chloro-4-iodiquinoline, 1-iodoisoquinoline and 2-iodopyrazine and the corresponding 

heterobiaryl compounds are obtained in good to excellent yields.  This reactivity pattern of 

CuI-catalysts is in contrast to the reactivity of established metals Pd and Ni for cross-

coupling with heteroaryl halides. Generally, the known Pd- and Ni-catalyzed cross-

coupling reactions are less tolerant of heteroarenes because the heteroaryl substrates 

compete with ligands to bind with these transition metals. Consequently, the Pd- and Ni-

catalysts are deactivated eventually leading to the termination of the cross-coupling 

reactions.20,21 Therefore, Pd- and Ni-based catalytic systems for coupling with heteroaryl 

halides generally require sterically hindered, bulky phosphine- or carbene-based ligands22-

26 in order to suppress multiple ligations of heteroaryl substrates to prevent the untoward 
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deactivation pathway. In this respect, CuI-based catalysts, which are d10 congeners of Pd0 

and Ni0, display a unique property in the current cross-coupling reactions with heteroaryl 

substrates. This unique reactivity pattern is very general, and was observed previously by 

our group in the cross-couplings of arylboron,27,28 arylsilicon,29,30 organoindium,31 

arylzirconium,32 and organozinc reagents33 with heteroaryl halides. In addition, 

Hintermann and coworkers34 have previously demonstrated that Grignard reagents could 

be coupled with heteroaryl chlorides under ‘ligand-free’ conditions using CuI as a catalyst. 

Nitrogen-based molecules are known to be excellent ligands in many Cu-catalyzed 

arylation of amines, amides and phenols.15-19 Catalytically competent discrete CuI-

complexes that contain nitrogen-based ligands have also been synthesized and fully 

characterized structurally.35-39 Therefore, we believe that the N-based heteroaryl substrates 

and products function as ligands in our current reaction. 

Table 2.3. Coupling of triarylaluminum reagents with heteroaryl iodides a                   
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Continuation of table 2.3. 

 

 

 

 

 

 

 

aReactions were run in 1.0 mmol scale in 0.5 mL DMF. One equiv of Ar3Al was used with 

respect to ArI. Reactions for entries 1, 3, 6, 9 and 10 were run for 6 h. Reactions for entries 

2, 4, 5, 7, 8 and 11 were run for 12 h. Each reaction contains 3 equivalents of LiCl, written 

in parenthesis below the reaction arrow, which is generated during the preparation of 

triarylaluminum reagents. bYields are for analytically pure products isolated by column 

chromatography from a 1.0 mmol scale reaction. c2 mol% CuI was used. d5 mol% CuI was 

used. 

Our current reaction conditions enable the cross-coupling of electron-deficient aryl 

and heteroaryl bromides and afford products in good to excellent yields when 10 mol% 

CuI or CuI/PN-1 was used as a catalyst (Table 2.4). However, in situ generated 

triarylaluminum reagents usually gave lower product yields than purified triarylalumimun 

reagents. As such, pure triarylaluminum reagents were used for all the reactions with aryl 

bromides, which gave the best product yields. The triarylaluminum reagents were prepared 

and purified according to the literature procedure.40 Consistent with the reactivity with aryl 



31 
 

iodides, the reaction of aryl bromides requires PN-1 ligand. The reaction proceeds well 

with electron-deficient aryl bromides such as 4-bromobenzonitrile and 4-

bromobenzotrifluoride affording the cross-coupled products in 62-90% yields (entries 1-

5). The reaction also proceeds with a variety of nitrogen-based heteroaryl bromides and 

afford the heterobiaryl products in good yields in the absence of the PN-1 ligand (entries 

6-10). Heteroaryl bromides such as 2-bromopyridine, 3-bromoquinoline, 5-

bromoquinoline, 6-bromoquinoline and 8-bromoquinoline are good substrates for the 

current reaction. 

Table 2.4. Coupling of triarylaluminum reagents with electron-deficient aryl and heteroaryl 

bromides a   
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aReactions were run 1.0 mmol scale in 0.5 mL DMF. One equiv of Ar3Al was used with 

respect to ArBr. Reactions for entries 1-5 require 10 mol% PN-1 ligand. No ligand was 

added to the reactions for entries 6-10. Since pure triarylaluminum reagents were used, 2 

equivalents of LiCl were added to the reactions. bYields are for analytically pure products 

isolated by column chromatography from a 1.0 mmol scale reaction. 

 Cu-catalyzed cross-coupling that involves aryl chlorides as coupling partners are 

formidably challenging and therefore are rare. Hintermann and co-workers demonstrated 

that Grignard reagents could be coupled with a variety of nitrogen-based heterocyclic 

chlorides in the presence of catalytic amounts of CuI.34 It has also been reported that Cu-

nanoparticles can catalyze the coupling of arylboronic acids with aryl chlorides.41 

However, the reaction requires the addition of molecular iodine, which is proposed to 

convert aryl chlorides to aryl iodides in situ as reactive species via an iodide-chloride (I/Cl) 

exchange (aromatic Finkelstein reaction).42 Therefore, this reaction only represents a 

‘formal’ reaction with aryl chlorides. Pleasingly, our current reaction condition can also be 

applied for cross-couplings with heteroaryl chlorides (Table 2.5). The reaction provides 

products in good to excellent yields for the cross-couplings of arylaluminum reagents with 

nitrogen-based heteroaryl chlorides such as 2-chlorobenzothiazole, 2-chloroquinoxaline 

and 4-chloro-2-phenylquinazoline. 

Table 2.5. Coupling of triarylaluminum reagents with heteroaryl chlorides a   
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Continuation of table 2.5. 

 

 

 

 

 

 

 

 

 

aReactions were run in 1.0 mmol scale in 0.5 mL DMF. One equiv of Ar3Al was used with 

respect to ArCl. Each reaction contains 3 equivalents of LiCl, written in parenthesis below 

the reaction arrow, which is generated during the preparation of triarylaluminum reagents. 

bYields are for analytically pure products isolated by column chromatography from a 1.0 

mmol scale reaction. c5 mol% CuI was used. d10 mol% CuI was used. 

In case of Cu-catalyzed cross-coupling between alkyl aluminum reagents and 

organohalides, we first tried to optimize the reaction. We started our work with the reaction 

of commercial trioctylaluminum reagents with 1-iodonapthalene to get the alkylated 

product in 39% GC yield. Further optimization of the reaction showed that 10 mol% CuI, 

1 equivalent of NaOMe and 6 equivalents of LiCl with DMF as solvent at 120°C gave the 
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best yield (55% GC and 46% isolated). PN-1 ligand is required for non-heteroaryl halide 

while no ligand is required for the heteroaryl halides.  

This optimized condition worked for the coupling of electron-neutral and electron 

deficient aryl iodides (Table 2.6) such as 1-iodonapthalene and 4-iodobenzonitrile with 

trialkylaluminum reagents affording products in good yields (entries 1 and 2). The 

reactions also proceed in good yields with heteroaryl iodides such as 6-iodoquinoline, 7-

chloro-4-iodoquinoline and 1-iodoisoquinoline (entries 3-11). Both primary and secondary 

alkylaluminum reagents undergo coupling reaction with aryl iodides under the current 

condition. The new conditions can also be used for the couplings of primary alkylaluminum 

reagents with heteroaryl chlorides such as 2-chlorobenzothiazole, 1-chloroisoquinoline and 

4-chloro-2-phenylquinazoline, which afford the coupled products in good yields (Table 

2.7). It is well known that coupling of secondary alkylorganometallic reagents with 

organohalides using metal catalyst like Pd and Ni suffers from -hydride elimination and 

results in the formation of rearranged products.43 The coupling of alkylorganometallic 

reagents with heteroaryl halides is further challenging due to complications arising for the 

catalyst deactivation in addition to -hydride elimination.44 Due to these complications, 

reactions require sterically hindered phosphine- or carbene-based ligands to prevent both 

-hydride elimination and catalyst deactivation.22,23 In sharp contrast, our current reaction 

protocol does not suffer from these complications. So, Cu-catalyzed cross-coupling can be 

expected to offer a convenient and practical method for the coupling of alkylorganometallic 

reagents with heteroaryl halides. 
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Table 2.6. Coupling of trialkylaluminum reagents with electron-deficient aryl and 

heteroaryl iodides a      

 

 

 

 

 

 

 

 

aReactions were run 1.0 mmol scale in 0.5 mL DMF. One equiv of R3Al was used with 

respect to ArI. Reactions for entries 1 and 2 require 10 mol% PN-1 ligand. No ligand was 

added to the reactions for entries 3-11. 6 equivalents of LiCl was added to the reactions of 

commercially available tri-n-octylbutyl- and tri-iso-butylaluminum reagents. Reactions of 

tri-n-butyl- and tri-sec-butylaluminum reagents also contain 6 equivalents of LiCl, 3 

equivalents generated during the preparation of trialkylaluminum reagents plus extra 3 

equivalents added separately. bYields are for analytically pure products isolated by column 
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chromatography from a 1.0 mmol scale reaction. Value in parenthesis is the calibrated GC 

yield. 

Table 2.7. Coupling of trialkylaluminum reagents with heteroaryl chlorides a   

 

 

 

 

 

 

aReactions were run in 1.0 mmol scale in 0.5 mL DMF. One equiv of R3Al was used with 

respect to ArCl. 6 equivalents of LiCl was added to the reactions of commercially available 

tri-iso-butylaluminum reagent. Reaction of tri-n-butylaluminum reagent also contain 6 

equivalents of LiCl, 3 equivalents generated during the preparation of tri-n-butylaluminum 

reagent plus extra 3 equivalents added separately. bYields are for analytically pure products 

isolated by column chromatography from a 1.0 mmol scale reaction. 

Pd-45 or Cu-catalyzed46-55 Sonogashira coupling of alkynes with aryl halides is one 

of the straightforward methods to synthesize arylalkynes. Alternatively, Cahiez and 

coworkers have shown that alkynyl halides can also be used as a coupling partner in Cu-

catalyzed cross-coupling with aryl halides to afford arylalkynes.56 A similar reaction was 

also recently reported by Riant and co-workers for the cross-coupling of 

vinyltriethoxysilanes with alkynyl bromides.57 A combination of CuI and 8-
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hydroxyquinoline was also shown to be an active catalyst that facilitated cross-coupling 

between arylboronic acids and alkynyl bromides.58 Pd-catalyzed cross-couplings of 

alkynylsilane,59-62 alkynylboron,63,64 alkynylzinc65,66 and alkynyltin67,68 reagents with aryl 

halides are also powerful methods to synthesize arylalkynes. Similarly, in situ generated 

alkynylcopper(I) intermediates are also used as coupling partners in Pd-catalyzed 

Sonogashira couplings co-catalyzed by Cu-salts.45 A few examples of Ni-catalyzed cross-

couplings of alkynylalanes with benzylic and aryl halides have also been reported.69,70 

Nishihara demonstrated that alkynylboron71 and alkynylsilane72 reagents could be coupled 

with aryl iodides using a CuI/Ph3P catalyst. We have demonstrated that 

trialkynylaluminum reagents are also viable nucleophiles that undergo transmetalation 

with CuI and subsequently react with aryl iodides to offer arylalkynes as cross-coupled 

products (Table 2.8). In these reactions, neutral and electron-rich triarylaluminum reagents, 

such as triphenylaluminum, tri-p-tolylaluminum and tri-p-anisolylaluminum, can be 

utilized as coupling partners to react with aryl iodides such as iodonaphthalene and 1-

iodoisoquinoline, which afford cross-coupled products in good yields.  

Table 2.8. Coupling of trialkynylaluminum reagents with aryl and heteroaryl iodides a   
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aReactions were run in 1.0 mmol scale in 0.5 mL DMF. One equiv of R3Al was used with 

respect to ArI. Reaction for entry 1 requires 10 mol% PN-1 ligand. No ligand was added 

to the reactions for entries 2-4. Each reaction contains 3 equivalents of LiCl, written in 

parenthesis below the reaction arrow, which is generated during the preparation of 

trialkynylaluminum reagents. bYields are for analytically pure products isolated by column 

chromatography from a 1.0 mmol scale reaction. 

There are only few papers which reported the Cu-salts for the couplings of 

organometallic reagents with vinyl halides.73-75 We were also able to develop a simple 

protocol for the coupling of alkylaluminum reagents with vinyl halides in good yields 

(Table 2.9).  The reactions proceed well for the couplings of triphenylaluminum, tri-o-

tolylaluminum, tri-m-tolylaluminum and tri-p-tolylaluminum reagents with trans--

bromostyrene and trans-4-methyl--bromostyrene (entries 1-5). Similarly, the reactions 

also work well for the couplings of tri-n-butylaluminum and tri-iso-butylaluminum 

reagents with trans--bromostyrene and trans-4-methyl--bromostyrene (entries 6-8). 

Table 2.9. Coupling of triaryl- and trialkylaluminum reagents with vinyl bromides a   
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Continuation of table 2.9. 

 

 

 

 

aReactions were run in 1.0 mmol scale in 0.5 mL DMF. One equiv of R3Al was used with 

respect to vinyl bromides. 5 mol% CuI/PN-1 was used for the reactions of arylaluminum 

reagents (entries 1-5). 10 mol% CuI/PN-1 was used for the reactions of alkylaluminum 

reagents (entries 6-8). 3 equivalents of LiCl was added to the reactions of commercially 

available tri-iso-butylaluminum reagent. Reaction of tri-n-butyl- and triarylaluminum 

reagents contain 3 equivalents of LiCl, which is generated during the preparation of tri-n-

butyl- and triarylaluminum reagents. E/Z ratios of the products were determined by 1H 

NMR. bYields are for analytically pure products isolated by column chromatography from 

a 1.0 mmol scale reaction. cReactions require 1 equiv of NaOMe. dReactions were run for 

24 h. 

2.2.1.   Mechanistic Studies 

Proposed Catalytic Cycle: Based on our work and literature reports, we have proposed the 

catalytic cycle for the coupling organoaluminum reagents with aryl halides (Scheme 2.3). 

We believe that triorganoaluminum reagents first react with LiCl forming active 

organoaluminate complexes (66) due to the Lewis acidity of triorganoaluminums. Thus, 
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formed triorganoaluminates will transmetallate with PN-bound CuX to form (PN)CuR 

intermediates, which will then undergo oxidative addition with organohalides followed by 

reductive elimination to give cross-coupled products. Evidence for the existence of these 

steps can be garnered from the literature. Triorganoaluminate complexes have previously 

been isolated and synthesized.40 It is known that, during allylic and conjugate addition 

reactions, the triorganoaluminum reagents undergo transmetalation with Cu salts to form 

organocopper(I) intermediates.76 In addition, our group has recently synthesized and fully 

characterized a three coordinate (PN)CuPh complex and shown that it readily reacts with 

Ar-I at 120 °C to give biaryl products.27 

Scheme 2.3. Proposed catalytic cycle 

 

 

 

 

 

 

Radical Clock Experiment: In order to confirm that the reaction does not involve any free 

radicals produced from a single electron transfer (SET) to aryl halides, we carried out a 

radical clock experiment.  It is known that the radical probe (71) undergoes cyclization at 

the rate of 5.0 x 108 s-1 in DMF at 50 °C.77 When there is absence of a free radical, we can 

expect to form only the direct coupling product without cyclization.36 Therefore, when we 
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carried out the reaction of triphenylaluminum reagents with the radical probe (71), we 

obtained only the direct cross-coupling product (3) in 50% GC yield, suggesting the 

absence of free aryl radicals in the reaction (Scheme 2.4). 

Scheme 2.4. Radical clock experiment 

 

 

 

 

 

 

 

Competition Experiment: Further evidence to show that our current reaction does not 

proceed through SET pathway, we carried out a competition experiment. Here, we 

performed the reaction between triphenylaluminum reagent with 1-bromonapthalene and 

4-chlorobenzonitrile. As  4-chlorobenzonitrile has higher reduction potential (-2.03 V vs 

SCE in DMF) than 1-bromonapthalene (-2.17 V vs SCE in DMF), 4-chlorobenzonitrile  is 

expected to reduce by SET  to form a radical anion faster, which later forms aryl radical 

after the cleavage of the halide anion.78 Despite the favorable condition, 1-

bromonapthalene reacted faster than 4-chlorobenzonitrile and afforded the corresponding 

products in 48% and 16% GC yields (3:1), respectively (Scheme 2.5). This result is 

consistent with previously reported Cu-catalyzed coupling in which reaction was shown to 

proceed via oxidative addition-reductive elimination route36 and in sharp contrast to 

another similar reaction which was shown to proceed via SET pathway.79 
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Scheme 2.5. Competition experiment 

 

 

 

Hammett Plot: We obtained the Hammett plot to show the effect of electronic properties 

of the substituted iodoarenes on the rate of the reaction with triarylaluminum reagents to 

form biaryl products. The initial rates of reaction for <30% GC yield of triphenylaluminum 

reagents with iodobenzene, p-iodotoluene, p-iodoflurobenzene and p-iodobenzotrifluoride 

showed a linear curve when 2-nitrobiphenyl was used as a calibration standard (Table 

2.10). The log values of the ratio of initial rates of substituted iodoarenes to unsubstituted 

iodoarene (iodobenzene) versus  were plotted and was found to be linear (R2=0.99) with 

a  value of +1.06 (Figure 2.3). These results are consistent with the oxidative addition of 

aryl halides to electron-rich metal centers where electron-deficient aryl halides oxidize low 

valent to high valent metals faster than electron rich aryl halides.80,81      

Table 2.10. Iodoarenes used for the Hammett plot and the values for the initial rates of 

reactions 

 

 

 

 

 

 

 

iodoarenes kX(initial) (M s-1) log[kX(initial)/ kH(initial)]  

X = H 1.9 × 10-5 0.0000 0.00 

X = Me 1.3 × 10-5 -0.1576 -0.17 

X = F 2.2 × 10-5 0.05541 0.06 

X = CF3 7.5 × 10-5 0.5894 0.54 

file:///C:/Users/BIJAY/Desktop/Thesis%20-%20Copy/Thesis%20%20final.docx%23_ENREF_80
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Figure 2.3. The Hammett plot for the reaction of Ph3Al with 5.0 equivalents of 

iodobenzene, para-iodotoluene, para-iodofluorobenzene and para-iodobenzotrifluoride. 

The curve depicts the result of an unweighted least-square fit to y = a*x + b (a = +1.06, b 

= 7.27 × 10-3, R2 = 0.99).                                     
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2.3.Copper-Catalyzed Cross-Coupling of Organoaluminum Reagents with C(sp3)-

Halides 

As discussed above (Section 2.2), we successfully developed Cu-Catalyzed cross-

coupling of trialkylaluminum reagents and aryl halides to form alkylarenes.14 An 

alternative route to form arylalkanes would be the coupling of triarylaluminum reagents 

with alkyl halides. In order to realize this goal, we started our work with our previously 

established conditions for the coupling of triphenylaluminum reagent with 1-iodooctane in 

presence of 1 mol% of CuI and 1 mol% of 2-(dihenylphosphino)-N,N-dimethylaniline 

(PN-1) and 3 equivalent LiCl in DMF at 120°C. However, the reaction afforded the coupled 

product, phenyloctane, only 34% GC yield (Table 2.11 entry 1). Therefore, we started 

screening for solvents and bases, and found that when the reaction was carried out in NMP 
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in the presence of 1 equivalent of Cs2CO3, phenyloctane was formed in 66% GC yield 

(Table 2.11 entry 2).  

A variety of ligands (Figure 2.4) were screened and found that N,N,N’,N’-

tetramethyl-o-phenylenediamine (NN-1) was an effective ligand for CuI that enabled us to 

increase the product yield to 81% GC yields (76% isolated) (Table 2.11 entry 3).76,82-84 

Reactions containing other PN- and NN-based ligands that are analogous to PN-1 and NN-

1  afforded cross-coupled product octylbenzene (79) in lower yields than the reaction 

performed in the absence of NN-1. Reactions containing bisphosphine ligand, o-

bis(diphenylphosphine)benzene (PP) and anionic ligands such as 8-hydroxyquinoline (NO) 

and 2,2,6,6-tetramethyl-3,5-heptanedione (OO) (Figure 2.4) also formed the product 

octylbenzene in lower yields than the reaction performed in the absence of NN-1. The 

reaction does not proceed in the absence of CuI (Table 2.11 entry 4). The cross-coupled 

product octylbenzene is formed in 50% and 54% yields, respectively, in the absence of 

LiCl and Cs2CO3 (Table 2.11 entries 5 and 6). The reactions with 2 and 4 equivalents of 

LiCl also afford the product octylbenzene in comparable yields (78% and 76%, 

respectively) to that of the standard reaction (Table 2.11 entries 7 and 8). However, excess 

of LiCl is detrimental to the reaction (Table 2.11 entry 9). The reaction can also be 

performed at as low as 80 °C affording the coupled product octylbenzene only in slightly 

lower yields than that of the standard reaction (Table 2.11 entries 10 and 11). The cross-

coupled product is formed in 78% at 100 °C (Table 2.11 entry 10). The reaction of Ph3Al 

with 1-iodooctane using the Schlenk technique afforded cross-coupled product 

octylbenzene in 72% yield. 
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Table 2.11. Optimization of reaction conditionsa 

 

 

 

 

 

 

aReactions were run in 0.5 mL DMF. Commercially available Ph3Al was used. bGC yields 

(average of at least two parallel runs) calibrated against pyrene as an internal standard. 

Value in parenthesis is the isolated yield (1.0 mmol). 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Ligands used for reaction optimization 
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 Once we found out that NN-1 and CuI as the best catalyst, we began to explore the 

substrate scope of the reaction. While the reaction proceeded in good yields with alkyl 

iodides (Table 2.12, entries 1-3) by using 1 mol% of the catalyst, reactions with alkyl 

bromides, which are more readily available and less expensive than alkyl iodides, required 

10 mol% of NN-1/CuI (entries 4-15). The reaction can be performed with electron-neutral 

and electron-rich triarylaluminum reagents. Cross-coupling of electron-deficient (4-

FC6H4)3Al with benzyl bromide afforded the product only in 18% yield. The reaction 

tolerates a variety of functional groups on alkyl halides including highly sensitive esters 

(entries, 5, 9 and 11), nitriles (entries 6 and 7) and olefins (4, 8, 10, 13 and 15). The 

conversion of bromoolefins is generally over 90%. The low to moderate yields could result 

from protodebromination of the bromoolefins.With 10 mol% catalyst loading, the reaction 

can also be extended to the coupling of triarylaluminum reagents with benzyl bromides 

(entries 12 and 14).76 

Table 2.12. Coupling of triarylaluminum reagents with alkyl iodides and bromidesa   
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Continuation of table 2.12. 

   

aReactions were run in 5 mL DMF. Reactions for entries 1-3 were run with 1 mol% NN-

1/CuI. Reactions for entries 4-15 were run with 10 mol% NN-1/CuI. Triaylaluminum 

reagents, except the commercially available Ph3Al, were prepared from the reaction of 3 

equivalents of ArLi reagents with AlCl3 (99.99% purity) in THF at room temperature and 

were used without further purification. Each reaction contains 3 equivalents of LiCl, 

written in parenthesis below the reaction arrow, which is generated during the preparation 
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of triarylaluminum reagents. bYields are for products isolated by column chromatography 

from a 1.0 mmol scale reaction. 

We proposed a catalytic cycle for the current reaction (Scheme 2.6) depending 

upon the literature reports and our recent mechanistic works on Cu-catalyzed cross-

couplings.27,29,31 The optimization of reaction conditions shows that both NN-1 and LiCl 

improve product yields for the current coupling of triarylaluminum reagents with alkyl 

halides. As such, we believe that organoaluminate complexes such as 18, generated from 

the binding of LiCl to three-coordinate triarylaluminum reagents, are the actual species in 

solution that undergo transmetalation with NN-bound CuX (X = I, Br) to generate 

(NN)CuAr complexes as the reaction intermediates. There are literature reports on the 

synthesis and characterization of catalytically competent CuI-complexes that contain 

nitrogen-based ligands.35,36,38,39,85 Triorganoaluminum complexes are also known to form 

triorganoaluminate species in the presence of anions in solution.40,86-89 We analyzed a 

mixture of Ph3Al and LiCl using Al-NMR. No significant change was observed in the Al-

NMR spectra. However, due to strong Lewis acidic nature of Ph3Al, formation of a small 

amount of [Ph3AlCl]-[Li]+ cannot be ruled out without further experiments. Furthermore, 

there are cases where organoaluminum reagents have been demonstrated to undergo 

transmetalation with Cu-salts based on their participation in allylic and conjugate addition 

reactions.6,76,90 There are some examples where similar Cu-catalyzed couplings of 

organometallic reagents with alkyl electrophiles have previously been shown to proceed 

via SN2 process.82,91 Thus, we believe that a similar mechanistic scenario can also be 

envisioned in the current Cu-catalyzed cross-coupling of triarylaluminum reagents with 

primary alkyl halides that involves (NN)CuAr as the reaction intermediates.  
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Scheme 2.6. Proposed catalytic cycle 

 

 

 

 

 

2.4. Summary 

  Over the past decades, the transition metals catalyzed cross-couplings have been 

developing tremendously and are mainly catalyzed by precious and earth scarce metal like 

Pd. So, in order to find alternatives for Pd, our group is working with earth abundant and 

cheap Cu metal as a catalyst. We have developed the first Cu-catalyzed cross-coupling of 

organoaluminum reagents with organohalides. The reactions can be performed using 

various organoaluminum reagents, such as alkyl-, aryl- and alkynylaluminum, and a variety 

of organohalides like aryl and heteroaryl iodides, aryl and heteroaryl bromides, heteroaryl 

chlorides and vinyl bromides. Reactions proceed with both the primary and secondary 

alkylaluminum reagents in good yields. The reactions for alkyl-aryl, aryl-aryl and aryl-

vinyl coupling require the addition of PN-1 ligand to obtain the best yields of the products. 

However, the couplings with heteroaryl halides do not require PN-1 ligand even for 

reactions that cross-couple primary and secondary alkylaluminum reagents with heteroaryl 

halides. These ‘ligand-free’ cross-couplings are not complicated by the formation of 

rearranged products that are known to arise usually by rapid β-hydride elimination and 

olefin re-insertion process with established transition metals such as Pd and Ni. Preliminary 
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mechanistic studies with a radical probe and relative reactivity studies for the reactions of 

1-bromonaphthalene and 4-chlorobenzonitrile indicate that the transformation does not 

involve aryl radicals or aryl radical anions as intermediates. These results combined with 

the result of the linear free-energy relationship (the Hammett plot) study suggest that the 

reaction is likely to proceed via an oxidative addition-reductive elimination pathway. 

We have developed a Cu-catalyzed coupling of triarylaluminum reagents with 

primary alkyl iodides and bromides. The reaction proceeds in the presence of NN-1/CuI as 

an effective catalyst. This reaction condition works for electron-neutral and electron-rich 

triarylaluminum reagents. The reaction tolerates various functional groups on alkyl halides 

including highly sensitive esters, nitriles and olefins. Our reaction condition can be used 

for the coupling of triarylaluminum reagents with benzyl bromides as well.  

2.5.  References 

(1) Hawner, C.; Müller, D.; Gremaud, L.; Felouat, A.; Woodward, S.; Alexakis, A. 

Angew. Chem. Int. Ed. 2010, 49, 7769. 

(2)   Chen, X.; Zhou, L.; Li, Y.; Xie, T.; Zhou, S. J. Org. Chem. 2014, 79, 230. 

(3) Negishi, E.; Okukado, N.; King, A. O.; Van Horn, D. E.; Spiegel, B. I. J. Am. 

Chem. Soc. 1978, 100, 2254. 

(4) Blum, J.; Gelman, D.; Baidossi, W.; Shakh, E.; Rosenfeld, A.; Aizenshtat, Z.; 

Wassermann, B. C.; Frick, M.; Heymer, B.; Schutte, S.; Wernik, S.; Schumann, 

H. J. Org. Chem. 1997, 62, 8681. 

(5) Dabrowski, J. A.; Villaume, M. T.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2013, 

52, 8156. 



51 
 

(6)    Blümke, T. D.; Groll, K.; Karaghiosoff, K.; Knochel, P. Org. Lett. 2011, 13, 6440. 

(7)    Sato, F.; Kodama, H.; Sato, M. J. Organomet. Chem. 1978, 157, C30. 

(8) Kori, M.; Hamamura, K.; Fuse, H.; Yamamoto, T.; Takeda Chemical Industries, 

Ltd., Japan . 2002, p 748 pp. 

(9)    Huo, S. Org. Lett. 2003, 5, 423. 

(10) Cooper, T.; Novak, A.; Humphreys, L. D.; Walker, M. D.; Woodward, S. Adv.  

Synth. Catal. 2006, 348, 686. 

(11) Saulnier, M. G.; Kadow, J. F.; Tun, M. M.; Langley, D. R.; Vyas, D. M. J. Am. 

Chem. Soc. 1989, 111, 8320. 

(12)    Takai, K.; Oshima, K.; Nozaki, H. Tetrahedron Lett. 1980, 21, 2531. 

(13) Hirota, K.; Isobe, Y.; Maki, Y. J. Chem. Soc., Perkin Trans. 1. 1989, 2513. 

(14) Shrestha, B.; Thapa, S.; Gurung, S. K.; Pike, R. A. S.; Giri, R. J. Org. Chem. 2016, 

81, 787. 

(15)    Evano, G.; Blanchard, N.; Toumi, M. Chem. Rev. 2008, 108, 3054. 

(16)    Monnier, F.; Taillefer, M. Angew. Chem. Int. Ed. 2009, 48, 6954. 

(17)    Surry, D. S.; Spring, D. R. Chem. Soc. Rev. 2006, 35, 218. 

(18)    Ley, S. V.; Thomas, A. W. Angew. Chem. Int. Ed. 2003, 42, 5400. 

(19) Hassan, J.; Sévignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M. Chem. Rev. 2002, 

102, 1359. 

(20) Slagt, V. F.; de Vries, A. H. M.; de Vries, J. G.; Kellogg, R. M. Organic Process 

Research & Development 2009, 14, 30. 

(21)    Billingsley, K.; Buchwald, S. L. J. Am. Chem. Soc. 2007, 129, 3358. 

(22)    Han, C.; Buchwald, S. L. J. Am. Chem. Soc. 2009, 131, 7532. 



52 
 

(23) Pompeo, M.; Froese, R. D. J.; Hadei, N.; Organ, M. G. Angew. Chem. Int. Ed. 

2012, 51, 11354. 

(24)    Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2001, 123, 2719. 

(25) Kataoka, N.; Shelby, Q.; Stambuli, J. P.; Hartwig, J. F. J. Org. Chem. 2002, 67, 

5553. 

(26)    Fortman, G. C.; Nolan, S. P. Chem. Soc. Rev. 2011, 40, 5151. 

(27) Gurung, S. K.; Thapa, S.; Kafle, A.; Dickie, D. A.; Giri, R. Org. Lett. 2014, 16, 

1264. 

(28)    Malosh, C. F.; Ready, J. M. J. Am. Chem. Soc. 2004, 126, 10240. 

(29)    Gurung, S. K.; Thapa, S.; Vangala, A. S.; Giri, R. Org. Lett. 2013, 15, 5378. 

(30)    Gurung, S. K.; Thapa, S.; Shrestha, B.; Giri, R. Synthesis. 2014, 46, 1933. 

(31) Thapa, S.; Gurung, S. K.; Dickie, D. A.; Giri, R. Angew. Chem. Int. Ed. 2014, 53, 

11620. 

(32)    Thapa, S.; Basnet, P.; Gurung, S. K.; Giri, R. Chem. Commun. 2015, 51, 4009. 

(33) Thapa, S.; Kafle, A.; Gurung, S. K.; Montoya, A.; Riedel, P.; Giri, R. Angew. 

Chem. Int. Ed. 2015, 54, 8236. 

(34)    Hintermann, L.; Xiao, L.; Labonne, A. Angew. Chem. Int. Ed. 2008, 47, 8246. 

(35)    Giri, R.; Hartwig, J. F. J. Am. Chem. Soc. 2010, 132, 15860. 

(36) Tye, J. W.; Weng, Z.; Johns, A. M.; Incarvito, C. D.; Hartwig, J. F. J. Am. Chem. 

Soc. 2008, 130, 9971. 

(37) Tye, J. W.; Weng, Z. Q.; Giri, R.; Hartwig, J. F. Angew. Chem. Int. Ed. 2010, 49, 

2185. 

(38)    Strieter, E. R.; Bhayana, B.; Buchwald, S. L. J. Am. Chem. Soc. 2009, 131, 78. 



53 
 

(39)    Do, H.-Q.; Khan, R. M. K.; Daugulis, O. J. Am. Chem. Soc. 2008, 130, 15185. 

(40)    Krieck, S.; Görls, H.; Westerhausen, M. Organometallics. 2008, 27, 5052. 

(41)    Mao, J.; Guo, J.; Fang, F.; Ji, S.-J. Tetrahedron. 2008, 64, 3905. 

(42)    Klapars, A.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 14844. 

(43)    Netherton, M. R.; Fu, G. C. Adv. Synth. Catal. 2004, 346, 1525. 

(44) Slagt, V. F.; de Vries, A. H. M.; de Vries, J. G.; Kellogg, R. M. Org. Process Res. 

Dev, 2010, 14, 30. 

(45)    Chinchilla, R.; Najera, C. Chem. Soc. Rev. 2011, 40, 5084. 

(46) Mahendar, L.; Gopi Krishna Reddy, A.; Krishna, J.; Satyanarayana, G. J. Org. 

Chem. 2014, 79, 8566. 

(47)    Santandrea, J.; Bédard, A.-C.; Collins, S. K. Org. Lett. 2014, 16, 3892. 

(48) Okuro, K.; Furuune, M.; Enna, M.; Miura, M.; Nomura, M. J. Org. Chem. 1993, 

58, 4716. 

(49)    Gujadhur, R. K.; Bates, C. G.; Venkataraman, D. Org. Lett. 2001, 3, 4315. 

(50)    Ma, D.; Liu, F. Chem. Commun. 2004, 1934. 

(51)    Monnier, F.; Turtaut, F.; Duroure, L.; Taillefer, M. Org. Lett. 2008, 10, 3203. 

(52)    Chen, G.; Zhu, X.; Cai, J.; Wan, Y. Synth. Commun. 2007, 37, 1355. 

(53) Wu, M.; Mao, J.; Guo, J.; Ji, S. Eur. J. Org. Chem. 2008, 2008, 4050. 

(54)    Yang, D.; Li, B.; Yang, H.; Fu, H.; Hu, L. Synlett 2011, 2011, 702. 

(55) Thakur, K. G.; Jaseer, E. A.; Naidu, A. B.; Sekar, G. Tetrahedron Lett. 2009, 50, 

2865. 

(56)    Cahiez, G.; Gager, O.; Buendia, J. Angew. Chem. Int. Ed. 2010, 49, 1278. 

(57)    Cornelissen, L.; Lefrancq, M.; Riant, O. Org. Lett. 2014, 16, 3024. 



54 
 

(58) Wang, S.; Wang, M.; Wang, L.; Wang, B.; Li, P.; Yang, J. Tetrahedron 2011, 67, 

4800. 

(59)    Denmark, S. E.; Tymonko, S. A. J. Org. Chem. 2003, 68, 9151. 

(60)    Yang, C.; Nolan, S. P. Organometallics. 2002, 21, 1020. 

(61)  Nishihara, Y.; Ando, J.-i.; Kato, T.; Mori, A.; Hiyama, T. Macromolecules. 2000, 

33, 2779. 

(62) Nishihara, Y.; Inoue, E.; Noyori, S.; Ogawa, D.; Okada, Y.; Iwasaki, M.; Takagi, 

K. Tetrahedron. 2012, 68, 4869. 

(63)    Colobert, F.; Leroux, F. R.; Georg Thieme Verlag: 2013; Vol. 1, p 359. 

(64)    Suzuki, A.; Yamamoto, Y. Chem. Lett. 2011, 40, 894. 

(65)    Anastasia, L.; Negishi, E.-i. Org. Lett. 2001, 3, 3111. 

(66)    Bellina, F.; Ciucci, D.; Rossi, R.; Vergamini, P. Tetrahedron 1999, 55, 2103. 

(67)    Shirakawa, E.; Yoshida, H.; Hiyama, T. Tetrahedron Lett. 1997, 38, 5177. 

(68)    Kang, J. Y.; Connell, B. T. J. Org. Chem. 2011, 76, 6856. 

(69)    Cui, D.-M.; Hashimoto, N.; Ikeda, S.-i.; Sato, Y. J. Org. Chem. 1995, 60, 5752. 

(70) Shirakawa, E.; Yamasaki, K.; Hiyama, T. J. Chem. Soc., Perkin Trans. 1. 1997, 

2449. 

(71) Ogawa, D.; Li, J.; Suetsugu, M.; Jiao, J.; Iwasaki, M.; Nishihara, Y. Tetrahedron 

Lett. 2013, 54, 518. 

(72) Nishihara, Y.; Noyori, S.; Okamoto, T.; Suetsugu, M.; Iwasaki, M. Chem Lett 

2011, 40, 972. 

(73)    Piers, E.; Wong, T. J. Org. Chem. 1993, 58, 3609. 

(74)    Allred, G. D.; Liebeskind, L. S. J. Am. Chem. Soc. 1996, 118, 2748. 



55 
 

(75) Li, J.-H.; Li, J.-L.; Wang, D.-P.; Pi, S.-F.; Xie, Y.-X.; Zhang, M.-B.; Hu, X.-C. J. 

Org. Chem. 2007, 72, 2053. 

(76) Cornelissen, L.; Cirriez, V.; Vercruysse, S.; Riant, O. Chem. Commun. 2014, 50, 

8018. 

(77) Abeywickrema, A. N.; Beckwith, A. L. J. J.Chem.Soc.,Chem.Commun. 1986, 

464. 

(78) Enemaerke, R. J.; Christensen, T. B.; Jensen, H.; Daasbjerg, K. J. Chem. Soc., 

Perkin Trans. 2 2001, 1620. 

(79)    Creutz, S. E.; Lotito, K. J.; Fu, G. C.; Peters, J. C. Science. 2012, 338, 647. 

(80)    Hammett, L. P. J. Am. Chem. Soc. 1937, 59, 96. 

(81)    Amatore, C.; Pfluger, F. Organometallics. 1990, 9, 2276. 

(82) Terao, J.; Todo, H.; Begum, S. A.; Kuniyasu, H.; Kambe, N. Angew. Chem. Int. 

Ed. 2007, 46, 2086. 

(83) Yang, C.-T.; Zhang, Z.-Q.; Liu, Y.-C.; Liu, L. Angew. Chem. Int. Ed. 2011, 50, 

3904. 

(84) Tsubouchi, A.; Muramatsu, D.; Takeda, T. Angew. Chem. Int. Ed. 2013, 52, 

12719. 

(85) Tye, J. W.; Weng, Z.; Giri, R.; Hartwig, J. F. Angew. Chem. Int. Ed. 2010, 49, 

2185. 

(86) Schiefer, M.; Hatop, H.; Roesky, H. W.; Schmidt, H.-G.; Noltemeyer, M. 

Organometallics. 2002, 21, 1300. 

(87) Pour, N.; Gofer, Y.; Major, D. T.; Keinan-Adamsky, K.; Gottlieb, H. E.; Aurbach, 

D. Organometallics. 2013, 32, 3165. 



56 
 

(88)   Pour, N.; Gofer, Y.; Major, D. T.; Aurbach, D. J. Am. Chem. Soc. 2011, 133, 6270. 

(89) Damrauer, R.; Krempp, M.; Damrauer, N. H.; Schmidt, M. W.; Gordon, M. S. J. 

Am. Chem. Soc. 1993, 115, 5218. 

(90)    Thaler, T.; Knochel, P. Angew. Chem. Int. Ed. 2009, 48, 645. 

(91) Yang, C.-T.; Zhang, Z.-Q.; Liang, J.; Liu, J.-H.; Lu, X.-Y.; Chen, H.-H.; Liu, L. 

J. Am. Chem. Soc. 2012, 134, 11124. 

 

 

 

 

 

 

 

 

 

 

 

 



57 
 

Chapter 3: Transition Metal-Catalyzed Olefin Dicarbofunctionalization 

3.1. Introduction 

Alkenes are one of the most significant and readily available building blocks of the 

natural products, pharmaceuticals and materials. Many reactions like oxidation, 

hydroformylation, hydrogenation, oligomerization, Wacker oxidation,1 polymerization2 

are applied in the chemical industry. Functionalization of simple olefin has become 

powerful tool for chemists to generate highly functionalized skeleton in organic synthesis. 

Particularly, intermolecular and intramolecular difunctionalization of simple alkenes help 

to increase molecular complexity and opens new doors for the formation of unconventional 

bonds.3 The classic Sharpless dihydroxylation4 is the simple example of olefin 

difunctionalization where two hydroxyl groups are added in adjacent carbons 

simultaneously.5,6 There are few literature reports regarding transition metal (TM) 

catalyzed difunctionalization of olefins by cross-coupling7 such as carbooxygenation8-18 

and carboamination19-31 which have been developed as a powerful process that introduce 

new C-C/C-O and C-C/C-N bonds in adjacent carbons. More recently, 

dicarbofunctionalization which involves the installment of two carbon-based entities 

across an olefin to generate two C-C bonds has gained tremendous interest owing to its 

ability to assemble complex carbon skeletons rapidly. So far, this reaction is still among 

the least explored and underdeveloped difunctionalization processes to date. One of the 

powerful ways of achieving dicarbofunctionalization of unactivated olefins is to combine 

Heck carbometalation and cross-coupling. Here, aryl halides and organometallic reagents 

are utilized as carbon sources. 
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Olefin dicarbofunctionalization mostly involves cyclization. Here, the recent and 

past development intramolecular olefin dicarbofunctionalization is briefly described. In 

1987, Balme and coworkers32 reported the dicarbofunctionalization of olefins tethered to 

dicarbonyl compounds bearing an enolizable -hydrogen (DMSO pKa ~13) with aryl 

halides.33,34 In 1985, Negishi and Tour reported Pd-catalyzed double carbonylative 

cyclization functionalized unactivated olefins tethered to vinyl and aryl iodides with two 

molecules of CO that were inserted in vinyl/aryl-PdX species before cyclization and in the 

resultant C(sp3)-PdX intermediates after cyclization (Scheme 3.1).35-38 In 1988, Grigg and 

coworkers reported the use of  using 2,2-disubstituted tethered olefins which generate 

stable C(sp3)-PdX intermediate lacking -H, which enabled further 

transmetalation/reductive elimination to proceed successfully furnishing five- and six-

membered cyclization/cross-coupling products. The reaction could be conducted with 1,2-

disubstituted tethered olefins as well, which generated C(sp3)-PdX species with -H’s but 

the substrate backbone was geometrically constrained as a result attainment of favorable 

geometry for -H elimination was prevented (Scheme 3.2).39,40 

Scheme 3.1. Pd-catalyzed cyclization/carbonylation 

 

 

Scheme 3.2. Pd-catalyzed cyclization/cross-coupling with organotin reagents 
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In 2008, Takemoto and coworkers reported Pd-catalyzed enantioselective 

cyanoacylation of (2-vinylphenyl)carbamoyl cyanide derivatives in the presence of a chiral 

phosphoramidite ligand and stoichiometric quantity of N,N-dimethylpropylene (DMPU) 

where the reaction proceeded with cleavage of the C-C bond of the carbamoyl cyanide 

moiety followed by the addition of both fragments across the tethered olefin (Scheme 

3.3).41 In 2014, Brown and Yu reported a Cu-catalyzed cyclization/cross-coupling of 

olefin-tethered aryl-9-BBN with aryl iodides where aryl-9-BBN first underwent 

transmetalation with CuBr/dppBz-Me followed by migratory insertion of the tethered 

olefin into the aryl-Cu bond (Scheme 3.4).42 In 2004, Widenhoefer and Liu reported Pd-

catalyzed cyclization/carbonylation of indoles bearing tethered olefins at C-2 position that 

generated a new carbocycle at the C-2/C-3 position.43 In this reaction firstly, Lewis acidic 

Pd(II) will activate the tethered olefin and the attack of the coordinated olefin by the indole 

at C-3 which resulted in  generation of C(sp3)-PdX species bearing -Hs, which were 

intercepted by CO insertion faster than -H elimination (Scheme 3.5). There are few 

examples of similar reactions where the olefins are tethered to organometallic. Regarding 

this, our group reported a Cu-catalyzed cyclization/cross-coupling of aryl and heteroaryl 

iodides with alkyl and arylzinc reagents generated in situ from the reaction of alkyl and 

aryl halides with Zn (Scheme 3.6).51 

Scheme 3.3. Pd-catalyzed enantioselective intramolecular cyanoacylation 
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Scheme 3.4. Cu-catalyzed cyclization/cross-coupling of aryl-9-BBN reagents with aryl 

iodides 

 

 

 

Scheme 3.5. Pd-catalyzed aryl C-H cyclization/carbonylation 

 

 

 

 

Scheme 3.6. Cyclization/cross-coupling of olefin-tethered alkyl and arylzinc reagents 

 

 

 

3.2.   Transition Metal-Catalyzed Intermolecular Olefin Dicarbofunctionalization 

The three-component dicarbofunctionalization of unactivated olefin is very hard to 

achieve. The three-component dicarbofunctionalization of unactivated olefin usually 

suffers from major side reactions such as -H elimination, cross-coupling and 

protodemetallation. Various strategies which have been used to overcome these major side 

reactions and to achieve olefin dicarbofunctionalization are described below. 

In 1982, Chiusoli and Catellani reported Pd-catalyzed dicarbofunctionalization of 

the olefin in norbornene with organohalides and alkynes giving cis, exo-difunctionalized 

products in good to excellent yields.44 The geometric constraints bicyclic backbone of 
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norbornene prevents -H elimination from the C(sp3)-PdX intermediates generated in situ 

(Scheme 3.7). Later, Goodson reported the Pd(OAc)2 catalyzed selective 

difunctionalization of one olefin in norbornadiene by using aryl halides and ArB(OH)2 

(Scheme 3.8).45  

Scheme 3.7. Difunctionalization of norbornene with aryl bromides and alkyne 

 

 

Scheme 3.8. Difunctionalization of norbornene with aryl bromides and alkyne 

 

 

 

 There are cases where successful difunctionalization of organohalides and 

organometallic reagents had been carried out in 1,3-dienes and styrenes without suffering 

from -H elimination. Takai and coworkers published a paper reporting a Cr-catalyzed 1,2-

difunctionalization of 1,3-dienes with alkyl halides and benzaldehyde where they used 6 

equivalent of  CrCl2.
46 Recently in 2011, Sigman and coworkers47,48 reported  Pd-catalyzed 

1,2-difunctionalization of 1,3-dienes with vinyl triflates and arylboronic acids in the 

presence of KF where they showed that -allylpalladium species which is intercepted from 

the Heck C(sp3)-PdX intermediates  helps to avoid -H elimination and enable 

transmetalation/reductive elimination to proceed as desired to form dicarbofunctionalized 

products (Scheme 3.9).49  In 2013, same group also demonstrated that Pd2(dba)3 could 

catalyze the 1,4-difunctionalization of 1,3-butadiene with vinyl triflates and 
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aryl/vinylboronic acids to generate dienes and trienes (Scheme 3.10).50,51   Song and 

coworkers used Pd2(dba)3 as a catalyst to carry out the 1,2-difunctionalization of styrene 

derivatives using vinyl triflates and arylboronic acids (Scheme 3.11).52 

Scheme 3.9. Pd-catalyzed 1,2-difunctionalization of 1,3-dienes with vinyl triflates and 

arylboronic acids 

 

 

Scheme 3.10. Pd-catalyzed 1,4-difunctionalization of 1,3-dienes with vinyl triflates and 

arylboronic acids 

 

 

 

Scheme 3.11. 1,2-Difunctionalization of styrenes with vinyl triflates and arylboronic acids 

 

 

 

 

Generally, difunctionalization of unactivated olefins in simple alkenes where in 

situ-generated Heck C(sp3)-MX intermediates are hard to stabilized lead to the formation 

of 1,1-difunctionalized product. Sigman and coworkers showed that Pd2(dba)3 can be used 

to carry out the 1,1-difunctionalizing terminal alkenes with vinyl triflates and arylboronic 

acids (Scheme 3.12).49 The reaction was anticipated to advance via -H elimination from 
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the Heck C(sp3)-PdX intermediates followed by a Pd-H reinsertion/-allylpalladium 

formation/transmetalation/reductive elimination sequence.53 

Scheme 3.12. 1,1-Difunctionalization of terminal alkenes with vinyl triflates and 

arylboronic acids 

 

 

 

 

There are some literature reports which showed that copper-based catalysts played 

vital role in the addition of carbon-centered radicals to olefins during 

dicarbofunctionalization reactions. In 2013, Liu and coworkers developed  a Cu-catalyzed 

trifluoromethylarylation of both styrene derivatives and unactivated olefins with Togni’s 

reagent and arylboronic acids (Scheme 3.13).54 Mechanistially, they proposed that Togni’s 

reagent would coordinate to arylboronic acids prior to the generation of •CF3 and then 

transmetalation occurs in the presence of a Cu-catalyst. The •CF3 would then add to olefins 

followed by radical recombination with ArCu(II) and reductive elimination from a Cu(III) 

species to give the desired product. 

Scheme 3.13. Cu-catalyzed trifluoromethylarylation of styrenes 

 

 

 

 

There are some cases of photochemically-induced transition metal-catalyzed 

difunctionalization of olefin. Ryu and coworkers55 developed  a photochemically-induced 
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Pd-catalyzed difunctionalization of unactivated olefins with -iodocarbonyl compounds 

and CO/alcohols where reaction is proposed to proceed via the formation of alkyl radicals 

from alkyl halides and their addition to olefins(Scheme 3.14).56  

Scheme 3.14. Pd-catalyzed carbonylative alkylation of olefins 

 

 

There are several research papers which showed that oxidation of low valent 

C(sp3)-Pd(II) intermediates to high valent C(sp3)-Pd(IV) intermediates assist in 

overcoming the complications of -H elimination in many reactions including C-H bond 

activation.57-59 Toste and coworkers recently published a research paper where 8-

aminoquinoline could be used as a coordinating group for Pd-catalyzed fluoroarylation of 

2-vinylbenzamides, a reaction that is proposed to proceed via a Pd(II)/Pd(IV) catalytic 

cycle.60  

There has been some progress made in difunctionalizing olefins by reductive 

couplings wherein both carbon entities are derived from organohalides. In 1988, Kambe 

and coworkers showed that Cp2TiCl2 could catalyze the addition of two different types of 

alkyl halides across the olefin in styrene derivatives in the presence of stoichiometric 

quantities of nBuMgCl (Scheme 3.15).61 They proposed that the reaction proceeded by the 

addition of alkyl radicals to styrenes followed by the transmetalation of alkyl-[Ti] 

intermediates to nBuMgCl and reaction of the resultant alkyl-MgCl with alkyl halides.  

Scheme 3.15. Ti-catalyzed reductive dialkylation of styrenes with alkyl bromides 
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Nevado and coworkers also reported a Ni/dtbbpy-catalyzed reductive 

difunctionalization of unactivated and mildly activated olefins in allylic compounds, vinyl 

carboxylates and enamides where they proposed that the reaction to proceed via a radical 

process that involved four species of Ni–Ni(0)/Ni(I)/Ni(II)/Ni(III) and required 

tetrakis(dimethylamino)ethylene (TDAE) as a stoichiometric reductant to reduce Ni(II) to 

Ni(0) to turn over the catalytic cycle (Scheme 3.16).62 There is a literature reported by  Ryu 

and coworkers55 where they developed the photochemically-induced Pd-catalyzed 

difunctionalization of unactivated olefins with -iodocarbonyl compounds and 

CO/alcohols and they proposed that the reaction is proposed to proceed via the formation 

of alkyl radicals from alkyl halides and their addition to olefins (Scheme 3.17).56   

Scheme 3.16. Ni-catalyzed reductive alkylarylation of olefins 

 

 

 

Scheme 3.17. Pd-catalyzed carbonylative alkylation of olefins 

 

 

 

In 2009, Sigman group reported a Pd-catalyzed oxidative difunctionalization of 

olefins with aryl- and vinyltin reagents where same same aryl/vinyl groups from organotin 

reagents was added across the olefins (Scheme 3.18).63 They reported that styrenes and 

dienes resulted 1,2-difunctionalized products while simple unactivated alkenes generated 

1,1-difunctionalized products.64 In the same year, Larhed and coworkers also reported a 
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Pd-catalyzed oxidative 1,2-diarylation of terminal olefins in vinyl ethers with ArB(OH)2 

where they proposed that coordination-assistance by the N,N-dimethylamino group 

tethered to the vinyl ethers would form a palladacycle in situ  which prevent -H 

elimination from a C(sp3)-PdX intermediate (Scheme 3.19).65-67   

Scheme 3.18. Pd-catalyzed oxidative functionalization of styrenes and 1,3-dienes with 

aryl/vinyltin reagents 

 

 

  

 

Scheme 3.19. Pd-catalyzed coordination-assisted oxidative diarylation of vinyl ethers 

 

 

3.3. Summary 

TM-catalyzed dicarbofunctionalization of unactivated olefins results in two C-C bonds 

in one synthetic step which helps in building complex molecular architectures in short 

synthetic routes from readily available chemicals. But, this type of transformation usually 

suffers from -H elimination from C(sp3)-[M] species that are generated as intermediates 

in catalytic reactions. Various strategies like utilizing 2,2-disubstituted olefins that would 

generate C(sp3)-[M] intermediates lacking in -H’s, conducting reactions in the presence 

of CO or using olefins in geometrically constrained molecules are being followed in order 

to address the problems of -H elimination. Though, there is significant progress in the 
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development of dicarbofunctionalization but there is much more need to be done in case of 

dicarbofunctionalization of simple alkenes which lack any intrinsic stabilizer of C(sp3)-

[M] intermediates.  
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Chapter 4: Olefin Dicarbofunctionalization by Cross-Coupling 

4.1. Introduction 

There are only few examples of three-component dicarbofunctionalization of olefins 

with organohalides and organometallic reagents. Due to the intermolecular nature of the 

reactants, the development of three-component dicarbofunctionalization of unactivated 

olefins remains very challenging. Three and half decades have past but only three different 

strategies have been exploited in order to overcome the complications of −H elimination 

and/or direct cross-coupling that function as major side reactions in the three-component 

dicarbofunctionalization of unactivated olefins – 1) use of geometrically constrained olefin 

substrates, 2) use of dienes or styrenes as substrates to stabilize alkyl-metal species as -

allyl or -benzyl intermediates and, 3) use of heteroatom-bearing olefins as substrates to 

stabilize alkyl-metal species as transient metallacycles.   

 In 1987, Kosugi, Migita and coworkers1-3 reported a regioselective aryl-vinylation 

of norbornene with bromobenzene and tributylvinyltin reagents by using Pd(PPh3)4 as a 

catalyst (Scheme 4.1).4-6 The geometrical restriction of  bond rotations in these bicyclic 

molecules help in suppressing -H elimination from their corresponding Heck C(sp3)-[M] 

intermediates that prevent the C(sp3)-[M] species from attaining syn-coplanarity with a -

hydrogen required for -H elimination, and enable the subsequent steps of transmetalation 

and reductive elimination to proceeds as desired. Chiusoli, Catellani4 and Goodson7  had 

also reported Pd-catalyzed dicarbofunctionalization of the olefin in norbornene and 

norbornadiene. 



73 
 

Scheme 4.1. Dicarbofunctionalization of norbornene 

 

 

One of the approach to overcome the complications of -H elimination is the stabilization 

of the C(sp3)-[M] species as -allyl-[M] intermediates. In this process, conjugated dienes 

are usually used as substrates rather than isolated olefins wherein the additional olefin of 

the diene forms a -allyl complex with the C(sp3)-[M] species generated after the Heck 

carbometalation process. For example, in 2004, Kambe and coworkers reported a 

dppf/NiCl2-catalyzed 1,4-difunctionalization of 1,3-dienes with alkyl halides and PhZnCl 

or ArMgBr where they have shown that the 1,4-difunctionalized products also arise from 

the same -allyl-[M] species as in 1,2-difunctionalization but the reductive elimination 

proceeds with the distal allylic carbon (Scheme 4.2).8,9  

Scheme 4.2. Ni-catalyzed 1,4-difunctionalization of 1,3-dienes with PhZnCl reagents 

 

 

 

Zhang and coworkers developed the Ni-catalyzed difluoroalkyl-arylation of vinyl groups 

in enamides where they had demonstrated a coordinating effect of amide oxygen.10 

Mechanistically, they proposed that the carbon radicals generated  to nitrogen after the 

addition of difluoroalkyl radical to the N-vinyl group would be stabilized by recombination 

with the Ni-catalyst coordinated to the amide (Scheme 4.3). The limitation of this work is 

that directing group cannot be removed. 
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Scheme 4.3. Ni-catalyzed difluoroalkylarylation of enamides by coordination-assistance 

 

 

4.2. Ni-Catalyzed Diarylation of Vinylarenes via Imine-Assisted Formation of 

Transient Metallacycle 

The concept of utilizing readily removable coordinating groups to stabilize the Heck 

C(sp3)–[M] intermediates through the formation of transient metallacycles is  widely used 

in directed C(sp3)-C-H bond activation.13-15 This concept is based on the fact that C(sp3)-

metallacycles undergo −H elimination more slowly than their acyclic variants due to 

restricted bond rotations that prevent the attainment of favorable geometry for -H 

elimination. This concept has never been reported to develop three-component diarylation 

of olefins. So, based on this idea of readily removable coordinating groups to stabilize the 

Heck C(sp3)–[M] intermediates through the formation of transient metallacycles, we 

successfully developed a Ni(cod)2-catalyzed 1,2-dicarbofunctionalization of 2-

vinylbenzaldehyde derivatives with aryl halides/triflates and arylzinc reagents.16 

4.2.1. Hypothesis and Initial Studies 

Cross-coupling is one of the versatile synthetic method for generating carbon-

carbon bond. One of the cross-coupling reaction is the Negishi coupling which uses 

organozinc as nucleophile and organohalides as electrophile in presence of transition metal 

like Pd to form carbon-carbon bond. Next is the Heck reaction that functionalizes olefins 

with organohalides through the formation of a new C-C bond with the application of a TM-
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catalyst, typically Pd. Both Heck reaction and Negishi coupling gives common unstable 

species I (Scheme 4.4). The goal is to trap this Heck C(sp3)-MX (I) species with the 

nucleophile (organozinc) to give the 1,2-difunctionalized product. 

Scheme 4.4.  Heck reaction and Negishi coupling 

 

 The catalytic cycle of transition metal-catalyzed olefin dicarbofunctionalization 

involves four elementary steps – oxidative addition (OA), carbometalation, transmetalation 

(TM) and reductive elimination (RE) (Scheme 4.5). An oxidative addition intermediate 

(Ar-M-X) (1) is expected to insert an olefin to generate a new C(sp3)-MX (2) species,11,12 

which is subsequently intercepted by organometallic reagents (RZnX) via a 

transmetalation/reductive elimination sequence to form a desired product. But, this kind of 

transformation suffers from two major side reactions – 1) the cross-coupling between 

organohalides and organometallic reagents prior to olefin insertion (Path d); and 2) the 

Heck reaction by -hydride (-H) elimination from the C(sp3)-MX intermediate (2) after 

olefin insertion (Path e). Therefore, careful strategies to intercept the Heck C(sp3)–MX 

species (2) should be needed to enable 1,2-dicarbofunctionalization of olefins by cross-

coupling.  
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Scheme 4.5. Catalytic cycle and side reactions 

 

 

 

 

 

 

 

 

 

The two undesired pathways (Scheme 4.5) which are direct cross-coupling and -H 

elimination to generate Heck product could be simultaneously surmounted by installing a 

removable coordinating group (CG) in olefin substrates (Scheme 4.6). The coordinating 

group (CG) perform two major functions-1) CG could initially intercept the higher valent, 

oxidative addition intermediate (Ar-M-X) (1) as species 3 via a bidentate coordination 

mode with the help of the vinyl group and promote Heck carbometallation onto the olefin 

faster than the direct cross-coupling through the entropically favorable intramolecular 

insertion process; 2) CG could then intercept and stabilize the Heck C(sp3)-MX 

intermediates as transient metallacycles (species 4 and 5), which are expected to slow down 

the process of -H elimination due to restricted bond rotations that prevent the attainment 

of favorable geometry.  

Scheme 4.6. Coordination assisted olefin dicarbofunctionalization 
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 We started our work by choosing imines as a coordinating group to test our 

hypothesis because of their efficacy of binding to transition metals and ease of removal by 

simple aqueous acidic workup. The reaction of 2-vinyl-N-phenylbenzylimine (6) with 4-

iodobenzotrifluoride and PhZnI in the presence of 2 mol% Ni(cod)2 in dioxane at 80 °C, 

gave the expected product 14 as a single regioisomer in 85% yield after acidic workup 

(Table 4.1, entry 1). Longer time is required when the reaction is scaled up to 0.5 mmol to 

get the best product yield (entry 1). No product was obtained in the absence of Ni(cod)2 

(entry 2). The product was formed in lower yields in shorter reaction time (entry 3). When 

we altered the imine group in vinylaldimine 6 to benzylimine (7), n-butylimine (8), t-

butylimine (9) and N-methoxyimine (10), the expected product 14 is obtained in lower 

yield (entries 4-5). We also examined other coordinating groups such as 8-aminoqunoline, 

8-hydroxyquinoline and 2-aminopyridine in N-allyl-N-benzylquinolin-8-amine, 8-

(allyloxy)quinoline and N-allyl-N-(pyridin-2-yl)benzamide, which did not furnish any 

difunctionalized product. We then electronically modified the N-phenyl group in 

vinylimine 6 with p-F (11), p-Me (12) and p-OMe (13) groups. Among these 

vinylaldimines, only the N-anisolyl-imine 13 furnished the expected product 14 in 

comparable yield (entries 6-7). Other catalysts based on Pd, Co, Fe and Cu did not catalyze 

the reaction which shows the significance of Ni-catalyst for this transformation (entry 8). 

We tried other Ni-catalyst like (Ph3P)4Ni and NiBr2 which furnished the product 14 in lower 

yields (entries 9-10). When reaction was conducted in NMP or THF, then the product 14 

was obtained in comparable yields (entry 11). Other solvents such as DMF, DMSO, 

benzene and MeCN afforded the product 14 in lower yields (entries 12-13). 
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Table 4.1. Optimization of reaction conditionsa 

 

 

 

 

 

 

 

 

 

 

a0.1 mmol scale reaction in 0.5 mL solvent. bYields were determined by 1H using pyrene 

as an internal standard. Value in parenthesis is the isolated yield from 0.5 mmol in 18 h. 

Pd(OAc)2, CoCl2, FeCl2 or CuI was used. 

 We want to investigate the role of the imine group, so we performed further studies 

(Scheme 4.7). The reaction of 2-vinylbenzaldehyde with 4-iodobenzotrifluoride and PhZnI 

under the standard conditions was carried out. In spite of Ni being a good catalyst for the 

Heck reaction,17-26 2-vinylbenzaldehyde did not afford any Heck or difunctionalized 

product. Only the direct cross-coupling product 15 was seen in significant amounts. Further 

examination of the reactions of 2-vinylbenzaldehyde and vinylaldimine 6 separately with 

4-iodobenzotrifluoride under the standard conditions but in the absence of PhZnI showed 
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that only the reaction of vinylaldimine 6 produced the Heck product in 27% yield.27-31 

These results designated that coordination of the imine group is indeed required for both 

the Heck carbometallation of ArNiI on the vinyl group of 2-vinylaldimine 6 through species 

17, and stabilizing the Heck C(sp3)-NiX intermediates 18 and 19 for further 

transmetallation with ArZnI to ultimately deliver the 1,2-diarylated product 14 (Scheme 

4.8).  

Scheme 4.7. Control experiments for establishing the role of the imine group   
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Scheme 4.8. Proposed mechanistic pathway for regioselective 1,2-

dicarbofunctionalization 

 

 

4.2.2. Scope of the Reaction 

Once we got the optimized conditions and established the role of the imine group 

then we investigated the scope of the current reaction (Table 4.2). Variety of electron-rich, 

neutral and deficient aryl halides (I, Br) and arylzinc reagents can be utilized as coupling 

partners with the vinylaldimine 6, which affords the 1,2-diarylated products 20-35 as the 

only regioisomers in good to excellent yields. The regioselectivity of the reaction was 

confirmed by the single crystal X-ray structure of product 30, and 1H-1H COSY experiment 

of compound 26. It was found that the reaction of aryl iodides required lower catalyst 

loadings (2-5 mol%) than with that of aryl bromides (5-10 mol%) but the latter generally 

provided products in better yields (23-26). Likewise, aryl bromides also required higher 

temperature than aryl iodides (80 °C) and typically proceeded at 100 °C to afford the best 

product yield. It was found that chloride (20-21), and other sensitive functional groups such 

as nitrile (22-23), ester (24), ketone (25), dioxolyl (32), thioether (33), silyl ether (34) and 

benzyl ether (35) were well tolerated. Electron-rich aryl iodides containing multiple 

electron-donating groups like 3,5-dimethyliodobenzene (28), 3,4,5-trimethoxyiodo-

benzene (31), 5-iodobenzo[d][1,3]dioxole (32) and 2-(benzyl-oxy)-4-iodo-1-

methoxybenzene (35) worked well for this reaction. The reaction furnishes products in 

good yields for aryl halides containing functional groups such as Cl, CF3 and sterically 

bulky i-Pr at the ortho-position (20-22, 26, 27). 
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Table 4.2. Scope with aryl iodides and bromidesa  

 

 

 

 

 



82 
 

aIsolated from 0.5 aIsolated from 0.5 mmol.80 ⁰C for ArI and 100 ⁰C for ArBr unless stated 

otherwise. b2 mol% Ni(cod)2. 
c5 mol% Ni(cod)2.  

d10mol% Ni(cod)2. 
eNiBr2. 

f18 h.      

 Further examination for the scope of the reaction with functionalized 

vinylaldimines and arylzinc reagents (Table 4.3) showed that vinylaldimines containing 

both electron-withdrawing and donating groups such as Cl, F, Me and OMe could be used 

as a substrate with a variety of electron-rich and deficient aryl halides and arylzinc reagents 

(36-58). Vinylaldimine containing internal olefins, such as 2-(1-propenyl)-N-

phenylbenzylimine (trans:cis/2:1), furnished difunctionalized products only in less than 

10% NMR yields. Arylzinc reagents containing F, CF3, CN, CO2Me, Me and OMe 

furnishes products in good to excellent yields. The reaction also tolerates ortho-substituted 

vinylaldimines (43) and arylzinc reagents (49-50).  

Table 4.3. Scope with vinylaldimines and arylzinc reagentsa 
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Continuation of table 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aIsolated from 0.5 mmol.80 ⁰C for ArI and 100 ⁰C for ArBr unless stated otherwise. b2 

mol% Ni(cod)2. 
c5 mol% Ni(cod)2.  

d10mol% Ni(cod)2. 
eNiBr2. 

f18 h.  
g24 h.  

h100 ⁰C.         
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 The reaction protocol also worked for aryl triflates instead of aryl halides along 

with a variety of arylzinc reagents and substituted vinylaldimines, which affords products 

in good yields (Table 4.4). The reaction generally works well with moderately electron-

rich, neutral and deficient aryl triflates. The reaction required 2-5 mol% of catalyst loading 

and temperature of 80 °C.   

Table 4.4. Scope with aryl triflatesa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aIsolated from 0.5 mmol. b5 mol% Ni(cod)2, 100 ⁰C.       
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 We also inspected the scope of the current transformation with vinylimines derived 

from 2-vinylanilines and benzaldehyde (Scheme 4.9). The reaction of vinylimine 62 and 

(4-(trifluoro-methyl)phenyl)zinc iodide with iodobenzene, 4-iodotoluene and 2-

isopropyliodobenze gave the corresponding diarylated imine products 63-65 in good 

yields. Unlike the products of vinylimines derived from 2-vinylbenzaldehydes, these 

products were surprisingly resistant to acidic hydrolysis and the product 63 hydrolyzed in 

<20% GC yield in dioxane:4N H2SO4 in 15 h at 120 °C. 

Scheme 4.9. Scope with vinylimines derived from 2-vinyl-anilines 
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4.3. Summary 

 In conclusion, we were able to develop a Ni-catalyzed regioselective 

dicarbofunctionalization of olefins in styrene derivatives with aryl halides/triflates and 

arylzinc reagents, the success of which arise from the stabilization of Heck C(sp3)-NiX 

intermediates as transient metallacycles by imine coordination. The reaction displayed high 

functional group and steric tolerance and gave products in good to excellent yields. The 

current reaction affords an expedient route to differently-substituted 1,1,2-triarylethyl 

products that widely occur as structural scaffolds in a variety of natural products and 

bioactive molecules.32,33 
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Chapter 5: Experimental 

5.1.  Cu-Catalyzed Cross-Coupling of Organoaluminum Reagents  

5.1.1.  General Information 

 All the reactions and handling of chemicals were done inside a nitrogen-filled 

glovebox unless stated otherwise. All glassware including the 4-dram borosilicate 

scintillation (Wheaton), 1-dram borosilicate (Kimble-Chase) vials, and pressure vessels 

were properly dried in an oven before use. Bulk solvents were obtained from EMD and 

99.8% pure anhydrous solvents (DMF, DMSO, NMP, HMPA, toluene, dixoane) were 

obtained from Sigma-Aldrich and were used directly without further purification. 

Deuterated solvents were purchased from the Cambridge Isotope. Aryl halides, vinyl 

bromides, alkynyl bromides, and triphenylaluminum were purchased from Acros, Sigma-

Aldrich, Oakwood, TCI-America, Matrix and Alfa-Aesar. Pure triarylaluminum reagents 

other than Ph3Al were synthesized following the reported procedure.1 CuI (99.999%), LiCl 

(99.9%) and NaOMe (99.9%) were procured from Sigma-Aldrich, Alfa-Aesar and EMD, 

respectively. Ligands PN-2, PN-6, PN-7, PN-8, PP-1, NN-2, NN-4, NO-1, OO-1 and 

SIMes•HCl were purchased from commercial sources (Sigma-Aldrich and Alfa-Aesar) 

and were used as received. Ligands PN-1, PN-3, PN-4, PN-5, PN-9,2 NN-1,3 and NN-34 

were synthesized following the reported procedures.5 [CuOtBu] was prepared and purified 

as reported.6 4-Phenyltoluene (3) (Table 5.1, entry 2) arising from the cross-coupling of 

triphenylaluminum (1) with p-iodotoluene (2) was identified by comparing 1H and 13C 

NMR spectra of the isolated compound with that of the commercially available sample. 

1H, 13C and 19F NMR spectra were recorded on a Bruker instrument (300, 75 and 282 MHz, 

respectively) and internally referenced to the residual solvent signals of CDCl3 for 1H and 
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13C NMR at 7.26 and at 77.16 ppm, respectively, and C6F6 for 19F NMR at −164.9 ppm. 

NMR chemical shifts and the coupling constants (J) for 1H, 13C and 19F NMR are reported 

in  parts per millions (ppm) and in Hertz (Hz), respectively. The following conventions 

are used for multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet; dd, doublet of 

doublet; dt, double of triplet. High resolution mass and NMR spectra for new compounds 

were recorded at the Mass Spectrometry and NMR Facilities, Department of Chemistry 

and Chemical Biology, University of New Mexico (UNM). 

5.1.2.  Procedure for Reaction Screening 

 

Figure 5.1. Ligands used for reaction screening 

5.1.2.1.   For Aryl-Aryl Coupling 

In a glovebox, triphenylaluminum (0.10 mmol, 0.10 mL from a 1.0 M solution in 

dibutyl ether), p-iodotoluene (21.8 mg, 0.10 mmol), CuI (0.4 mg, 0.0020 mmol), ligand 

(0.0020 mmol) and LiCl (0.10 – 0.40 mmol) were added to a 1-dram vial and dissolved in 

DMF (0.5 mL). The vial was then tightly capped, taken out of the glovebox and placed in 

a hotplate pre-heated to 120 °C with vigorous stirring. After 6 h, the reaction mixture was 
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allowed to cool down to room temperature, 20 L of 2-nitrobiphenyl (0.010 mmol, 0.5 M 

stock solution) was added as a standard, diluted with EtOAc (1 mL) and filtered through a 

short pad of silica gel in a pipette. The reaction mixture was then analyzed by GC. The 

formation of the cross-coupled product, 4-phenyltoluene, was confirmed by comparison of 

the GC trace of the reaction mixture with that of the commercially available sample. 

5.1.2.2.  For Alkyl-Aryl Coupling 

In a glovebox, tri-n-octylaluminum (0.10 mmol, 36.7 mg), 1-iodonaphthalene (25.4 

mg, 0.10 mmol), CuI (0.4 mg, 0.0020 mmol) and LiCl (8.4 mg, 2 equiv) were added to a 

1-dram scintillation vial and dissolved in DMF (0.5 mL). Reaction conditions were varied 

as shown in Table 5.2. The vial was then tightly capped, taken out of the glovebox and 

placed in a hotplate pre-heated to 120 °C with vigorous stirring. After 6 h, the reaction 

mixture was cooled down to room temperature, 20 L of 2-nitrobiphenyl (0.010 mmol, 0.5 

M stock solution) as was added a standard, diluted with EtOAc (1 mL) and filtered through 

a short pad of silica gel in a pipette. The reaction mixture was then analyzed by GC. The 

formation of the cross-coupled product, 1-octylnaphthalene, was confirmed by comparison 

of the GC trace of the reaction mixture with that of the standard sample. 

5.1.2.3.  General Procedure for Cross-Coupling with Triarylaluminum Reagents 

To a suspension of AlCl3 (133.3 mg, 1.0 mmol) in THF (2 mL) was added dropwise 

a solution of aryllithium (3.0 mmol) (generated from the lithiation of aryl iodides with n-

BuLi in THF) at room temperature. After 45 minutes, the solvent was removed to obtain a 

triarylaluminum reagent containing 3 equivalents of LiCl, which was then dissolved in 

DMF (5 mL). Aryl halide (1.0 mmol) and CuI (3.8 – 19.0 mg, 0.020 – 0.10 mmol) were 

then added to the solution of the triarylaluminum reagent. For reactions containing non-
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heteroaryl halides, PN-1 (6.1 – 30.5 mg, 0.020 – 0.10 mmol) was added to the reaction 

mixture. For reactions containing heteroaryl halides, no ligand was added. The reaction 

mixture was then tightly capped, taken out of the glovebox, placed in an oil bath pre-heated 

to 120°C and vigorously stirred. After 6-24 h, the reaction mixture was cooled down to 

room temperature, diluted with ethyl acetate (15 mL) and washed with H2O (5 mL × 3). 

The aqueous fraction was extracted back with ethyl acetate (5 mL × 3) and combined with 

the first ethyl acetate fraction. The combined ethyl acetate fraction was dried over Na2SO4 

and the solvent was removed in a rotary evaporator. The product was purified by silica gel 

column chromatography using hexanes as an eluting solvent for non-heterocyclic products 

and 10–20% ethylacetate/hexanes for heterocyclic products. 

5.1.2.4.  General Procedure for Cross-coupling with Trialkylaluminum Reagents 

To a suspension of AlCl3 (133.3 mg, 1.0 mmol) in THF (2 mL) was added dropwise 

a solution of alkyllithium (3.0 mmol) at room temperature. After 45 minutes, the solvent 

was removed to obtain a trialkylaluminum reagent containing 3 equivalents of LiCl, which 

was then dissolved in DMF (5 mL). Aryl halide (1.0 mmol), NaOMe (54.0 mg, 1.0 mmol), 

CuI (19.0 mg, 0.10 mmol) and LiCl (127.2 mg, 3.0 mmol, except for reactions with vinyl 

bromides, which do not need additional LiCl) were then added to the solution of the 

trialkylaluminum reagent. For reactions containing non-heteroaryl halides, PN-1 (30.5 mg, 

0.10 mmol) was added to the reaction mixture. For reactions containing heteroaryl halides, 

no ligand was added. The reaction mixture was then tightly capped, taken out of the 

glovebox, placed in an oil bath pre-heated to 120°C and vigorously stirred. After 12-24 h, 

the reaction mixture was cooled down to room temperature, diluted with ethyl acetate (15 

mL) and washed with H2O (5 mL × 3). The aqueous fraction was extracted back with ethyl 
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acetate (5 mL × 3) and combined with the first ethyl acetate fraction. The combined ethyl 

acetate fraction was dried over Na2SO4 and the solvent was removed in a rotary evaporator. 

The product was purified by silica gel column chromatography using hexanes as an eluting 

solvent for non-heterocyclic products and 10–20% ethylacetate/hexanes for heterocyclic 

products. 

5.1.2.5.  General Procedure for Cross-coupling with Trialkynylaluminum Reagents 

To a suspension of AlCl3 (133.3 mg, 1.0 mmol) in THF (2 mL) was added dropwise 

a solution of alkynyllithium (3.0 mmol) (generated from the lithiation of arylacetylene with 

n-BuLi in THF) at room temperature. After 45 minutes, the solvent was removed to obtain 

a trialkynylaluminum reagent containing 3 equivalents of LiCl, which was then dissolved 

in DMF (5 mL). Aryl halide (1.0 mmol), NaOMe (54.0 mg, 1.0 mmol) and CuI (19.0 mg, 

0.10 mmol) were then added to the solution of the trialkynylaluminum reagent. For 

reactions containing non-heteroaryl halides, PN-1 (30.5 mg, 0.10 mmol) was added to the 

reaction mixture. For reactions containing heteroaryl halides, no ligand was added. The 

reaction mixture was then tightly capped, taken out of the glovebox, placed in an oil bath 

pre-heated to 120°C and vigorously stirred. After 12 h, the reaction mixture was cooled 

down to room temperature, diluted with ethyl acetate (15 mL) and washed with H2O (5 mL 

× 3). The aqueous fraction was extracted back with ethyl acetate (5 mL × 3) and combined 

with the first ethyl acetate fraction. The combined ethyl acetate fraction was dried over 

Na2SO4 and the solvent was removed in a rotary evaporator. The product was purified by 

silica gel column chromatography using 5–20% ethylacetate/hexanes for heterocyclic 

products. 
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5.1.2.6.  General Procedure for Cross-Coupling with C(sp3)-Halides 

To a suspension of AlCl3 (133.3 mg, 1.0 mmol) in THF (2 mL) was added dropwise 

a solution of aryllithium (3.0 mmol) (generated from the lithiation of aryl iodides with n-

BuLi in THF) at room temperature. After 45 minutes, the solvent was removed to obtain a 

triarylaluminum reagent containing 3 equivalents of LiCl, which was then dissolved in 

NMP (5 mL). Alkyl halide (1.0 mmol), CuI (1.9 mg, 0.010 mmol, for alkyl iodides; 19.0 

mg, 0.10 mmol, for alkyl bromides) and NN-1 (1.6 mg, 0.010 mmol, for alkyl iodides; 16.4 

mg, 0.10 mmol, for alkyl bromides) were then added to the solution of the triarylaluminum 

reagent. The reaction mixture was then tightly capped, taken out of the glovebox, placed 

in an oil bath pre-heated to 120°C and vigorously stirred. After 12 h, the reaction mixture 

was cooled to room temperature, diluted with ethyl acetate (15 mL) and washed with H2O 

(5 mL × 3). The aqueous fraction was extracted back with ethyl acetate (5 mL × 3) and 

combined with the first ethyl acetate fraction. The combined ethyl acetate fraction was 

dried over Na2SO4 and the solvent was removed in a rotary evaporator. The product was 

purified by silica gel column chromatography using 0–5% ethylacetate in hexanes. 

5.1.3.  Characterization Data for New Compounds 

  

4-Phenylanisole7 was obtained as a white solid (160 mg, 87% yield) after purification by 

silica gel column chromatography, mp 83 °C. 1H NMR (300 MHz, CDCl3)  3.91 (s, 3H, 

H3C(1’’)), 7.04-7.09 (m, 2H, HC(3)), 7.36-7.42 (m, 1H, HC(4’)), 7.47-7.54 (m, 2H, 

HC(3’)), 7.60-7.67 (m, 4H, HC(2), HC(2’)); 13C NMR (75 MHz, CDCl3)  55.4 (C(1”)), 
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114.3 (C(3)), 126.8 (C(4’)), 126.8 (C(2’)), 128.2 (C(2)), 128.8 (C(1)), 133.8 (C(3’)), 140.9 

(C(1’)), 159.3 (C(4’)); HRMS (APPI) Calcd for C13H12O (M)+ 184.0888, found 184.0892.  

  

4-Trifluromethyl-1,1’-biphenyl was obtained as a white solid (184 mg, 83% yield from the 

reaction of 1-Iodo-4-(trifluoromethyl)benzene with triphenylaluminium reagent and 167 

mg, 75% yield from the reaction of 1-Bromo-4-(trifluoromethyl)benzene with 

triphenylaluminium reagent) after purification by silica gel column chromatography, mp 

64 °C. 1H NMR (300 MHz, CDCl3)  7.38-3.52 (m, 3H), 7.58-7.63 (m, 2H), 7.70 (s, 4H); 

13C NMR (75 MHz, CDCl3)  125.6 (q, JCF = 3.8 Hz), 125.9, 127.4, 127.6, 127.8, 128.3, 

129.1, 139.9, 144.9; 19F NMR (282 MHz, CDCl3)  -65.0; HRMS (APPI) Calcd for C13H19 

F3 (M)+ 222.0656, found 222.0660. 

 

3,5-Bis(trifluromethyl)-1,1’-biphenyl was obtained as colorless oil (157 mg, 54% yield) 

after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3) 

 7.46-7.55 (m, 2H), 7.60-7.64 (m, 2H), 7.87 (s, 1H), 8.01-8.04 (m, 3H); 13C NMR (75 

MHz, CDCl3)  121.1, 121.8, 125.4, 127.4, 129.0, 129.4, 132.3 (q, JCF = 33.0 Hz), 138.4, 

143.5; 19F NMR (282 MHz, CDCl3)  -62.9; GC-MS (m/z) 291.1.  

 

4-Tolylbenzonitrile was obtained as a white solid (135 mg, 70% yield) after purification 

by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  2.42 (s, 3H), 7.29 (d, 
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J = 8.1 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 7.65-7.72 (m, 4H); 13C NMR (75 MHz, CDCl3) 

 21.3, 110.7, 119.2, 127.2, 127.6, 130.0, 132.7, 136.4, 138.9, 145.7; HRMS (APPI) Calcd 

for C14H11N (M)+ 193.0891, found 193.0895. 

 

4-(2-Methylphenyl)thioanisole was obtained as colorless oil (133 mg, 62% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  2.28 (s, 

3H), 2.53 (s, 3H), 7.21-7.33 (m, 8H); 13C NMR (75 MHz, CDCl3)  16.0, 20.6, 125.9, 

126.4, 127.4, 129.8, 129.9, 130.5, 135.5, 137.0, 138.9, 141.4; HRMS (APPI) Calcd for 

C14H14S (M)+ 214.0816, found 214.0818. 

  

4’-[[(1,1-Dimethylethyl)dimethylsilyl]oxy]-3-methoxy-1,1’-Biphenyl was obtained as 

yellow oil (126 mg, 40% yield) after purification by silica gel column chromatography. 1H 

NMR (300 MHz, CDCl3)  0.24 (s, 6H), 1.02 (s, 9H), 3.87 (s, 3H), 6.84-6.93 (m, 3H), 7.09-

7.10 (m, 1H), 7.13-7.16 (m, 1H), 7.31-7.36 (m, 1H), 7.44-7.49 (m, 2H); 13C NMR (75 

MHz, CDCl3)  − 18.4, 25.9, 55.4, 112.2, 112.7, 119.5, 120.4, 128.3, 129.8, 134.3, 

142.6, 155.6, 160.1; HRMS (APPI) Calcd for C19H26O2Si (M)+ 314.1702, found 314.1712. 
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2-Isopropyl-3’-methoxy-1,1’-biphenyl was obtained as colorless oil (86 mg, 38% yield) 

after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  1.20 

(d, J = 6.0 Hz, 6H), 3.04-3.17 (m, 1H), 3.85 (s, 3H), 6.87-6.95 (m, 3H), 7.31-7.43 (m, 5H); 

13C NMR (75 MHz, CDCl3)  24.5, 29.5, 55.3, 112.4, 115.1, 121.9, 125.4, 125.7, 127.8, 

129.1, 129.9, 141.1, 143.6, 146.5, 159.3; HRMS (APPI) Calcd for C16H18O (M)+ 226.1358, 

found 226.1362. 

  

4’-Methoxy-3,5-bis(trifluromethyl)-1,1’-biphenyl was obtained as colorless oil (157 mg, 

49% yield) after purification by silica gel column chromatography. 1H NMR (300 MHz, 

CDCl3)  3.90 (s, 3H), 7.03-7.07 (m, 2H), 7.56-7.60 (m, 2H), 7.82 (s, 1H), 7.99 (s, 2H); 

13C NMR (75 MHz, CDCl3)  55.6, 114.8, 120.3 (q, JCF = 3.8 Hz), 125.4, 126.8, 128.5, 

130.8, 132.2 (q, JCF = 33.0 Hz), 143.0, 160.4; 19F NMR (282 MHz, CDCl3)  -62.9;  HRMS 

(APPI) Calcd for C15H10F6O (M)+ 320.0636, found 320.0638.  

 

2-Chloro-4-phenylpyridine was obtained as a white solid (87 mg, 46% yield) after 

purification by silica gel column chromatography, mp 58 °C. 1H NMR (300 MHz, CDCl3) 

 7.43 (dd, J = 3.0, 6.0 Hz, 1H), 7.46-7.55 (m, 4H), 7.60-7.63 (m, 2H), 8.43 (dd, J = 3.0, 

6.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  120.6, 122.2, 127.2, 129.4, 129.8, 137.0, 150.1, 

151.7, 152.4; HRMS (ESI) Calcd for C11H9ClN (M+H)+ 190.0424, found 190.0427. 
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2-Chloro-4-(4-Methylphenyl)pyridine was obtained as a white solid (112 mg, 55% yield) 

after purification by silica gel column chromatography, mp 50 °C. 1H NMR (300 MHz, 

CDCl3)  2.41 (s, 3H), 7.29 (d, J = 6.0 Hz, 2H), 7.40 (dd, J = 6.0, 3.0 Hz, 1H), 7.49-7.53 

(m, 3H), 8.39 (d, J = 6.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  21.4, 120.3, 121.8, 126.9, 

130.1, 133.9, 140.1, 150.0, 151.6, 152.3; HRMS (ESI) Calcd for C12H11ClN (M+H)+ 

204.0580, found 204.0578. 

   

2-Phenylpyridine was obtained as a white solid (114 mg, 73% yield) after purification by 

silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  7.20-7.24 (m, 1H), 7.39-

7.51 (m, 3H), 7.72-7.74 (m, 2H), 7.01 (d, J = 9.0 Hz, 2H), 8.71 (d, J = 4.5 Hz, 1H); 13C 

NMR (75 MHz, CDCl3)  120.6, 122.2, 126.9, 128.8, 129.0, 136.8, 139.5, 149.6, 157.6; 

HRMS (ESI) Calcd for C11H10N (M+H)+ 156.0813, found 156.0816. 

  

2-(3-Methylphenyl)-pyridine was obtained as colorless oil (111 mg, 65% yield from the 

reaction of 2-Iodo pyridine with tris(3-tolyl)aluminium reagent and 111 mg, 65% yield 

from the reaction of of 2-Bromo pyridine with tris(3-tolyl)aluminium reagent) after 

purification by silica gel column chromatography.1H NMR (300 MHz, CDCl3)  2.44 (s, 



99 
 

3H), 7.20-7.26 (m, 2H), 7.37 (t, J = 6.0 Hz, 1H), 7.71-7.78 (m, 3H), 7.84 (s, 1H), 8.68-8.71 

(m, 1H); 13C NMR (75 MHz, CDCl3)  21.6, 120.7, 122.1, 124.1, 127.8, 128.8, 129.8, 

136.8, 138.5, 139.5, 149.8, 157.8; HRMS (ESI) Calcd for C12H12N (M+H)+ 170.0970, 

found 170.0972. 

  

2-(4-Methylphenyl)pyridine was obtained as  yellow oil (121 mg, 71% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  2.41 (s, 

3H), 7.13-7.21 (m, 1H), 7.26-7.31 (m, 2H), 7.68-7.70 (m, 2H), 7.89-7.94 (m, 2H), 8.67-

8.70 (m, 1H); 13C NMR (75 MHz, CDCl3)  21.3, 120.2, 121.8, 126.8, 129.5, 136.6, 138.9, 

138.9, 149.6, 157.4; HRMS (ESI) Calcd for C12H12N (M+H)+ 170.0970, found 170.0971. 

  

1-Phenylisoquinoline was obtained as a white solid (188 mg, 91% yield) after purification 

by silica gel column chromatography, mp 150 °C. 1H NMR (300 MHz, CDCl3)  7.49-7.56 

(m, 4H), 7.63-7.73 (m, 4H), 7.87 (d, J = 6.0 Hz, 1H), 8.12 (d, J = 9.0 Hz, 1H), 8.63 (d, J = 

3.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  119.9, 126.8, 127.0, 127.2, 127.6, 128.4, 128.3, 

130.0, 130.0, 136.9, 139.7, 142.3, 160.8; HRMS (ESI) Calcd for C15H12N (M+H)+ 

206.0970, found 206.0970. 
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1-(3-Methylphenyl)isoquinoline was obtained as colorless oil (180 mg, 82% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  2.46 (s, 

3H), 7.31 (d, J = 6.0 Hz, 1H), 7.39-7.55 (m, 4H), 7.62-7.70 (m, 2H), 7.87 (d, J = 9.0 Hz, 

1H), 8.13 (d, J = 9.0 Hz, 1H), 8.62 (d, J = 3.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  21.6, 

119.9, 126.8, 127.0, 127.2, 127.7, 128.2, 129.4, 130.0, 130.6, 136.9, 138.2, 139.6, 142.3, 

161.0; HRMS (ESI) Calcd for C16H14N (M+H)+ 220.1126, found 220.1132. 

  

1-(3-Methoxyphenyl)isoquinoline was obtained as colorless oil (168 mg, 71% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  3.85 (s, 

3H), 7.04 (dd, J = 9.0, 6.0 Hz, 1H), 7.26-7.28 (m, 2H), 7.40-7.52 (m, 2H), 7.60-7.67 (m, 

2H), 7.84 (d, J = 9.0 Hz, 1H), 8.13 (d, J = 9.0 Hz, 1H), 8.60 (d, J = 6.0 Hz, 1H); 13C NMR 

(75 MHz, CDCl3)  55.3, 114.6, 115.1, 119.9, 122.4, 126.6, 126.9, 127.1, 127.5, 129.3, 

129.9, 136.8, 140.9, 142.1, 159.6, 160.5; HRMS (ESI) Calcd for C16H14NO (M+H)+ 

236.1075, found 236.1079. 
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7-Chloro-4-(4-methylphenyl)quinoline was obtained as a white solid (234 mg, 92% yield) 

after purification by silica gel column chromatography, mp 92 °C. 1H NMR (300 MHz, 

CDCl3)  2.47(s, 3H), 7.30-7.39 (m, 5H), 7.43 (dd, J = 9.0, 3.0 Hz, 1H), 7.89 (d, J = 9.0 

Hz, 1H), 8.16 (d, J = 3.0 Hz, 1H), 8.92 (d, J = 6.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) 

 21.4, 121.6, 125.5, 127.6, 127.6, 128.8, 12.5, 129.5, 134.7, 135.3, 138.8, 148.8, 149.3, 

151.1; HRMS (ESI) Calcd for C16H13ClN (M+H)+ 254.0737, found 254.0740. 

  

2-Phenylpyrazine was obtained as a white solid (64 mg, 41% yield) after purification by 

silica gel column chromatography, mp 66 °C. 1H NMR (300 MHz, CDCl3)  7.47-7.55 (m, 

3H), 8.00-8.04 (m, 2H), 8.52 (d, J = 3.0 Hz, 1H), 8.64 (dd, J = 2.4, 1.8 Hz, 1H), 9.03 (d, J 

= 3.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  127.1, 129.2, 130.1, 136.5, 142.4, 143.1, 

144.3, 153.0; HRMS (ESI) Calcd for C10H9N2 (M+H)+ 157.0766, found 157.0769. 

  

6-Phenylquinoline was obtained as a yellowish white solid (140 mg, 68% yield from the 

reaction of 6-Iodoquinoline with triphenylaluminium reagent and 122 mg, 59% yield from 
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the reaction of of 6-Bromoquinoline with triphenylaluminium reagent) after purification 

by silica gel column chromatography, mp 106 °C. 1H NMR (300 MHz, CDCl3)  7.37-7.52 

(m, 4H), 7.69.7.72 (m, 2H), 7.96.7.99 (m, 2H), 8.15-8.20 (m, 2H), 8.92 (d, J = 3.0 Hz, 1H); 

13C NMR (75 MHz, CDCl3)  121.5, 125.5, 127.5, 127.8, 128.5, 129.0, 129.3, 130.0, 136.3, 

139.4, 140.4, 147.8, 150.5; HRMS (ESI) Calcd for C15H12N (M+H)+ 206.0970, found 

206.0969. 

  

4-Phenylbenzonitrile was obtained as a white solid (161 mg, 90% yield) after purification 

by silica gel column chromatography, mp 78 °C.1H NMR (300 MHz, CDCl3)  7.43-7.54 

(m, 3H), 7.60-7.64 (m, 2H), 7.69-7.77 (m, 4H); 13C NMR (75 MHz, CDCl3)  111.1, 119.0, 

127.3, 127.8, 128.8, 129.2, 132.7, 139.3, 145.8; HRMS (APPI) Calcd for C13H9N (M)+ 

179.0735, found 179.0743. 

 

4-(2-Methylphenyl)benzonitrile was obtained as a pale yellow solid (128 mg, 66% yield) 

after purification by silica gel column chromatography, mp 62 °C. 1H NMR (300 MHz, 

CDCl3)  2.26 (s, 3H), 7.18-7.32 (m, 4H), 7.43-7.46 (m, 2H), 7.69-7.73 (m, 2H); 13C NMR 

(75 MHz, CDCl3)  20.4, 110.9, 119.1, 126.2, 128.4, 129.5, 130.1, 130.8, 132.1, 135.2, 

140.1, 146.9; HRMS (ESI) Calcd for C14H12N (M+H)+ 194.0976, found 194.0976. 
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4-(3-Methylphenyl)benzonitrile was obtained as yellow oil (134 mg, 69% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  2.44 (s, 

3H), 7.22-7.26 (m, 1H), 7.34-7.41 (m, 3H), 7.65-7.73 (m, 4); 13C NMR (75 MHz, CDCl3) 

 21.6, 110.9, 119.1, 124.5, 127.9, 128.1, 129.1, 129.5, 132.7, 138.9, 139.3, 145.9; HRMS 

(APPI) Calcd for C14H11N (M)+ 193.0891, found 193.0900.  

 

  

4-(2-Methylphenyl)trifluromethylbenzene was obtained as yellow oil (146 mg, 62% yield) 

after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  2.27 

(s, 3H), 7.19-7.32 (m, 4H), 7.44 (d, J = 6.0 Hz, 2H), 7.66-7.73 (m, 2H); 13C NMR (75 MHz, 

CDCl3)  20.4, 125.2 (q, JCF = 3.8 Hz), 126.1, 127.8, 128.0, 129.6, 130.6, 135.3, 140.6, 

145.7; 19F NMR (282 MHz, CDCl3)  -60.9; GC-MS (m/z) 236.1.  

 

8-Phenylquinoline was obtained as colorless oil (163 mg, 79% yield) after purification by 

silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  7.40-7.64 (m, 5H), 7.72-

7.77 (m, 3H), 7.84 (dd, J = 6.0, 2.1 Hz, 1H), 8.21 (dd, J = 9.0, 3.0 Hz, 1H), 8.98 (dd, J = 

6.0, 2.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  121.1, 126.4, 127.5, 127.6, 128.1, 128.8, 

130.4, 130.7, 136.3, 139.7, 141.1, 146.2, 150.4; HRMS (ESI) Calcd for C15H12N (M+H)+ 

206.0970, found 206.0975. 
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5-Phenylquinoline was obtained as yellow oil (126 mg, 61% yield) after purification by 

silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  7.35 (dd, J = 9.0, 3.0 

Hz, 1H), 7.44-7.53 (m, 6H), 7.76 (dd, J = 8.4, 6.9 Hz, 1H), 8.12-8.16 (m, 1H), 8.22-8.26 

(m, 1H), 8.93 (dd, J = 4.2, 1.8 Hz, 1H); 13C NMR (75 MHz, CDCl3)  121.2, 126.8, 127.4, 

127.8, 128.6, 129.0, 129.1, 130.1, 134.5, 139.5, 140.6, 148.6, 150.4; HRMS (ESI) Calcd 

for C15H12N (M+H)+ 206.0970, found 206.0970. 

  

3-Phenylquinoline was obtained as yellow oil (150 mg, 73% yield) after purification by 

silica gel column chromatography.1H NMR (300 MHz, CDCl3)  7.41-7.60 (m, 4H), 7.69-

7.75 (m, 3H), 7.78 (dd, J = 9.0, 3.0 Hz, 1H), 8.15 (d, J = 9.0 Hz, 1H), 8.29 (d, J = 2.1 Hz, 

1H), 9.2 (s, 1H); 13C NMR (75 MHz, CDCl3)  127.1, 127.5, 127.8, 128.1, 128.2, 128.5, 

129.3, 129.4, 129.5, 133.3, 138.0, 147.5, 150.0; HRMS (ESI) Calcd for C15H12N (M+H)+ 

206.0970, found 206.0970. 

  

2-(2-Methylphenyl)benzothiazole was obtained as a white solid (147 mg, 65% yield) after 

purification by silica gel column chromatography, mp 52 °C. 1H NMR (300 MHz, CDCl3) 
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 2.68 (s, 3H), 7.30-7.55 (m, 5H), 7.78 (d, J = 9.0 Hz, 1H), 7.94 (d, J = 9.0 Hz, 1H), 8.12 

(d, J = 6.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  21.5, 121.5, 123.5, 125.2, 126.2, 130.1, 

130.6, 131.6, 133.2, 135.7, 137.4, 153.9, 168.1; HRMS (ESI) Calcd for C14H12NS (M+H)+ 

226.0690, found 226.0696. 

 

  

2-(3-Methylphenyl)benzothiazole was obtained as a yellow solid (201 mg, 89% yield) after 

purification by silica gel column chromatography, mp 68 °C. 1H NMR (300 MHz, CDCl3) 

 2.45 (s, 3H), 7.30 (d, J = 6.0 Hz, 1H), 7.35-7.40 (m, 2H), 7.47-7.52 (m, 1H), 7.86-7.91 

(m, 2H), 7.95-7.97 (m, 1H), 8.08-8.12 (m, 1H); 13C NMR (75 MHz, CDCl3)  21.4, 121.7, 

123.2, 124.4, 125.2, 126.3, 128.1, 128.9, 131.9, 133.6, 135.1, 138.9, 154.2, 168.4; HRMS 

(ESI) Calcd for C14H12NS (M+H)+ 226.0690, found 226.0689.  

  

2-(4-Methylphenyl)benzothiazole was obtained as a white solid (142 mg, 63% yield) after 

purification by silica gel column chromatography, mp 78 °C. 1H NMR (300 MHz, CDCl3) 

 2.45 (s, 3H), 7.30-7.34 (m, 2H), 7.36-7.42 (m, 1H), 7.48-7.54 (m, 1H), 7.89-7.93 (m, 

1H), 8.00-8.03 (m, 2H), 8.07-8.11 (m, 1H); 13C NMR (75 MHz, CDCl3)  21.6, 121.7, 

123.2, 125.1, 126.4, 127.6, 129.8, 131.1, 135.1, 141.5, 154.3, 168.3; HRMS (ESI) Calcd 

for C14H12NS (M+H)+ 226.0690, found 226.0692. 
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2-Phenylquinoxaline was obtained as a yellow solid (155 mg, 75% yield) after purification 

by silica gel column chromatography, mp 120 °C. 1H NMR (300 MHz, CDCl3)  7.53-7.61 

(m, 3H), 7.72-7.82 (m, 2H), 8.11-8.23 (m, 4H), 9.34 (s, 1H); 13C NMR (75 MHz, CDCl3) 

 127.7, 128.5, 129.3, 129.6, 130.3, 130.4, 136.9, 136.9, 141.7 142.4, 143.5, 151.9; HRMS 

(ESI) Calcd for C14H11N2 (M+H)+ 207.0922, found 207.0929. 

  

2-(4-Methylphenyl)quinoxaline was obtained as a pale brown solid (146 mg, 66% yield) 

after purification by silica gel column chromatography, mp 88 °C. 1H NMR (300 MHz, 

CDCl3)  2.45 (s, 3H), 7.35-7.38 (m, 2H), 7.69-7.80 (m, 2H), 8.08-8.16 (m, 4H), 9.31 (s, 

1H); 13C NMR (75 MHz, CDCl3)  21.6, 127.5, 129.2, 129.4, 129.7, 130.0, 130.3, 134.1, 

140.6, 141.6, 142.5, 143.4, 151.9; HRMS (ESI) Calcd for C15H13N2 (M+H)+ 221.1079, 

found 221.1079. 

  

2,4-Biphenylquinazoline was obtained as a white solid (258 mg, 91% yield) after 

purification by silica gel column chromatography, mp 110 °C. 1H NMR (300 MHz, CDCl3) 
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 7.51-7.63 (m, 7H), 7.86-7.93 (m, 3H), 8.11-8.19 (m, 2H), 8.73-8.76 (m, 2H); 13C NMR 

(75 MHz, CDCl3)  121.8, 127.1, 128.6, 128.8, 129.3, 130.0, 130.3, 130.6, 133.6, 137.8, 

138.3, 152.1, 160.3, 166.9, 163.7, 168.4; HRMS (ESI) Calcd for C20H15N2 (M+H)+ 

283.1235, found 283.1234. 

 

  

4-(2-Methylphenyl)-2-phenylquinazoline was obtained as a white solid (175 mg, 59% 

yield) after purification by silica gel column chromatography, mp 139 °C. 1H NMR (300 

MHz, CDCl3)  2.26 (s, 3H), 7.26-7.57 (m, 8H), 7.71 (d, J = 9.0 Hz, 1H), 7.89 (t, J = 6.0Hz, 

1H), 8.19 (d, J = 9.0 Hz, 1H), 8.69-8.72 (m, 2H); 13C NMR (75 MHz, CDCl3)  20.1, 122.8, 

125.7, 127.1, 127.2, 128.6, 128.9, 129.2, 129.3, 129.8, 130.6, 130.8, 133.8, 136.6, 137.1, 

138.4, 151.6, 160.4, 169.8; HRMS (ESI) Calcd for C21H17N2 (M+H)+ 297.1392, found 

297.1398. 

  

4-(4-Methylphenyl)-2-phenylquinazoline was obtained as a white solid (238 mg, 80% 

yield) after purification by silica gel column chromatography, mp 98 °C. 1H NMR (300 
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MHz, CDCl3)  2.51 (s, 3H), 7.42 (d, J = 9.0 Hz, 2H), 7.50-7.58 (m, 4H), 7.80-7.91 (m, 

3H), 8.14-8.17 (m, 2H), 8.70-8.74 (m, 2H); 13C NMR (75 MHz, CDCl3)  21.6, 121.8, 

126.9, 127.2, 128.6, 128.8, 129.3, 129.6, 130.3, 130.6, 133.5, 135.0, 138.4, 140.3, 152.1, 

160.3, 168.4; HRMS (ESI) Calcd for C21H17N2 (M+H)+ 297.1392, found 297.1396.   

 

  

4-(3-Methylphenyl)-2-phenylquinazoline was obtained as a yellowish white solid (217 mg, 

73% yield) after purification by silica gel column chromatography, mp 84 °C. 1H NMR 

(300 MHz, CDCl3)  2.53 (s, 3H), 7.42 (d, J = 9.0 Hz, 1H), 7.47-7.60 (m, 5H), 7.66-7.73 

(m, 2H), 7.86-7.91 (m, 1H), 8.12-8.19 (m, 2H), 8.73-8.76 (m, 2H); 13C NMR (75 MHz, 

CDCl3)  21.7, 121.8, 127.0, 127.2, 127.4, 128.4, 128.6, 128.8, 129.2, 130.6, 130.7, 130.8, 

133.6, 137.7, 138.4, 138.4, 152.0, 160.3, 168.7; HRMS (ESI) Calcd for C21H17N2 (M)+ 

297.1392, found 297.1390. 

  

1-n-Octylnapthalene was obtained as yellow oil (110 mg, 46% yield) after purification by 

silica gel column chromatography. 1H NMR (300 MHz, CDCl3)   (t, J = 6.0 Hz, 3H), 

1.19-1.47 (m, 10H), 1.72-1.82 (m, 2H), 3.08 (t, J = 9.0 Hz, 2H), 7.32-7.55 (m, 4H), 7.70-

7.73 (m, 1H), 7.85-7.88 (m, 1H), 8.05-8.08 (m, 1H); 13C NMR (75 MHz, CDCl3)  14.3, 
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22.8, 29.5, 29.7, 29.9, 30.0, 32.1, 33.3, 124.1, 125.5, 125.7, 125.7, 126.0, 126.5, 128.9, 

132.1, 134.0, 139.2; HRMS (APPI) Calcd for C18H24 (M)+ 240.1878, found 240.1887. 

  

4-n-Butylbenzonitrile was obtained as colorless oil (94 mg, 59% yield) after purification 

by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.93 (t, J = 6.0 Hz, 

3H), 1.31-1.41 (m, 2H), 1.55-1.65 (m, 2H), 2.66 (t, J = 7.5 Hz, 2H), 7.27 (d, J = 7.5 Hz, 

2H), 7.55 (d, J = 6.0 Hz, 2H); 13C NMR (75 MHz, CDCl3)  13.8, 22.2, 33.1, 35.8, 109.5, 

119.2, 129.2, 132.1, 148.6; HRMS (APPI) Calcd for C11H14N (M+H)+ 160.1126, found 

160.1133. 

  

7-Chloro-4-iso-butylquinoline was obtained as yellow oil (165 mg, 75% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)   (d, 

J = 6.0 Hz, 6H), 1.99-2.08 (m, 1H), 2.88 (d, J = 6.0 Hz, 2H), 7.17 (d, J = 4.5 Hz, 1H), 7.47 

(dd, J = 9.0, 3 Hz, 1H), 7.94 (d, J = 9.0 Hz, 1H), 8.09 (d, J = 3.0 Hz, 1H), 8.78 (d, J = 6 

Hz, 1H); 13C NMR (75 MHz, CDCl3)  22.8, 29.6, 41.6, 122.2, 125.4, 126.5, 127.2, 129.2, 

134.9, 147.9, 149.1, 151.1; HRMS (ESI) Calcd for C13H15ClN (M+H)+ 220.0893, found 

220.0892. 
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1-iso-Butylisoquinoline was obtained as colorless oil (115 mg, 62% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  1.00 (d, 

J = 6.0 Hz, 6H), 2.22-2.36 (m, 1H), 3.16 (d, J = 6.0 Hz, 2H), 7.49 (d, J = 6.0 Hz, 1H), 7.54-

7.67 (m, 2H), 7.80 (d, J = 9.0 Hz, 1H), 8.15 (d, J = 9.0 Hz, 1H), 8.45 (d, J = 6.0 Hz, 1H); 

13C NMR (75 MHz, CDCl3)  22.9, 29.1, 44.3, 119.2, 125.7, 126.9, 127.4, 127.5, 129.8, 

136.4, 141.9, 161.7; HRMS (ESI) Calcd for C13H16N (M+H)+ 186.1283, found 186.1287. 

  

6-iso-Butylisoquinoline was obtained as colorless oil (110 mg, 59% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.94 (d, 

J = 6.0 Hz, 6H), 1.89-2.09 (m, 1H), 2.65 (d, J = 6.0 Hz, 2H), 7.35 (q, J = 6.0 Hz, 1H), 7.52-

7.55 (m, 2H), 8.10-8.00 (m, 2H), 8.85 (dd, J = 4.5, 3.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) 

 22.5, 30.3, 45.5, 121.1, 127.0, 128.3, 129.2, 131.7, 135.7, 140.3, 147.3, 149.7; HRMS 

(ESI) Calcd for C13H16N (M+H)+ 186.1283, found 186.1289. 

  

7-Chloro-4-n-octylquinoline was obtained as yellow oil (141 mg, 51% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.87 (t, 
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J = 6.3 Hz, 3H), 1.23-1.44 (m, 10H), 1.68-1.78 (m, 2H), 3.02 (t, J = 9.0 Hz, 2H), 7.21 (d, 

J = 3.0 Hz, 1H), 7.49 (dd, J = 9.0, 2.1 Hz, 1H), 7.96 (d, J = 9.0 Hz, 1H), 8.09 (d, J = 2.4 

Hz, 1H), 8.78 (d, J = 6.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  14.2, 22.7, 29.3, 29.5, 

29.7, 30.2, 31.9, 32.2, 121.0, 125.2, 126.2, 127.3, 129.2, 134.9, 149.0, 149.1, 151.3; HRMS 

(ESI) Calcd for C17H23ClN (M+H)+ 276.1519, found 276.1526. 

 

  

1-n-Octylisoquinoline was obtained as yellow oil (220 mg, 91% yield) after purification 

by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.87 (t, J = 6.6 Hz, 

3H), 1.25-1.32 (m, 10H), 1.81-1.91 (m, 2H), 3.28 (t, J = 9.0 Hz, 2H), 7.48 (d, J = 6.0 Hz, 

1H), 7.61 (m, 2H), 7.78-7.82 (m, 1H), 8.14-8.17 (m, 1H), 8.43 (d, J = 6.0 Hz,1H); 

13CNMR(75MHz,CDCl3)  14.2, 22.8, 29.4, 29.6, 29.9, 30.0, 32.0, 35.7, 119.2, 125.5, 

127.0, 127.1, 127.5, 129.8, 136.4, 142.1, 162.6; HRMS (ESI) Calcd for C17H24N (M+H)+ 

242.1909, found 242.1915. 

  

6-n-Octylquinoline was obtained as yellow oil (189 mg, 78% yield) after purification by 

silica gel column chromatography. 1H NMR (300 MHz, CDCl3)   (t, J = 6 Hz, 3H), 

1.27-1.38 (m, 10H), 1.66-1.75 (m, 2H), 2.79 (t, J = 6.0 Hz, 2H), 7.35 (q, J = 6.0 Hz, 1H), 

7.54-7.58 (m, 2H), 8.00-8.09 (m, 2H), 8.85 (dd, J = 6.0 , 3.0 Hz, 1H); 13C NMR (75 MHz, 

CDCl3)  14.2, 22.8, 29.4, 29.4, 29.6, 31.4, 32.0, 36.1, 121.1, 126.1, 128.5, 129.3, 131.2, 
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135.6, 141.5, 147.3, 149.7; HRMS (ESI) Calcd for C17H24N (M+H)+ 242.1909, found 

242.1915. 

  

6-sec-Butylquinoline was obtained as yellow oil (141 mg, 76% yield) after purification by 

silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.86 (t, J = 7.5 Hz, 3H), 

1.32 (d, J = 6.0 Hz, 3H), 1.64-1.72 (m, 2H), 2.76-2.83 (m, 1H), 7.35 (q, J = 4.2 Hz, 1H), 

7.56 (s, 1H), 7.60 (d, J = 2.1 Hz, 1H), 8.03-8.11 (m, 2H), 8.85 (dd, J = 6.0, 3.0 Hz, 1H); 

13C NMR (75 MHz, CDCl3)  12.3, 21.9, 31.1, 41.8, 121.1, 125.0, 128.4, 129.5, 129.6, 

135.8, 146.1, 147.5, 149.7; HRMS (ESI) Calcd for C13H16N (M+H)+ 186.1283, found 

186.1286. 

  

1-sec-Butylisoquinoline was obtained as yellow oil (119 mg, 64% yield) after purification 

by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.90 (t, J = 7.5 Hz, 

3H), 1.41 (d, J = 6.0 Hz, 3H), 1.72-1.81 (m, 1H), 2.08-1.99 (m, 1H), 3.68-3.75 (m, 1H), 

7.48 (d, J = 6.0 Hz, 1H), 7.55-7.67 (m, 2H), 7.81 (d, J = 6.0 Hz, 1H), 8.22 (d, J = 6.0 Hz, 

1H), 8.50 (d, J = 6.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  12.5, 20.3, 29.7, 37.9, 118.9, 

124.9, 126.9, 127.0, 127.6, 129.6, 136.5, 142.1, 166.0; HRMS (ESI) Calcd for C13H16N 

(M+H)+ 186.1283, found 186.1286. 
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7-Chloro-4-sec-butylquinoline was obtained as colorless oil (167 mg, 63% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.91 (t, 

J = 6.0 Hz, 3H), 1.35 (d, J = 6.0 Hz, 3H), 1.64-1.86 (m, 2H), 3.39-3.51 (m, 1H), 7.25-7.27 

(m, 1H), 7.49 (dd, J = 9.0, 3.0 Hz, 1H), 8.03 (d, J = 9.0 Hz, 1H), 8.11 (d, J = 3.0 Hz, 1H), 

8.84 (d, J = 6.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  12.2, 20.8, 30.2, 35.3, 118.0, 124.7, 

126.0, 127.3, 129.4, 134.8, 149.1, 151.5, 153.9; HRMS (ESI) Calcd for C13H15ClN (M+H)+ 

220.0893, found 220.0898. 

  

4-n-Butyl-2-phenylquinazoline was obtained as yellow oil (187 mg, 71% yield) after 

purification by silica gel column chromatography.1H NMR (300 MHz, CDCl3)  1.03 (t, J 

= 9.0 Hz, 3H), 1.51-1.60 (m, 2H), 1.95-2.05 (m, 2H), 3.34 (t, J = 9.0 Hz, 2H), 7.48-7.60 

(m, 4H), 7.82-7.88 (m, 1H), 8.07-8.14 (m, 2H), 8.65 (dd, J = 9.0, 3.0 Hz, 2H); 13C NMR 

(75 MHz, CDCl3)  14.1, 22.9, 30.8, 34.4, 122.6, 124.7, 126.8, 128.6, 129.2, 129.5, 130.4, 

133.3, 138.6, 150.8, 160.2, 171.6; HRMS (ESI) Calcd for C18H19N2 (M+H)+ 263.1548, 

found 263.1550. 
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4-(2-Methylpropyl)-2-phenylquinazoline was obtained as yellow oil (145 mg, 55% yield) 

after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  1.10 

(d, J = 6.0 Hz, 6H), 2.45-2.59 (m, 1H), 3.21 (d, J = 6.0 Hz, 2H), 7.52-7.60 (m, 4H), 7.81-

7.86 (m, 1H), 8.11 (d, J = 9.0 Hz, 2H), 8.69-8.72 (m, 2H); 13C NMR (75 MHz, CDCl3) 

 22.9, 28.7, 43.3, 123.1, 124.8, 126.7, 128.6, 128.7, 129.5, 130.4, 133.3, 138.6, 150.9, 

160.1, 170.8; HRMS (ESI) Calcd for C18H19N2 (M+H)+ 263.1548, found 263.1541.  

  

2-n-Butylbenzothiazole was obtained as yellow oil (102 mg, 53% yield) after purification 

by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.97 (t, J = 7.5 Hz, 

3H), 1.41-1.53 (m, 2H), 1.81-1.92 (m, 2H), 3.11 (t, 7.5 Hz, 2H), 7.26-7.36 (m, 1H), 7.41-

7.47 (m, 1H), 7.81-7.85 (m, 1H), 7.96 (d, J = 9.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) 

 13.9, 22.4, 31.9, 34.2, 121.6, 122.6, 124.7, 125.9, 135.3, 153.4, 172.5; HRMS (ESI) Calcd 

for C11H14NS (M+H)+ 192.0847, found 192.0852. 

  

2-(2-Methylpropyl)benzothiazole was obtained as yellow oil (98 mg, 51% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  1.03 (d, 



115 
 

J = 6.0 Hz, 6H), 2.15-2.29 (m, 1H), 2.98 (d, J = 9.0 Hz, 2H), 7.30-7.35 (m, 1H), 7.41-7.46 

(m, 1H), 7.80-7.84 (m, 1H), 7.96-7.99 (m, 1H); 13C NMR (75 MHz, CDCl3)  22.5, 29.8, 

43.3, 121.5, 122.6, 124.7, 125.9, 135.3, 153.4, 171.3; HRMS (ESI) Calcd for C11H14NS 

(M+H)+ 192.0847, found 192.0849.  

 

1-n-Butylisoquinoline was obtained as yellow oil (97 mg, 52% yield) after purification by 

silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.98 (t, J = 6.0 Hz, 3H), 

1.44-1.56 (m, 2H), 1.80-1.90 (m, 2H), 3.29 (t, J = 9.0 Hz, 2H), 7.48 (d, J = 6.0 Hz, 1H), 

7.54-7.67 (m , 2H), 7.89 (d, J = 9.0 Hz, 1H), 8.15 (d, J = 9.0 Hz, 1H), 8.43 (d, J = 6.0 Hz, 

1H); 13C NMR (75 MHz, CDCl3)  14.1, 23.1, 32.0, 35.4, 119.2, 125.5, 127.0, 127.1, 127.5, 

129.8, 136.4, 142.1, 162.6; HRMS (ESI) Calcd for C13H16N (M+H)+ 186.1283, found 

186.1281. 

  

1-(2-Phenylethynyl)napthalene was obtained as yellow oil (153 mg, 67% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  7.38-

7.69 (m, 8H), 7.77-7.90 (m, 3H), 8.47 (d, J = 9.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) 

 87.7, 94.5, 121.1, 123.6, 125.4, 126.4, 126.6, 126.9, 128.5, 128.6, 128.6, 128.9, 130.5, 

131.8, 133.4, 133.4; HRMS (APPI) Calcd for C18H12 (M)+ 228.0939, found 228.0946. 
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1-(2-Phenylethynyl)isoquinoline was obtained as yellow oil (106 mg, 46% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  7.40-

7.44 (m, 3H), 7.62-7.75 (m, 5H), 7.82-7.86 (m, 1H), 8.49-8.53 (m, 1H), 8.56 (d, J = 6.0 

Hz, 1H); 13C NMR (75 MHz, CDCl3)  86.9, 94.0, 120.6, 122.3, 126.9, 127.0, 128.0, 128.5, 

129.3, 129.4, 130.6, 132.2, 135.8, 143.0, 144.4; HRMS (ESI) Calcd for C17H12N (M+H)+ 

230.0970, found 230.0973. 

  

1-[2-(4-Methylphenyl)ethynyl]isoquinoline was obtained as a pale brown solid (117 mg, 

48% yield) after purification by silica gel column chromatography, mp 92 °C. 1H NMR 

(300 MHz, CDCl3)  2.37 (s, 3H), 7.20 (d, J = 9.0 Hz, 2H), 7.57-7.70 (m, 5H), 7.77-7.80 

(m, 1H), 8.47-8.50 (m, 1H), 8.53 (d, J = 6.0 Hz, 1H); 13C NMR (75 MHz, CDCl3)  21.7, 

86.4, 94.4, 119.2, 120.4, 126.9, 127.0, 127.9, 129.3, 130.6, 132.2, 135.8, 139.6, 142.9, 

144.6; HRMS (ESI) Calcd for C18H14N (M+H)+ 244.1126, found 244.1120. 
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1-[2-(4-Methoxyphenyl)ethynyl]isoquinoline was obtained as yellow oil (185 mg, 71% 

yield) after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3) 

 3.85 (s, 3H), 6.92-96.95 (m, 2H), 7.59-7.74 (m, 5H), 7.81-7.84 (m, 1H), 8.48-8.55 (m 

,2H); 13C NMR (75 MHz, CDCl3)  55.5, 86.0, 94.5, 114.3, 120.4, 127.0, 127.2, 127.9, 

129.4, 130.7, 133.4, 135.9, 143.1, 144.8, 160.6; HRMS (ESI) Calcd for C18H14NO (M+H)+ 

260.1075, found 260.1082. 

  

1,1’-(1E)-1,2-Ethenediylbisbenzene was obtained as a white solid (97 mg, 54% yield) after 

purification by silica gel column chromatography, mp 116 °C. 1H NMR (300 MHz, CDCl3) 

 7.15 (s, 2H), 7.26-7.32 (m, 2H), 7.36-7.42 (m, 4H), 7.53-7.57 (m, 4H); 13C NMR (75 

MHz, CDCl3)  126.7, 127.8, 128.8, 137.5; HRMS (APPI) Calcd for C14H12 (M)+ 

180.0939, found 180.0942.  

 

1-Methyl-2[(1E)-2-phenylethenyl]benzene was obtained as colorless oil (99 mg, 51% 

yield) after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3) 

 2.45 (s, 3H), 7.00 (d, J = 9.0 Hz, 1H), 7.18-7.41 (m, 7H), 7.54 (d, J = 7.5 Hz, 2H), 7.61 
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(d, J = 6.3 Hz, 1H); 13C NMR (75 MHz, CDCl3)  20.1, 125.5, 126.3, 126.7, 127.7, 127.7, 

126.8, 130.2, 130.5, 135.9, 136.6, 137.8; HRMS (APPI) Calcd for C15H14 (M)+ 194.1096, 

found 194.1101. 

 

1-Methyl-3[(1E)-2-phenylethenyl]benzene was obtained as a white solid (87 mg, 45% 

yield) after purification by silica gel column chromatography, mp 54 °C. 1H NMR (300 

MHz, CDCl3)  2.43 (s, 3H), 7.15 (s, 3H), 7.28-7.44 (m, 6H), 7.55-5.58 (m, 2H); 13C NMR 

(75 MHz, CDCl3)  21.6, 123.8, 126.6, 127.3, 127.6, 128.6, 128.6, 128.7, 128.7, 128.9, 

137.4, 137.5, 138.3; HRMS (APPI) Calcd for C15H14 (M)+ 194.1096, found 194.1099. 

  

1-Methyl-4[(1E)-2-phenylethenyl]benzene was obtained as a white solid (118 mg, 61% 

yield from the reaction of  β-bromostyrene with tris(4-tolyl)aluminium reagent and 80 mg, 

41% yield from the reaction of 1-[(1E)-2-bromoethenyl]-4-methylbenzene with triphenyl  

aluminium reagent ) after purification by silica gel column chromatography, mp 116 °C.1H 

NMR (300 MHz, CDCl3)  2.38 (s, 3H), 7.10 (d, J = 3.0 Hz, 2H), 7.19 (d, J = 9.0 Hz, 2H), 

7.23-7.29 (m, 1H), 7.34-7.45 (m, 4H), 7.51-7.54 (m, 2H); 13C NMR (75 MHz, CDCl3) 

 21.4, 126.5, 126.6, 127.5, 127.8, 128.8, 129.5, 134.7, 137.7; HRMS (APPI) Calcd for 

C15H14 (M)+ 194.1096, found 194.1101. 
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1-(1E)-1-Hexen-1-yl-4-methylbenzene was obtained as colorless oil (87 mg, 50% yield) 

after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.94 

(t, J = 6.0 Hz, 3H), 1.32-1.52 (m, 4H), 2.17-2.25 (m, 2H), 2.34 (s, 3H), 6.13-6.23 (m, 1H), 

6.36 (d, J = 18.0 Hz, 1H), 7.10-7.26 (m, 4H); 13C NMR (75 MHz, CDCl3)  14.1, 21.2, 

22.4, 31.7, 32.8, 125.9, 129.3, 129.7, 130.3, 135.3, 136.5; GC-MS (m/z) 174.1. 

  

1-Methyl-4-[(1E)-4-methyl-1-penten-1-yl]benzene was obtained as colorless oil (87 mg, 

49% yield) after purification by silica gel column chromatography. 1H NMR (300 MHz, 

CDCl3)  0.94 (d, J = 9.0 Hz, 6H), 1.65-1.78 (m, 1H), 2.06-2.11 (m, 2H), 2.32 (s, 3H), 

6.11-6.21 (m, 1H), 6.34 (d, J = 18.0 Hz, 1H), 7.10 (d, J = 6.0 Hz, 2H), 7.25 (d, J = 9.0 Hz, 

2H); 13C NMR (75 MHz, CDCl3)  21.3, 22.5, 28.8, 42.6, 125.9, 128.9, 129.3, 130.8, 135.3, 

136.6; GC-MS (m/z) 174.1.  

  

[(1E)-4-Methyl-1-penten-1-yl]benzene was obtained as colorless oil (72 mg, 45% yield) 

after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.98 

(d, J = 9.0 Hz, 6H), 1.69-1.83 (m, 1H), 2.10-2.15 (m, 2H), 6.19-6.29 (m, 1H), 6.40 (d, J = 

15.9 Hz, 1H), 7.19-7.40 (m, 5H); 13C NMR (75 MHz, CDCl3)  22.5, 28.7, 42.5, 126.1, 

126.9, 128.6, 130.0, 130.9, 138.1; GC-MS (m/z) 160.1. 
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n-Octylbenzene was obtained as a colorless oil (144 mg, 76% yield) after purification by 

silica gel column chromatography.  1H NMR (300 MHz, CDCl3)  0.89 (t, J =  6.6Hz, 3H), 

1.29-1.32 (m, 10H), 1.58-1.68 (m, 2H), 2.62 (m, J =  8.1Hz, 2H), 7.18-7.20 (m, 3H), 7.25-

7.32 (m, 2H); 13C NMR (75 MHz, CDCl3)  14.2, 22.8, 29.4, 29.5, 29.6, 31.7, 32.0, 36.1, 

125.7, 128.3, 128.5, 143.1;  GC-MS (m/z) 190.1. 

 

1-Dodecyl-3-methylbenzene was obtained as yellow oil (159 mg, 61% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)   (t, 

J = 6.3 Hz, 3H), 1.28-1.31 (m, 18H), 1.53-1.64 (m, 2H), 2.35 (s, 3H), 2.55-2.60 (m, 2H), 

6.98-7.25 (m, 4H); 13C NMR (75 MHz, CDCl3)  14.3, 21.6, 22.9, 27.1, 29.5, 29.6, 29.7, 

29.8, 31.7, 32.1, 36.1, 45.3, 125.5, 126.4, 128.3, 129.4, 137.9, 143.1;  GC-MS (m/z) 260.1. 

 

m-Isopentylmethoxybenzene8 was obtained as colorless oil (87 mg, 49% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  0.93 (s, 

6H, H3C(1’)), 1.46-1.64 (m, 3H, HC(2’), H2C(3’)), 2.6 (t, J = 7.8 Hz, 2H, H2C(4’)), 3.80 

(s, 3H, H3C(1’’)), 6.71-7.38 (m, 4H, HC(2), HC(3), HC(4), HC(6)); 13C NMR (75 MHz, 
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CDCl3)  22.7 (C(1’)), 27.8 (C(2’)), 33.9 (C(4’)), 40.8 (C(3’)), 55.2 (C(1”)), 110.9 (C(4)), 

114.3 (C(6)), 120.9 (C(2)), 129.3 (C(3)), 144.9 (C(1)), 159.7 (C(5)); GC-MS (m/z) 178.1. 

 

7-Octen-1-ylbenzene was obtained as a colorless oil (113 mg, 60% yield) after purification 

by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  − (m, 6H), 

1.60-1.65 (m, 2H), 2.00-2.08 (m, 2H), 2.61  (t, J = 7.5 Hz, 2H), 4.91-5.03 (m, 2H), 5.75-

5.88 (m, 1H), 7.17-7.31 (m, 5H); 13C NMR (75 MHz, CDCl3)  28.9, 29.1, 29.2, 31.5, 33.9, 

36.0, 114.3, 125.6, 128.3, 128.5, 139.2, 142.9;  GC-MS (m/z) 188.1. 

 

1-Ethyl-5-phenylvalerate was obtained as yellow oil (120 mg, 58% yield) after purification 

by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  1.26 (t, J = 9.0Hz, 

3H), 1.66-1.70 (m, 4H), 2.31-2.35 (m, 2H), 2.62-2.67 (m, 2H), 4.13 (q, J = 6.9 Hz, 2H), 

7.17-7.32 (m, 5H); 13C NMR (75 MHz, CDCl3)  14.3, 24.7, 33.5, 34.2, 35.6, 60.3, 125.8, 

128.4, 128.4, 142.2, 173.7; GC-MS (m/z) 206.1. 

 

2,2-Dimethyl-6-phenylhexanenitrile was obtained as yellow oil (143 mg, 71% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  1.34 (s, 

6H), 1.54-1.58 (m, 4H), 1.62-1.72 (m, 2H), 2.63-2.68 (m, 2H), 7.17-7.32 (m, 5H); 13C 
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NMR (75MHz, CDCl3)  25.0, 26.7, 31.5, 32.4, 35.7, 40.9, 125.2, 125.8, 128.4, 142.2;  GC-

MS (m/z) 201.1. 

 

2,2-Dimethyl-6-(3-Methylphenyl)-hexanenitrile was obtained as yellow oil (189 mg, 88% 

yield) after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3) 

  (s, 6H), 1.55-1.59 (m, 4H), 1.63-1.72 (m, 2H), 2.36 (s, 3H), 2.61-2.67 (m, 2H), 6.93-

7.23 (m, 4H); 13C NMR (75 MHz, CDCl3)  21.4, 25.0, 26.6, 31.5, 32.3, 35.6, 41.3, 125.2, 

125.3, 126.5, 128.2, 129.2, 137.8, 142.1;   GC-MS (m/z) 215.1. 

 

1-(6-Hepten-1-yl)-3-methylbenzene was obtained as colorless oil (100 mg, 53% yield) 

after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3) 

 1.34-1.45 (m, 4H), 1.59-1.66 (m, 2H), 2.02-2.09 (m, 2H), 2.33 (s, 3H),  2.57 (t, J = 7.8 

Hz, 2H), 4.92-5.03 (m, 2H), 5.75-5.88 (m, 1H), 6.97-7.19 (m, 4H); 13C NMR (75 MHz, 

CDCl3)  28.8, 29.7, 31.4, 33.7, 35.6, 114.2, 125.4, 126.3, 128.1, 129.2, 137.7, 139.1, 

142.8;  GC-MS (m/z) 188.2. 
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1-Ethyl-5-(3-methylphenyl)valerate was obtained as a yellow oil (130 mg, 59% yield) after 

purification by silica gel column chromatography. 1H NMRs (300 MHz, CDCl3)  1.28 (t, 

J = 7.2 Hz, 3H), 1.66-1.72 (m, 4H), 2.33-2.37 (m, 5H), 2.60-2.65 (m, 2H), 4.15 (q, J = 7.2 

Hz, 2H), 6.94-7.26 (m, 4H); 13C NMR (75 MHz, CDCl3)  14.3, 21.5, 24.7, 31.0, 34.3, 

35.6, 60.2, 125.4, 126.5, 128.3, 129.3, 137.9, 142.2, 173.7;  GC-MS (m/z) 220.2 

 

1-(5-Hexen-1-yl)-2-methylbenzene was obtained as colorless oil (80 mg, 46% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  1.48-1.67 

(m, 4H), 2.09-2.16 (m, 2H), 2.33 (s, 3H), 2.59-2.65 (m, 2H), 4.98-5.07 (m, 2H), 5.77-5.91 

(m, 1H), 7.11-7.15 (m, 4H); 13C NMR (75 MHz, CDCl3)  19.4, 29.1, 29.9, 33.3, 33.8, 

114.6, 125.9, 125.9, 128.9, 130.2, 135.9, 139.0, 141.0;  GC-MS (m/z) 174.1. 

 

1-Ethyl-5-(2-methylphenyl)valerate was obtained as yellow oil (203 mg, 92% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  1.26 (t, 

J = 7.2 Hz, 3H), 1.58-1.76 (m, 4H), 2.31-2.37 (m, 5H), 2.6-2.65 (m, 2H), 4.13 (q, J = 7.2 

Hz, 2H), 7.11-7.12 (m, 4H); 13C NMR (75 MHz, CDCl3)  14.4, 19.4, 25.1, 29.8, 33.1, 

34.4, 60.4, 126.0, 128.9, 130.3, 135.9, 140.5, 173.8; GC-MS (m/z) 220.2. 
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1-Benzyl-3-methoxybenzene was obtained as a light yellow oil (105 mg, 53% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  2.82(s, 

3H), 3.8 (s, 2H), 6.80-7.34 (m, 9H); 13C NMR (75 MHz, CDCl3)  42.0, 55.2, 111.4, 114.9, 

121.4, 126.2, 128.3, 128.5, 129.5, 140.9, 142.7, 159.8; GC-MS (m/z) 198.1. 

 

1-Methoxy-3-(oct-7-en-1-yl)benzene was obtained as colorless oil (113 mg, 52% yield) 

after purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3) 

 1.27-1.42 (m, 4H), 1.55-1.65 (m, 4H), 2.01-2.05 (m, 2H), 2.59 (t, J = 7.5 Hz, 2H), 3.81 

(s, 3H), 4.92-5.02 (m, 2H), 5.75-5.88 (m, 1H), 6.72-7.36 (m, 4H); 13C NMR (75 MHz, 

CDCl3)  29.1, 29.3, 29.6, 31.4, 33.9, 35.8, 55.2, 110.9, 114.3, 121.0, 129.3, 129.8, 139.3, 

144.7;  GC-MS (m/z) 218.2. 

 

1-Benzyl-2-methoxybenzene was obtained as light yellow oil (135 mg, 68% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  3.86 (s, 

3H), 4.04 (s, 2H), 6.90-6.96 (m, 2H), 7.11-7.14 (m, 1H), 7.23-7.35 (m, 6H); 13C NMR (75 

MHz, CDCl3)  35.9, 55.4, 110.5, 120.6, 125.8, 127.5, 128.3, 129.0, 129.7, 130.4, 141.1, 

157.4;  GC-MS (m/z) 198.2. 
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1-Methoxy-2-(pent-4-en-1-yl)benzene was obtained as yellow oil (83 mg, 47% yield) after 

purification by silica gel column chromatography. 1H NMR (300 MHz, CDCl3)  1.64-1.74 

(m, 2H), 2.08-2.15 (m, 2H), 2.61-2.66 (m, 2H), 3.83 (s, 3H), 5.01-5.08 (m, 2H), 5.80-5.94 

(m, 1H), 6.83-7.20 (m, 4H); 13C NMR (75 MHz, CDCl3)   29.2, 33.8, 41.5, 55.4, 110.4, 

114.5, 117.9, 120.4, 127.0, 139.1, 145.3, 157.2; GC-MS (m/z) 176.1. 

5.2.  Ni-Catalyzed Olefin Dicarbofunctionalization 

5.2.1.  General Information 

All the screening reactions were set up in a N2 glovebox unless stated otherwise. All 

glassware were dried in an oven prior to use. Anhydrous DMF, NMP, DMSO, Dioxane, 

acetonitrile were purchased from Sigma-Aldrich and were used as received. THF and 

benzene were dried with PureSolv solvent purification system. Deuterated solvents were 

obtained from Sigma-Aldrich. Other chemical reagents such as aryl halides, amines and 

vinylaldehydes (for making starting materials) were purchased from Acros, Sigma-

Aldrich, TCI, Matrix, OxChem, Ark Pharm, Alfa-Aesar and Oakwood. NiBr2 and Ni(cod)2 

were purchased from Alfa-Aesar and Strem Chemicals, respectively. Except p-tolyl triflate 

(TCI), all other aryl triflates were prepared following a literature procedure.9 Arylzinc 

iodides were prepared in THF according to a literature procedure.10 The concentration of 

arylzinc reagents were determined by titration with molecular iodine and the final 

concentration of stock solution was adjusted to 1.0 molar in THF. 1H, 13C, and 19F NMR 

spectra were recorded on a Bruker instrument (300, 75, and 282, respectively). NMR 

samples were internally referenced to the residual solvent signals of CDCl3 for 1H and 13C 

NMR at 7.26 and 77.16 ppm, respectively, and C6F6 for 19F NMR at −164.9 ppm. NMR 
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chemical shifts () and the coupling constants (J) for 1H, 13C, and 19F NMR are reported in 

parts per million (ppm) and in Hertz, respectively. The following conventions are used for 

multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet; dd, doublet of doublet and dt, 

doublet of triplet. High resolution mass data of new compounds were collected at the Mass 

Spectrometry, Department of Chemistry and Chemical Biology, University of New Mexico 

(UNM) and University of California, Riverside, CA. NMR spectra of new compounds were 

collected at the NMR Facility, Department of Chemistry and Chemical Biology, UNM. X-

ray diffraction was performed on Bruker Kappa APEX II CCD diffractometer at the 

Department of Chemistry and Chemical Biology, UNM. Infrared (IR) spectra were 

recorded on Bruker Alpha-P ATR-IR. νmax is reported in cm-1. 

5.2.2.  Substrate Preparation 

 

1-Bromo-2-vinylbenzene was synthesized using 2-bromobenzaldehyde according to the 

described procedure.11 2-Vinylbenzaldehyde was prepared using 1-bromo-2-vinylbenzene 

according to the described procedure.12 2-vinyl-N-phenylbenzylimine was prepared using 

2-vinylbenzaldehyde and aniline according to the described procedure (90% yield).13 

 1H NMR (300 MHz, CDCl3)  5.45 (d, J = 12.0 Hz, 1H), 5.67 (d, J = 18.0 Hz, 1H), 7.20-

7.47 (m, 8H), 7.52 (app. d, J = 6.0 Hz, 1H), 8.10 (d, J = 9.0 Hz, 1H), 8.80 (s, 1H); 13C 

NMR (75 MHz, CDCl3) 118.6, 121.0, 126.0, 127.1, 128.0, 128.1, 129.2, 131.1, 133.1, 

133.9, 139.3, 152.5, 158.9; IR (neat) cm-1 3019, 1619, 1585, 1486, 1197; HRMS (ESI) 

Calcd for C15H14N (M+H)+  208.1126, found 208.1097. 
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1-Bromo-2-vinylbenzene was synthesized using 2-bromobenzaldehyde according to the 

described procedure.11 2-Vinylbenzaldehyde was prepared using 1-bromo-2-vinylbenzene 

according to the described procedure.12 (E)-N-tert-butyl-1-(2-vinylphenyl)methanimine 

was prepared using 2-vinylbenzaldehyde and tert-butylamine according to the described 

procedure (79% yield).13 

1H NMR (300 MHz, CDCl3)  1.30 (s, 9H), 5.39 (d, J = 12.0 Hz, 1H), 5.60 (d, J = 18.0 Hz, 

1H), 7.13-7.36 (m, 3H), 7.44 (app. d, J = 9.0 Hz, 1H), 7.84 (d, J = 9.0 Hz, 1H), 8.61 (s, 

1H); 13C NMR (75 MHz, CDCl3) 29.8, 57.8, 117.6, 126.7, 127.5, 127.9, 129.8, 134.2, 

134.4, 137.9, 153.9; IR (neat) cm-1 2964, 1633, 1473, 1202; HRMS (ESI) Calcd for 

C13H18N (M+H)+ 188.1439, found 188.1421. 

 

1-Bromo-2-vinylbenzene was synthesized using 2-bromobenzaldehyde according to the 

described procedure.11 2-Vinylbenzaldehyde was prepared using 1-bromo-2-vinylbenzene 

according to the described procedure.12 (E)-2-vinylbenzaldehyde O-methyl oxime was 

prepared using 2-vinylbenzaldehyde and methoxyamine hydrochloride according to the 

described procedure (91% yield).14  

1H NMR (300 MHz, CDCl3)  3.99 (s, 3H), 5.38 (d, J = 12.0 Hz, 1H), 5.62 (d, J = 18.0 Hz, 

1H), 7.05 (dd, J = 12.0, 15.0 Hz, 1H), 7.24-7.35 (m, 2H), 7.46 (app. d, J = 9.0 Hz, 1H), 

7.74 (d, J = 6.0 Hz, 1H), 8.40 (s, 1H); 13C NMR (75 MHz, CDCl3)  62.0, 117.8, 126.8, 
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127.0, 127.8, 129.3, 129.7, 134.0, 137.3, 147.2; IR (neat) cm-1 2936, 1475, 1046, 987; 

HRMS (ESI) Calcd for C10H12NO (M+H)+ 162.0919, found 162.0921. 

 

1-Bromo-2-vinylbenzene was synthesized using 2-bromobenzaldehyde according to the 

described procedure.11 2-Vinylbenzaldehyde was prepared using 1-bromo-2-vinylbenzene 

according to the described procedure.12 (E)-N-(4-fluorophenyl)-1-(2-

vinylphenyl)methanimine was prepared using 2-vinylbenzaldehyde and 4-fluoroaniline 

according to the described procedure (88% yield).13 

1H NMR (300 MHz, CDCl3)  5.45 (d, J = 12.0 Hz, 1H), 5.65 (d, J = 18.0 Hz, 1H), 7.04-

7.46 (m, 7H), 7.51 (app. d, J = 6.0 Hz, 1H), 8.07(d, J = 6.0 Hz, 1H), 8.77 (s, 1H); 13C NMR 

(75 MHz, CDCl3)  115.8, 116.1, 118.6, 122.4 (d, JCF = 8.2 Hz), 127.2, 128.0, 131.2, 133.0, 

139.2, 148.5, 158.6, 161.3 (d, JCF = 243.0 Hz); 19F NMR (282 MHz, CDCl3)  -115.6; IR 

(neat) cm-1 3061, 2911, 1619, 1498, 1193; HRMS (ESI) Calcd for C15H13FN (M+H)+ 

226.1032, found 226.1005. 

 

1-Bromo-2-vinylbenzene was synthesized using 2-bromobenzaldehyde according to the 

described procedure.11 2-Vinylbenzaldehyde was prepared using 1-bromo-2-vinylbenzene 

according to the described procedure.12 (E)-N-p-tolyl-1-(2-vinylphenyl)methanimine was 
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prepared using 2-vinylbenzaldehyde and p-toluidine according to the described procedure 

(91% yield).13 

1H NMR (300 MHz, CDCl3)  2.42 (s, 3H), 5.49 (d, J = 12.0 Hz, 1H), 5.71 (d, J = 18.0 Hz, 

1H), 7.19-7.26 (m, 4H), 7.33-7.48 (m, 3H), 7.55 (app. d, J = 6.0 Hz, 1H), 8.17(d, J = 6.0 

Hz, 1H), 8.86 (s, 1H); 13C NMR (75 MHz, CDCl3)  21.0, 118.3, 120.9, 127.0, 127.9, 

129.7, 130.8, 133.2, 133.9, 135.7, 139.0, 149.8, 157.9;  IR (neat) cm-1 3021, 2918, 1620, 

1504, 1196; HRMS (ESI) Calcd for C16H16N (M+H)+ 222.1283, found 222.1269. 

 

1-Bromo-2-vinylbenzene was synthesized using 2-bromobenzaldehyde according to the 

described procedure.11 2-Vinylbenzaldehyde was prepared using 1-bromo-2-vinylbenzene 

according to the described procedure.12 (E)-N-(4-methoxyphenyl)-1-(2-

vinylphenyl)methanimine was prepared using 2-vinylbenzaldehyde and p-anisidine 

according to the described procedure (87% yield).13 

1H NMR (300 MHz, CDCl3)  3.82 (s, 3H), 5.44 (d, J = 12.0 Hz, 1H), 5.65 (d, J = 18.0 Hz, 

1H), 6.92 (d, J = 9.0 Hz, 2H), 7.22 (d, J = 9.0 Hz, 2H), 7.27-7.43 (m, 3H), 7.50 (app. d, J 

= 6.0 Hz, 1H), 8.81 (d, J = 9.0 Hz, 1H), 8.81 (s, 1H); 13C NMR (75 MHz, CDCl3)  55.6, 

114.5, 118.4, 122.3, 127.1, 127.8, 128.0, 130.8, 133.4, 134.0, 139.0, 145.4, 156.9, 158.4; 

IR (neat) cm-1 2932, 2837, 1615, 1503, 1281, 1022; HRMS (ESI) Calcd for  C16H16NO 

(M+H)+ 238.1232, found 238.1222. 
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1-Bromo-2-vinylbenzene was synthesized using 2-bromobenzaldehyde according to the 

described procedure.11 2-Vinylbenzaldehyde was prepared using 1-bromo-2-vinylbenzene 

according to the described procedure.12 (E)-N-benzyl-1-(2-vinylphenyl)methanimine was 

prepared using 2-vinylbenzaldehyde and benzylamine according to the described 

procedure (82% yield).15  

1H NMR (300 MHz, CDCl3)  4.88 (s, 2H), 5.46 (d, J = 12.0 Hz, 1H), 5.68 (d, J = 18.0 Hz, 

1H), 7.28-7.44 (m, 8H), 7.52 (app. d, J = 9.0 Hz, 1H), 8.00(d, J = 9.0 Hz, 1H), 8.78 (s, 1H); 

13C NMR (75 MHz, CDCl3)  65.5, 117.9, 126.8, 127.0, 127.8, 127.9, 128.0, 128.6, 130.4, 

133.1, 134.0, 138.3, 139.4, 160.4; IR (neat) cm-1 3026, 2880, 1636, 1287, 914; HRMS 

(ESI) Calcd for C16H16N (M+H)+ 222.1283, found 222.1327. 

 

1-Bromo-2-vinylbenzene was synthesized using 2-bromobenzaldehyde according to the 

described procedure.11 2-Vinylbenzaldehyde was prepared using 1-bromo-2-vinylbenzene 

according to the described procedure.12 (E)-N-butyl-1-(2-vinylphenyl)methanimine was 

prepared using 2-vinylbenzaldehyde and butylamine according to the described procedure 

(81% yield).15 

1H NMR (300 MHz, CDCl3)  0.95 (t, J = 9.0 Hz, 3H), 1.34-1.46 (m, 2H), 1.65-1.74 (m, 

2H), 3.62 (d, J = 6.0 Hz, 2H),  5.38 (d, J = 9.0 Hz, 1H), 5.61 (d, J = 18.0 Hz, 1H), 7.18-

7.37 (m, 3H), 7.45 (app. d, J = 9.0 Hz, 1H), 7.86 (d, J = 6.0 Hz, 1H), 8.60 (s, 1H); 13C 

NMR (75 MHz, CDCl3)  13.9, 20.5, 33.1, 61.9, 117.5, 126.7, 127.7, 127.8, 130.0, 133.4, 

134.0, 138.0, 159.0; IR (neat) cm-1 2928, 1638, 1457, 981; HRMS (ESI) Calcd for C13H18N 

(M+H)+ 188.1439, found 188.1423. 
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2-Bromo-4-methyl-1-vinylbenzene was synthesized using 2-bromo-4-

methylbenzaldehyde according to the described procedure.11 5-Methyl-2-

vinylbenzaldehyde was prepared using 2-bromo-4-methyl-1-vinylbenzene according to the 

described procedure.12 (E)-1-(5-methyl-2-vinylphenyl)-N-phenylmethanimine was 

prepared using 5-methyl-2-vinylbenzaldehyde and aniline according to the described 

procedure (88% yield).13 

1H NMR (300 MHz, CDCl3)  2.42 (s, 3H), 5.42 (d, J = 12.0 Hz, 1H), 5.65 (d, J = 18.0 Hz, 

1H), 7.22-7.45 (m, 8H), 7.96 (s, 1H), 8.81 (s, 1H); 13C NMR (75 MHz, CDCl3)  21.1, 

117.7, 121.0, 125.9, 127.0, 128.1, 129.2, 132.1, 132.8, 133.6, 136.6, 137.8, 152.5, 159.0; 

IR (neat) cm-1 3020, 2918, 1623, 1490, 1162; HRMS (ESI) Calcd for C16H16N (M+H)+ 

222.1283, found 222.1316. 

 

1-Bromo-3-fluoro-2-vinylbenzene was synthesized using 2-bromo-6-fluorobenzaldehyde 

according to the described procedure.11 3-Fluoro-2-vinylbenzaldehyde was prepared using 

1-bromo-3-fluoro-2-vinylbenzene according to the described procedure.12 (E)-1-(3-fluoro-

2-vinylphenyl)-N-phenylmethanimine was prepared using 3-fluoro-2-vinylbenzaldehyde 

and aniline according to the described procedure (70% yield).13  
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1H NMR (300 MHz, CDCl3)  5.60 (d, J = 18.0 Hz, 1H), 5.73 (d, J = 12.0 Hz, 1H), 6.96 

(dd, J = 12.0, 18.0 Hz, 1H), 7.14-7.42 (m, 7H), 7.96 (d, J = 9.0 Hz, 1H), 8.73 (s, 1H); 13C 

NMR (75 MHz, CDCl3)  117.7 (d, JCF = 23.2 Hz), 121.0, 123.7 (d, JCF = 3.0 Hz), 124.0 

(d, JCF = 5.2 Hz), 126.3, 127.2, 127.6 (d, JCF = 14.2 Hz), 128.5 (d, JCF = 9.0 Hz),  129.3, 

135.8 (d, JCF = 3.7 Hz), 152.1, 158.4 (d, JCF = 3.7 Hz), 160.6 (d, JCF = 246.8 Hz); IR (neat) 

cm-1 2969, 1598, 1464, 1127, 950; 19F NMR (282 MHz, CDCl3)  -114.2; HRMS (ESI) 

Calcd for C15H13FN (M+H)+ 226.1032, found 226.1054. 

 

2-Bromo-4-chloro-1-vinylbenzene was synthesized using 2-bromo-4-chlorobenzaldehyde 

according to the described procedure.11 5-Chloro-2-vinylbenzaldehyde was prepared using 

2-bromo-4-chloro-1-vinylbenzene according to the described procedure.12 (E)-1-(5-chloro-

2-vinylphenyl)-N-phenylmethanimine was prepared using 5-chloro-2-vinylbenzaldehyde 

and aniline according to the described procedure (88% yield).13  

1H NMR (300 MHz, CDCl3)  5.48 (d, J = 12.0 Hz, 1H), 5.66 (d, J = 18.0 Hz, 1H), 7.17-

7.28 (m, 4H), 7.35-7.45 (m, 4H), 8.13 (d, J = 3.0 Hz, 1H), 8.73 (s, 1H); 13C NMR (75 MHz, 

CDCl3)  119.1, 121.0, 126.4, 127.5, 128.5, 129.2, 131.0, 132.7, 134.1, 134.4, 137.5, 151.9, 

157.0; IR (neat) cm-1 3028, 2870, 1618, 1483, 1197; HRMS (ESI) Calcd for C15H13ClN 

(M+H)+  242.0737, found 242.0714. 
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1-Bromo-4-methoxy-2-vinylbenzene was synthesized using 2-bromo-5-

methoxybenzaldehyde according to the described procedure.11 4-Methoxy-2-

vinylbenzaldehyde was prepared using 1-bromo-4-methoxy-2-vinylbenzene according to 

the described procedure.12 (E)-1-(4-methoxy-2-vinylphenyl)-N-phenylmethanimine was 

prepared using 4-Methoxy-2-vinylbenzaldehyde and aniline according to the described 

procedure (91% yield).13  

1H NMR (300 MHz, CDCl3)  3.86 (s, 3H), 5.46 (d, J = 12.0 Hz, 1H), 5.68 (d, J = 18.0 Hz, 

1H), 6.93 (dd, J = 3.0, 9.0 Hz, 1H), 7.00 (d, J = 3.0 Hz, 1H),  7.19-7.42 (m, 6H), 8.09 (d, J 

= 6.0 Hz, 1H),  8.72 (s, 1H); 13C NMR (75 MHz, CDCl3)  55.4, 111.6, 114.1, 118.5, 121.0, 

125.6, 126.4, 129.1, 130.0, 133.9, 141.0, 152.8, 158.1, 161.8; IR (neat) cm-1 2936, 2835, 

1581, 1490, 1247, 1024; HRMS (ESI) Calcd for C16H16NO (M+H)+ 238.1232, found 

238.1215. 

 

2-Bromo-4-fluoro-1-vinylbenzene was synthesized using 2-bromo-4-fluorobenzaldehyde 

according to the described procedure.11 5-Fluoro-2-vinylbenzaldehyde was prepared using 

2-bromo-4-fluoro-1-vinylbenzene according to the described procedure.12 (E)-1-(5-fluoro-

2-vinylphenyl)-N-phenylmethanimine was prepared using 5-fluoro-2-vinylbenzaldehyde 

and aniline according to the described procedure (88% yield).13  

1H NMR (300 MHz, CDCl3)  5.45 (d, J = 9.0 Hz, 1H), 5.62 (d, J = 18.0 Hz, 1H), 7.10-

7.29 (m, 5H), 7.39-7.50 (m, 3H), 7.86 (dd, J = 3.0, 12.0 Hz, 1H), 8.77 (s, 1H); 13C NMR 

(75 MHz, CDCl3)  113.9 (d, JCF = 23.2 Hz), 118.4 (d, JCF = 21.7 Hz), 118.6, 121.0, 126.4, 
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129.1 (d, JCF = 8.2 Hz), 129.2, 132.7, 135.1 (d, JCF = 6.7 Hz),  135.5, 151.9, 157.1, 162.5 

(d, JCF = 246.0 Hz); 19F NMR (282 MHz, CDCl3)  -112.0; IR (neat) cm-1 3066, 1619, 

1487, 1263, 1152; HRMS (ESI) Calcd for C15H13FN (M+H)+ 226.1032, found 226.1004. 

 

2-Vinylaniline was synthesized using 2-(2-aminophenyl)ethan-1-ol and potassium 

hydroxide according to the described procedure.16 (E)-1-phenyl-N-(2-

vinylphenyl)methanimine was prepared using 2-Vinylaniline and benzaldehyde according 

to the described procedure (68% yield).13  

 1H NMR (300 MHz, CDCl3)  5.34 (d, J = 12.0 Hz, 1H), 5.80 (d, J = 15.0 Hz, 1H), 6.98 

(d, J = 9.0 Hz, 1H),  7.22-7.35 (m, 3H), 7.50-7.52 (m, 3H), 7.64 (d, J = 6.0 Hz, 1H), 7.95-

7.99 (m, 2H),  8.40 (s, 1H); 13C NMR (75 MHz, CDCl3)  114.9, 118.5, 125.8, 125.9, 

128.8, 128.8, 128.9, 131.3, 131.5, 133.4, 136.4, 149.9, 160.2; IR (neat) cm-1 3060, 3023, 

2875, 1623, 1199; GC-MS (m/z)  206.1. 

5.2.3.  General Procedure for Screening Reaction Conditions 

In a glovebox, PhZnI (0.12 mmol, 0.12 mL from a 1.0 M stock solution/THF) was 

taken in a 1-dram vial and THF was removed under vacuum. To this PhZnI was added the 

catalyst (0.0020 mmol, 2 mol %), 2-vinylaldimine (0.10 mmol) and 4-iodobenzotrifluoride 

(32.6 mg, 0.12 mmol). The mixture was then dissolved in respective solvents (0.5 mL). 

The vial was then tightly capped and placed in a hotplate pre-heated to 80 °C with vigorous 
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stirring. After 6 h, the reaction mixture was cooled to room temperature, 1 mL of 6N HCl 

was added and shaken for about 2 minutes to hydrolyze the imines to aldehydes. The 

reaction mixture was then extracted with EtOAc (1 mL × 3), 50 µL of pyrene (0.010 mmol,  

0.20 M stock solution) as an internal standard was added and the solvent was removed in 

a rotary evaporator. The residue was dissolved in CDCl3 and NMR spectrum was acquired. 

The yield was determined by integrating a product peak at 5.6 ppm against the pyrene peak 

at 8.06 ppm. 

5.2.3.1.  General Procedure to Setup Large Scale Reaction 

In a glovebox, ArZnI (0.60 mmol, 0.60 mL from a 1.0 M stock solution/THF) was 

taken in a 15-mL sealed tube and THF was removed under vacuum. To this ArZnI was 

added Ni(cod)2 (2.70 – 13.7 mg, 0.010 – 0.050 mmol, 2 – 10 mol %), 2-vinylaldimine (0.50 

mmol) and aryl halide/aryl triflate (0.60 mmol). The mixture was then dissolved in dioxane 

(2.5 mL). The sealed tube was then tightly capped and placed in an oil bath pre-heated to 

80-100 °C with vigorous stirring. After 12-24 h, the reaction mixture was cooled to room 

temperature, 5 mL of 6N HCl was added and shaken for about 2 minutes to hydrolyze the 

imines to aldehydes. The reaction mixture was then extracted with EtOAc (3 mL × 4) and 

the solvent was removed in a rotary evaporator. The product was purified by silica gel 

column chromatography with a gradient elution using ethyl acetate/hexanes or diethyl 

ether/hexanes as solvents. 

5.2.3.2.  Determining the Role of Imine Group 

Reaction of 2-vinylbenzaldehyde under standard reaction conditions: In a glovebox, PhZnI 

(0.12 mmol, 0.12 mL from a 1.0 M stock solution/THF) was taken in a 1-dram vial and 
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THF was removed under vacuum. To this PhZnI was added Ni(cod)2 (2.7 mg, 0.0020 

mmol, 2 mol %), 2-vinylbenzaldehyde (13.2 mg, 0.10 mmol) and 4-iodobenzotrifluoride 

(32.6 mg, 0.12 mmol). The mixture was then dissolved in dioxane (0.5 mL). The vial was 

then tightly capped and placed in a hotplate pre-heated to 80 °C with vigorous stirring. 

After 6 h, the reaction mixture was cooled to room temperature, diluted with water and 

extracted with EtOAc (1 mL × 3). 50 µL of pyrene (0.010 mmol, 0.20 M stock solution) 

as an internal standard was added the EtOAc solution and an aliquot was analyzed by GC 

and GC-MS. The formation of the direct cross-coupling product, 4-phenylbenzotrifluoride  

(56% yield), was confirmed by comparing with a standard sample. Biphenyl, the diarylated 

product  and the Heck product  were not detected.   

Reaction of 2-vinylbenzaldehyde with 4-iodobenzotrifluoride: In a glovebox, Ni(cod)2 (2.7 

mg, 0.0020 mmol, 2 mol %), 2-vinylbenzaldehyde (13.2 mg, 0.10 mmol) and 4-

iodobenzotrifluoride (32.6 mg, 0.12 mmol) were added in a 1-dram vial. The mixture was 

then dissolved in dioxane (0.5 mL). Another set of a similar reaction was also set up in the 

presence of N,N-diisopropylethylamine (12.9 mg, 0.10 mmol). The vials were then tightly 

capped and placed in a hotplate pre-heated to 80 °C with vigorous stirring. After 6 h, the 

reaction mixtures were cooled to room temperature, diluted with water and extracted with 

EtOAc (1 mL × 3). 50 µL of pyrene (0.010 mmol, 0.20 M stock solution) as an internal 

standard was added the EtOAc solution and an aliquot was analyzed by GC and GC-MS. 

Heck product was not detected. 

Reaction of 2-vinyl-N-phenylbenzylimine with 4-iodobenzotrifluoride: In a glovebox, 

Ni(cod)2 (2.7 mg, 0.0020 mmol, 2 mol %), 2-vinyl-N-phenylbenzylimine  (20.7 mg, 0.10 

mmol) and 4-iodobenzotrifluoride (32.6 mg, 0.12 mmol) were added in a 1-dram vial. The 
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mixture was then dissolved in dioxane (0.5 mL). Another set of a similar reaction was also 

set up in the presence of N,N-diisopropylethylamine (12.9 mg, 0.10 mmol). The vials were 

then tightly capped and placed in a hotplate pre-heated to 80 °C with vigorous stirring. 

After 6 h, the reaction mixture was cooled to room temperature, 1 mL of 6N HCl was added 

and shaken for about 2 minutes to hydrolyze the imines to aldehydes. The reaction mixture 

was then extracted with EtOAc (1 mL × 3), 50 µL of pyrene (0.010 mmol, 0.20 M stock 

solution) as an internal standard was added and an aliquot was analyzed by GC, GC-MS 

and 1H NMR. The Heck product was formed in 10% and 27% yields in the absence and 

presence of N,N-diisopropylethylamine, respectively. The formation of the Heck product 

was confirmed by GC-MS and comparing the NMR spectra with the spectra and data from 

the literature.17   

5.2.4.  Characterization Data for New Compounds 

 

2-(1-phenyl-2-(4-(trifluoromethyl)phenyl)ethyl)benzaldehyde was obtained as a white 

solid (144 mg, 81% yield from the reaction of 1-Iodo-4-(trifluoromethyl)benzene with 

phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. Rf: 

0.40 (Hex : Ether = 8.5 : 1.5). Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 18 h. 

1H NMR (300 MHz, CDCl3)  3.33-3.48 (m, 2H), 5.61 (t, J = 9.0 Hz, 1H), 7.16-7.28 (m, 

7H), 7.34-7.56 (m, 5H), 7.72 (dd, J = 3.0, 9.0 Hz, 1H), 10.11 (s, 1H); 13C NMR (75 MHz, 
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CDCl3)  41.9, 45.4, 122.6, 125.1 (q, JCF = 3.0 Hz), 126.7, 126.9,128.3, 128.6, 128.8, 129.4, 

133.5, 133.8, 133.9, 142.9, 143.9, 146.2, 192.8; 19F NMR (282 MHz, CDCl3)  -60.8; IR 

(neat) cm-1  2927, 2864, 2737, 1690, 1319, 1109, 1017; HRMS (ESI) Calcd for 

C22H17F3ONa (M+Na)+ 377.1129, found 377.1129. 

 

2-(2-(2-chlorophenyl)-1-phenylethyl)benzaldehyde was obtained as a colorless oil (115 

mg, 72% yield from the reaction of 1-chloro-2-iodobenzene with phenylzinc(II) iodide 

reagent) after purification by silica gel column chromatography. Rf: 0.40 (Hex : Ether = 

8.5 : 1.5). Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.38-3.62 (m, 2H), 5.56 (t, J = 9.0 Hz, 1H), 7.78 (dd, J = 

3.0, 9.0 Hz, 1H), 6.95 (dt, J = 0.4, 1.9 Hz, 1H),  7.06 (dt, J = 0.5, 1.9 Hz, 1H), 7.15-7.36 

(m, 7H), 7.50-7.57 (m, 2H), 7.72 (d, J = 6.0 Hz, 1H), 10.12 (s, 1H); 13C NMR (75 MHz, 

CDCl3)  39.6, 43.5, 126.5, 126.6, 126.8, 127.8, 128.3, 128.5, 128.9, 129.5, 131.2, 131.4, 

133.9, 133.9, 134.3, 136.9, 143.5, 146.4, 191.8; IR (neat)cm-1  3026, 2836, 1694, 1206, 

1033; GC-MS (m/z)  320.1.  
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2-(2-(2-chloro-5-(trifluoromethyl)phenyl)-1-phenylethyl)benzaldehyde was obtained as a 

yellow oil (121 mg, 62% yield from the reaction of 1-chloro-2-iodo-4-

(trifluoromethyl)benzene with phenylzinc(II) iodide reagent) after purification by silica gel 

column chromatography. Rf: 0.40 (Hex : Ether = 9 : 1). Conditions: for ArI, 5 mol % 

Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.41-3.64 (m, 2H), 5.60 (t, J = 9.0 Hz, 1H), 6.94 (s, 1H),  

7.18-7.42 (m, 8H), 7.51-7.59 (m, 2H), 7.70 (d, J = 9.0,  Hz, 1H), 10.06 (s, 1H); 13C NMR 

(75 MHz, CDCl3)  39.6, 43.3, 121.8, 124.5 (q, JCF = 3.7 Hz), 125.4, 126.8, 127.1, 128.3, 

128.6, 128.7, 129.0, 129.9, 132.7, 133.8, 133.9, 138.1, 142.8, 145.7, 192.0; 19F NMR (282 

MHz, CDCl3)  -61.3; IR (neat) cm-1  2925, 2855, 1692, 1328, 1121, 1079; GC-MS (m/z)  

388.1. 

 

4-(2-(2-formylphenyl)-2-phenylethyl)-3-(trifluoromethyl)benzonitrile was obtained as a 

white solid (116 mg, 61% yield from the reaction of 4-iodo-3-(trifluoromethyl)benzonitrile 

with phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. 

Rf: 0.44 (Hex : Ether = 6 : 4). Conditions: for ArI, 5 mol % NiBr2, 100°C, 18 h. 

1H NMR (300 MHz, CDCl3)  3.50-3.67 (m, 2H), 5.78 (t, J = 9.0 Hz, 1H), 7.08-7.26 (m, 

6H), 7.38-7.58 (m, 4H), 7.73 (dd, J = 3.0, 9.0 Hz, 1H), 7.87 (s, 1H),  10.06 (s, 1H); 13C 

NMR (75 MHz, CDCl3)  38.2, 43.5, 110.8, 117.6, 121.6, 125.2, 126.9, 127.3, 1285, 128.7, 

128.8, 129.9 (q, JCF = 6.0 Hz), 130.5, 132.0, 133.4, 134.1, 134.6, 13.8, 142.1, 143.9, 145.4, 
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192.9; 19F NMR (282 MHz, CDCl3)  -59.0; IR (neat)cm-1  3065, 2859, 2742, 2233, 1690, 

1316, 1120; GC-MS (m/z)  379.1. 

 

3-(2-(2-formylphenyl)-2-phenylethyl)benzonitrile was obtained as a yellow oil (109 mg, 

70% yield from the reaction of 3-iodobenzonitrile with phenylzinc(II) iodide reagent and 

121 mg, 78% yield from the reaction of 3-bromobenzonitrile with phenylzinc(II) iodide 

reagent) after purification by silica gel column chromatography. Rf: 0.40 (Hex : Ether = 6 

: 4). Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 12 h; for ArBr, 2 mol % Ni(cod)2, 100°C, 

12 h. 

1H NMR (300 MHz, CDCl3)  3.28-3.42 (m, 2H), 5.57 (t, J = 9.0 Hz, 1H), 7.17-7.56 (m, 

12H), 7.71 (d, J = 9.0 Hz, 1H), 10.08 (s, 1H); 13C NMR (75 MHz, CDCl3)  41.6, 45.5, 

112.1, 118.9, 126.8, 127.1, 128.5, 128.6, 128.7, 129.0, 130.0, 132.7, 133.5, 133.7, 134.0, 

134.2, 141.2, 142.4, 145.9, 192.9; IR (neat)cm-1  3020, 2743, 2229, 1692, 1215; HRMS 

(ESI) Calcd for C22H17NNaO (M+Na)+ 334.1208, found 334.1199. 

 



141 
 

Methyl 4-(2-(2-formylphenyl)-2-phenylethyl)benzoate was obtained as a yellow oil (105 

mg, 61% yield from the reaction of methyl 4-iodobenzoate with phenylzinc(II) iodide 

reagent and 124 mg, 72% yield from the reaction of methyl 4-bromobenzoate with 

phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. Rf: 

0.40 (Hex : Ether = 6 : 4). Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 12 h; for ArBr, 2 

mol % Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.32-3.47 (m, 2H), 3.84 (s, 3H),  5.57 (t, J = 9.0 Hz, 1H), 

7.09-7.25 (m, 7H), 7.31-7.36 (m, 1H), 7.46-7.54 (m, 2H), 7.69 (d, J = 9.0 Hz, 1H), 7.82 (d, 

J = 6.0 Hz, 2H),  10.09 (s, 1H); 13C NMR (75 MHz, CDCl3)  42.2, 45.4, 52.0, 126.6, 

126.9, 128.1, 128.4, 128.5, 128.8, 129.2, 129.5, 133.3, 133.6, 133.9, 143.0, 145.1, 146.2, 

167.1, 192.6; IR (neat)cm-1  2951, 2736, 1716, 1690, 1276, 1108; HRMS (ESI) Calcd for 

C23H20NaO3 (M+Na)+ 367.1310, found 367.1308. 

 

2-(2-(4-acetylphenyl)-1-phenylethyl)benzaldehyde was obtained as a white solid (99 mg, 

60% yield from the reaction of 1-(4-iodophenyl)ethan-1-one with phenylzinc(II) iodide 

reagent and 103 mg, 63% yield from the reaction of 1-(4-bromophenyl)ethan-1-one with 

phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. Rf: 

0.43 (Hex : Ether = 1 : 1). Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 12 h; for ArBr, 10 

mol % Ni(cod)2, 100°C, 12 h. 
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1H NMR (300 MHz, CDCl3)  2.51 (s, 3H),  3.32-3.47 (m, 2H), 5.58 (t, J = 9.0 Hz, 1H), 

7.11-7.25 (m, 8H), 7.35 (dt, J = 0.8, 2.3 Hz, 1H), 7.46-7.55 (m, 2H), 7.69-7.75 (m, 2H), 

10.09 (s, 1H) ; 13C NMR (75 MHz, CDCl3)  26.6, 42.1, 45.3, 126.6, 126.9, 128.3, 128.4, 

128.5, 128.8, 129.3, 133.5, 133.6, 133.9, 135.3, 142.9, 145.4, 146.2, 192.7, 197.8; IR 

(neat)cm-1  2918, 2748, 1691, 1673, 1263, 1180; HRMS (ESI) Calcd for C23H20NaO2 

(M+Na)+ 351.1361, found 351.1343. 

 

2-(2-(naphthalen-1-yl)-1-phenylethyl)benzaldehyde was obtained as a yellow oil (98 mg, 

58% yield from the reaction of 1-iodonaphthalene with phenylzinc(II) iodide reagent and 

118 mg, 70% yield from the reaction of 1-bromonaphthalene with phenylzinc(II) iodide 

reagent and 138 mg, 82% yield from the reaction of naphthalen-1-yl 

trifluoromethanesulfonate with phenylzinc(II) iodide reagent) after purification by silica 

gel column chromatography. Rf: 0.48 (Hex : Ether = 7 : 3). Conditions: for ArI, 5 mol % 

Ni(cod)2, 80°C, 12 h; for ArBr, 5 mol % Ni(cod)2, 100°C, 12 h; for ArOTf, 2 mol % 

Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.72-3.96 (m, 2H),  5.60 (t, J = 9.0 Hz, 1H), 6.85 (d, J = 6.0 

Hz, 1H), 7.15-7.35 (m, 7H), 7.45-7.59 (m, 4H), 7.65-7.70 (m, 2H), 7.91 (dd, J = 9.0, 39.0 

Hz, 2H), 9.86 (s, 1H); 13C NMR (75 MHz, CDCl3)  39.3, 44.4, 123.3, 125.2, 125.6, 126.2, 

126.6, 126.8, 127.2, 127.3, 128.4, 128.5, 128.7, 129.0, 131.0, 132.0, 133.9, 133.9, 134.0, 
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135.0, 144.0, 146.8, 191.4; IR (neat) cm-1  3058, 2920, 2850, 2733, 1687, 1596, 1182; 

HRMS (ESI) Calcd for C25H21O (M+H)+ 337.1592, found 337.1585. 

1H-1H COSY spectrum of 2-(2-(naphthalen-1-yl)-1-phenylethyl)benzaldehyde showing 

three-bond (Ha to Hb) and four-bond (Ha to Hc) correlations confirming the regioselective 

addition of two aryl groups across the olefin as shown. 

 

 

2-(2-(2-isopropylphenyl)-1-phenylethyl)benzaldehyde was obtained as a yellow oil (108 

mg, 66% yield from the reaction of 1-iodo-2-isopropylbenzene with phenylzinc(II) iodide 



144 
 

reagent) after purification by silica gel column chromatography. Rf: 0.51 (Hex : Ether = 

8.5 : 1.5). Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  1.13 (d, J = 6.9 Hz, 3H), 1.14 (d, J = 6.9, 3H), 2.94-3.03 

(m, 1H), 3.34-3.55 (m, 2H), 5.38 (t, J = 9.0 Hz, 1H), 6.75 (d, J = 6.0, 1H), 6.94 (dt, J = 0.8, 

2.3 Hz, 1H), 7.13-7.29 (m, 7H), 7.32-7.38 (m, 1H), 7.57 (d, J = 6.0 Hz, 2H), 7.73 (d, J = 

6.0 Hz, 1H), 10.03 (s, 1H); 13C NMR (75 MHz, CDCl3)  23.8, 24.2, 28.8, 38.7, 45.6, 

125.3, 126.5, 126.7, 126.8, 128.4, 128.5, 128.8, 130.2, 131.4, 133.8, 134.0, 135.8, 143.9, 

146.8, 147.0, 191.6; IR (neat)cm-1  2959, 2868, 1736, 1182, 1033; GC-MS (m/z) 328.2.  

 

2-(2-(3,5-dimethylphenyl)-1-phenylethyl)benzaldehyde was obtained as a colorless oil 

(108 mg, 69% yield from the reaction of 1-iodo-3,5-dimethylbenzene with phenylzinc(II) 

iodide reagent and 88 mg, 56% yield from the reaction of 1-bromo-3,5-dimethylbenzene 

with phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. 

Rf: 0.48 (Hex : Ether = 8.5 : 1.5). Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 12 h; for 

ArBr, 10 mol % Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.18 (s, 6H), 3.20-3.39 (m, 2H), 5.42 (t, J = 9.0 Hz, 1H), 

6.62 (s, 2H), 6.76 (s, 1H), 7.14-7.35 (m, 6H), 7.47-7.56 (m, 2H), 7.73 (d, J = 9.0 Hz, 1H),  

10.13 (s, 1H); 13C NMR (75 MHz, CDCl3)  21.3, 42.2, 45.7, 126.4, 126.6, 127.0, 127.8, 
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128.4, 128.8, 131.6, 133.8, 133.9, 137.6, 139.3, 143.8, 146.9, 192.1; IR (neat)cm-1  2919, 

2858, 1688, 1599, 1077; GC-MS (m/z) 314.2.  

 

2-(1-phenyl-2-(p-tolyl)ethyl)benzaldehyde was obtained as a yellow oil (104 mg, 69% 

yield from the reaction of 1-iodo-4-methylbenzene with phenylzinc(II) iodide reagent and 

80 mg, 53% yield from the reaction of 1-bromo-4-methylbenzene with phenylzinc(II) 

iodide reagent) after purification by silica gel column chromatography. Rf: 0.56 (Hex : 

Ether = 8.5 : 1.5). Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 18 h; for ArBr, 10 mol % 

Ni(cod)2, 100°C, 12 h. 

 1H NMR (300 MHz, CDCl3)  2.23 (s, 3H), 3.23-3.41 (m, 2H), 5.43 (t, J = 9.0 Hz, 1H), 

6.87-6.97 (m, 4H), 7.12-7.34 (m, 6H), 7.46-7.54 (m, 2H), 7.71 (d, J = 6.0 Hz, 1H), 10.12 

(s, 1H); 13C NMR (75 MHz, CDCl3)  21.1, 41.9, 45.8, 126.4, 126.6, 128.5, 128.8, 128.9, 

129.0, 131.9, 133.8, 135.6, 136.4, 143.7, 146.9, 192.2; IR (neat) cm-1  3024, 2919, 2733, 

1688, 1182; GC-MS (m/z)  300.1. 

 

2-(2-(4-methoxyphenyl)-1-phenylethyl)benzaldehyde was obtained as a white solid (89 

mg, 56% yield from the reaction of 1-iodo-4-methoxybenzene with phenylzinc(II) iodide 
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reagent and 92 mg, 58% yield from the reaction of 1-bromo-4-methoxybenzene with 

phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. Rf: 

0.56 (Hex : EtOAc = 8 : 2). The compound 2-(2-(4-methoxyphenyl)-1-

phenylethyl)benzaldehyde was also crystallized from hexanes/EtOAc mixture at –35 °C. 

The crystals were used to acquire X-ray crystallographic data (see page 171). Conditions: 

for ArI, 5 mol % NiBr2, 80°C, 12 h; for ArBr, 10 mol % Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.23-3.41 (m, 2H), 3.72 (s, 3H),  5.44 (t, J = 9.0 Hz, 1H), 

6.70 (d, J = 9.0 Hz, 2H), 6.93 (d, J = 9.0 Hz, 2H), 7.15-7.35 (m, 6H), 7.48-7.55 (m, 2H), 

7.72 (d, J = 9.0 Hz, 1H), 10.14 (s, 1H); 13C NMR (75 MHz, CDCl3)  41.4, 46.0, 55.2, 

113.6, 126.4, 126.6, 128.4, 128.8, 130.0, 131.5, 132.1, 133.8, 143.6, 146.9, 158.0, 192.2; 

IR (neat) cm-1  2916, 2834, 2735, 1688, 1510, 1243, 1031; GC-MS (m/z) 316.1. 

 

2-(1-phenyl-2-(3,4,5-trimethoxyphenyl)ethyl)benzaldehyde was obtained as a yellow oil 

(111 mg, 59% yield from the reaction of 5-iodo-1,2,3-trimethoxybenzene with 

phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. Rf: 

0.42 (Hex : Ether = 4 : 6). Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 18 h. 

1H NMR (300 MHz, CDCl3)  3.17-3.38 (m, 2H), 3.65 (s, 6H),  3.75 (s, 3H),  5.43 (t, J = 

9.0 Hz, 1H), 6.15 (s, 2H),   7.16-7.36 (m, 6H), 7.46-7.55 (m, 2H), 7.71 (d, J = 6.0 Hz, 1H), 

10.09 (s, 1H); 13C NMR (75 MHz, CDCl3)  42.6, 45.8, 56.0, 60.9, 106.2, 126.5, 126.7, 
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128.5, 128.8, 132.5, 133.8, 133.9, 135.2, 136.4, 143.5, 146.8, 152.9, 192.3; IR (neat)cm-1  

2935, 2836, 1687, 1588, 1237, 1120; HRMS (ESI) Calcd for C24H24NaO4 (M+Na)+ 

399.1572, found 399.1695. 

 

2-(2-(benzo[d][1,3]dioxol-5-yl)-1-phenylethyl)benzaldehyde was obtained as a yellow 

solid (109 mg, 66% yield from the reaction of 5-iodobenzo[d][1,3]dioxole with 

phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. Rf: 

0.40 (Hex : Ether = 8 :  2). Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.19-3.36 (m, 2H), 5.43 (t, J = 9.0 Hz, 1H), 5.84 (s, 2H), 

6.46 (d, J = 9.0 Hz, 1H),   6.54 (s, 1H), 6.59 (d, J = 6.0 Hz, 1H),  7.16-7.36 (m, 6H), 7.45-

7.54 (m, 2H), 7.73 (d, J = 9.0 Hz, 1H), 10.15 (s, 1H); 13C NMR (75 MHz, CDCl3)  42.0, 

46.0, 100.8, 108.0, 109.5, 122.1, 126.5, 126.7, 128.5, 128.8, 132.4, 133.3, 133.8, 133.8, 

143.4, 145.9, 146.7, 147.5, 192.3; IR (neat) cm-1  2927, 2735, 1692, 1489, 1246, 1035; 

HRMS (ESI) Calcd for C22H18NaO3 (M+Na)+ 353.1154, found 353.1091. 
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2-(2-(4-(methylthio)phenyl)-1-phenylethyl)benzaldehyde was obtained as a yellow oil 

(100 mg, 60% yield from the reaction of (4-iodophenyl)(methyl)sulfane with 

phenylzinc(II) iodide reagent and 113 mg, 68% yield from the reaction of (4-

bromophenyl)(methyl)sulfane with phenylzinc(II) iodide reagent) after purification by 

silica gel column chromatography. Rf: 0.44 (Hex : Ether = 8 : 2). Conditions: for ArI, 5 

mol % Ni(cod)2, 80°C, 12 h; for ArBr, 2 mol % Ni(cod)2, 100°C, 12 h.   

1H NMR (300 MHz, CDCl3)  2.39 (s, 3H), 3.22-3.38 (m, 2H),  5.46 (t, J = 9.0 Hz, 1H), 

6.93 (d, J = 6.0 Hz, 2H), 7.04 (d, J = 6.0 Hz, 2H), 7.11-7.26 (m, 5H), 7.30-7.35 (m, 1H), 

7.45-7.54 (m, 2H), 7.71 (d, J = 6.0 Hz, 1H), 10.12 (s, 1H); 13C NMR (75 MHz, CDCl3)  

16.1, 41.7, 45.7, 126.5, 126.8, 128.5, 128.6, 128.8, 129.6, 132.7, 133.7, 133.8, 135.9, 136.6, 

143.4, 146.7, 192.4; IR (neat) cm-1  3022, 2918, 2856, 2738, 1687, 1492, 1181; GC-MS 

(m/z)  332.1. 

 

2-(2-(4-((tert-butyldimethylsilyl)oxy)phenyl)-1-phenylethyl)benzaldehyde was obtained 

as a yellow oil (127 mg, 61% yield from the reaction of tert-butyl(4-

iodophenoxy)dimethylsilane with phenylzinc(II) iodide reagent) after purification by silica 

gel column chromatography. Rf: 0.52 (Hex : Ether = 8.5 : 1.5). Conditions: for ArI, 2 mol 

% Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  0.12 (s, 6H), 0.93 (s, 9H),  3.18-3.37 (m, 2H),  5.36 (t, J = 

9.0 Hz, 1H), 6.60 (d, J = 9.0 Hz, 2H), 6.80 (d, J = 9.0 Hz, 2H),  7.14-7.33 (m, 6H), 7.44-
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7.54 (m, 2H), 7.69 (d, J = 9.0 Hz, 1H), 10.09 (s, 1H); 13C NMR (75 MHz, CDCl3)  -4.3, 

18.3, 25.8, 41.6, 46.1, 119.9, 126.4, 126.6, 128.4, 128.9, 130.1, 131.8, 132.3, 133.8, 133.9, 

143.7, 146.9, 154.0, 192.1; IR (neat) cm-1  2955, 2857, 1693, 1508, 1251; GC-MS (m/z)  

416.2. 

 

2-(2-(3-(benzyloxy)-4-methoxyphenyl)-1-phenylethyl)benzaldehyde was obtained as a 

yellow oil (97mg, 46% yield from the reaction of 1-(benzyloxy)-4-iodo-2-methoxybenzene 

with phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. 

Rf: 0.40 (Hex : Ether = 6 : 4). Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.15-3.32 (m, 2H), 3.79 (s, 3H),  4.94 (s, 2H),   5.32 (t, J = 

9.0 Hz, 1H), 6.49 (s, 1H),  6.56 (d, J = 9.0 Hz, 1H), 6.67 (d, J = 9.0 Hz, 1H), 7.13-7.38 (m, 

11H), 7.43-7.53 (m, 2H), 7.71 (d, J = 6.0 Hz, 1H), 10.08 (s, 1H); 13C NMR (75 MHz, 

CDCl3)  41.8, 46.0, 56.0, 70.9, 111.7, 115.3, 121.8, 126.4, 126.6, 127.3, 127.8, 128.5, 

128.6, 128.7, 132.0, 132.1, 133.8, 137.3, 143.6, 146.8, 147.7, 148.1, 192.2; IR (neat)cm-1  

3026, 2930, 1688, 1512, 1256, 1135, 1022; HRMS (ESI) Calcd for C29H26NaO3 (M+Na)+ 

445.1780, found 445.1743. 
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2-(2-phenyl-1-(4-(trifluoromethyl)phenyl)ethyl)benzaldehyde was obtained as a yellow oil 

(115 mg, 65% yield from the reaction of iodobenzene with (4-

(trifluoromethyl)phenyl)zinc(II) iodide reagent) after purification by silica gel column 

chromatography. Rf: 0.52 (Hex : Ether = 8.5 : 1.5). Conditions: for ArI, 2 mol % Ni(cod)2, 

80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.28-3.41 (m, 2H), 5.63 (t, J = 9.0 Hz, 1H), 7.01 (d, J = 9.0 

Hz, 2H), 7.08-7.19 (m, 3H), 7.23-7.58 (m, 7H), 7.71 (d, J = 6.0 Hz, 1H), 10.03 (s, 1H); 13C 

NMR (75 MHz, CDCl3)  42.1, 45.6, 122.5, 125.3(q, JCF = 3.7 Hz), 126.1, 126.4, 127.1, 

128.4, 128.5, 128.8, 128.9, 129.1, 133.7, 133.9, 139.0, 145.6, 147.6, 192.6; 19F NMR (282 

MHz, CDCl3)  -60.8; IR (neat)cm-1  3029, 2928, 2743, 1690, 1322, 1108, 1066; GC-MS 

(m/z)  354.1.  

 

2-(2-(4-chloro-2-formylphenyl)-2-(4-(trifluoromethyl)phenyl)ethyl)benzonitrile was 

obtained as a yellow oil (149 mg, 72% yield from the reaction of 2-iodobenzonitrile with 

(4-(trifluoromethyl)phenyl)zinc(II) iodide reagent and 145 mg, 70% yield from the 

reaction of 2-bromobenzonitrile with (4-(trifluoromethyl)phenyl)zinc(II) iodide reagent 

and 149 mg, 72% yield from the reaction of 2-cyanophenyl trifluoromethanesulfonate with 

(4-(trifluoromethyl)phenyl)zinc(II) iodide reagent) after purification by silica gel column 

chromatography. Rf: 0.40 (Hex : Ether = 7 : 3). Conditions: for ArI, 5 mol % Ni(cod)2, 
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80°C, 12 h; for ArBr, 2 mol % Ni(cod)2, 100°C, 12 h; for ArOTf, 2 mol % Ni(cod)2, 80°C, 

12 h. 

1H NMR (300 MHz, CDCl3)  3.53-3.70 (m, 2H), 5.78 (t, J = 9.0 Hz, 1H), 7.22-7.31 (m, 

2H), 7.36 (d, J = 9.0 Hz, 2H), 7.42-7.47 (m, 1H), 7.52-7.61 (m, 5H), 7.71 (d, J = 3.0 Hz, 

1H), 10.00 (s, 1H); 13C NMR (75 MHz, CDCl3)  39.8, 44.3, 113.0, 117.9, 125.6 (d, JCF = 

3.0 Hz), 127.3, 128.7, 129.0, 129.5, 130.0, 130.5, 132.8, 132.9, 133.8, 134.1, 134.8, 142.6, 

142.7, 146.0,191.1; 19F NMR (282 MHz, CDCl3)  -61.0; IR (neat)cm-1  3069, 2865, 2740, 

2224, 1697, 1323, 1110, 1067; HRMS (ESI) Calcd for C23H15ClF3NNaO (M+Na)+ 

436.0692, found 436.0695. 

 

5-Fluoro-2-(2-(2-methoxyphenyl)-1-(4-(trifluoromethyl)phenyl)ethyl)benzaldehyde was 

obtained as a yellow oil (135 mg, 67% yield from the reaction of 1-iodo-2-methoxybenzene 

with (4-(trifluoromethyl)phenyl)zinc(II) iodide reagent and 97 mg, 48% yield from the 

reaction of 1-bromo-2-methoxybenzene with (4-(trifluoromethyl)phenyl)zinc(II) iodide 

reagent) after purification by silica gel column chromatography. Rf: 0.52 (Hex : Ether = 

8.5 : 1.5). Conditions: for ArI, 5 mol % Ni(cod)2, 100°C, 12 h; for ArBr, 10 mol % Ni(cod)2, 

100°C, 12 h.    

1H NMR (300 MHz, CDCl3)  3.22-3.52 (m, 2H), 3.73 (s, 3H), 5.43 (t, J = 9.0 Hz, 1H), 

6.70-6.80 (m, 3H), 7.12-7.27 (m, 2H), 7.32 (d, J = 6.0 Hz, 2H), 7.39-7.44 (m, 2H), 7.52 (d, 

J = 9.0 Hz, 2H), 10.03 (s, 1H); 13C NMR (75 MHz, CDCl3)  36.8, 43.4, 55.2, 110.3, 116.5 
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(d, JCF = 21.7 Hz), 120.4, 120.9 (d, JCF = 21.2 Hz), 122.4, 125.4 (d, JCF = 3.7 Hz), 126.6, 

128.1, 128.7, 129.0, 130.8, 131.1 (d, JCF = 7.5 Hz), 135.7 (d, JCF = 6.0 Hz), 142.0, 147.9, 

157.4, 161.4 (d, JCF = 246.7 Hz), 189.9; 19F NMR (282 MHz, CDCl3)  -113.3, -61.0; IR 

(neat)cm-1  3068, 2940, 2739, 1687, 1492, 1322, 1105, 1017; GC-MS (m/z) 402.1.  

 

2-(2-(4-fluorophenyl)-2-(2-formyl-4-methylphenyl)ethyl)benzonitrile obtained as a 

yellow oil (110 mg, 64% yield from the reaction of 2-iodobenzonitrile with (4-

fluorophenyl)zinc(II) iodide reagent and 112 mg, 65% yield from the reaction of 2-

bromobenzonitrile with (4-fluorophenyl)zinc(II) iodide reagent and 91 mg, 53% yield from 

the reaction of 2-cyanophenyl trifluoromethanesulfonate with (4-fluorophenyl)zinc(II) 

iodide reagent) after purification by silica gel column chromatography. Rf: 0.40 (Hex : 

Ether = 6 : 4). Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 12 h; for ArBr, 10 mol % 

Ni(cod)2, 100°C, 12 h; for ArOTf, 2 mol % Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.38 (s, 3H),  3.49-3.64 (m, 2H), 5.67 (t, J = 9.0 Hz, 1H), 

6.89-6.95 (m, 2H), 7.16-7.26 (m, 4H), 7.37-7.53 (m, 5H), 10.05 (s, 1H); 13C NMR (75 

MHz, CDCl3)  20.7, 40.2, 43.9, 112.9, 115.3 (d, JCF = 21.0 Hz), 118.1, 126.9, 128.6, 129.9 

(t, JCF = 8.2 Hz), 132.6 (d, JCF = 4.5 Hz), 133.2, 134.7, 134.8, 137.05, 138.4, 138.5, 142.3, 

143.5, 161.5 (d, JCF = 243.7 Hz), 192.9 ; 19F NMR (282 MHz, CDCl3)  -114.7; IR 

(neat)cm-1  2982, 2866, 2734, 2223, 1687, 1507, 1235, 1044; HRMS (ESI) Calcd for 

C23H18FNNaO (M+Na)+ 366.1270, found 366.1220. 



153 
 

 

2-(1-(4-fluorophenyl)-2-(2-isopropylphenyl)ethyl)-4-methoxybenzaldehyde was obtained 

as a yellow oil (104 mg, 55% yield from the reaction of 1-iodo-2-isopropylbenzene with 

(4-fluorophenyl)zinc(II) iodide reagent) after purification by silica gel column 

chromatography. Rf: 0.48 (Hex : Ether = 7 : 3). Conditions: for ArI, 2 mol % Ni(cod)2, 

80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  1.13 (d, J = 14.4 Hz, 3H), 1.16 (d, J = 14.4 Hz, 3H), 2.95-

3.04 (m, 1H), 3.36 (d, J = 6.0 Hz, 2H), 3.89 (s, 3H), 5.42 (t, J = 9.0 Hz, 1H), 6.77 (d, J = 

6.0 Hz, 1H),  6.85-6.98 (m, 4H), 7.07-7.24 (m, 5H), 7.72 (d, J = 9.0 Hz, 1H), 9.89 (s, 1H); 

13C NMR (75 MHz, CDCl3)  23.8, 24.3, 28.8, 38.7, 44.9, 55.6, 110.9, 115.0, 115.2 (d, JCF 

= 3.7 Hz), 125.3, 126.8, 127.4, 129.8, 129.9, 130.1, 135.7, 135.8, 139.3 (d, JCF = 3.0 Hz), 

147.0, 149.1, 161.5 (d, JCF = 243.0 Hz), 163.9, 190.5; 19F NMR (282 MHz, CDCl3)  -

116.6; IR (neat)cm-1  2962, 2867, 2733, 1682, 1597, 1219, 1033; HRMS (ESI) Calcd for 

C25H26FO2 (M+H)+ 377.1917, found 377.1912. 

 

5-Fluoro-2-(1-(4-fluorophenyl)-2-(4-(methylthio)phenyl)ethyl)benzaldehyde was 

obtained as a yellow oil (133 mg, 72% yield from the reaction of (4-
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iodophenyl)(methyl)sulfane with (4-fluorophenyl)zinc(II) iodide reagent and 111 mg, 60% 

yield from the reaction of (4-bromophenyl)(methyl)sulfane with (4-fluorophenyl)zinc(II) 

iodide reagent) after purification by silica gel column chromatography. Rf: 0.46 (Hex : 

Ether = 8 : 2). Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 24 h; for ArBr, 10 mol % 

Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.43 (s, 3H), 3.19-3.36 (m, 2H), 5.33 (t, J = 9.0 Hz, 1H), 

6.90-6.97 (m, 4H), 7.06-7.15 (m, 4H), 7.21-7.28 (m, 1H), 7.41-7.46 (m, 2H), 10.05 (s, 1H); 

13C NMR (75 MHz, CDCl3)  16.0, 41.9, 44.7, 115.4 (d, JCF = 21.0 Hz), 118.1 (d, JCF = 

21.0 Hz), 120.9 (d, JCF = 21.0 Hz), 126.7, 129.5, 129.7, 129.8, 130.6 (d, JCF = 7.5 Hz), 

135.2 (d, JCF = 5.2 Hz), 135.8, 136.3, 138.9, 142.2, 161.3 (d, JCF = 246.7 Hz), 161.5 (d, JCF 

= 243.7 Hz), 190.5; 19F NMR (282 MHz, CDCl3)  -114.6, 113.3; IR (neat)cm-1  3037, 

2920, 2738, 1685, 1490, 1222, 1094; GC-MS (m/z) 368.1.  

 

4-(1-(2-formyl-4-methylphenyl)-2-(3-methoxyphenyl)ethyl)benzonitrile was obtained as a 

yellow solid (108 mg, 61% yield from the reaction of 1-iodo-3-methoxybenzene with (4-

cyanophenyl)zinc(II) iodide reagent) after purification by silica gel column 

chromatography. Rf: 0.40 (Hex : Ether = 6 : 4). Conditions: for ArI, 5 mol % Ni(cod)2, 

80°C, 12 h. 
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1H NMR (300 MHz, CDCl3)  2.37 (s, 3H), 3.27 (d, J = 6.0 Hz, 2H), 3.67 (s, 3H), 5.57 (t, 

J = 9.0 Hz, 1H), 6.54-6.66 (m, 3H), 7.04-7.09 (m, 1H), 7.23-7.27 (m, 2H), 7.36 (s, 2H), 

7.46-7.51 (m, 3H), 9.97 (s, 1H); 13C NMR (75 MHz, CDCl3)  20.8, 41.9, 45.5, 55.2, 110.1, 

111.8, 114.8, 119.0, 121.5, 128.6, 129.3, 132.1, 133.5, 134.8, 135.2, 137.2, 140.5, 141.9, 

149.4, 159.5, 193.0; IR (neat)cm-1  2853, 2739, 2226, 1686, 1602, 1259, 1040; GC-MS (m/z) 

355.1. 

 

4-(1-(2-fluoro-6-formylphenyl)-2-(naphthalen-1-yl)ethyl)benzonitrile was obtained as a 

yellow solid (129 mg, 68% yield from the reaction of 1-iodonaphthalene with (4-

cyanophenyl)zinc(II) iodide reagent) after purification by silica gel column 

chromatography. Rf: 0.44 (Hex : EtOAc = 8 : 2). Conditions: for ArI, 5 mol % Ni(cod)2, 

80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.83-4.16 (m, 2H), 5.99 (t, J = 9.0 Hz, 1H), 6.98 (d, J = 6.0 

Hz, 1H), 7.15-7.27 (m, 2H), 7.31-7.39 (m, 2H), 7.44-7.53 (m, 4H), 7.58-7.66 (m, 3H), 7.81 

(d, J = 9.0 Hz, 1H), 7.98 (d, J = 6.0 Hz, 1H), 9.68 (s, 1H); 13C NMR (75 MHz, CDCl3)  

35.4, 41.1, 110.4, 119.0, 121.6, 121.9, 123.2, 125.1, 125.7, 126.3, 127.1, 127.4, 128.8, 

129.0, 129.3, 131.4 (d, JCF = 12.7 Hz), 131.6, 132.2, 133.8, 134.7, 136.0 (d, JCF = 4.5 Hz), 

148.1, 161.9 (d, JCF = 248.2 Hz), 191.4; 19F NMR (282 MHz, CDCl3)  -107.6; IR (neat)cm-

1  3054, 2852, 2768, 2224, 1693, 1232, 1161; GC-MS (m/z) 379.1.  
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4-(2-(2-chloro-4-(trifluoromethyl)phenyl)-1-(4-fluoro-2-formylphenyl)ethyl)benzonitrile 

was obtained as a yellow oil (125 mg, 58% yield from the reaction of 2-chloro-1-iodo-4-

(trifluoromethyl)benzene with (4-cyanophenyl)zinc(II) iodide reagent) after purification 

by silica gel column chromatography. Rf: 0.40 (Hex : Ether = 6 : 4). Conditions: for ArI, 5 

mol % Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.44-3.60 (m, 2H), 5.70 (t, J = 9.0 Hz, 1H), 6.97 (d, J = 9.0 

Hz, 1H), 7.27-7.35 (m, 4H), 7.43-7.59 (m, 5H), 9.96 (s, 1H); 13C NMR (75 MHz, CDCl3) 

 39.1, 43.2, 110.9 118.7, 120.4 (d, JCF = 21.7 Hz), 121.2 (d, JCF = 21.0 Hz), 123.5 (d, JCF 

= 3.0 Hz), 125.0, 126.8 (d, JCF = 3.0 Hz), 128.0, 129.1, 130.4, 130.7 (d, JCF = 6.7 Hz), 

131.3, 132.4, 134.8, 135.3 (d, JCF = 5.2 Hz), 139.7 (d, JCF = 3.0 Hz), 140.2, 148.0, 161.8 

(d, JCF = 249.0 Hz), 190.9; 19F NMR (282 MHz, CDCl3)  -113.2, -62.7; IR (neat)cm-1  

2921, 2851, 2227, 1697, 1321, 1124, 1079; GC-MS (m/z) 431.1.  
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Methyl 4-(2-(3-cyanophenyl)-1-(2-formylphenyl)ethyl)benzoate was obtained as a white 

solid (111 mg, 60% yield from the reaction of 3-iodobenzonitrile with (4-

(methoxycarbonyl)phenyl)zinc(II) iodide reagent and 116 mg, 63% yield from the reaction 

of 3-bromobenzonitrile with (4-(methoxycarbonyl)phenyl)zinc(II) iodide reagent) after 

purification by silica gel column chromatography. Rf: 0.44 (Hex : Ether = 4 : 6). 

Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 12 h; for ArBr, 5 mol % Ni(cod)2, 100°C, 12 

h. 

1H NMR (300 MHz, CDCl3)  3.34 (d, J = 9.0 Hz, 2H), 3.85 (s, 3H), 5.69 (t, J = 9.0 Hz, 

1H), 7.22-7.32 (m, 5H), 7.37-7.43 (m, 3H), 7.51-7.57 (m, 1H),  7.71 (d, J = 6.0 Hz, 1H), 

7.89 (d, J = 9.0 Hz, 2H), 10.02 (s, 1H); 13C NMR (75 MHz, CDCl3)  41.4, 45.5, 52.1, 

112.3, 118.9, 127.4, 128.6, 128.7, 128.8, 129.1, 129.9, 130.2, 132.6, 133.4, 133.6, 134.0, 

135.2, 140.8, 144.9, 147.6, 166.8, 193.1; IR (neat)cm-1  2918, 2752, 2233, 1717, 1695, 

1280, 1099; HRMS (ESI) Calcd for C24H19NNaO3 (M+Na)+ 392.1263, found 392.1263. 

  

Methyl 4-(2-(4-acetylphenyl)-1-(2-formyl-5-methoxyphenyl)ethyl)benzoate was obtained 

as a yellow oil (125 mg, 60% yield from the reaction of 1-(4-iodophenyl)ethan-1-one with 

(4-(methoxycarbonyl)phenyl)zinc(II) iodide reagent and 102 mg, 49% yield from the 

reaction of 1-(4-bromophenyl)ethan-1-one with (4-(methoxycarbonyl)phenyl)zinc(II) 

iodide reagent) after purification by silica gel column chromatography. Rf: 0.51 (Hex : 
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Ether = 2 : 8). Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 12 h; for ArBr, 10 mol % 

Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.52 (s, 3H), 3.37 (d, J = 9.0 Hz, 2H), 3.84 (s, 3H),  3.86 (s, 

3H),  5.78 (t, J = 9.0 Hz, 1H), 6.86 (dd, J = 3.0, 9.0 Hz, 1H), 6.94 (d, J = 3.0 Hz, 1H), 7.18 

(d, J = 9.0 Hz, 2H), 7.26 (d, J = 9.0 Hz, 2H), 7.68 (d, J = 9.0 Hz, 1H), 7.76 (d, J = 9.0 Hz, 

2H), 7.89 (d, J = 9.0 Hz, 2H), 9.92 (s, 1H); 13C NMR (75 MHz, CDCl3)  26.6, 41.7, 45.4, 

52.1, 55.6, 110.9, 115.7, 127.1, 128.4, 128.5, 128.6, 129.3, 129.8, 135.4, 138.0, 145.0, 

147.8, 148.0, 163.9, 166.9, 191.4, 197.8; IR (neat)cm-1  3004, 2949, 2840, 2740, 1716, 

1676, 1597, 1267, 1103; HRMS (ESI) Calcd for C26H25O5 (M+H)+ 417.1702, found 

417.1698. 

 

Methyl 4-(2-(3,5-difluorophenyl)-1-(2-formylphenyl)ethyl)benzoate was obtained as a 

white solid (116 mg, 61% yield from the reaction of 1,3-difluoro-5-iodobenzene with (4-

(methoxycarbonyl)phenyl)zinc(II) iodide reagent) after purification by silica gel column 

chromatography. Rf: 0.42 (Hex : Ether = 6 : 4). Conditions: for ArI, 5 mol % NiBr2, 100°C, 

18 h. 

1H NMR (300 MHz, CDCl3)  3.30 (d, J = 6.0 Hz, 2H), 3.84 (s, 3H), 5.67 (t, J = 9.0 Hz, 

1H), 6.49-6.61 (m, 3H), 7.23-7.28 (m, 2H), 7.37-7.42 (m, 2H), 7.50-7.56 (m, 1H), 7.72 (d, 

J = 6.0 Hz, 1H), 7.89 (d, J = 9.0 Hz, 2H), 10.06 (s, 1H); 13C NMR (75 MHz, CDCl3)  
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41.5, 45.3, 52.1, 101.9 (t, JCF = 25.5 Hz), 111.9 (dd, JCF = 7.5, 16.5 Hz), 127.3, 128.6, 

128.6, 128.7, 129.8, 133.5, 134.0, 135.0, 143.2 (t, JCF = 9.0 Hz), 145.0, 147.8, 162.9 (dd, 

JCF = 12.8, 234.0 Hz), 166.9, 193.0; 19F NMR (282 MHz, CDCl3)  -108.7; IR (neat)cm-1  

3094, 2948, 1715, 1694, 1288, 1113; GC-MS (m/z)  380.1. 

 

Methyl 4-(1-(4-fluoro-2-formylphenyl)-2-(3,4,5-trimethoxyphenyl)ethyl)benzoate was 

obtained as a yellow oil (158 mg, 70% yield from the reaction of 5-iodo-1,2,3-

trimethoxybenzene with (4-(methoxycarbonyl)phenyl)zinc(II) iodide reagent) after 

purification by silica gel column chromatography. Rf: 0.60 (Hex : Ether = 2 : 8). 

Conditions: for ArI, 5 mol % Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.18-3.40 (m, 2H), 3.69 (s, 6H), 3.78 (s, 3H), 3.89 (s, 3H),  

5.43 (t, J = 9.0 Hz, 1H), 6.16 (s, 2H), 7.22-7.30 (m, 3H), 7.40-7.45 (m, 2H), 7.94 (d, J = 

9.0 Hz, 2H), 10.01 (s, 1H); 13C NMR (75 MHz, CDCl3)  42.4, 45.4, 52.1, 56.0, 60.9, 

106.1, 118.3 (d, JCF = 21.7 Hz), 120.9 (d, JCF = 21.0 Hz),128.4, 128.6, 129.8, 130.8 (d, JCF 

= 6.7 Hz), 134.3, 135.5 (d, JCF = 5.2 Hz), 136.6, 141.5, 148.5, 153.0, 161.3 (d, JCF = 242.2 

Hz), 166.8, 190.5; 19F NMR (282 MHz, CDCl3)  -113.0; IR (neat)cm-1  2940, 2838, 2740, 

1716, 1690, 1277, 1119; HRMS (ESI) Calcd for C26H26FO6 (M+H)+ 453.1713, found 

453.1679. 
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4-(2-(4-fluoro-2-formylphenyl)-2-(o-tolyl)ethyl)benzonitrile was obtained as a white solid 

(110 mg, 64% yield from the reaction of 4-iodobenzonitrile with o-tolylzinc(II) iodide 

reagent and 77mg, 45% yield from the reaction of 4-bromobenzonitrile with o-tolylzinc(II) 

iodide reagent and 89 mg, 52% yield from the reaction of 4-cyanophenyl 

trifluoromethanesulfonate with o-tolylzinc(II) iodide reagent) after purification by silica 

gel column chromatography. Rf: 0.50 (Hex : Ether = 6 : 4). Conditions: for ArI, 5 mol % 

Ni(cod)2, 80°C, 12 h; for ArBr, 10 mol % Ni(cod)2, 100°C, 12 h; for ArOTf, 2 mol % 

Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.03 (s, 3H), 3.23-3.45 (m, 2H), 5.64 (t, J = 9.0 Hz, 1H), 

7.09-7.26 (m, 7H), 7.39-7.48 (m, 4H), 9.97 (s, 1H); 13C NMR (75 MHz, CDCl3)  19.6, 

41.3, 42.3, 110.3, 118.9, 119.1 (d, JCF = 21.7 Hz), 121.1 (d, JCF = 21.0 Hz), 126.1, 127.0, 

129.9, 131.1, 131.2, 132.1, 135.1 (d, JCF = 5.2 Hz),136.8, 140.1 141.4 (d, JCF = 3.7 Hz), 

145.0, 161.3 (d, JCF = 247.5 Hz), 190.9; 19F NMR (282 MHz, CDCl3)  -113.0; IR (neat)cm-

1  2913, 2224, 1693, 1488, 1252, 1138; GC-MS (m/z) 343.1.  
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4-Methoxy-2-(1-(o-tolyl)-2-(2-(trifluoromethyl)phenyl)ethyl)benzaldehyde was obtained 

as a colorless oil (114 mg, 57% yield from the reaction of 1-iodo-2-

(trifluoromethyl)benzene with o-tolylzinc(II) iodide reagent) after purification by silica gel 

column chromatography. Rf: 0.48 (Hex : Ether = 6 : 4). This compound contains approx. 

10% of Heck product as an inseparable mixture. Conditions: for ArI, 2 mol % Ni(cod)2, 

80°C, 12 h.   

1H NMR (300 MHz, CDCl3)  2.07 (s, 3H), 3.36-3.63 (m, 2H), 3.78 (s, 3H), 5.83 (t, J = 

9.0 Hz, 1H), 6.78-6.79 (m, 1H), 6.82-6.87 (m, 2H), 7.09-7.33 (m, 6H), 7.60-7.63 (m, 1H), 

7.71 (d, J = 9.0 Hz, 1H), 9.83 (s, 1H); 13C NMR (75 MHz, CDCl3)  19.6, 38.2, 40.0, 55.5, 

111.4, 115.6, 126.1 (d, JCF = 6.0 Hz), 126.2, 126.4, 126.8, 127.2, 127.7, 129.1, 129.7, 130.8 

(d, JCF = 3.0 Hz), 131.5, 132.2, 136.1, 136.9,  137.8, 141.1, 148.7, 164.1, 190.5; 19F NMR 

(282 MHz, CDCl3)  -58.3; IR (neat)cm-1  2969, 2881, 1683, 1599, 1311, 1120, 950; HRMS 

(ESI) Calcd for C24H22F3O2 (M+H)+ 399.1572, found 399.1544. 

 

2-(2-(4-methoxyphenyl)-1-(m-tolyl)ethyl)benzaldehyde was obtained as a yellow oil (119 

mg, 72% yield from the reaction of 1-iodo-4-methoxybenzene with m-tolylzinc(II) iodide 

reagent and 107 mg, 65% yield from the reaction of 1-bromo-4-methoxybenzene with m-

tolylzinc(II) iodide reagent) after purification by silica gel column chromatography. Rf: 

0.40 (Hex : Ether = 8 : 2). Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 18 h; for ArBr, 10 

mol % Ni(cod)2, 100°C, 12 h. 
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1H NMR (300 MHz, CDCl3)  2.31 (s, 3H), 3.23-3.43 (m, 2H), 3.74 (s, 3H), 5.41 (t, J = 

9.0 Hz, 1H), 6.72 (d, J = 9.0 Hz, 2H), 6.93-7.09 (m, 5H), 7.16-7.21 (m, 1H), 7.31-7.37 (m, 

1H), 7.49-7.57 (m, 2H), 7.74 (d, J = 9.0 Hz, 1H),  10.16 (s, 1H); 13C NMR (75 MHz, 

CDCl3)  21.6, 41.4, 45.8, 55.2, 113.6, 125.3, 126.6, 127.2, 128.3, 128.9, 129.2, 130.0, 

131.6, 131.8, 133.8, 138.0, 143.6, 147.0, 158.0, 192.2; IR (neat)cm-1  2917, 2834, 2735, 

1687, 1510, 1243, 1033; HRMS (ESI) Calcd for C23H22NaO2 (M+Na)+ 353.1517, found 

353.1538. 

 

2-(2-(4-isopropylphenyl)-1-(m-tolyl)ethyl)-5-methylbenzaldehyde was obtained as a 

yellow oil (112 mg, 63% yield from the reaction of 1-iodo-4-isopropylbenzene with m-

tolylzinc(II) iodide reagent) after purification by silica gel column chromatography. Rf: 

0.50 (Hex : Ether = 8.5 : 1.5). Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  1.22 (d, J = 9.0 Hz, 6H), 2.30 (s, 3H), 2.38 (s, 3H), 2.80-

2.89 (m, 1H), 3.26-3.44 (m, 2H), 5.35 (t, J = 9.0 Hz, 1H), 6.96-7.07 (m, 7H), 7.16-7.21 (m, 

1H), 7.35-7.43 (m, 2H), 7.57 (s, 1H), 10.14 (s, 1H); 13C NMR (75 MHz, CDCl3)  20.8, 

21.5, 24.1, 33.7, 41.9, 45.4, 125.2, 126.2, 127.1, 128.3, 128.8, 129.0, 129.2, 131.7, 133.6, 

134.7, 136.2, 137.0, 138.0, 144.1, 146.7, 192.1; IR (neat)cm-1  2958, 2865, 2732, 1685, 

1240, 1159; HRMS (ESI) Calcd for C26H28NaO (M+Na)+ 379.2038, found 379.2022. 
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2-(2-(3-(benzyloxy)-4-methoxyphenyl)-1-(m-tolyl)ethyl)-4-methoxybenzaldehyde was 

obtained as a yellow oil (105 mg, 45% yield from the reaction of 2-(benzyloxy)-4-iodo-1-

methoxybenzene with m-tolylzinc(II) iodide reagent) after purification by silica gel column 

chromatography. Rf: 0.62 (Hex : Ether = 3 : 7). Conditions: for ArI, 2 mol % Ni(cod)2, 

80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.29 (s, 3H), 3.16-3.31 (m, 2H), 3.82 (s, 3H), 3.83 (s, 3H), 

4.99 (s, 2H), 5.37 (t, J = 9.0 Hz, 1H), 6.59-6.73 (m, 3H), 6.82 (d, J = 9.0 Hz, 1H), 6.97-

7.03 (m, 4H), 7.13-7.18 (m, 1H), 7.31-7.42 (m, 5H), 7.72 (d, J = 9.0 Hz, 1H), 10.00 (s, 

1H); 13C NMR (75 MHz, CDCl3)  21.5, 41.6, 45.8, 55.4, 56.0, 70.9, 110.9, 111.6, 115.1, 

115.2, 121.8, 125.3, 127.2, 127.3, 127.4, 127.7, 128.3, 128.5, 129.2, 132.1, 135.1, 137.3, 

137.9, 143.3, 147.7, 148.0, 149.5, 163.8, 190.7; IR (neat)cm-1  2921, 1681, 1596, 1234, 

1023; HRMS (ESI) Calcd for C31H31O4 (M+H)+ 467.2222, found 467.2218. 
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2-(2-(3,5-dimethylphenyl)-1-(p-tolyl)ethyl)-4-methoxybenzaldehyde was obtained as a 

yellow oil (120 mg, 67% yield from the reaction of 1-iodo-3,5-dimethylbenzene with p-

tolylzinc(II) iodide reagent and 97 mg, 54% yield from the reaction of 1-bromo-3,5-

dimethylbenzene with p-tolylzinc(II) iodide reagent) after purification by silica gel column 

chromatography. Rf: 0.40 (Hex : Ether = 8 :  2). Conditions: for ArI, 2 mol % Ni(cod)2, 

80°C, 12 h; for ArBr, 10 mol % Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.21 (s, 6H), 2.23 (s, 3H), 3.19-3.34 (m, 2H), 3.84 (s, 3H), 

5.45 (t, J = 9.0 Hz, 1H), 6.70 (s, 2H), 6.77-6.83 (m, 2H), 6.98 (d, J = 3.0 Hz, 1H), 7.06-

7.15 (m, 4H), 7.73 (d, J = 9.0 Hz, 1H), 10.04 (s, 1H) ; 13C NMR (75 MHz, CDCl3)  21.1, 

21.3, 42.1, 45.2, 55.5, 111.0, 115.0, 126.9, 127.5, 127.8, 128.3, 129.1, 134.8, 135.9, 137.6, 

139.5, 140.6, 149.8, 163.9, 190.7; IR (neat)cm-1  3012, 2858, 2732, 1681, 1596, 1228, 1035; 

HRMS (ESI) Calcd for C25H26NaO2 (M+Na)+ 381.1830, found 381.1809. 

 

Methyl 3-(2-(2-formylphenyl)-2-(p-tolyl)ethyl)benzoate was obtained as a yellow oil (95 

mg, 53% yield from the reaction of methyl 3-iodobenzoate with p-tolylzinc(II) iodide 

reagent) after purification by silica gel column chromatography. Rf: 0.45 (Hex : Ether = 6 

: 4). Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.29 (s, 3H), 3.32-3.48 (m, 2H), 3.88 (s, 3H), 5.51 (t, J = 

9.0 Hz, 1H), 7.05 -7.13 (m, 4H), 7.22 (d, J = 3.0 Hz, 2H), 7.32-7.37 (m, 1H), 7.49-7.57 (m, 
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2H), 7.72 (d, J = 6.0 Hz, 1H), 7.78-7.82 (m, 2H), 10.14 (s, 1H); 13C NMR (75 MHz, CDCl3) 

 21.0, 42.0, 45.2, 52.1, 126.7, 127.5, 128.3, 128.7, 129.2, 130.1, 130.3, 132.7, 133.7, 

133.9, 136.1, 140.1, 146.6, 167.1, 192.4; IR (neat)cm-1  2981, 2736, 1720, 1694, 1238, 

1044; HRMS (ESI) Calcd for C24H22NaO3 (M+Na)+ 381.1467, found 381.1435. 

 

2-(1-(4-methoxyphenyl)-2-(p-tolyl)ethyl)benzaldehyde was obtained as a yellow oil (78 

mg, 47% yield from the reaction of 1-iodo-4-methylbenzene with (4-

methoxyphenyl)zinc(II) iodide reagent and 88 mg, 53% yield from the reaction of p-tolyl 

trifluoromethanesulfonate with (4-methoxyphenyl)zinc(II) iodide reagent) after 

purification by silica gel column chromatography. Rf: 0.46 (Hex : Ether = 7 : 3). 

Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 24 h; for ArOTf, 5 mol % Ni(cod)2, 100°C, 

12 h, 1.4 equiv each of ArOTf and ArZnI was used. 

1H NMR (300 MHz, CDCl3)  2.27 (s, 3H), 3.24-3.41 (m, 2H), 3.77 (s, 3H), 5.41 (t, J = 

9.0 Hz, 1H), 6.81 (d, J = 9.0 Hz, 2H), 6.92-7.01 (m, 4H), 7.15 (d, J = 9.0 Hz, 2H), 7.31-

7.36 (m, 1H), 7.48-7.57 (m, 2H),  7.74 (d, J = 9.0 Hz, 1H), 10.16 (s, 1H); 13C NMR (75 

MHz, CDCl3)  21.1, 42.1, 45.1, 55.2, 113.8, 126.5, 128.7, 128.9, 129.0, 129.4, 131.9, 

133.7, 133.8, 135.6, 135.8, 136.5, 147.3, 158.1, 192.2; IR (neat)cm-1  2920, 2834, 2734, 

1688, 1509, 1246, 1033; HRMS (ESI) Calcd for C23H22NaO2 (M+Na)+ 353.1517, found 

353.1527. 
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4-(2-(2-formylphenyl)-2-(4-methoxyphenyl)ethyl)benzonitrile was obtained as a yellow 

solid (94 mg, 55% yield from the reaction of 4-iodobenzonitrile with (4-

methoxyphenyl)zinc(II) iodide reagent and 116 mg, 68% yield from the reaction of 4-

bromobenzonitrile with (4-methoxyphenyl)zinc(II) iodide reagent and 97 mg, 57% yield 

from the reaction of 4-cyanophenyl trifluoromethanesulfonate with (4-

methoxyphenyl)zinc(II) iodide reagent) after purification by silica gel column 

chromatography. Rf: 0.46 (Hex : Ether = 4 : 6). Conditions: for ArI, 2 mol % Ni(cod)2, 

80°C, 18 h; for ArBr, 10 mol % Ni(cod)2, 100°C, 12 h; for ArOTf, 2 mol % Ni(cod)2, 80°C, 

12 h. 

1H NMR (300 MHz, CDCl3)  3.29-3.43 (m, 2H), 3.76 (s, 3H),  5.55 (t, J = 9.0 Hz, 1H), 

6.78 (d, J = 9.0 Hz, 2H), 7.14 (dd, J = 9.0, 24.0 Hz, 4H), 7.37-7.58 (m, 5H), 7.73 (d, J = 

9.0 Hz, 1H), 10.11 (s, 1H); 13C NMR (75 MHz, CDCl3)  42.3, 44.6, 55.2, 110.0, 113.9, 

119.0, 126.9, 128.6, 129.4, 129.9, 132.0, 133.3, 133.9, 134.2, 134.4, 145.6, 146.4, 158.3, 

193.0; IR (neat)cm-1  2931, 2835, 2741, 2225, 1688, 1508, 1247, 1177, 1032; GC-MS (m/z)  

341.1.  
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2-(1-(4-methoxyphenyl)-2-(4-(methylthio)phenyl)ethyl)benzaldehyde was obtained as a 

yellow oil (101 mg, 56% yield from the reaction of (4-iodophenyl)(methyl)sulfane with (4-

methoxyphenyl)zinc(II) iodide reagent and 94 mg, 52% yield from the reaction of (4-

bromophenyl)(methyl)sulfane with (4-methoxyphenyl)zinc(II) iodide reagent) after 

purification by silica gel column chromatography. Rf: 0.48 (Hex : Ether = 6 : 4). 

Conditions: for ArI, 5 mol % Ni(cod)2, 80°C, 12 h; for ArBr, 10 mol % Ni(cod)2, 100°C, 

12 h. 

1H NMR (300 MHz, CDCl3)  2.42 (s, 3H), 3.22-3.37 (m, 2H), 3.76 (s, 3H), 5.42 (t, J = 

9.0 Hz, 1H), 6.79 (d, J = 9.0 Hz, 2H), 6.96 (d, J = 9.0 Hz, 2H), 7.06-7.14 (m, 4H), 7.33-

7.38 (m, 1H), 7.47-7.57 (m, 2H), 7.74 (d, J = 6.0 Hz, 1H),  10.15 (s, 1H); 13C NMR (75 

MHz, CDCl3)  16.1, 41.8, 44.9, 55.2, 113.8, 126.6, 126.7, 128.6, 129.4, 129.6, 132.6, 

133.6, 133.8, 135.5, 135.7, 136.7, 147.1, 158.1, 192.4; IR (neat)cm-1  2918, 2833, 2736, 

1687, 1509, 1246, 1032; HRMS (ESI) Calcd for C23H22NaO2S (M+Na)+ 385.1238, found 

385.1214. 

 

5-Fluoro-2-(2-phenyl-1-(m-tolyl)ethyl)benzaldehyde was obtained as a yellow oil (103 

mg, 65% yield from the reaction of phenyl trifluoromethanesulfonate with m-tolylzinc(II) 
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iodide reagent) after purification by silica gel column chromatography. Rf: 0.42 (Hex : 

Ether = 9 : 1). Conditions: for ArOTf, 5 mol % Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.31 (s, 3H), 3.22-3.50 (m, 2H), 5.27 (t, J = 9.0 Hz, 1H), 

6.96-7.05 (m, 5H), 7.16-7.26 (m, 5H), 7.40-7.47 (m, 2H), 10.06 (s, 1H); 13C NMR (75 

MHz, CDCl3)  21.6, 42.5, 45.4, 116.3 (d, JCF = 21.7 Hz), 121.0 (d, JCF = 21.7 Hz), 125.1, 

126.4, 127.5, 128.6, 129.0, 129.1, 131.0 (d, JCF = 7.5 Hz), 135.5 (d, JCF = 6.0 Hz), 138.3, 

139.2, 142.6, 143.4, 161.3 (d, JCF = 246.0 Hz), 190.1; 19F NMR (282 MHz, CDCl3)  -

113.7; IR (neat)cm-1  3027, 2921, 2734, 1685, 1489, 1252, 1144; GC-MS (m/z) 318.1. 

 

5-Chloro-2-(2-(naphthalen-1-yl)-1-(p-tolyl)ethyl)benzaldehyde was obtained as a yellow 

oil (115 mg, 60% yield from the reaction of naphthalen-1-yl trifluoromethanesulfonate 

with p-tolylzinc(II) iodide reagent) after purification by silica gel column chromatography. 

Rf: 0.60 (Hex : Ether = 8.5 : 1.5). Conditions: for ArOTf, 5 mol % Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  2.33 (s, 3H), 3.62-3.99 (m, 2H), 5.43 (t, J = 9.0 Hz, 1H), 

6.82 (d, J = 6.0 Hz, 1H), 7.11 (s, 4H), 7.17-7.22 (m, 1H), 7.43-7.51 (m, 4H), 7.63 (d, J = 

3.0 Hz, 1H), 7.69 (d, J = 6.0 Hz, 1H), 7.84-7.97 (m, 2H), 9.68 (s, 1H); 13C NMR (75 MHz, 

CDCl3)  21.3, 39.3, 43.6, 123.1, 125.2, 125.7, 126.3, 127.4, 128.1, 129.2, 129.4, 129.5, 

130.5, 131.5, 131.8, 132.9, 133.7, 133.9, 134.5, 135.3, 136.5, 140.5, 145.5, 189.5; IR 

(neat)cm-1  3045, 2851, 2733, 1686, 1509, 1106; GC-MS (m/z) 384.1.  
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 Methyl 3-(2-(2-formylphenyl)-2-phenylethyl)benzoate was obtained as a yellow oil (119 

mg, 69% yield from the reaction of methyl 3-(((trifluoromethyl)sulfonyl)oxy)benzoate 

with phenylzinc(II) iodide reagent) after purification by silica gel column chromatography. 

Rf: 0.40 (Hex : Ether = 7 : 3). Conditions: for ArOTf, 5 mol % Ni(cod)2, 100°C, 12 h. 

1H NMR (300 MHz, CDCl3)  3.34-3.50 (m, 2H), 3.87 (s, 3H), 5.56 (t, J = 9.0 Hz, 1H), 

7.17-7.29 (m, 7H), 7.33-7.38 (m, 1H), 7.50-7.58 (m, 2H), 7.72 (d, J = 9.0 Hz, 1H), 7.78-

7.82 (m, 2H), 10.13 (s, 1H); 13C NMR (75 MHz, CDCl3)  41.9, 45.6, 52.1, 126.6, 126.8, 

127.5, 128.2, 128.4, 128.5, 128.7, 130.1, 130.3, 132.9, 133.6, 133.9, 139.9, 143.1, 146.3, 

167.1, 192.4; IR (neat)cm-1  3061, 2949, 2738, 1716, 1687, 1279, 1105; HRMS (ESI) Calcd 

for C23H20NaO3 (M+Na)+ 367.1310, found 367.1280. 

 

(E)-1-phenyl-N-(2-(2-phenyl-1-(4-(trifluoromethyl)phenyl)ethyl)phenyl)methanimine 

was obtained as a yellow oil (113.7 mg, 53% yield from the reaction of iodobenzene with 

(4-(trifluoromethyl)phenyl)zinc(II) iodide reagent) after purification by silica gel column 
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chromatography. Rf: 0.47 (Hex : Ether = 9 : 1). Conditions: for ArI, 2 mol % Ni(cod)2, 

80°C, 12 h, 1.5 equiv each of ArI and 1 equiv of ArZnI was used. 

1H NMR (300 MHz, CDCl3)  3.38 (d, J = 9.0 Hz, 2H), 5.02 (t, J = 9.0 Hz, 1H), 6.83-6.86 

(m, 1H), 6.97-7.00 (m, 2H), 7.07-7.09 (m, 3H), 7.21-7.24 (m, 2H), 7.31-7.38 (m, 3H), 7.41 

(s, 1H) 7.43-7.51 (m, 4H), 7.79-7.82 (m, 2H), 7.92 (s, 1H); 13C NMR (75 MHz, CDCl3) 

41.3, 46.6, 118.2, 125.1 (d, JCF = 3.0 Hz), 126.1, 126.1, 127.5, 127.7, 128.0, 128.2, 128.4, 

128.5, 128.8, 128.9, 129.2, 131.4, 136.4, 137.4, 139.9, 148.8, 150.7, 160.0; 19F NMR (282 

MHz, CDCl3)  -60.7; IR (neat)cm-1  3061, 3026, 2924, 2858, 1628, 1322, 1110, 1066; GC-

MS (m/z) 429.1.  

 

(E)-1-phenyl-N-(2-(2-(p-tolyl)-1-(4-(trifluoromethyl)phenyl)ethyl)phenyl)methanimine 

was obtained as a yellow oil (110.9 mg, 50% yield from the reaction of 1-iodo-4-

methylbenzene with (4-(trifluoromethyl)phenyl)zinc(II) iodide reagent) after purification 

by silica gel column chromatography. Rf: 0.48 (Hex : Ether = 9 : 1). Conditions: for ArI, 2 

mol % Ni(cod)2, 80°C, 12 h, 1.5 equiv each of ArI and 1 equiv of ArZnI was used. 

1H NMR (300 MHz, CDCl3)  2.20 (s, 3H), 3.30 (d, J = 9.0 Hz, 2H), 4.96 (t, J = 9.0 Hz, 

1H), 6.80-6.83 (m, 4H), 7.17-7.24 (m, 3H), 7.29-7.31 (m, 3H), 7.38 (s, 1H), 7.40-7.46 (m, 

4H), 7.75-7.78 (m, 2H), 7.87 (s, 1H); 13C NMR (75 MHz, CDCl3) 21.1, 41.0, 46.6, 116.8, 
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118.1, 125.1 (d, JCF = 3.8 Hz), 125.4, 126.1, 126.3, 127.5, 127.6, 127.9, 128.4, 128.9, 129.1, 

131.4, 135.4, 136.5, 136.8, 137.5, 149.0, 150.7, 160.0; 19F NMR (282 MHz, CDCl3)  -

60.8; IR (neat)cm-1  3022, 2983, 2927, 2870, 1629, 1323, 1238, 1119; GC-MS (m/z) 443.2. 

 

(E)-N-(2-(2-(2-isopropylphenyl)-1-(4-(trifluoromethyl)phenyl)ethyl)phenyl)-1-

phenylmethanimine was obtained as a yellow oil (141.4 mg, 60% yield from the reaction 

of 1-iodo-2-isopropylbenzene with (4-(trifluoromethyl)phenyl)zinc(II) iodide reagent) 

after purification by silica gel column chromatography. Rf: 0.56 (Hex : Ether = 9 : 1). ): 

Conditions: for ArI, 2 mol % Ni(cod)2, 80°C, 12 h, 1.5 equiv each of ArI and 1 equiv of 

ArZnI was used. 

1H NMR (300 MHz, CDCl3)  0.98 (d, J = 6.0 Hz, 3H), 1.12 (d, J = 6.0 Hz, 3H), 2.96-3.09 

(m, 1H), 3.42 (d, J = 9.0 Hz, 2H), 4.92 (t, J = 9.0 Hz, 1H), 6.73 (d, J = 9.0 Hz, 1H), 6.80-

6.88 (m, 2H), 7.06-7.13 (m, 2H), 7.23-7.30 (m, 3H), 7.39 (s, 1H), 7.41-7.45 (m, 5H), 7.72-

7.74 (m, 2H), 7.81 (s, 1H); 13C NMR (75 MHz, CDCl3) 23.7, 24.4, 28.8, 38.1, 46.5, 118.3, 

122.6, 125.1 (q, JCF = 3.0 Hz), 126.0, 126.3, 126.6, 127.6, 127.7, 127.9, 128.2, 128.4, 128.7, 

128.8, 128.9, 130.3, 131.4, 136.3, 137.3, 147.1, 149.0, 150.9, 1 

60.0; 19F NMR (282 MHz, CDCl3)  -60.8; GC-MS (m/z) 471.2 
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5.2.5. X-Ray Crystallographic Data for 2-(2-(4-methoxyphenyl)-1-   

phenylethyl)benzaldehyde 

 

A colorless block specimen of C22H20O2, approximate dimensions 0.28 mm x 0.222 

mm x 0.215 mm, was used for the X-ray crystallographic analysis. The X-ray intensities 

were measured using a Bruker-D8 Venture dual-source diffractometer (Cu Kα, λ = 1.5406 

Å) and CMOS detector. Indexing and frame integration was performed using the APEX-

III software suite. Absorption correction was performed using face-indexing (numerical 

method) also within the APEX-III software. The structures were solved using SHELXL-

2014/7 and refined using OLEX2 version 1.2.8. Dolomanov, O.V.; Bourhis, L.J.; Gildea, 

R.J.; Howard, J.A.K.; Puschmann, H., OLEX2: A complete structure solution, refinement 

and analysis program (2009). J. Appl. Cryst., 42, 339-341. 

The frames were integrated with the Bruker SAINT software package using a 

narrow-frame algorithm. The integration of the data using a triclinic unit cell yielded a total 

of 15783 reflections to a maximum θ angle of 68.24° (0.80 Å resolution), of which 3064 

were independent (average redundancy 5.151, completeness = 99.6%, Rint = 2.86%, Rsig = 

2.15%) and 2898 (94.58%) were greater than 2σ(F2). The final cell constants of a = 

9.1265(3) Å, b = 9.1821(3) Å, c = 11.6541(4) Å, α = 87.9160(10), β = 97.5650(10)°, γ = 

62.7980(10) volume = 840.90(5) Å3, are based upon the refinement of the XYZ-centroids 

of 14859 reflections above 20 σ(I) with 7.836° < 2θ < 136.476. Data were corrected for 
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absorption effects using the Multi-Scan method (SADABS). The ratio of minimum to 

maximum apparent transmission was 0.5944. 

The final anisotropic full-matrix least-squares refinement on F2 with 154 variables 

converged at R1 = 6.20%, for the observed data and wR2 = 17.54% for all data.  The 

goodness-of-fit was 1.093. The largest peak in the final difference electron density 

synthesis was 1.369 e-/Å3 and the largest hole was -0.425 e-/Å3 with an RMS deviation of 

0.063 e-/Å3. On the basis of the final model, the calculated density was 1.250 g/cm3 and 

F(000), 336 e-.  

Table 5.1. Crystal data and structure refinement for 2-(2-(4-methoxyphenyl)-1-   

phenylethyl)benzaldehyde. 

 

Identification code  jsTp-1_a  

Empirical formula  C22H20O2  

Formula weight  316.38  

Temperature/K  108.85  

Crystal system  triclinic  

Space group  P-1  

a/Å  9.1265(3)  

b/Å  9.1821(3)  

c/Å  11.6541(4)  

α/°  87.9160(10)  

β/°  76.2840(10)  

γ/°  62.7980(10)  

Volume/Å3  840.90(5)  
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Z  2  

ρcalcg/cm3  1.250  

μ/mm-1  0.618  

F(000)  336.0  

Crystal size/mm3  0.28 × 0.222 × 0.215  

Radiation  CuKα (λ = 1.54178)  

2Θ range for data collection/°  7.836 to 136.476  

Index ranges  -10 ≤ h ≤ 10, -11 ≤ k ≤ 11, -13 ≤ l ≤ 14  

Reflections collected  14859  

Independent reflections  3064 [Rint = 0.0286, Rsigma = 0.0215]  

Data/restraints/parameters  3064/0/282  

Goodness-of-fit on F2  1.095  

Final R indexes [I>=2σ (I)]  R1 = 0.0620, wR2 = 0.1739  

Final R indexes [all data]  R1 = 0.0638, wR2 = 0.1754  

Largest diff. peak/hole / e Å-3  1.37/-0.42  

 

Table 5.2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for Table 5.4. Crystal data and structure refinement for 2-(2-(4-

methoxyphenyl)-1-phenylethyl)benzaldehyde. Ueq is defined as 1/3 of of the trace of the 

orthogonalised UIJ tensor. 

Atom                     x                      y               z           U(eq) 

O1 1196(3) 6197(3) 4190.0(18) 61.7(6) 

O2 7484.4(18) 7395.9(17) 1880.5(14) 28.4(4) 

C1 2276(4) 5391(3) 4715(2) 45.4(6) 

C2 3754(3) 3719(3) 4371.1(18) 30.1(5) 
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C3 4122(2) 2713(2) 3354.0(17) 21.6(4) 

C4 5458(3) 1127(3) 3213.4(18) 24.6(4) 

C5 6437(3) 543(3) 4033(2) 29.6(5) 

C6 6100(3) 1549(3) 5021(2) 33.9(5) 

C7 4756(3) 3117(3) 5184(2) 35.7(5) 

C8 3161(2) 3319(2) 2392.0(17) 21.1(4) 

C9 2366(2) 2240(2) 2167.2(19) 23.5(4) 

C10 1366(3) 1884(3) 3128(2) 31.0(5) 

C11 562(3) 965(3) 2956(3) 38.9(6) 

C12 739(3) 390(3) 1828(3) 38.4(6) 

C13 1730(3) 725(3) 868(2) 33.9(5) 

C14 2543(3) 1638(2) 1037(2) 26.5(5) 

C15 4313(2) 3503(2) 1259.8(17) 21.3(4) 

C16 5168(2) 4511(2) 1457.8(16) 19.8(4) 

C17 6903(3) 3773(2) 1380.6(18) 23.0(4) 

C18 7734(2) 4678(2) 1524.3(18) 23.8(4) 

C19 6799(2) 6378(2) 1745.1(17) 21.0(4) 

C20 5054(2) 7148(2) 1836.2(17) 21.9(4) 

C21 4254(2) 6220(2) 1699.0(17) 21.1(4) 

C22 9225(3) 6624(3) 1913(3) 40.3(6) 

 

Table 5.3. Anisotropic Displacement Parameters (Å2×103) for 2-(2-(4-methoxyphenyl)-1-

phenylethyl)benzaldehyde. The Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 
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O1 57.1(12) 51.1(12) 47.4(11) -10.7(9) -21.6(10) 4.9(10) 

O2 22.8(7) 22.1(7) 44.6(9) 0.4(6) -14.9(6) -10.6(6) 

C1 47.0(15) 44.5(14) 34.5(13) -3.6(11) -10.8(11) -11.8(12) 

C2 37.5(12) 30.6(11) 21.7(10) 3.4(8) -7.8(9) -15.4(10) 

C3 21.1(9) 25.6(10) 20.9(9) 5.1(7) -4.8(7) -13.5(8) 

C4 23.4(10) 26.1(10) 25.9(10) 3.3(8) -7.5(8) -12.1(8) 

C5 24.1(10) 29.3(11) 36.6(12) 10.2(9) -12.0(9) -11.8(9) 

C6 38.6(12) 44.4(13) 30.1(11) 15.3(10) -19.1(10) -24.4(11) 

C7 48.6(14) 39.5(13) 22.9(11) 4.2(9) -13.4(10) -21.5(11) 

C8 18.0(9) 19.6(9) 24.2(10) 2.1(7) -5.8(8) -7.2(8) 

C9 15.7(9) 19.1(9) 35.6(11) 7.0(8) -11.6(8) -6.0(7) 

C10 21.3(10) 33.1(11) 40.1(12) 12.2(9) -11.2(9) -12.8(9) 

C11 21.9(10) 36.4(12) 63.1(17) 22.2(12) -14.7(11) -16.6(10) 

C12 24.1(11) 23.0(11) 76.6(18) 13.6(11) -25.5(11) -12.5(9) 

C13 25.8(11) 20.5(10) 57.2(15) 1.5(10) -20.6(10) -7.1(8) 

C14 21.4(10) 21.3(10) 37.6(12) 3.1(8) -11.6(9) -8.6(8) 

C15 22(1) 23.8(10) 21.5(9) 4.2(8) -8.9(8) -11.9(8) 

C16 21.7(9) 23.3(10) 16.9(9) 5.0(7) -7.5(7) -11.5(8) 

C17 22.3(10) 18.7(9) 27.7(10) 2.7(8) -9.6(8) -7.6(8) 

C18 17.8(9) 22.9(10) 30.2(10) 1.8(8) -10.0(8) -6.9(8) 

C19 22.3(10) 21.7(10) 22.5(9) 3.0(7) -10.0(8) -11.1(8) 

C20 22.4(10) 17.9(9) 23.2(10) 1.7(7) -8.7(8) -6.1(8) 

C21 17.8(9) 24.1(10) 21.2(9) 4.6(7) -8.8(7) -7.9(8) 

C22 24.3(11) 31.0(12) 72.0(18) -0.5(11) -19.7(11) -14.0(9) 
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Table 5.4.   Bond Lengths for for 2-(2-(4-methoxyphenyl)-1-phenylethyl)benzaldehyde. 

Atom Atom        Length/Å   Atom Atom        Length/Å 

O1 C1 1.216(3)   C9 C10 1.398(3) 

O2 C19 1.372(2)   C9 C14 1.392(3) 

O2 C22 1.423(3)   C10 C11 1.392(3) 

C1 C2 1.494(3)   C11 C12 1.380(4) 

C2 C3 1.407(3)   C12 C13 1.383(4) 

C2 C7 1.396(3)   C13 C14 1.393(3) 

C3 C4 1.391(3)   C15 C16 1.510(3) 

C3 C8 1.520(3)   C16 C17 1.389(3) 

C4 C5 1.388(3)   C16 C21 1.401(3) 

C5 C6 1.387(3)   C17 C18 1.394(3) 

C6 C7 1.381(3)   C18 C19 1.392(3) 

C8 C9 1.531(3)   C19 C20 1.394(3) 

C8 C15 1.537(3)   C20 C21 1.386(3) 

 

 
      

 

Table 5.5.  Bond Angles for 2-(2-(4-methoxyphenyl)-1-phenylethyl)benzaldehyde. 

Atom Atom Atom           Angle/˚   Atom Atom Atom           Angle/˚ 

C19 O2 C22 116.64(15)   C14 C9 C10 118.00(19) 

O1 C1 C2 129.3(2)   C11 C10 C9 120.9(2) 

C3 C2 C1 125.1(2)   C12 C11 C10 120.4(2) 

C7 C2 C1 115.3(2)   C11 C12 C13 119.5(2) 

C7 C2 C3 119.5(2)   C12 C13 C14 120.3(2) 
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C2 C3 C8 122.45(17)   C9 C14 C13 120.9(2) 

C4 C3 C2 118.14(18)   C16 C15 C8 114.09(16) 

C4 C3 C8 119.36(17)   C17 C16 C15 120.90(17) 

C5 C4 C3 121.7(2)   C17 C16 C21 117.70(17) 

C6 C5 C4 120.1(2)   C21 C16 C15 121.39(17) 

C7 C6 C5 118.8(2)   C16 C17 C18 122.13(18) 

C6 C7 C2 121.7(2)   C19 C18 C17 118.98(18) 

C3 C8 C9 112.03(15)   O2 C19 C18 124.13(17) 

C3 C8 C15 110.37(15)   O2 C19 C20 115.83(17) 

C9 C8 C15 112.72(16)   C18 C19 C20 120.04(18) 

C10 C9 C8 119.12(18)   C21 C20 C19 119.91(18) 

C14 C9 C8 122.84(18)   C20 C21 C16 121.23(17) 

 

Table 5.6.  Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 

(Å2×103) for 2-(2-(4-methoxyphenyl)-1-phenylethyl)benzaldehyde. 

Atom                 x             y                 z                   U(eq) 

H10 1233 2274 3909 37 

H22A 9933 6019 1146 60 

H22B 9393 5859 2536 60 

H22C 9547 7461 2081 60 

H1 2250(50) 6000(50) 5570(40) 79(11) 

H4 5680(30) 460(30) 2530(20) 34(6) 

H5 7320(30) -540(30) 3900(20) 26(6) 

H6 6810(30) 1120(30) 5600(20) 37(7) 

H7 4500(40) 3840(40) 5860(30) 50(8) 
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H8 2210(30) 4420(30) 2660(20) 23(6) 

H11 -50(40) 690(40) 3620(30) 43(7) 

H12 140(40) -260(40) 1680(30) 51(8) 

H13 1910(40) 300(40) 10(30) 46(8) 

H14 3170(30) 1860(30) 390(20) 28(6) 

H15A 5200(30) 2390(30) 890(20) 26(6) 

H15B 3580(30) 4070(30) 700(20) 28(6) 

H17 7550(30) 2600(30) 1200(20) 27(6) 

H18 8930(30) 4090(30) 1510(20) 29(6) 

H20 4440(30) 8280(30) 1970(20) 21(5) 

H21 3050(30) 6770(30) 1760(20) 21(5) 
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