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Abstract 

Poly-substituted arenes are valuable skeletons and widespread in 

pharmaceuticals, agrochemicals, and functional materials. In the design and 

development of novel functional arenes, the major bottleneck lies in their synthetic 

access due to the requirement of multi-step syntheses. To tackle such challenges, 

functionalization directly from abundant C–H bonds offer greater flexibility and 

efficiency in the synthesis of diverse poly-substituted arenes. In this context, a 

deprotonative C–H zincation strategy is appealing for two distinct reasons. First, this 

strategy allows regioselective C–H activation of a variety of arenes and heteroarenes 

directly. Moreover, generated organozinc intermediates as nucleophiles are capable of 

performing effective functionalizations. Therefore, we developed several synthetic 

transformations toward efficient access to poly-substituted arenes using deprotonative 

C–H zincation. (1) The regioselective azidation of diversely substituted arenes and 

heteroarenes was achieved through deprotonative C–H zincation and subsequent 

copper-catalyzed azidation. (2) To achieve multi-bond formation in a single step, we 

envisioned arene 1,2-difunctionalization methods using aryne intermediates generated 

from aryl triflates mediated by deprotonative zincation. Both intra- and intermolecular 

difunctionalization of arenes were developed, providing numerous difunctionalized 

arenes with diverse functionalities such as carbon, nitrogen, oxygen, sulfur, and 
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halogens. (3) The difunctionalization strategy was extended to cyclohexenes, which are 

prevalent fundamental structure motifs. Through generation of cyclohexynes via 

deprotonative zincation of cyclohexenyl triflates, three-component cyclohexyne 1,2-

difunctionalization was accomplished with formation of structurally complex and 

diversely functionalized cyclohexenes. 
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1. Introduction 

1.1 Organozinc compounds 

Organozinc compounds have known to be useful and versatile synthetic 

intermediates. Unlike organolithium or -magnesium compounds, organozincs are 

milder nucleophiles due to the covalent character of carbon–zinc bonds (Δχ = 0.9), and 

thus are more tolerant to many functional groups. Of particular utility is that 

organozincs readily undergo transmetallation with various transition-metals to new 

organometallic species, which allows plentiful transformations and functionalizations.1-2  

1.2 Preparation of organozinc compounds 

 Organozinc compounds are usually prepared in situ prior to use due to their pyrophoric 

nature. Therefore, several zincation methods have been developed for efficient 

preparation of organozincs (Scheme 1). The method using oxidative insertion of zinc 

metal into carbon–halogen bonds has been widely employed (Scheme 1a).3-4 

Transmetallation from organometals is another way to generate organozinc compounds 

(Scheme 1b). The common starting organometallic species are organolithium or 

Grignard reagents, which are mostly prepared from organohalides as well. In both 

approaches, however, the necessity of prefunctionalized starting materials restricts its 

utility due to the additional steps required for starting material preparation as well as 

incompatibility of some functional groups (e.g. halogens). Therefore, deprotonative C–H 

zincation has been explored to directly exploit the abundant C–H bonds in numerous 
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chemical feedstocks (Scheme 1c). To enable this highly useful synthetic approach, 

efficient zincation is necessary with high regioselectivity and  applicability in various 

following transformations using in situ generated organozinc intermediates. To this end, 

development of various zinc bases has been a critical factor. 

 

 

Scheme 1 Methods for preparation of organozinc compounds 

 

1.2.1 Deprotonative C–H zincation 

To achieve deprotonative zincation, zinc–amide reagents have been investigated 

as bases, utilizing sterically hindered and non-nucleophilic amide ions such as the most 

commonly used TMP base (2,2,6,6-tetramethyl piperidine). The zinc bases can be 

divided into neutral- and anionic bases (Figure 1). Neutral zinc bases have been widely 
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used for their mild reactivities, allowing high compatibility to various sensitive 

functional groups. However, only acidic arenes can be zincated with these bases as 

thermodynamic effects are predominant in the deprotonation. On the other hand, 

anionic zincate bases have known to be more reactive and enable deprotonation of less 

acidic arenes with pKa higher than that of the conjugate acids of amide ions. The higher 

reactivity of anionic bases is derived from more ionizable N–Zn bonds as well as alkali-

metal-mediated synergistic effects. Each class can be subcategorized into the species 

based on ligand combinations (A–F) that provide different reactivities, which will be 

detailed along with their applications throughout the section 1.3. 

 

Figure 1 Explored classes of zinc–amide bases 
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1.3 Direct C–H functionalization reactions utilizing deprotonative 
zincation 

1.3.1 Carbon–Carbon bond formation 

Various carbon-carbon bond forming transformations have been used to 

demonstrate the reactivity of organozinc intermediates generated through deprotonative 

zincation.  

1.3.1.1 Neutral zinc base mediated functionalizations 

Diamidozinc bases A, a class of neutral base, are dibasic, thus are capable of 

deprotonating two equivalents of substrates with generation of bis-organozinc 

intermediates. The structure of ZnTMP2 A1 was characterized in 1998, and suggested its 

potential for metal–nitrogen chemistry.5 A decade later, its utility as an effective base 

was revealed by Hagadorn and coworker in 2007.6-7 In this study, a range of acidic Csp3–

H bonds have undergone deprotonative zincation using A1 followed by palladium 

catalyzed phenylation (Scheme 2). Formation of both organozinc intermediates and 

phenylation products were analyzed and quantified by 1H NMR spectroscopy without 

isolations. 
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Scheme 2 Palladium-catalyzed α-arylation and vinylation mediated by ZnTMP2 (A1) 

In the same year, Knochel group reported ZnTMP2•2MgCl2•2LiCl A2 as a base 

more reactive and soluble in THF compared to ZnTMP2 without either MgCl2 or LiCl.8 

The base A2 has been explored extensively in a series of Knochel group’s research for 

deprotonative zincation of arenes and heterocycles with subsequent various carbon–

carbon bond formations (Scheme 3).8-15 Arylation of the generated bis-organozinc 

intermediates was achieved under palladium catalysis, Pd(dba)2 and P(o-furyl)3, 

coupling with aryl iodides. Acylation has been successful in this transformation via 

transmetallation of stoichiometric copper followed by reaction with an acyl chloride. 

The organozinc intermediate has also shown to capture various allyl bromide in the 

presence of copper catalyst. Moreover, cobalt-catalyzed alkylation was developed using 

deprotonative zincation with A2.11 A variety of electron-deficient cyclic-Csp2–H bonds 
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were deprotonated by A2, even substrates bearing very sensitive groups such as an 

aldehyde or a nitro group. 
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Scheme 3 Carbon–carbon bond forming reactions of (het)cyclic Csp2–zinc 

intermediates generated by TMP2Zn·2MgCl2·2LiCl (A2) 
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Deprotonative zincation of various silylated cyanohydrins using 

ZnTMP2•2MgCl2•2LiCl A2 was reported showing the capability of activated-Csp3–H 

functionalization (Scheme 5).16 Copper-catalyzed allylation, benzylation, and acylation 

was used in this study. In addition, the functionalized silylated cyanohydrins were 

converted to keto- or diketo derivatives upon addition of TBAF, which demonstrated a 

possible umpolung strategy for ipso-functionalization of ketones. 

 

 
Scheme 4 Cu-catalyzed benzylation, allylation, and acylation of silylated 

cyanohydrins mediated by TMP2Zn·2MgCl2·2LiCl (A2) 
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A challenge for diamidozinc bases A is that more than 2 equivalents of substrate 

is required since only one ligand of generated bis-organozinc compounds can be 

transferred for functionalization. In addition, zincation of some sensitive arenes and 

heteroarenes required lower temperature, which may not be desirable in large-scale 

synthesis. Therefore, the Knochel group has developed an amidozinc halide, 

ZnTMPCl•LiCl B1, for more efficient and chemoselective zincation. By far, B1 has been 

one of the most widely used zinc–amide bases in C–C bond formations mediated by 

deprotonative zincation. 

Palladium-catalyzed Negishi coupling has been utilized for arylation of 

generated (hetero)aryl zinc intermediates (Scheme 5). Various aryl iodides were used as 

electrophiles including heteroaryl iodide. Using B1 as the base, sensitive arenes and 

heteroarenes were deprotonated at room temperature and underwent arylation in high 

yields.17 Additionally, arylation of alkenes was also explored in various heterocyclic 

systems such as chromones, thiochromones, and dithiines13;18-23 The feasibility of the 

arylation in large-scale synthesis has also been proven with similar yields of product 

formation in 1-mmol and 50-mmol reaction scales.24 Note that substrate was the limiting 

reagent in the reaction with B1 unlike the reaction with diamidozinc A which was the 

limiting reagent.  
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Scheme 5 Arylation of sensitive (hetero)cyclic Csp2–zinc Intermediates from 

ZnTMPCl·LiCl (B1) 

 

Likewise, α-functionalization of nitriles or esters has been accomplished through 

deprotonative zincation with B1 followed by palladium-catalyzed Negishi coupling 

with various aryl bromides (Scheme 6).25  Moreover, γ-protons in unsaturated nitriles 

were deprotonated and functionalized for arylation and alkenylation. 
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Scheme 6 Pd-catalyzed α/γ arylation and vinylation mediated by ZnTMPCl·LiCl (B1) 

 

The strategy using B1 was also pursued in benzylic cross-coupling, especially 

with pyridine containing substrates (Scheme 7).26 In the study, internal or external Lewis 

acid showed beneficial effect in achieving fast and effective coupling reaction by 

facilitating the reductive elimination step that is otherwise sluggish due to Pd–N 

coordination.27-29 In addition, regioselective arylation in the presence of two benzylic 

positions was accomplished with small modification in the reaction conditions. 
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aLA is ZnCl2 unless addition of external Lewis acid. bSc(OTf)3 added after zincation. 
cBF3•OEt2 added before zincation. 

Scheme 7 Lewis acid promoted Negishi coupling with aryl halides and 

pyridyl(methyl) zinc intermediates generated from deprotonative zincation with 2a 

 

Alternative to palladium catalyzed Negishi coupling with organohalides, Wang 

group developed copper-catalyzed cross-coupling using iodonium salts as electrophiles 

for arylation, alkenylation, and alkynylation (Scheme 8).30-31 With deprotonative 

zincation using B1, various substrates were functionalized including arenes and 

heteroarenes as well as phosphones, sulfones, sulfonates, nitriles, amides and ester. This 

transformation is particularly effective in alkynylation as previous methods used either 
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stoichiometric copper with alkynyl bromides32 or two-step reactions via iodination of 

organozinc intermediate followed by Sonogashira coupling with alkynes.17 

 

 

Scheme 8 Cu-Catalyzed carbon-carbon bond forming transformations of aryl– and 

Csp3–zinc intermediates generated by B1 with iodonium salts 

 



 

14 

Numerous examples of copper-catalyzed acylation and allylation have also 

reported in functionalization of (hetero)cyclic-Csp2–zinc intermediates generated using 

B1 ZnTMPCl•LiCl (Scheme 9).13;17-24;32-34 Similar to reactions with diamidozinc A, 

functionalization using B1 required to a stoichiometric amount of copper for acylation, 

and catalytic amount copper for allylation.  

 

 

Scheme 9 Cu-catalyzed acylation and allylation of Csp2–zinc intermediates generated 

by B1 
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Besides B1, other amidozinc halide base, ZnTMP(OPiv)•LiCl B2 was developed 

by Knochel, for generation of air stable zinc intermediate.35 Note that the full chemical 

formula of B2 is ZnTMP(OPiv)•Mg(OPiv)Cl•LiCl, and the magnesium salt was omitted 

for clarity. Deprotonative zincation with B2 provided isolatable and air stable 

organozinc pivalate intermediates with similar substrate scope as the reaction with B1.  

As demonstration of applicability of the isolated intermediates, various carbon–carbon 

bond forming transformations have used such as palladium-catalyzed arylation and 

vinylation, copper-catalyzed acylation and allylation (Scheme 10). 

 

 

Scheme 10 Cu-mediated acylation of air-stable heteroaryl zinc pivalates generated by 

B2 ZnTMP(OPiv)·LiCl 

 

Later, Knochel group also reported air-stable alkynylzinc reagents preparation 

with ZnTMP(OPiv)•Mg(OPiv)Cl B2’. Compared to B2, the absence of LiCl in the base 

B2’ provided more moisture-stable alkynyl zinc pivalates. Furthermore, isolated alkynyl 

zinc pivalates underwent palladium-catalyzed arylation with aryl halides and acylation 
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with thioesters, copper-catalyzed allylation with allyl bromides, and AlMe3-promoted 

addition to aldehydes (Scheme 11). 

 

 

Scheme 11 Carbon-carbon bond forming reactions of air-stable alkynyl zinc pivalates 

generated by B2’ ZnTMP(OPiv) 

 

1.3.1.2 Anionic zincate base mediated functionalization 

In 1999, Kondo and coworker have developed a dialkyl amido zincate 

Li[Zn(TMP)tBu2] C1 as a highly chemoselective base.36 As an anionic zincate base, it 

enabled effective zincation of less acidic arenes and heteroarenes such as ethyl benzoate, 
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cyanobenzene, and 2-methoxypyridine (Scheme 12). In presence of a directing group, 

zincation occurred ortho to the group. Sensitive and acidic heteroarene 1-methyl-1H-

pyrazole was zincated with C1 with similar efficiency as B1.37 Despite of good tolerance 

to many functional groups, C1 mediated zincation was not compatible with sensitive 

heteroarenes (e.g. pyridazine and pyrimidine) and arenes having sensitive functional 

groups (e.g. nitro group and aldehyde). The applicability of this zincation method for 

further transformation has been demonstrated through installation of carbon 

functionalities. Palladium-catalyzed arylation of arylzincate intermediates has shown to 

be effective with various aryl halides, albeit in high temperature in case of 

heteroarylzincates. Moreover, a zincate intermediate was added to an aldehyde without 

other additives (e.g. AlMe3), which didn’t occur in the reaction with a neutral zinc base.  
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Scheme 12 Carbon–carbon bond formations of less acidic arenes and heteroarenes 

with Li[Zn(TMP)tBu2] (C1) for directed metalation 

From Uchiyama’s studies,38-39 the alkyl ligands in dialkyl-amido zincate base C 

have shown to differ the reactivities in benzyne formation. In deprotonative zincation of 

bromoarenes at ortho to bromo group, Li[Zn(TMP)tBu2] C1 underwent the expected 

nucleophilic substitution with electrophiles, while C2 with methyl ligands generated 

arynes via 1,2-elimination. (Scheme 13). Aryne formation by C2 was confirmed via [4+2] 

cycloaddition with 1,3-diphenylisobenzofuran. This method has shown to be useful to 

access highly functionalized arynes due to high tolerance to electrophilic substituents 



 

19 

such as nitrile, amide, and ester, which are not compatible with lithiation mediated 

aryne formation. 

 

Scheme 13 Different reactivities observed in zincation of bromobenzene using C1 and 

C2 

Regioselective zincation of quinoline has been challenging with C1, providing 

mixture of zincation in favor of C-8 position (C-2:C-8 = 1:2.3).37 Interestingly, Namgoong 

and coworker have discovered that reaction with quinoline with 

Li[Zn(TMP)tBu2]•2MgCl2 C1’ gave exclusive C-2 zincation.40-41 The 2-quinolinyl zincate 

intermediate was further functionalized with different carbon-carbon forming 

transformations (Scheme 14). First, palladium-catalyzed arylation has been achieved, yet 

it was necessary to convert the zincate to the neutral zinc intermediate to prevent a side 

reaction such as de-iodination of an electrophile. The 2-quinolinyl zincate was added to 

benzaldehyde in 86% yield.  Moreover, several zincate C’ was used to generate 2-

quinolinyl zincates containing different alkyl ligands, which underwent B(OMe)3-

mediated homologation affording 2-alkyl quinolines. The proposed mechanism of the 
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homologation showed 1,2-migratory addition of alkyl nucleophile followed by re-

aromatization. 

 

Scheme 14 Regioselective zincation of 2-quinoline using  Li[Zn(TMP)R2]·2MgCl2 (C’) 

and C–C bond forming reactions 

Deprotonative zincation with zincate base was used in synthesis of GSK966587, 

an antimicrobial agent (Scheme 15).42 Various dialkyl-amido zincate bases were tested to 

achieve regioselective zincation on C-4 position, and Li[Zn(NiPr2)Et2] C3 provided the 

C-4 zincate with high regioselectivity (C-2:C-4 = 1:24). Poor regioselectivity was reported 



 

21 

in reaction with Li[Zn(TMP)tBu2] (C-2:C-4 = 1.3:1). The C-4 zincate then went through 

palladium-catalyzed vinylation to form the desired synthetic intermediate. 

 

Scheme 15 Regioselective zincation using C3 and subsequent palladium-catalyzed 

Negishi coupling 

Although the class of dialkyl-amido zincates C has been the most commonly 

used in zincate-mediated reactions, alkyl-diamido zincates D as dibasic sources have 

also been explored for their basicities and applicabilities to subsequent 

functionalizations by Mongin and coworkers.43 In the study, the base D1 was prepared 

by addition of 2 equiv LiTMP and 1 equiv nBuLi to 1 equiv ZnCl2•TMEDA, which were 

proven to present as zincates, Li[Zn(TMP)2nBu], rather than Zn(TMP)nBu–LiTMP by 

NMR spectroscopy and DFT studies. The zincate D1 showed its ability to deprotonate 
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electron-rich anisole and furan, and the aryl zincates were proceeded in reaction with 

aldehydes (Scheme 16).  

 

aZincate base generated in situ using the 1:1:2 mixture of ZnCl2•TMEDA, RLi, and LiTMP 

Scheme 16 Direct reaction of aldehydes and aryl zincates prepared by D1 

Mongin has also examined E1 ‘Li[Zn(TMP)3]’ as a triamidozincate E prepared by 

addition of 3 equiv LiTMP to 1 equiv ZnCl2•TMEDA.44 However, the E1 was proposed 

to exist as LiTMP–ZnTMP2 instead of Li[Zn(TMP)3] form by DFT calculation due to 

steric repulsion,45 which was further supported by DOSY NMR studies.46 Therefore, the 

mechanism for zincation of arenes with E1 is more likely through deprotonative 

lithiation by LiTMP and immediate zincate formation with ZnTMP2. Unlike employing 

deprotonative lithiation, E1 enabled the metalation of various arenes and heteroarenes at 

room temperature and palladium-catalyzed arylation (Scheme 17).43;45 Besides arylation, 

the zincate intermediates were added to aldehydes providing diarylmethanols.43 

However, double deprotonation with E1 as a tribasic source was often found when 

excess base was used. 
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aZincate base generated in situ using the 1:3 mixture of ZnCl2•TMEDA and LiTMP. bSecond 

arylation on 6-pyridyl position. cSecond arylation on C-6 of substrate. 

Scheme 17 Carbon–carbon bond formation with E1 

1.3.2 Carbon–Halogen bond formation 

1.3.2.1 Iodination 

Among halogenation, iodination, has been commonly utilized with organozinc 

intermediates generated by deprotonative zincation. Such transformation has provided 

not only synthetically useful organoiodides but also insights in zincation efficiencies 

with different zinc bases due to facile Zn–I exchange.  
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In series of Knochel’s studies, neutral zinc bases (A2,8-10;13-14;19 B1,12;17;19;21-22;32;47 

and B248) were utilized for iodination of a variety of arenes, heteroarenes, and 

heterocycles (Scheme 18). While restricted to electro-deficient arenes, neutral zinc base 

mediated deprotonative zincation have shown excellent functional group compatibility 

to sensitive substituents including halogens (F, Cl, Br, and even I), ketones, esters, 

aldehydes, nitriles, and nitro groups. Moreover, heteroarenes and heterocycles that 

contains nitrogen, oxygen, or sulfur atoms have readily zincated and iodinated. 
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Scheme 18 Iodination of electro-deficient (hetero)cyclic organozincs generated using 

neutral zinc bases 



 

26 

Site-selectivity of zincation and iodination among neutral zinc bases (A2, B1, and 

B2) was similar for most substrates, with the exception of chromones, quinolones, and 

thiochromones because MgCl2 of A2 as a Lewis acid changed regioselectivity via its 

coordination to the carbonyl oxygen in deprotonation (Scheme 19).13;49 Indeed, when 

external Lewis acid such as MgCl2 or BF3•OEt2 was used with B1 ZnTMPCl•LiCl, same 

regioselectivity of the product by A2 ZnTMP2•2MgCl2•2LiCl was observed. 

 

Scheme 19 Different regioselective zincation and iodination on chromone in presence 

of a Lewis acid. 

This Lewis acid promoted regioselective zincation strategy was further reported 

on other substrates including pyrimidines, pyrazines, uracils, uridines, and cytidines.10;50 
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Furthermore, selective ortho- or meta-zincation of pyridazine was achieved using a 

mono- or bi-dentate boron Lewis acid (Scheme 20).51 Regioselective deprotonative 

metalation has been challenging to achieve for unsubstituted pyridazine due to the 

similar acidity of H-3 and H-4 (cal. pKa = 36.9 and 34.8, respectively), with slight 

metalation prefereance on C-4 position. In this study, introduction of BF3•OEt2 to B1 

mediated zincation conditions provided 3-iodopyridazine with high regioselectivity (C-

3:C-4 = 97:3). The result was rationalized by DFT calculation showing changes in 

acidities of H-3 and H-4 (cal. pKa = 24.9 and 28.1 respectively) from coordination of 

BF3•OEt2 to a nitrogen of pyridazine. On the other hand, steric effects from coordination 

of a bidentate boron Lewis acid allowed exclusive deprotonative zincation and 

iodination on C-4 position of pyridazine. 
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Scheme 20 Lewis acid directed ortho- and meta-zincation and iodination of 

pyridazine 

Li[Zn(TMP)tBu2] C1 mediated zincation followed by iodination has been 

explored with various arenes and heteroarenes (Scheme 21).36-39;42;52-54 Through alkali-

metal-mediation, less acidic and functionalized substrates were readily zincated with 

C2. Arenes bearing base-sensitive functional groups such as amides, esters, and nitriles 

have shown to be well tolerated, and zincation occurred at ortho to these functional 

groups.36 Moreover, employing zincation at –30 °C allowed smooth zincation of aryl 

halides at the most acidic position without formation of arynes.39 Diverse heteroarenes 
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have also been examined to explore regioselectivities. The reaction with ethyl 2-

thiophenecarboxylate and ethyl 2-furancarboxylate afforded regioexclusive iodination 

products yet different in regioselectivity. Pyridazine and pyridine derivatives were 

effective for regioselective zincation with C1 and iodination. While the reaction with 

quinoline provided poor regioselectivity, isoquinoline was zincated regioselectively at 

C-1 position and gave 1-iodoisoquinoline in excellent yield. Despite high regioselectivity 

of deprotonative zincation with C1, difficulty in predicting regioselectivity could 

hamper the utility of this strategy. 

 

Scheme 21 Regioselective direct ortho-C–H zincation and iodination with lithium 

dialkyl amido zincate bases on less acidic arenes and heteroarenes. 
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Although not extensively explored on substrate scope, several iodination 

examples have been reported with different dialkyl-amido zincate bases C including 

Na[Zn(TMP)tBu2]55-59, Li[Zn(Ni-Pr2)tBu)2]52, Li[Zn(TMP)iPr2]40, Li[Zn(CPC)tBu2]60, 

Li[Zn(TMP)Et2]61,  Li[Zn(Ni-Pr2)Et2] 42, Li[Zn(CPC)Et2]60. 

Zincation ability of alkyl-diamido zincate bases D was also studied using iodine 

as the electrophile (Scheme 22).43 Zincate bases D, Li[Zn(TMP)2R] with different alkyl 

groups were tested in deprotonative zincation of anisole to compare zincation efficiency.  

A similar production of 2-iodoanisole in reactions with lithium butyl-bis-TMP-zincates 

(D1–D3) suggested the moderate effect in size of alkyl ligands on deprotonative 

zincation. However, D4 gave much higher zincation toward anisole, which was likely to 

be a LiTMP–Zn(TMP)(CH2TMS) mixture instead of a zincate form 

Li[Zn(TMP)2(CH2TMS)]. It is notable that the reaction of anisole with C Li[Zn(TMP)R2] 

only afforded 0–44% yields of 2-iodoanisole, suggesting lower basicity. Furthermore, 

effective zincation and iodination of benzonitrile, pyrimidine, and 2-chlorothiophene 

with D was achieved at room temperature, which has been challenging in deprotonative 

lithiation. The trend of regioselectivity was similar to that of Li[Zn(TMP)tBu2] C1. 
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aZincate base generated in situ using ZnCl2•TMEDA, RLi, and TMPLi 

Scheme 22 Direct C–H zincation and iodination with lithium alkyl diamido zincate 

bases on arenes and heteroarenes and alkyl group effects. 

Through iodination as a trapping method, the deprotonative zincation using E1 

has been comprehensively studied with numerous arenes and heteroarenes by Mongin 

and coworkers (Scheme 23).43-45;62-68 As E1 produced aryl zincate intermediates through 

lithiation followed by trans-metal trapping, it has shown different reactivities compared 

to other zincate bases C and D. For example, in zincation of pyrimidine, E1 allowed 

deprotonation of H-4 with higher regioselectivity (C-4:C-5 = 32:1),44 while C1 and D4 

gave lower regioselectivity (C-4:C-5 = 2.3:137 and 5.8:143, respectively). Moreover, E1 with 

its higher basicity has shown to be capable to double- or triple-deprotonation of arenes 

and heteroarenes by changing its equivalents. Using this controllable deprotonation 

ability of E1, deprotonative zincation and iodolysis has widely utilized to determine and 

calculate C–H acidities in different aromatic systems.65-67;69-75 
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aZincate base generated in situ using the 1:3 mixture of ZnCl2•TMEDA and LiTMP. b1 

equiv of zinc base used. 

Scheme 23 Deprotonative C–H zincation and iodination with the complex of LiTMP 

and ZnTMP2 on arenes and heteroarenes and alkyl group effects. 

Mongin reported asymmetric zincation of ferrocene derivative using zincate 

bases containing chiral amido group, bis(1-phenylethyl)amide (PEA) (Scheme 24). To 

achieve enantioselective zincation of ferrocenes, different class of zincates were screened 

on N,N-diisopropylferrocene carboxamide (Scheme 24, top).76 Lithium dimethyl-amido 

zincate base C4, Li[Zn(PEA)Me2] was first investigated, and it showed excellent 

conversion to the iodinated ferrocene with moderate ee in favor of (S)-enantiomer. 

Changing the base to E2, a mixture of Li(S-PEA)– Zn(S-PEA)2, gave similar yield, but 

low ee in favor of (R)-enantiomer. The reversal of enantioselectivity was explained by 

different zincation mechanism of C4 and E2. Interestingly, reaction with a higher-order 
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zincate, dilithium dialkyl-diamido zincate, F also provided similar yield of the product 

with better ee than that of C4 in favor of (S)-enantiomer, which suggested that the 

zincation mechanism would be closer to that of C4 than E2. Note that the form of F was 

comprehensively studied through multinuclear NMR studies (1H, 13C, and 6Li), which 

showed that the existence of Li2[Zn(PEA)2Me2] at 0 °C rather than LiPEA–

Li[Zn(PEA)Me2]. However, further conditional changes with F didn’t improve the 

enantioselectivity. Later, Mongin utilized double asymmetric induction with chiral 

ferrocene ester and chiral base to achieve higher diastereoselectivity (Scheme 24, 

bottom).77 With the base E2’, the desired diastereomer was obtained with 85% yield with 

91% de. The resulting product was further reduced to (S)-alcohols. 
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aDetermined after reduction using DIBAL-H by HPLC analysis on a chiral stationary 

phase 

Scheme 24 Asymmetric deprotonative zincation of ferrocene derivatives 

 

1.3.2.2 Bromination 

Several examples of bromination in deprotonative zincation have been reported 

(Scheme 25).12;18;21 With neutral zinc-amide bases A2 or B1, 1,2-dibromo-1,1,2,2,-

tetrachloroethane was used as an electrophilic bromine source for purine derivatives12 

and 1,4-dithiins21. Bromine was also shown to be an effective electrophile in 

ZnTMPCl•LiCl mediated functionalization of pyridazin-3(2H)-one derivative.18 
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Scheme 25 Bromination of organozinc intermediates prepared by neutral zinc bases 

1.3.2.3 Halogenations in a zincation mediated cascade reaction. 

Besides direct halogen trapping upon deprotonative zincation, halogenation has 

been utilized in a zinc-mediated alkene difunctionalization (Scheme 26).78 In a 

Newhouse and coworker’s method, N-halosuccinimide was reacted with the alkyl zinc 

intermediate generated by intramolecular anionic cyclization of alkene and zinc enolate 

in A1 ZnTMP2/Zn(OTf)2 mediation. Through this transformation, alkyl chloride, 

bromide, and iodide were synthesized in moderate to good yields.  
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Scheme 26 Alkene difunctionalization via a zinc enolate addition to an alkene 

followed by halogenation 

1.3.3 Carbon–Nitrogen bond formation 

1.3.3.1 Neutral zinc base mediated aminations 

The first deprotonative zincation mediated C–N bond formation was copper-

mediated oxidative amination of heteroarenes (Scheme 27).79-81 The amination was 

achieved through sequential one-pot reactions. With A2 ZnTMP2•2MgCl2•2LiCl as base, 

various heteroarenes were zincated and transmetalated with stoichiometric amount of 

CuCl•2LiCl, affording organocopper intermediates. Upon addition of lithium amide, the 

generated cuprates provided the amination products via oxidation with  

(diacetoxyiodo)benzene. This method has shown to be compatible with metalation-

sensitive bromo group and oxidation-sensitive thioethers, and it included a range of 

amine sources such as tertiary aliphatic amines and anilines. However, arene substrates 

haven’t been explored. 
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Scheme 27 Copper-mediated oxidative amination of heteroarenes by deprotonative 

zincation with A2 

The Wang group has developed copper-catalyzed electrophilic amination via 

deprotonative zincation of arenes and heteroarenes (Scheme 28).82-83 O-benzoyl 

hydroxylamines were used as electrophiles to install various tertiary amines. This 

method initially utilized dibasic A1 ZnTMP2 for deprotonative zincation, providing 

effective amination of arenes and heteroarenes under copper catalysis with exceptional 

functional group compatibility (Scheme 28, top).82 Furthermore, Wang group has 
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demonstrated applicability of the amination with monobasic B1 ZnTMPCl•LiCl, which 

allowed use of one equivalent of substrates and lower catalyst loading while 

maintaining similar yields (Scheme 28, bottom)82-83 One limitation of this transformation 

was inability to access less acidic (hetero)arenes due to usage of neutral zinc bases.  
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Scheme 28 Copper-catalyzed electrophilic amination of electro-deficient arenes and 

heteroarenes by deprotonative zincation with neutral zinc bases 
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The copper-catalyzed electrophilic amination has also been applied to α-

functionalization of phosphonates, phosphine oxides, amides, and esters (Scheme 29).84-

85 In the presence of catalysts [copper(II) chloride/bipyridine], O-benzoyl 

hydroxylamines reacted with organozinc intermediates generated with A1 ZnTMP2. It is 

particularly notable that the transformation allowed reactions with various amine 

sources not only tertiary but also secondary amines. Moreover, mechanistic studies 

revealed the transformation didn’t involve aminyl radical formation.  

 

Scheme 29 A1 mediated α-C–H zincation followed by copper-catalyzed electrophilic 

amination with O-benzoyl hydroxylamines. 

Recently, Knochel reported iron-mediated electrophilic amination of organozinc 

halides using aryl azides.86 The transformation enabled facile synthesis of unsymmetric 
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diaryl amines. Even though this method prepared organozinc reagents separately 

through multiple methods, only one example was included using deprotonative 

zincation followed by amination (Scheme 30). 

 

Scheme 30 Iron-mediated electrophilic amination of pyridazinyl zinc halide with an 

aryl azide. 

1.3.3.2 Anionic zincate base mediated aminations 

With zincate bases,  deprotonative zincation followed by copper-catalyzed 

electrophilic amination has been exploited (Scheme 31).87-88 In Uchiyama and coworker’s 

method,87 deprotonative zincation of arenes with C1 Li[Zn(TMP)tBu2] was employed 

and subsequent reactions with O-benzylhydroxylamine as the primary amine source 

under copper catalysis (Scheme 31, top). Unfortunately, only four examples were 

reported through this sequence since the majority of the method utilized deprotonative 

cupration instead. Moreover, Wang group reported tertiary amination of less acidic 

arenes and heteroarenes as an extension to their amination strategy (Scheme 31, 

bottom).88 For deprotonative zincation of less activated substrates, a zincate base C5 

Li[Zn(TMP)Et2] was chosen as a more practical zincate base, which enables usage of 

commercially available ZnEt2 reagent in preparation. With O-benzoyl hydroxylamines, 



 

42 

various arenes and heteroarenes were aminated effectively and regioselectively. A 

notable contribution of this study in zincate-mediated functionalization was the insight 

into zincation trends through extensive substrate screening, especially with substrates 

that contain two or more possible deprotonating positions. 
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Scheme 31 Copper-catalyzed electrophilic amination of arenes and heteroarenes 

mediated by C–H zincation with zincate bases (C1 and C5) 
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1.3.4 Other transformations (C–P,–S,–O bond formations) 

Deprotonative zincation strategy has also been used to introduce several 

functionalities such as phosphines, sulfurs, and oxygens, yet not extensively studied. 

With heteroaryl zinc intermediate generated by A2 or E1, direct trapping of 

chlorodiphenylphosphine has been reported, suggesting both neutral zinc and zincate 

intermediates were capable to act as nucleophiles in the reaction (Scheme 32).8;44 

 

 

Scheme 32 Direct phosphinylation of heteroaryl zinc intermediates generated by 

deprotonative zincation 

Several carbon–sulfur bond forming reactions have been realized (Scheme 33). 

With A2 ZnTMP2•2MgCl2•2LiCl, the generated bis(2-phenyl-1,3,4-oxadiazolyl) zinc was 

added to a reactive sulfenylating reagent, phenyl benzenethiosulfonate, forming 72% of 

the desired diaryl sulfide [Scheme 33 (a), top].8 The 2-methoxyaryl zincate intermediate 

produced by E1, a reactive nucleophile, was able to attack the less reactive diphenyl 

disulfide at high temperature [Scheme 33 (a), bottom].44 Besides direct trapping of sulfur 

electrophiles, copper-mediated sulfenylation with arylsulfonyl chloride has also been 
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reported [Scheme 33 (b)].89  A part of zincation methods, deprotonative zincation with 

B1 was used for generation of benzoxazolyl zinc chloride. The zinc intermediate was 

then transmetalated with stoichiometric copper, converted to aryl radical, and added to 

in situ generated diaryl disulfide via reduction of arylsulfonyl chloride. 

 

Scheme 33 Diarylsulfide synthesis by deprotonative zincation 

Copper-catalyzed hydroxylation of arenes and heteroarenes has been developed 

by Uchiyama group (Scheme 34).87 Deprotonative zincation with C1 Li[Zn(TMP)tBu2] 

and following addition of copper catalyst and tert-butyl hydroperoxide as the 

electrophile/oxidant provided desired oxygenated products.  
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Scheme 34 Copper-catalyzed hydroxylation of arenes via deprotonative zincation with 

C1 

1.4 Conclusion and perspectives 

With successful development of various zinc–amide bases, deprotonative 

zincation has become an appealing strategy for in situ preparation of organozinc 

reagents because of its capability to directly activate various C–H bonds including 

various Csp3– , Csp2–, and Csp–Hs. Moreover, its usefulness has been demonstrated in 

installation of various functionalities such as carbon, halogen, nitrogen, phosphine, 

sulfur, and oxygen through diverse transformations.  Despite the versatility and great 

potential of this strategy, many heteroatom functionalizations are underexplored.  

Moreover, deprotonative zincation mediated multi-functionalization beyond mono-

functionalization could be another direction for diversified synthesis toward highly 

functionalized molecules. 
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2. Copper-Catalyzed Azidation of Arenes and 
Heteroarenes Mediated by Deprotonative C–H Zincation 

2.1 Synthesis of organoazide compounds via C–H activation 

The azido group is a ubiquitous moiety in synthetic chemistry, medicinal 

chemistry, biology, and material science.90 For example, in synthetic chemistry, organic 

azides act as precursors to various nitrogen-containing groups such as amines, imines, 

aziridines, aza-ylide, and triazoles.91 Recently, azides have garnered significant attention 

because of their role in click chemistry. In particular, they can be used as a ligation tool 

through copper catalyzed azide-alkyne cycloaddition (CuAAC)92-93 or the Staudinger 

ligation,94-95 even in biologically relevant conditions. The robustness and efficiency of 

these reactions has led to its use in numerous applications.90;94;96-97  

With the importance of the azido group, many methods have been reported to 

achieve arene azidation as valuable fundamental sources. Most arene azidations have 

relied on pre-functionalized arenes, but this pre-functionalization requires at least an 

additional synthetic step and limits the available substrates. For instance, aniline 

derivatives have been used as conventional precursors for azidation, either by diazo 

transfer98-100 or diazotization and subsequent azidation101-104. To avoid pre-

functionalization and increase functional group compatibility, directed C–H azidation 

methods have been developed (Scheme 36).105-110 For example, transition metal-catalyzed 

C–H azidations under oxidative conditions have been published [Scheme 36 (a)].108-110 

However, these methods require specific directing groups such as primary amines or 
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nitrogen containing heteroarenes for regioselective ortho-C–H azidation. Metal-free 

oxidative azidation have been achieved, yet only applicable to quinoline N-oxide 

substrates [Scheme 35 (b)].111  Directed ortho-lithiation followed by azidation with tosyl 

azide has been reported, but has a limited substrate scope because of the intrinsic 

problems of organolithium compounds [Scheme 35 (c)].105-106  

 



 

49 

 

Scheme 35 Regioselective C–H azidation of arenes and heteroarenes 
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2.2 Copper-catalyzed azidation of arenes and heteroarenes 
mediated by deprotonative C–H zincation 

Toward rapid and step-efficient access to azidoarenes, it is highly desirable to 

develop a novel C–H azidation method featuring broad substrate scope and high 

functional group compatibility. Hence, we envisioned it could be achieved via C–H 

zincation of (het)aromatic compounds, followed by azidation with a copper catalyst 

[Scheme 35 (d)].45-112 

2.2.1 Optimization of reaction conditions 

To examine the proposed azidation, we chose N-methylbenzimidazole (1a) as the test 

substrate and Zhdankin’s azidoiodinane (2)113 as a dual function of an electrophilic azide 

and oxidant. Initially, we tested the proposed azidation by zincation of N-

methylbenzimidazole (1a) with 1.1 equiv of ZnTMPCl•LiCl and subsequent azidation 

using 3 equiv of the azide reagent (2) and 10 mol% of Cu(II) acetate at 0.05 M 

concentration. Under these conditions, we obtained 77% yield of 2-azido-1-

methylbenzimidazole (3a) (entry 1, Table 1). To improve the yield of the desired 

product, we first screened catalyst loading of Cu(OAc)2 (entries 1–3), noting that 

increased catalyst loading did not improve the yield. We then increased the reaction 

concentration from 0.05 M to 0.1 M, which improved the yield slightly. Thus, we 

established the reaction concentration to 0.1 M (entry 4). To improve zincation efficiency, 

the equivalence of zinc base ZnTMPCl•LiCl was increased from 1.1 to 1.5, and 
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correspondingly the yield increased from 80% to 86% (entry 5). Despite of this small 

difference, we decided to use 1.5 equivalents of base as it provided higher deprotonation 

yields in other tested substrates. Next, we examined the reaction with different copper 

catalysts (entries 5–9). Compared to Cu (I) acetate, Cu (II) acetate produced better yield 

of the product. Other copper (II) catalysts gave similar yields, but the most soluble 

Cu(eh)2 gave the best results (entry 9). We then tested different loadings of azide reagent 

2 (entries 9–10), but decreasing the amount of azide reagent caused a significant 

decrease in product formation. Therefore, we selected the reaction conditions of entry 9 

in Table 1 as the standard conditions for azidation. 

 

Table 1 Optimization of reaction conditions for C–H azidation 

 

entry base (equiv) 2 (equiv) catalyst equiv conc. (M) yield (%)a 

1 1.1 3.0 Cu(OAc)2 0.3 0.05 70 

2 1.1 3.0 Cu(OAc)2 0.2 0.05 71 

3 1.1 3.0 Cu(OAc)2 0.1 0.05 77 

4 1.1 3.0 Cu(OAc)2 0.1 0.1 80 

5 1.5 3.0 Cu(OAc)2 0.1 0.1 86 

6 1.5 3.0 CuOAc 0.1 0.1 69 

7 1.5 3.0 Cu(acac)2 0.1 0.1 87 

8 1.5 3.0 Cu(OTf)2 0.1 0.1 83 
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9 1.5 3.0 Cu(eh)2 0.1 0.1 90 (89)b 

10 1.5 2.0 Cu(eh)2 0.1 0.1 74 

11 1.5 1.0 Cu(eh)2 0.1 0.1 2 

aYields were determined by 1H NMR spectroscopy with dibromomethane as an internal 

standard. bIsolation yield in parenthesis. 

2.2.2 Scope of arenes and heteroarenes 

With the standard reaction conditions in hand, we tested representative arenes 

and heteroarenes that have an acidic proton (pKa < 37) and various functional groups to 

confirm the generality and functional group compatibility of this azidation method  

(Scheme 37). In all the tested substrates, azide was successfully installed at the most 

acidic position achieving exclusive regioselectivity. Sensitive functional groups such as 

cyano-, nitro-, and halogen (F, Cl, Br) groups as well as various heteroarenes including 

benzimidazole, benzoxazole, pyridazine, and pyridine were compatible in this reaction.  
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Isolated yields shown. aZincation step performed at 50 °C for 2 h. 

Scheme 36 Copper-catalyzed C–H azidation of electron-deficient arenes and 

heteroarenes mediated by deprotonative zincation using neutral zinc base 

 

Upon a successful demonstration of our azidation method in electron-deficient 

arenes and heteroarenes, we turned our attention to expanding the substrate scope to 

less acidic arenes. Toward this, we chose a zincate base LiTMP0.1Li[Zn(TMP)Et2] as it has 

been shown as an effective base for zincation of less acidic arenes and heteroarenes (pKa 

< 44).88 We then selected representative less acidic arenes and heteroarenes that cannot 

be deprotonated by TMPZnC•LiCl, and they all smoothly underwent zincation followed 
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by azidation under standard conditions showing moderate yields (Scheme 38). Note that 

only 1.0 equivalence of base was necessary for most substrates except the electron-rich 

dimethoxybenzene. Exclusive regioselectivity was also achieved in all substrates. Ortho-

directed C–H azidation was achieved in substrates containing strong directing group 

such as amide, nitrile, and ether (3g–i). Substrates with the absence of a strong directing 

group underwent azidation at the most acidic position (3j–l). Due to the instability and 

volatility of 2-azido-1-fluoro-4-vinylbenzene 3k, Cu-catalyzed azide-alkyne 

cycloaddition (CuAAC) reaction with the crude azidated product and 1-heptyne was 

conducted to obtain a 40% isolation yield over 2 steps. 
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Isolation yields shown. aBase contains catalytic amount of LiTMP (0.1 equiv). bZincation 

step with base (1.4 equiv) run for 3 h. cYield based on the triazole derivative upon its 

cycloaddition reaction with 1-heptyne. 

Scheme 37 Copper-catalyzed C–H azidation of less acidic arenes and heteroarenes 

mediated by deprotonative zincation using zincate base. 

 

2.2.3 Late stage functionalization 

We confirmed the applicability of this method for late-stage modification by 

functionalizing a derivative of sertraline, a selective serotonin reuptake inhibitor (SSRI) 

that is commonly used as an anti-depressant drug. With Boc-protected sertraline used 

for azidation, we found that the azido group was regioselectively installed adjacent to 
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the chloro-group in 64% yield [Scheme 39 (a)]. Furthermore, we confirmed the ability to 

derivatize the azidated product 3m, directly from the crude azidation reaction mixture, 

using CuAAC reaction with 1-heptyne to form triazole 3ma or using the Staudinger 

reaction to form the primary amine 3mb in 57% and 59% yields, respectively [Scheme 38 

(b)]. 

 

 

Scheme 38 Late-stage functionalization of N-Boc-sertraline 
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2.3 Conclusion 

In summary, a copper-catalyzed azidation of arenes mediated by zincation has 

been developed. The conditional utilization of two complementary zinc bases allowed 

for a selective C–H zincation followed by copper-catalyzed azidation on a range of 

arenes and heteroarenes including a bioactive complex compound, N-Boc sertraline in 

good yields. Given the high functional group compatibility and exclusive 

regioselectivity, this method offers an attractive, complementary azidation method, 

overcoming the previous limitation of narrow substrate scope and restrictive directing 

groups. 
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3. Difunctionalization of Arynes Generated from Aryl 
triflates Mediated by C–H Zincation 

Poly-substituted arenes are prevalent in medicine,114-115 natural products, and 

functional materials.116 Often, functional groups on arenes are directly related to their 

functions. To access poly-functionalized arenes, it is desirable to introduce multiple 

bond formations in one step rather than individual stepwise functionalization, which 

can be cumbersome or circuitous. In particular, multi-component difunctionalization  

 

Figure 2 Selected examples of poly-substituted arenes in pharmaceuticals and 

agrichemicals 
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using readily available starting materials would offer greater flexibility and efficiency in 

divergent synthesis. For instance, Catellani reactions have developed as an effective 

approach for ortho-difunctionalization of arenes (Scheme 40a).117-123 It utilizes readily 

accessible aryl bromides/iodides and achieve simultaneous installation of two functional 

groups using a nucleophile and an electrophile under palladium and norbornene 

catalysis. This strategy is particularly useful in carbon–carbon bond formations with 

various carbon functional groups, but it allows only limited heteroatom functional 

groups incorporation. 

 Aryne chemistry is another attractive approach for vicinal difunctionalization of 

arenes that allows introduction of diverse functional groups.124-129 Although the 

functionalization of arynes has been well studied, most transformations use double pre-

functionalized aryne precursors130-135 (e.g. ortho-silyl aryl triflates)136-142, which demand 

several steps of preparation. A few studies have utilized mono-functionalized aryne 

precursors such as aryl halides; however, functional group tolerability is impaired due 

to harsh reaction conditions (i.e., alkyl lithium or lithium–amide as a base) of the aryne 

generation step and the resulting unstable intermediate (i.e., organolithium) (Scheme 

40b).143-145. Even though diverse heteroatom electrophiles have been utilized, restriction 

to SN2-type electrophile trapping method limited the scope in carbon electrophiles.  
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Scheme 39 Current methods for three-component difunctionalization of arenes 

staring from aryl (pseudo)halides 

 To overcome these issues, we postulated the strategy of a generalized method for 

1,2-difuctionalization of arynes generated from readily available aryl triflates via C–H 

zincation, followed by elimination of O-triflate (Scheme 40c). 
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Utilization of zincate base would provide milder reaction conditions for aryne 

generation with high functional group tolerance, and the organozinc intermediate 

formed upon addition of nucleophile would enable a broad range of electrophilic 

functionalizations via transition-metal catalyzed cross-couplings as well as SN2-type 

elctrophile trappings. 

3.1 Ortho-Difunctionalization of arynes by Li[Zn(TMP)Et2]-
mediated deprotonative zincation/elimination of aryl triflates 

3.1.1 Demonstration of aryne generation using Li[Zn(TMP)Et2] 

We began our study seeking a proper zincate base for aryne formation. The alkyl 

substituents in Li[Zn(TMP)R2] have been shown to differ in reactivity in generation of 

arynes.38-39 In these previous studies, reaction of Li[Zn(TMP)Me2] and aryl bromides 

formed arynes, showing high tolerance to ortho-bromo substituent, which was not the 

case with Li[Zn(TMP)tBu2]. Therefore, we wondered the reactivity of Li[Zn(TMP)Et2] in 

aryne formation from aryl triflates as it showed high compatibility to fluoro-, chloro-, 

and bromo-substituted arenes in our previous study.88 We chose aryl triflates as aryne 

precursors because O-triflate is more a susceptible leaving group and stronger directing 

group than halides. The [4+2] cycloaddition reaction with 1,3-diphenylisobenzofuran 

was tested to prove in-situ generation of aryne from the reaction with Li[Zn(TMP)Et2] 

and phenyl triflate 4a (Scheme 41). The result showed successful formation of 

cycloadduct 5a in 90% yield, suggesting aryne generation from aryl triflate via 
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deprotonative zincation and elimination of triflate. Note that a common side reaction, 

thia-Fries rearrangement, was not observed.  

 

aBase contains catalytic LiTMP (0.1 equiv). 

Scheme 40 Initial testing for Li[Zn(TMP)Et2] mediated benzyne formation using 

Diels-Alder reaction 

 

3.1.2 Difunctionalization of generated arynes 

To further demonstrate the efficiency and regioselectivity of Li[Zn(TMP)Et2] mediated 

aryne formation, we used [4+2] cycloaddition reaction with different substituted aryl 

triflates 4a–f (Table 2). All tested aryne precursors proceeded and gave the desired 

cycloadducts 5a–f in moderate to good yields. It is notable that deprotonation and aryne 

formation occurs differently in 3-substituted aryl triflates depending on the substituent 

(4b, 4d, and 4e). The deprotonation of electron-rich 3-methoxy phenyl triflate 4b 

happened at C-2 position through directing effect of methoxy group, and it led to 2,3-
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aryne formation. In the 3-trifluoromethyl phenyl triflate 4d, the base deprotonated at the 

most acidic and accessible C-4 position, affording exclusive 3,4-aryne formation. Cyano-

substituent 4e, gave aryne regioisomers (2,3- :3,4-aryne = 3 :1), suggesting partial 

directing effect of cyano-group in the deprotonation step. Gram-scale (4.0-mmol) 

reaction of 4b gave similar yield of 5b compared to small scale (0.2-mmol), showing the 

capability of this transformation in large-scale synthesis. Therefore, we confirmed that 

the zincate base, Li[Zn(TMP)Et2] enables formation of diverse aryne intermediates 

through the ortho-deprotonative zincation and elimination reaction of aryl triflates. 
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Table 2 [4+2] cycloaddition reaction with arynes formed by Li[Zn(TMP)Et2] 

 
Isolation yields. Reactions on 0.2-mmol scale. aBase contains catalytic LiTMP (0.1 equiv). 
bReaction on 4.0-mmol scale. cMajor product. 1H-NMR spectrum of the crude mixture 

shows a 3:1 product mixture of two isomers. 
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We further examined another common aryne-urea insertion reaction to check the 

compatibility of our system (Scheme 42), since zincate-mediated aryne formation has 

only been demonstrated through Diels-Alder reaction. Corresponding arynes from the 

representative aryl triflates (4a, 4b, and 4d) were inserted to 1,3-dimethyl-2-

imidazolidinone in the standard aryne formation conditions and gave the desired 

products 6a–c. Acyclic tetramethyl urea was also reacted with generated 3-

methoxybenzyne to afford the adduct 6d.  

Isolation yields. Reactions on 0.2-mmol scale. aBase contains catalytic LiTMP (0.1 equiv). 
bThe major isomer shown, and regioselectivity determined by 19F-NMR of the crude 

reaction mixture. 

Scheme 41 Urea insertion reaction with arynes formed by Li[Zn(TMP)Et2] 

During investigation on the urea insertion reactions, we found ethyl addition 

byproduct, suggesting ethyl group migration from Li[Zn(TMP)Et2] to the aryne. To 

study this reaction pathway, a control experiment was performed using 2.0 equiv of 
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Li[Zn(TMP)Et2] on 4b in the absence of an external arynophile and gave 40% of 

ethylation 7aa and 25% of TMP-addition 7ab (Scheme 43). Note that actual yield of 

ethylation is expected to be higher than 40% considering volatility of 7aa. This result 

indicated that the zincate Li[Zn(TMP)Et2] served not only as a base but also as a 

nucleophile, resulting in undesirable byproducts. Thus, we sought to find a proper 

zincate base that enables effective aryne generation with no significant side reactions.  

 

aBase contains catalytic LiTMP (0.1 equiv). 

Scheme 42 Tandem nucleophilic ethylation and electrophilic trapping reactions of 

aryl triflate via aryne intermediate 

However, we decided to utilize this ethylation for proof-of-concept study on the 

three-component arene difunctionalization which followed the sequence of: Li[ZnEt2 

(TMP)] mediated aryne generation, followed by attack of a zincated nucleophile (ethyl 

group in this case), then subsequent electrophilic capture using various electrophiles. 

Through various electrophile screening, we demonstrated the feasibility of the 

transformation (Scheme 44). Carbon–carbon bond formations successfully proceeded via 

copper-catalyzed methylation (7b) and allylation reaction (7c), palladium-catalyzed 

arylation (7d). Moreover, heteroatoms were also installed via simple iodine trapping 
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(7e), and copper-catalyzed amination (7f) and azidation (7g). These initial studies 

suggested the promising potential of our proposed strategy, especially in the rapid and 

modular construction of important and diversely functionalized aromatic derivatives. 

 

aBase contains catalytic LiTMP (0.1 equiv). 

Scheme 43 Proof-of-concept studies on ethyl difunctionalization of 4-methoxyphenyl 

triflate 4b with various electrophiles 

3.2 Three-component amino-difunctionalization of aryl triflates 

With the confirmation of feasibility of the three-component arene 

difunctionalization strategy, we pursued development of the arene amino-
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difunctionalization method toward a modular and robust access to diversely 

functionalized aminoarenes that are precious in pharmaceuticals and agrochemicals. 

3.2.1 Optimization of 1,2-amino-difunctionalization of aryl triflates 

In preliminary experiments, we chose N-methyl aniline as a nitrogen nucleophile 

and iodine as an electrophile to find the standard conditions for the amino 

difunctionalization of aryl triflates (Table 3). First, we used the zincate complex 

Li[Zn(NMePh)TMP2] for dual role as a base for aryne generation and a nucleophile, 

according to the previous study with Li[Zn(TMP)Et2]. The amino-iodination reaction of 

phenyl triflate 4a using 2 equivalents of Li[Zn(NMePh)TMP2] provided the desired 

product 8a in 9% yield (entry 1). Besides the product 8a, a significant formation of S4 

was observed by direct addition of N-methyl aniline to phenyl triflate 4a. We postulated 

that the potential equilibrium between Li[Zn(NMePh)TMP2] and LiNMePh + ZnTMP2 

causes slow deprotonation of phenyl triflates, leading a sluggish benzyne formation. To 

our delight, we found that using Li[Zn(nBu)TMP2] as the base suppressed S4 formation 

dramatically and gave 8a in 50% yield (entry 2). In these conditions, side products S5 

and S6 were found, respectively caused from competing nucleophilic addition of TMP 

group or generated aryl zinc intermediate to benzyne. We then tested differently 

metalated nucleophiles (entries 3–4). Reaction with more nucleophilic lithiated form, 

LiNMePh, gave increased yield of 8a, whereas reaction with less reactive neutral zinc 

form failed to generate benzyne, likely due to decreased basicity caused by ligand 
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exchange between two zinc species (base and nucleophile). We also screened other zinc 

bases with LiNMePh as the nucleophile (entries 5–7). Less basic Li[Zn(TMP)Et2] and 

ZnTMP2 failed at benzyne generation and outcompeting undesired direct reaction with 

4a and nucleophile. The tri-TMP-zincate, which would be  present as LiTMP and 

Zn(TMP)2 in the reaction, showed its capability to form the desired product, yet lower in 

yield (entry 6). 

Table 3 Evaluation of bases and aniline nucleophile forms for aminoiodination of 8a 

 

e

entry M–NMePh Base 

yield (%)a 

8a S4  S5  S6  4a  

1 Li[Zn(NMePh)TMP2] Li[Zn(NMePh)TMP2] 9 81 – – – 

2 Li[Zn(NMePh)TMP2] Li[Zn(nBu)TMP2] 50 – 6 7 – 

3b Li–NMePh Li[Zn(nBu)TMP2]  71 1 5 7 – 

4 Zn(NMePh)2 Li[Zn(nBu)TMP2] – 3 – – 86 

5 Li–NMePh Li[Zn(Et)2TMP] – 51 – – 22 

6 Li–NMePh Li(ZnTMP3) 47 – 7 4 – 

7 Li–NMePh ZnTMP2 – 53 – – 40 

aYields determined by 1H NMR of the crude reaction mixture with dibromomethane as 

an internal standard. bChosen as the standard conditions. See more comprehensive 

screening in Section 3.4.1. 
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3.2.2 Scope of 1,2-amino-difunctionalization 

Having established standard conditions for amino-difunctionalization of aryl 

triflate (entry 3, Table 3), we explored the scope of aniline nucleophiles using amino-

iodination of phenyl triflate 4a (Scheme 45). First, N-ethylaniline acted as a nucleophile 

effectively and gave 8b in 58% yield. However, the reaction with bulkier N-

isopropylaniline afforded 8c in low yield, showing that increased size of aniline hampers 

the addition of nucleophile to benzyne. We next examined para-substituted N-methyl 

anilines to evaluate their electronic effects and functional group tolerance. The reaction 

with 4-methoxy-N-methyl aniline provided 8d in 40% yield, along with formation of a 

substantial amount of side product Tf–NMeAr caused from increased nucleophilicity. In 

contrast, electron-withdrawing 4-trifluoromethyl-N-methyl anilines worked smoothly 

giving the desired iodoaniline 8e in 72% yield. Moreover, we confirmed good functional 

group tolerance through the reactions with N-methyl anilines bearing sensitive 

functional groups such as nitrile (8f), ester (8g), fluoride (8h), chloride (8i), and even 

reactive bromide (8j). The scalability of this transformation was also proved as seen in 

the formation of 8j on an increased reaction scale. The heteroarene-containing product 

8k was also formed by using 4-(methylamino)pyridine as a nucleophile. Even less 

nucleophilic diarylamines delivered products 8l–8n smoothly, which enables rapid 
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synthesis of triarylamine derivatives containing various aryl groups, including 

biologically valuable carbazole moiety. 

Isolation yield shown on 0.2-mmol reaction. aReaction run on 1.0-mmol reaction. 

Scheme 44 Aminoiodination of phenyl triflate with various aniline nucleophiles 

We then desired to extend the nucleophile scope to aliphatic amines in this 

amino-difunctionalization strategy. However, under the standard conditions using 

highly nucleophilic aliphatic amines as their lithiated forms increased the level of an 

undesired nucleophilic addition to triflate. In order to prevent this side reaction, we 

used the zincate complex Li[Zn(NRR’)TMP2] as both nucleophile and base. Under these 

modified reaction conditions (entry 8, Table 7, Section 3.4.2), we tested a series of cyclic 
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and acyclic amines in the aminoiodination reaction of phenyl triflate 4a (Scheme 46). 

Different ring sized cyclic amines such as piperidine, azepane, and azocane reacted 

smoothly providing the desired anilines in moderate yields (8o–8q). Pyrrolidine or 

smaller-sized cyclic amines, however, were not tolerated in this reaction. Tetramethyl 

piperidine (TMP) was capable of addition to benzyne allowing formation of 8r in 40% 

yield. Additionally, N-phenyl piperazine, a valuable pharmacophore, was found to be 

effective to provide 8s. Acyclic amines were also examined with formation of the desired 

products 8t–8w. In the reaction of diisopropyl amine, an increased nucleophile 

equivalence in the zincate form, Li[Zn(NiPr2)2TMP], was used to out compete the 

undesired TMP addition, albeit low in yield. It is notable that N,N-diallyl-2-iodoaniline 

8w can be readily transformed to the primary aniline by deprotection of allyl group. 
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Isolation yield shown on 0.2-mmol reaction. aLi[Zn(iPr)2TMP] used instead of 

Li[Zn(iPr)TMP2]. 

Scheme 45 The scope of aliphatic amines in aminoiodination of phenyl triflate 

 We next applied this cascade difunctionalization in different aryl triflates using I2 

or MeOH as the electrophile in the amino-iodination 9 or hydroamination 10 (Table 4). 

The reaction with 3-methoxyphenyl triflate 4b affords single regioisomers of 9b and 10b 

yet low in yields, presumably due to higher reactivity of methoxybenzyne causing more 

TMP addition byproduct. Methyl-substituted phenyl triflate 4g underwent aryne 

formation and provided desired products 9c and 10c regioselectively, showing 

nucleophile addition preferred at the less hindered 3-position. Naphthyl triflate 4f was 

also a viable substrate to provide regioselective amino-difunctionalization products 9d 
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and 10d. Furthermore, we wanted to employ this transformation to 2-TMS-aryl triflates 

which are commonly used as aryne precursors in fluoride-induced aryne generation. To 

compare with simple aryl triflates, corresponding 2-TMS-aryl triflates 4h–4k were 

chosen. In their amino-difunctionalization reaction, the TMS group was inert and 

provided the desired products 9e–h and 10e–h with exclusive regioselectivity due to its 

bulkiness. Moreover, the reaction with 3-methoxy-2-TMS phenyl triflate 4i gave higher 

yields of products compared to that of 3-methoxyphenyl triflate 4b, suggesting that TMS 

group helped suppress the side reaction via steric and electronic effect. Thus, TMS 

group can serve as a transient directing group for high regioselectivity, as it is easily 

removable under acidic conditions (9f’–9h’). 
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Table 4 The scope of aryl triflates in amino-difunctionalization 

 
Isolation yields and major isomer shown. r.s., regioselectivity determined by 1H-NMR 

analysis of the crude mixture. aDesilylation performed with crude 9f, 9g, or 9h using 

excess TFA at 50 °C.  
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 We then assessed the scope for electrophiles to prove the broad applicability of 

organozinc intermediate (Scheme 47). Direct iodination 8a and bromination 11b were 

achieved using I2 or NBS, respectively. Cobalt-mediated reaction with diphenyl disulfide 

gave the sulfide 11c. Copper-catalyzed hydroxylation was also effective and provided 

the phenol 11d albeit in low yield. Aminations including secondary and primary amines 

were smoothly installed in the presence of a copper catalyst, giving diamination 

products 11e–11f. The organozinc underwent copper-catalyzed azidation as discussed 

above in Chapter 2. Besides diverse heteroatoms, carbon functionalities were also 

installed successfully. Through different transition metal catalysis, a variety of carbon–

carbon bonds were formed, including Ni-catalyzed reaction with aldehydes (11h), Cu-

catalyzed allylation (11i) and alkylation (11j), Pd-catalyzed arylation (11k) and 

vinylation (11l), and Cu-catalyzed alkynylation (11m). The coupling reactions here were 

adapted with only slight or no modification from original reaction conditions, which 

emphasizes the adaptability of organozinc intermediate. The generality of this method 

on a broad range of electrophiles demonstrates its great potential for accessing highly 

functionalized aminoarenes in a modular manner. 
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Isolation yields shown. See reaction conditions in Appendix C2.2 

Scheme 46 A broad scope of electrophiles suitable in modular amino-

difunctionalization of phenyl triflate.  
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In addition to three-component difunctionalization, we pursued this method in 

synthesis of carbazole derivatives (Scheme 48). Carbazole is an important skeletons 

especially in pharmaceuticals, exhibiting a wide range of biological activities upon 

structural modifications.146-147 Diverse carbazole derivatives 12a–12e were synthesized 

effectively through nucleophilic addition of 2-bromo-N-methyl aniline to in-situ 

generated arynes and subsequent intramolecular palladium-catalyzed arylation.   

Isolation yield and major isomer shown. r.s., regioselectivity determined by 1H NMR 

analysis of the crude mixture. aNot isolated. Yield determined by 1H NMR analysis with 

dibromomethane as an internal standard. bYield over two steps from aryl triflate. 

Desilylation performed with crude 12d using TFA (excess) at 50 °C. 

Scheme 47 One-step synthesis of carbazole derivatives from various aryl triflates 
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3.3 Conclusion 

In summary, we demonstrated Li[Zn(TMP)Et2] mediated deprotonative zincation and 

aryne formation for arene difunctionalization through [4+2] cycloaddition and urea 

insertion reaction. Based on finding of ethyl addition to aryne in the reaction of this 

zincate base, we confirmed feasibility of three-component difunctionalization of arynes 

generated from aryl triflates.  Finally, 1,2-amino-difunctionalization reaction of aryl 

triflates was developed. This method used anilines and aliphatic amines as nucleophiles 

along with versatile installation of halides, sulfurs, oxygens, nitrogens, and carbons as 

electrophiles. These reactions afford a direct and modular access to diversely 

functionalized aminoarene skeletons that are prevalently valuable in organic synthesis, 

medicine and agrochemicals. 
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3.4 Supplementary  Information 

3.4.1 Condition optimization with N-methyl aniline as an aniline 
nucleophile 

Table 5 Extensive evaluation of bases and aniline nucleophile forms for 

aminoiodination of 4a 

 

entry M–NMePh Base  
1a 

(%)a 

2a 

(%)a 

5a 

(%)a 

S3 

(%)a 

S4 

(%)a 

S5 

(%)a 

S6 

(%)a 

1 Li–NMePh LiZn(nBu)TMP2   71  1 7 5  

2 Li–NMePh LiZn(Et)2TMP 22   51    

3 Li–NMePh LiZnTMP3  47   4 7  

4 Li–NMePh ZnTMP2 40   53    

5 Zn(NMePh)2 LiZn(nBu)TMP2 86   3    

6 LiZn(NMePh)TMP2 LiZn(nBu)TMP2 50    7 6  

7 Zn(NMePh)2 Li–nBu 85       

8 Zn(NMePh)2 Li–TMP 90  1     

9 Li–NMePh Li–nBu   1 74    

10 Li–NMePh Li–TMP 18   52    

11b Li–NMePh Li–nBu    93    

12b Li–NMePh Li–TMP   32 15   56 

aYields determined by 1H NMR of the crude reaction mixture with dibromomethane as 

an internal standard. bAryne formation and nucleophilic substitution was performed at 0 

°C for 0.5 h. 
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Table 6 Optimization of hydroamination on phenyl yriflate 4a to suppress double 

addition byproduct S7 formation. 

 

entry 

Step ii Step iii Yield (%)a 

ratio 

5a : S7 

temp1 

(°C) 

time1 

(min) 

temp2 

(°C) 

time2 

(min) 5a  S7 

1 0 30 0 30 61 9 6.8 : 1 

2 rt 30 0 30 63 9 7.0 : 1 

3 –20 30 –20 → 0 30 64 7 9.1 : 1 

4 –78 15 –78 → 0 30 59 6 9.8 : 1 

5 –78 15 –78 Ÿ 0 60 66 (64)b 6 11.0 : 1 

6 –78 15 –78 → –20 60 65 6 10.8 : 1 

7 –78 15 –78 → rt 60 60 7 8.6: 1 

aYields determined by 1H NMR of the crude reaction mixture with dibromomethane as 

an internal standard. bIsolation yield. 

 

3.4.2 Condition optimization with piperidine as an aliphatic amine 
nucleophile 

Table 7 Condition optimization with piperidine as an aliphatic amine nucleophile 

using aminoiodination of 4a 
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entry x (equiv) temp (°C) time (h) 8o (%)a S7 (%)a 4a (%)a 

1 1.0 0 0.5 17 11 31 

2 1.2 0 0.5 30 21 34 

3 1.5 0 0.5 34 25 25 

4 2.0 0 0.5 52 29 trace 

5 2.2 0 0.5 57 25 – 

6 2.2 –20 0.5 54 8 38 

7 2.2 –20 2.0 52 22 12 

8 3.0 0 0.5 68 (67)b 9 – 

9 3.0 –20 0.5 61 5 11 
aYields determined by 1H NMR of the crude reaction mixture with dibromomethane as 

an internal standard. bIsolation yield.  

 

3.4.3. Representative experiments on probing the electrophile 
capturing step of zincate intermediates  

The control experiments were performed to probe the electrophilic coupling 

reactions of the organozincates in the presence or absence of the catalysts (Scheme 48). 

The results below suggested the zincate intermediate resulting from the nucleophilic 

addition does not behave in a similar manner as organolithium or Grignard-type 

reagents, and the transition metal-catalysts were required for the electrophilic capture 

steps of organozincates intermediate in Scheme 47.  
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Scheme 48 Aldehyde addition and methylation of in situ generated arylzincate 

intermediate in presence/absence of catalyst 
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4. Modular Three-Component Method for 1,2-
Disubstituted Cyclohexenes via Cyclohexynes from 
Cyclohexenyl O-Triflates 

4.1 Synthesis of 1,2-disubstituted cyclohexenes 

Highly functionalized cyclohexenes are fundamental structural moieties in 

natural products, and pharmaceuticals (Figure 3). Moreover, alkenes are advantageous 

 

Figure 3. Representative 1,2-disubstituted cyclohexenes in natural products and 

pharmaceuticals 
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in their versatility as a synthetic starting point. In particular, 1,2-disubstituted 

cyclohexene is a valuable synthon to build quaternary carbons. To access such moieties 

in a single step, Diels-Alder [4+2] cycloaddition reaction has been used in many cases.148 

Although this transformation offers the regioselective construction of cyclohexenes, 

preparation of the reactants (a diene and a dienophile) often requires multiple synthetic 

steps. In terms of the construction of highly substituted cyclohexenes, RCM (ring closing 

metathesis) of 1,6-dienes and [2+2+2] cycloaddition of dienynes149 have been developed. 

However, the fact that these reactions can be achieved mainly in intramolecular fashion 

limits the scope of reactants.  

Toward modular and step-efficient access to 1,2-disubstituted cyclohexene as a 

valuable moiety and a useful building block, it is highly desirable to have the general 

intermolecular methods for 1,2-disubstituted cyclohexenes (Scheme 49). Recently, the 

Dong group reported alkenyl Catellani reaction as a modular approach for tetracarbon-

substituted alkenes [Scheme 49 (a)].150 This method featured regioselective 

intermolecular multicomponent reactions starting from alkenyl O-triflates via 

palladium/norbornene catalysis. The usage of readily available alkenyl O-triflates, easily 

synthesized from corresponding ketones, reduced excessive synthetic burdens. This 

research, however, has only focused on carbon–carbon bond formations. 

Intermolecular difunctionalization of alkynes has been a general method for 

acyclic 1,2-disubstituted alkenes.151-160 It has been challenging to apply this method for 
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small-sized cycloalkenes because of their high reactivity and low accessibility to their 

corresponding cycloalkynes. Ever since the presence of the cyclohexyne intermediate 

had validated, 161-162 much efforts have devoted to the generation methods of 

cyclohexynes to utilize such a highly reactive, yet worthwhile species.163-168  

 

Scheme 49 Divergent synthesis of 1,2-disubstituted cyclohexenyl-containing 

skeletons from existing cyclohexene templates 

The development of multi-component cyclohexyne-mediated transformations for 

the synthesis of versatile and complex molecules remains challenging due to high 

reactivity of such short-lived strained cyclohexyne intermediates. Therefore, it has been 

rarely used in synthesis of complex molecules169, and only explored its function as a 

cycloaddition partner164;167-171, otherwise used for monofunctionalized cyclohexenes 

through nucleophilic addition163;165-166;172 [Scheme 49 (b), top].  
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4.2 Three-component difunctionalization of cyclohexenyl 
triflates via cyclohexyne intermediates 

Despite these challenges, small-ring sized cycloalkynes represent great 

potential as highly reactive and attractive intermediates to provide a direct access 

to novel and diverse tetra-substituted cyclohexenes. Herein, we report the 

intermolecular three-component 1,2-difunctionalization of cyclohexynes with previous 

experience in aryne functionalization [Scheme 49 (b), bottom]. The transformation was 

designed and achieved through the following sequences: deprotonative generation of 

cyclohexynes from cyclohexenyl triflates, subsequent carbozincation giving organozinc 

intermediates followed by electrophile trapping via various transformations including 

SN2-type reactions and transition-metal-catalyzed reactions. We envisioned that 

employing organozinc intermediates allows installation of a broad range of functional 

groups not only carbon functional groups but also heteroatoms including azide, amines, 

and halides. 

4.2.1 Optimization of reaction conditions using hydrophenylation for 
carbo-difunctionalization of cyclohexenyl triflate 

To optimize the reaction conditions, we surveyed different forms of base and 

nucleophile using hydrophenylation of cyclohexenyl triflate 13a as the model substrate 

and methanol as a proton source (Table 8). This initial run using Li[Zn(TMP)Ph2] as base 

and nucleophile provided promising results showing the desired hydrophenylation 

product in 34% yield (entry 1). Since roughly half amount of cyclohexenyl triflate 1a 
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didn’t reacted, we tested the reagent bearing two equivalents of basic species (TMP) in 

the zincate form, Li[Zn(TMP)2Ph] to promote cyclohexyne formation (entry 2). Using 

this reagent, 13a was fully consumed while significant byproduct S9 was observed, 

suggesting excess TMP become a nucleophile and compete with the phenyl nucleophile. 

Another zincate form Li(ZnPh3) was also examined for difunctionalization as both of a 

base and a nucleophile, but it only partially reacted with cyclohexenyl triflate directly 

providing phenyl trifluoromethylsulfone S10 due to its poor basicity (entry 3). We then 

decided to use a base and nucleophile separately instead of using a reagent that can 

serve as both a base and nucleophile. We kept Li[Zn(TMP)Ph2] as the nucleophile and 

used stronger base LiTMP, and the reaction conditions provided 73% yield of the 

hydrophenylation product 14a and 13% yield of TMP addition product S9 (entry 4). 

Usage of other zincate nucleophiles without a TMP ligand decreased the formation of S9 

but was not as efficient in formation of 14a (entries 5–6). During screening other reaction 

conditions, we found that increasing reaction concentration fully suppressed TMP 

addition pathway (entry 7). As the change in concentration decreased the solvent ratio 

(THF:hexane), 12% of cyclohexenyl triflate 13a was not consumed in higher levels of 

hexane. Slight increase of LiTMP amount afforded full consumption of 13a and 

formation of 14a in 71% yield (entry 8). Furthermore, the mixture of zincate nucleophile, 

Li[Zn(TMP)Ph2] and Li[Zn(nBu)Ph2] gave 14a in 80% yield without significant 

byproduct (entry 10). 
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Table 8 Optimization of carbo-difunctionalization of cyclohexenyl triflate 13a using 

hydrophenylation 

 

entry base (equiv) 
nucleophile 

[Ph-] 

conc. 

(M) 

yield (%)a 

14a S9 S10 13a 

1 Li[Zn(TMP)Ph2] 1.0 Li[Zn(TMP)Ph2] 0.13 34 4 – 47 

2 Li[Zn(TMP)2Ph] 1.0 Li[Zn(TMP)2Ph] 0.13 11 62 – – 

3 Li(ZnPh3) 1.0 Li(ZnPh3) 0.13 – – 16 84 

4 LiTMP 1.0 Li[Zn(TMP)Ph2] 0.13 73 (63)b 13  2 

5 LiTMP 1.0 Li(ZnPh3) 0.13 69 4 1 18 

6 LiTMP 1.0 Li[Zn(Et)2Ph] 0.13 22 8 – 10 

7 LiTMP 1.0 Li[Zn(TMP)Ph2] 0.20c 65 1 – 12 

8 LiTMP 1.3 Li[Zn(TMP)Ph2] 0.20c 71 – – 2 

9 LiTMP 1.3 Li[Zn(nBu)Ph2] 0.20c 66 – – 4 

10 LiTMP 1.3 
Li[Zn(R)Ph2] 

R= TMP:nBu = 7:3 
0.20c 80 (81)b 1 – 9 

Reactions run with 13a (0.2 mmol, 1.0 equiv). aYields determined by 1H NMR of the 

crude reaction mixture with dibromomethane as an internal standard. bIsolation yield 

shown in parenthesis. cTHF:hexane ratio changed to 4:1 from 5:1. 

 

4.2.2 Scope for the three-component carbo-difunctionalization of 
cyclohexenyl triflates 

Having the standard condition (entry 10, Table 8), we surveyed different 

cyclohexenyl triflates to probe the generality of the transformation (Table 9). Protonation 

and iodination were used as electrophile-trapping reactions and provided similar 

product yields (14 and 15) in tested cyclohexenyl triflates 13a–f. The spiro-compound, 

5,5-disubstituted cyclohexenyl triflate 13b gave 14b and 15b with good regioselectivity 
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with steric influence. The cyclohexyne in the bridged system 13c also underwent 

difunctionalization successfully providing hydrophenylation 14c and phenyliodination 

products 15c in 83% and 88% yields, respectively. We also tested 3,4-dihydronaphthyl 

triflate 13d as more conjugated substrate and reached its difunctionalization 

regioselectivity. Oxygen-containing cyclohexenyl triflate 13e was also a viable substrate 

for difunctionalization yet low in yield. To our delight, difunctionalization of the steroid 

coprostanone derivative 13f was successfully achieved in good yields, suggesting the 

applicability of this method even in complex ring system. 
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Table 9 Difunctionalization of various cyclohexenyl triflates using hydrophenylation 

and phenyliodination. 
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We next evaluated the nucleophile scope in the alkyl-iodination reaction (Scheme 

50). First, different aryl nucleophiles were investigated to assess steric and electronic 

effects on the transformation using cyclohexenyl triflate 13a as the substrate. Methyl 

substituted on ortho-, meta-, or para-position of phenyl nucleophiles all provided similar 

yields of the desired products 16b–d, showing no significant steric influence. Moreover, 

both of electro-donating (4-MeO–Ph) and electro-withdrawing arenes (4-CF3–Ph) were 

smoothly reacted to form the products 16e–f in good yields (67–70%). The heteroarene, 

thiophene was also a feasible nucleophile, allowing the formation of desired products 

16g. Furthermore, we sought to incorporate alkyl nucleophiles as more reactive 

nucleophiles. Heavier 3,4-dihydronaphthyl triflate 13d was chosen as the substrate to 

make less-volatile products. Under the standard conditions, ethyl nucleophile was well 

installed to provide 16h in 55% yield. However, we found inseparable butylation 

byproduct due to the usage of Li[Zn(nBu)Et2] as a nucleophile. Using Li[Zn(TMP)Et2] as 

a sole nucleophile eliminated the butylation reaction and afforded 16h in slightly 

decreased 46% yield. Interestingly, it showed significantly higher regioselectivity in the 

modified conditions, and same trend was observed in the reaction using butyl 

nucleophile. It suggests that Li[Zn(TMP)Et2] as a bulkier nucleophile results in high 

regioselectivity of the desired product. In addition, formation of 16j demonstrated the 

feasibility of alkynyl nucleophile in the reaction. 
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Scheme 50 Carbon nucleophile scope for carbo-difunctionalization of cyclohexenyl 

triflates 

 

 We then screened various electrophile incorporations to the generated phenyl-added-

cyclohexenyl zinc intermediate (Scheme 51). Synthetically useful halogens (I and Br) 

were installed successfully via direct capture from iodine or NBS to afford the product 

15a and 17b. Copper-catalyzed azidation 17c and alkynylation 17d were achieved using 

hypervalent iodine reagents, which accessing the product in single-step was not 

previously possible. Palladium-catalyzed Negishi coupling of the organozinc 
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intermediate with aryl- and vinyl bromide allowed to provide 17e–f effectively. Methyl 

and allyl group were installed effectively in presence of copper catalyst delivering 17g 

and 17h in 74% and 79% yields respectively. Copper mediated acylation provided 17i 

where α,β-unsaturated carbonyl moieties are commonly found in many natural 

products. Nickel-catalyzed cross-coupling with aldehyde was also feasible to provide 

the alcohol 17j. The capability of incorporating a diverse range of electrophiles will 

reinforce significant impact and broad application of this modular difunctionalization 

approach in building structurally complex and versatile 1,2-disubstitued cyclohexene-

containing skeletons from simple cyclohexenyl triflate precursors. 
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Scheme 51 Successful installation of diverse electrophiles to generated cyclohexenyl 

zinc intermediate 
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4.2.3 Amino-difunctionalization of cyclohexenyl triflates 

We also examined amino-difunctionalization of cyclohexenyl triflates using 

aniline nucleophile. In the preliminary study, hydroamination of dihydronaphthyl 

triflate was quickly achieved by using the standard amino-difunctionalization 

conditions for aryl triflates173, affording the desired product 18a in 57% yield (Scheme 

52). Further, several electrophiles were installed through subsequent allylation 18b, 

vinylation 18c, and intramolecular arylation 18d upon addition of nucleophile. Simple 

cyclohexenyl triflate also underwent amino-arylation smoothly, providing indole 

derivative 18e in 62% yield. 

 



 

97 

Isolation yields shown. aE+ = MeOH. bE+ = allyl bromide with 2.5 mol % of 

[CuOTf]2•PhMe cE+ = vinyl bromide with 4 mol % Pd(OAc)2 and 5 mol % QPhos. 
dIntramolecular Negishi coupling upon addition of 4 mol % Pd(OAc)2 and 5 mol % 

QPhos. 

Scheme 52 Amino-difunctionalization of cyclohexenyl triflates 

 

4.4 Conclusion 

In conclusion, we have developed three-component difunctionalization of 

cyclohexynes from readily available cyclohexenyl triflates mediated by deprotonative 

zincation. Difunctionalization of assorted cyclohexene skeletons was successfully 

accomplished, even in the complex steroid coprostanone derivative. Nucleophile scope 

has explored various carbon functionalities such as aryl, alkyl, and alkynyl group as 
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well as aniline as a nitrogen nucleophile. Moreover, a broad scope of electrophiles 

including carbons and heteroatoms were incorporated to in situ generated organozinc 

intermediates. As the first example of three-component difunctionalization of 

cyclohexynes, this strategy would offer access to multi-substituted cyclohexenes and a 

great flexibility in structure design. 
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5. Conclusions 

We developed several synthetic transformations toward efficient access to poly-

substituted arenes and cyclohexenes using deprotonative C–H zincation. (1) The 

regioselective azidation of diversely substituted arenes and heteroarenes was achieved 

through deprotonative C–H zincation and subsequent copper-catalyzed azidation. (2) To 

achieve multi-bond formation in a single step, both intra- and intermolecular 

difunctionalization of arenes were developed, providing numerous difunctionalized 

arenes with diverse functionalities such as carbon, nitrogen, oxygen, sulfur, and 

halogens. (3) The difunctionalization strategy was extended to cyclohexenes, which are 

prevalent fundamental structure motifs. Through generation of cyclohexynes via 

deprotonative zincation of cyclohexenyl triflates, three-component cyclohexyne 1,2-

difunctionalization was accomplished with formation of structurally complex and 

diversely functionalized cyclohexenes. These transformations would provide an efficient 

synthetic route to access highly functionalized compounds. 
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Appendix A: General Experimental Information 

General information 

Glassware was dried either by propane torch or for at least 12 hours in an oven at 

140 °C before cooling in a desiccator over Drierite. Methodology reactions were 

performed under an N2 atmosphere using standard Schlenk techniques in 8 mL 

microwave tubes sealed with PTFE crimp-top caps. Thin-layer chromatography (TLC) 

was performed using aluminum plates pre-coated with 0.25 mm of 230–400 mesh silica 

gel impregnated with a fluorescent indicator (254 nm). TLC plates were visualized by 

exposure to ultraviolet light and/or exposure to the solution of KMnO4 and/or vanillin 

stain. Organic solutions were concentrated in vacuo using a rotary evaporator. Column 

chromatography was performed with silica gel (60 Å , standard grade). 

Materials 

Anhydrous THF was obtained from an Innovative Technologies solvent 

purification system. 2,2,6,6-Tetramethylpiperidine was dried over CaH2 and fractionally 

distilled under reduced pressure and stored under N2. All other commercially available 

substrates were purchased in >98% purity and used as received. Note that the use of 

fresh n-butyl lithium and diethylzinc provides the best results in their studies. For the 

methods described in this dissertation, n-butyl lithium was purchased as a 2.5 M 

solution in hexanes from Sigma-Aldrich and titrated prior to use. Diethylzinc was 

purchased from Sigma-Aldrich as 1.0 M solution in hexanes and titrated prior to use. 
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Instrumentation 

Nuclear magnetic resonance spectra were recorded at ambient temperature 

(unless otherwise stated) on 400 MHz or 500 MHz spectrometers. All values for proton 

chemical shifts are reported in parts per million (δ) and are referenced to the residual 

protium in CDCl3 (δ 7.26). All values for carbon chemical shifts are reported in parts per 

million (δ) and are referenced to the carbon resonances in CDCl3 (δ 77.0). All values for 

fluorine chemical shifts are reported in parts per million and are referenced to the 

fluorine resonance in CFCl3 (δ 0.0) as an internal standard. NMR data are represented as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quin = 

quintet, m = multiplet, br = broad), coupling constant (Hz), and integration. Infrared 

spectroscopic data are reported in wavenumbers (cm-1) with selected peaks shown. 

High-resolution mass spectra were obtained using a liquid chromatography-

electrospray ionization and time-of-flight mass spectrometer. HRMS data for azidated 

compounds were reported as their aniline forms that were reduced by Staudinger 

reaction because of ionization issue. 
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Appendix B: Substrate Synthesis and Characterization 
for Chapter 2 

Appendix B1. Synthesis and characterization data for starting 
materials in azidation 

Preparation of zinc bases: ZnTMPCl•LiCl and Li[Zn(TMP)Et2] 

a. ZnTMPCl·LiCl synthesis and titration 

 

To a solution of 2,2,6,6-Tetramethylpiperidine (2.82 mL, 16.7 mmol, 1.0 equiv) in 

THF (9 mL) was added dropwise n-butyl lithium (a solution in hexanes, 16.7 mmol, 1.0 

equiv) at 0 °C. The mixture was stirred for 1 h and then was transferred to the solution 

of ZnCl2 (2.28 g, 16.7 mmol, 1.0 equiv) in THF (10 mL) at 0 °C. The reaction was stirred 

and slowly warmed up to room temperature for 12 h. 

Standard titration: A 15 mL round bottomed flask was charged with benzoic acid 

and 4-phenylazo-diphenylamine (approx. 1 mg) and placed under N2 via sequential 

vacuum purge/N2 backfill (3 times) before being dissolved in THF (1.0 mL) and cooled to 

0 °C by ice/water bath. To this ZnTMPCl·LiCl mixture was dropwise added until the 

endpoint of the presumed monobasic zinc complex (i.e. 1.0 equivalents of basic moieties 

per mole of complex) was observed, as indicated by a persistent dark orange-red color 

change, providing the concentration of active ZnTMPCl·LiCl (typically 0.50–0.54 M).  
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b. LiTMP0.1Li(TMPZnEt2) Synthesis and Titration. 

 

2,2,6,6-Tetramethylpiperidine (0.56 mL, 3.3 mmol, 1.1 equiv) in a 25 mL round 

bottom flask was cooled to –78 °C by dry ice/acetone bath under N2 and stirred until the 

amine was frozen. To the flask, was added dropwise n-butyl lithium (a solution in 

hexanes, 3.3 mmol, 1.1 equiv) at –78 °C. The resulting biphasic mixture was allowed to 

briefly warm outside the bath (roughly 30 seconds, permitting stir bar rotation), and 

cooled back to –78 °C. The mixture was stirred vigorously for 10 minutes and was added 

dropwise ZnEt2 (1.0 solution in hexanes, 3.0 mmol, 1 equiv). The resulting white slurry 

was allowed to stir at –78 °C for 5 minutes and then warmed up to room temperature 

over 45 minutes followed by the addition of anhydrous THF (2.4 mL). With this 

sequence, the title complex was formed as a homogenous pale-yellow solution, 

reproducibly in the range of 0.50–0.54 M solution in hexanes/THF upon titration against 

benzoic acid described below.  

Standard titration: A 15 mL round bottomed flask was charged with benzoic acid 

and 4-phenylazo-diphenylamine (approx. 2 mg) and placed under N2 via sequential 

vacuum purge/N2 backfill (3 times) before being dissolved in THF (1.0 mL) and cooled to 

0 °C by ice/water bath. To this LiTMP0.1Li(TMPZnEt2) mixture was dropwise added until 

the endpoint of the presumed tribasic zinc complex (i.e. 3.1 equivalents of basic moieties 
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per mole of complex) was observed, as indicated by a persistent dark orange-red color 

change, providing the concentration of active LiTMP0.1Li(TMPZnEt2) (typically 0.34–0.37 

M).  

Synthesis of azidation reagent (2) 

 

1-Hydroxy-1,2-benziodoxol-3-(1H)-one (S1) 

To a suspension of 2-iodobenzoic acid (8.0 g, 32.2 mmol, 1.0 equiv) in 30% v/v aq. AcOH 

(48 mL) was added NaIO4 (7.24g, 33.8 mmol, 1.05 equiv) at room temperature. The 

mixture was stirred at 120 oC for 4 h and then cooled down to room temperature 

followed by addition of water (approx. 50 mL). While avoiding exposure of ambient 

light, the precipitate was filtered, further washed with water (20 mL) and cold acetone 

(20 mL) and dried under vacuum to give S1 as a white crystalline (7.95 g, 93%) 

 1H NMR (400 MHz, DMSO-d6): δ 8.05 (s br, 1H), 8.01 (d, J = 7.8 Hz, 1H), 7.98–7.94 (m, 

1H), 7.84 (d, J = 8.2 Hz, 1H), 7.70 (t, J = 7.4 Hz, 1H); Spectroscopic data was identical to 

that reported previously.113 

1-Acetoxy-1,2-benziodoxol-3-(1H)-one (S2) 

Acetic anhydride (27 mL) was added to compound S1 (7.95 g, 30.1 mmol) at room 

temperature. The suspension was allowed to stir at 135 oC until fully dissolved. The 



 

105 

resulting solution was slowly cooled down to -20 oC for crystallization. The white crystal 

was filtered and dried under vacuum to obtain S2 (9.2 g, 100%) 

1H NMR (400 MHz, CDCl3): δ 8.24 (dd, J = 7.6, 1.6 Hz, 1H), 8.00 (d, J = 8.3 Hz, 1H), 7.94–

7.90 (m, 1H), 7.71 (t, J = 7.1 Hz, 1H), 2.25 (s, 3H); Spectroscopic data was identical to that 

reported previously.113  

1-Azido-1,2-benziodoxol-3(1H)-one (2)  

To a suspension of compound S2 (9.2 g, 30 mmol, 1.0 equiv) in CH2Cl2 (18 mL) was 

slowly added TMSN3 (5.9 mL, 45 mmol, 1.5 equiv) at room temperature followed by 

addition of TMSOTf (27 μL, 0.15 mmol, 0.0005 equiv). After stirring for 1 h, the resulting 

solid was filtered, washed by hexane (20 mL) and CH2Cl2 (20 mL) and dried under 

vacuum to obtain 2 (7.8 g, 26.9 mmol, 90%) as a yellow solid. 

 1H NMR (400 MHz, CDCl3): δ 8.31 (d, J = 7.1 Hz, 1H), 8.01-7.96 (m, 1H), 7.80–7.77 (m, 

1H); Spectroscopic data was identical to that reported previously.113 

Synthesis of substrates 

 

tert-Butyl-((1S,4S)-4-(3,4-dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-1-yl)(methyl)-

carbamate (1m)  
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To a 100-mL round bottom flask under N2 was added di-tert-butyl dicarbonate (1.24 g, 

5.69 mmol, 1.5 equiv), dichloromethane (19 mL) and sertraline (1.30 g, 3.79 mmol, 1.0 

equiv). To the resulting mixture at 0 °C, was dropwise added triethylamine (1.6 mL, 11.3 

mmol, 3.0 equiv) over approximately 5 min. The reaction mixture was stirred at 0 °C for 

an additional 15 min, and then was warmed up to room temperature and stirred for 2 h 

until the complete consumption of the amine substrate. The reaction was diluted with 

dichloromethane (100 mL). The organic layer was washed sequentially with DI water (50 

mL), a 1:1 mixture of saturated aqueous solution of Na2CO3 and DI water (2 × 50 mL), 

and brine (50 mL), dried over Na2SO4, and filtered. The filtrate was concentrated by 

rotary evaporation. The resulting crude mixture was purified by flash column 

chromatography (7% ethyl acetate–hexanes) to give 1m as a colorless foam (1.33 g, 86%). 

Rf = 0.50 (10% ethyl acetate–hexanes) 

1H NMR (500 MHz, CDCl3, taken at 50 °C to coalesce conformers): δ 7.33 (d, J = 8.0 Hz, 

1H), 7.28–7.26 (m, 1H), 7.23–7.21 (m, 1H), 7.20–7.16 (m, 1H), 7.10 (s, 1H), 6.95 (d, J = 7.5 

Hz, 1H), 6.83 (br d, J = 7.5 Hz, 1H), 5.48–5.33 (m, 1H), 4.18 (s, 1H), 2.64 (s, 3H), 2.32–2.25 

(m, 1H), 2.02–2.00 (m, 1H), 1.76 (br s, 2H), 1.53 (s, 9H) 

13C NMR (126 MHz, CDCl3, taken at 55 °C to coalesce conformers): δ 155.9, 146.9, 137.7, 

136.4, 131.9, 130.3, 130.2, 129.7 (2C), 127.7, 127.0 (2C), 126.9, 79.1, 54.0, 42.9, 29.9, 29.3, 28.5 

(minor conformer), 28.2, 21.8 

FTIR (thin film) 2934, 1686, 1466, 1390, 1135, 737 cm-1. 
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HRMS-ESI (m/z) Calcd for (C22H25Cl2NO2Na+) ([M+Na]+ ): 428.1155; found: 428.1154. 

Appendix B2. Synthesis and characterization data for azidation 
products 

Standard procedure for azidation 

a. Standard procedure A: C–H azidation mediated by ZnTMPCl·LiCl  

To a solution of arene (0.2 mmol, 1 equiv) in THF (0.4 mL) was added dropwise 

the solution of ZnTMPCl·LiCl (0.6 mL, 0.5 M in hexane/THF, 0.3 mmol, 1.5 equiv) at 

room temperature. The zincation reaction was allowed to stir at room temperature for 1 

h, and then was added to azidoiodinane 2 (173.4 mg, 0.6 mmol, 3.0 equiv) at 0 °C. To the 

mixture was added a solution of Cu(eh)2 (7.0 mg, 0.02 mmol, 0.1 equiv) in THF (1 mL) at 

0 °C. The reaction mixture was slowly warmed up to room temperature and stirred for 3 

h. The reaction was quenched by the addition of i-PrOH (approx. 0.2 mL). The mixture 

was filtered through a plug of aluminum oxide and washed with EtOAc. The filtrate 

was concentrated by rotary evaporation under reduced pressure. Purification of 

azidation products was performed by silica column chromatography. 

b. Standard procedure B: C–H azidation mediated by LiTMP0.1Li(TMPZnEt2)  

To a solution of arene substrate (0.2 mmol) in THF (0.4 mL) was added 

LiTMP0.1Li(TMPZnEt2) (0.2 mmol, 1.0 equiv) at room temperature. The zincation reaction 

mixture was allowed to stir at room temperature for 1 h followed by the addition of 

Cu(eh)2 (7.0 mg, 0.02 mmol, 0.1 equiv) in THF (1 mL) at 0 °C. This resulting mixture was 

transferred to azidoiodinane 2 (173.4 mg, 0.6 mmol, 3.0 equiv) at 0 °C. The reaction 
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mixture was slowly warmed up to room temperature and stirred for 19 h. The reaction 

was quenched by the addition i-PrOH (approx. 0.2 mL). The mixture was filtered 

through a plug of aluminum oxide and washed with EtOAc. The filtrate was 

concentrated by rotary evaporation under reduced pressure. Purification of azidation 

products was performed by silica column chromatography. 

 

Characterization of azidation products  

 

2-Azido-1-methyl-1H-benzo[d]imidazole (3a) 

Synthesized by standard procedure A. Purification by flash column chromatography 

(10% ethyl acetate−hexanes) gave 3a as a pale yellow solid (30.8 mg, 89%).  

Rƒ = 0.63 (25% ethyl acetate–hexanes) 

 1H NMR (500 MHz, CDCl3): δ 7.64 (d, J = 8.5 Hz, 1H), 7.27–7.19 (m, 3H), 3.55 (s, 3H) 

13C NMR (126 MHz, CDCl3): δ 147.7, 141.5, 135.1, 122.4, 122.0, 118.1, 108.8, 29.0; 

Spectroscopic data was identical to that reported previously.174 

 

 

2-Azidobenzo[d]oxazole (3b).  
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Synthesized by standard procedure A. Purification by flash column chromatography 

(5% ethyl acetate−hexanes) gave 3b as a yellow solid (15.6 mg, 49%). 

Rƒ = 0.67 (14% ethyl acetate–hexanes) 

 1H NMR (500 MHz, CDCl3): δ 7.60 (d, J = 7.9 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.33 (t, J = 

7.6 Hz, 1H), 7.28 (t, J = 7.8 Hz, 1H) 

13C NMR (126 MHz, CDCl3): δ 157.0, 149.8, 141.2, 124.9, 124.2, 118.6, 110.3 

FTIR (thin film): 2179, 2147, 1553, 1354, 743 cm-1 

HRMS-ESI (m/z) Calcd for (C7H7N2O+) ([M+H]+): 135.0553; found: 135.0555 

 

 

4-Azido-3,6-dichloropyridazine (3c). 

Synthesized by standard procedure A. Purification by flash column chromatography 

(12.5% ethyl acetate−hexanes) gave 3c as a yellow solid (26.4 mg, 69%). 

Rƒ = 0.55 (25% ethyl acetate–hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.25 (s, 1H) 

13C NMR (126 MHz, CDCl3): δ 155.7, 148.1, 141.9, 117.1 

FTIR (thin film): 2921, 2129, 1545, 1345, 1139, 924, 763 cm-1 

HRMS-ESI (m/z) Calcd for (C4H3N5Cl2+) ([M+H]+): 163.9777; found: 163.9776. 
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4-Azido-2-chloro-3-nitropyridine (3d). 

Synthesized by standard procedure A, running the zincation at 50 °C for 2 h. 

Purification by flash column chromatography (14% ethyl acetate−hexanes) gave 3d as a 

yellow solid (20.7 mg, 52%).  

Rƒ = 0.36 (25% ethyl acetate–hexanes) 

 1H NMR (500 MHz, CDCl3): δ 8.45 (d, J = 5.6 Hz, 1H), 7.20 (d, J = 5.6 Hz, 1H) 

13C NMR (126 MHz, CDCl3) δ 150.5, 143.5, 143.3, 136.9, 113. 

FTIR (thin film) 2944, 2137, 1543, 1388, 748 cm-1 

HRMS-ESI (m/z) Calcd for (C5H5ClN3O2+) ([M+H]+): 174.0065; found: 174.0065. 

 

 

2-Azido-1,3-difluoro-4-nitrobenzene (3e) 

Synthesized by standard procedure A. Purification by flash column chromatography 

(5% ethyl acetate−hexanes) gave 3e as a yellow oil (23.1 mg, 58%) 

Rƒ = 0.61 (25% ethyl acetate–hexanes) 

 1H NMR (500 MHz, CDCl3): δ 7.87 (td, JH–H = 8.7, JH-F = 5.5 Hz, 1H), 7.08 (td, JH–H = 9.4, JH–F  

= 1.7 Hz, 1H) 
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13C NMR (126 MHz, CDCl3): δ 158.4 (dd, JC–F = 259, 4 Hz), 149.8 (dd, JC–F = 268, 6 Hz), 

134.7 (br s), 121.6 (d, JC–F = 9 Hz), 120.3 (t, JC–F = 14 Hz), 111.9 (dd, JC–F = 21, 4 Hz) 

19F NMR (376 MHz, CDCl3): δ –111.0 (ddd, J = 14.6, 9.3, 5.4 Hz), –125.0 (ddd, J = 14.5, 7.9, 

1.7 Hz) 

FTIR (thin film), 2138, 1537, 1350, 906, 727 cm,-1 

HRMS-ESI (m/z) Calcd for (C6H5F2N2O2+) ([M+H]+): 175.0314; found: 175.0314. 

 

 

3-Azido-4-bromo-2-fluorobenzonitrile (3f) 

Synthesized by standard procedure A, running the zincation at 50 ºC for 2 h. Purification 

by flash column chromatography (2.5% ethyl acetate−hexanes) gave 3f as an orange oil 

(23.6 mg, 49%) 

Rƒ = 0.58 (5% ethyl acetate–hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.47 (dd, JH-H = 8.5, JH-F = 1.6 Hz, 1H), 7.24 (dd, JH-H = 8.5, JH-F 

= 6.3 Hz, 1H) 

13C NMR (126 MHz, CDCl3): δ 157.0 (d, JC-F = 260 Hz), 129.8 (d, JC-F = 4 Hz), 129.2 (d, JC-F = 

11 Hz), 128.4, 121.5, 112.5, 101.8 (d, JC-F = 15 Hz) 

19F NMR (376 MHz, CDCl3): δ –117.1 (dd, J = 6.3, 1.6 Hz) 

FTIR (thin film), 2241, 2128, 1441, 817 cm-1 
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HRMS-ESI (m/z) Calcd for (C7H5BrFN2+) ([M+H]+): 214.9615; found: 214.9615. 

 

2-Azido-N,N-diisopropylbenzamide (3g) 

Synthesized by standard procedure B. Purification by flash column chromatography 

(17% ethyl acetate−hexanes) gave 3g as a yellow solid (25.7 mg, 52%).  

Rƒ = 0.22 (14% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3): δ; 7.37 (ddd, J = 8.4, 6.4, 2.3 Hz, 1H), 7.18–7.13 (m, 3H), 3.59 

(p, J = 6.7 Hz, 1H), 3.50 (p, J = 6.9 Hz, 1H), 1.58 (d, J = 6.6 Hz, 3H), 1.54 (d, J = 6.8 Hz, 3H), 

1.20 (d, J = 6.7 Hz, 3H), 1.06 (d, J = 6.6 Hz, 3H) 

13C NMR (126 MHz, CDCl3) δ 167.5, 135.9, 130.9, 129.5, 126.9, 125.0, 118.5, 51.0, 45.9, 20.7, 

20.4 

FTIR (thin film), cm-1 2971, 2126, 1625, 1339, 748 cm-1 

HRMS-ESI (m/z) Calcd for (C13H21N2O) ([M+H]+): 221.1648; found: 221.1649. 

 

 

2-Azido-6-bromobenzonitrile (3h) 

Synthesized by standard procedure B. Purification by flash column chromatography 

(12.5% ethyl acetate−hexanes) gave 3h as an off-white solid (27.1 mg, 61%).  



 

113 

Rƒ = 0.27 (5% ethyl acetate–hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.47–7.43 (m, 2H), 7.21 (dd, J = 7.0, 2.2 Hz, 1H) 

13C NMR (126 MHz, CDCl3) δ 145.6, 134.1, 128.8, 127.0, 117.3, 114.0, 107.6 

FTIR (thin film), 2230, 2114, 1452, 1305, 782 cm-1 

HRMS-ESI (m/z) Calcd for (C7H6BrN2+) ([M+H]+): 196.9709; found: 196.9709 

 

 

2-Azido-1,3-dimethoxybenzene (3i) 

Synthesized by standard procedure B using 1.4 equiv of LiTMP0.1Li(TMPZnEt2) and 

running the zincation for 3 h. Purification by flash column chromatography (5% ethyl 

acetate−hexanes) gave 3i as a yellow oil (20.4 mg, 57%).  

Rƒ = 0.22 (hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.03 (t, J = 8.4 Hz, 1H), 6.55 (d, J = 8.4 Hz, 2H), 3.86 (d, J = 

1.2 Hz, 6H) 

13C NMR (126 MHz, CDCl3) δ 153.2, 125.1, 116.5, 104.8, 56.2 

FTIR (thin film), 2940, 2106, 1478, 1257, 1112 cm-1 

HRMS-ESI (m/z) Calcd for (C8H12NO2+) ([M+H]+): 154.0863; found: 154.0863 
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1-Azido-2,3-dichlorobenzene (3j) 

Synthesized by standard procedure B. Purification by flash column chromatography (5% 

ethyl acetate−hexanes) gave 3j as an off-white solid (22.8 mg, 61%).  

Rƒ = 0.68 (5% ethyl acetate−hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.24–7.19 (m, 2H), 7.08 (dd, J = 7.3, 2.2 Hz, 1H) 

13C NMR (126 MHz, CDCl3) δ 139.2, 134.6, 127.7, 126.3, 123.8, 117.6 

FTIR (thin film), 2926, 2109, 1575, 1449, 1304, 769 cm-1 

HRMS-ESI (m/z) Calcd for (C6H6Cl2N+) ([M+H]+): 161.9872; found: 161.9873 

 

 

1-(2-Fluoro-5-vinylphenyl)-4-pentyl-1H-1,2,3-triazole (S3 from 3k) 

Synthesized 2-azido-1-fluoro-4-vinylbenzene by standard procedure B. The crude 

mixture was filtered on alumina and concentrated under reduced pressure. Without 

further purification, it was used for CuAAC (Cu catalyzed alkyne-azide cycloaddition). 

The crude azide (0.13 mmol) was diluted in tBuOH (0.6 mL) and distilled water (0.6 mL) 

and 1-heptyne (26 μL, 0.20 mmol, 1.5 equiv), Cu(eh)2 (9.1 mg, 0.03 mmol, 0.2 equiv), and 

(+)-sodium L-ascorbate (103 mg, 0.52 mmol, 4 equiv) were added at room temperature. 

The mixture was stirred for 12 h at the same temperature. Upon a completion, the 

reaction was extracted with EtOAc (3x 10 mL) and combined organic layer was dried 
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over NaSO4, concentrated under reduced pressure. Purification by flash column 

chromatography (7% ethyl acetate−hexanes) gave S3 as a pale-yellow oil (20.8 mg, 40% 

for 2 steps). Rƒ = 0.68 (14% ethyl acetate−hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.99 (dd, JH-F = 7.2, JH-H = 2.3 Hz, 1H), 7.81 (d, J = 3.1 Hz, 

1H), 7.41 (ddd, JH-H = 8.7, JH-F = 4.5, JH-H = 2.3 Hz, 1H), 7.22 (dd, JH-F = 10.8, JH-H = 8.6 Hz, 

1H), 6.70 (dd, J = 17.6, 10.9 Hz, 1H), 5.77 (d, J = 17.6 Hz, 1H), 5.34 (d, J = 10.9 Hz, 1H), 

2.82–2.78 (m, 2H), 1.78–1.70 (m, 2H), 1.39–1.36 (m, 4H), 0.62–0.89 (m, 3H) 

13C NMR (126 MHz, CDCl3) δ 152.5 (d, JC-F = 250 Hz), 148.9, 135.1, 134.5, 127.2 (d, JC-F = 7 

Hz), 125.5 (d, JC-F = 11 Hz), 122.2, 121.8 (d, JC-F = 7 Hz), 117.0 (d, JC-F = 21 Hz), 115.7, 31.4, 

29.0, 25.6, 22.4, 14.0  

19F NMR (376 MHz, CDCl3): δ –125.7 (br s) 

FTIR (thin film), 2928, 1601, 1246, 1042 cm-1 

HRMS-ESI (m/z) Calcd for (C15H19FN3+) ([M+H]+): 260.1558; found: 260.1556 

 

 

tert-Butyl 4-(4-azido-3-fluoropyridin-2-yl)piperazine-1-carboxylate (3l) 

Synthesized by standard procedure B. Purification by flash column chromatography 

(12.5% ethyl acetate−hexanes) gave 3l as a yellow oil (33.9 mg, 53%).  

Rƒ = 0.28 (14% ethyl acetate−hexanes) 
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1H NMR (500 MHz, CDCl3): δ 7.89 (d, J = 5.4 Hz, 1H), 6.52 (t, J = 5.3 Hz, 1H), 3.53 (d, J = 

5.5 Hz, 4H), 3.44 (d, J = 5.3 Hz, 4H), 1.48 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 154.9, 

150.5 (d, JC-F = 4 Hz), 143.2 (d, JC-F = 8 Hz), 142.0 (d, JC-F = 257 Hz), 136.4 (d, JC-F = 9 Hz), 

107.9, 80.0, 47.7 (d, JC-F = 6 Hz), 43.7 (br s), 28.5 

19F NMR (376 MHz, CDCl3): δ –145.3 (d, J = 5.3 Hz) 

FTIR (thin film) 2976, 2115, 1693, 1241, 1164 cm-1 

HRMS-ESI (m/z) Calcd for (C14H22FN4O2+) ([M+H]+): 297.1721; found: 297.1721 

 

 

tert-Butyl ((1S,4S)-4-(3-azido-4,5-dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-1-yl)-

(methyl)carbamate (3m) 

Synthesized by standard procedure B, using 1.4 equiv of LiTMP0.1Li(TMPZnEt2) 

and running the zincation for 3 h and the azidation for 24 h. Purification by flash column 

chromatography (5% ethyl acetate−hexanes) gave 3m as a yellow oil (51.9 mg, 64%). 

Rƒ = 0.52 (14% ethyl acetate−hexanes) 
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1H NMR (500 MHz, CDCl3, taken at 50 °C to coalesce conformers): 7.33–7.17 (m, 3H), 

6.94 (d, J = 7.5 Hz, 1H), 6.91 (s, 1H), 6.70 (d, J = 1 Hz, 1H), 5.45 (br s, 1H), 4.18 (dd, J = 5.2, 

3.3 Hz, 1H), 2.65 (s, 3H), 2.33–2.27 (m, 1H), 2.03–2.00 (m, 1H), 1.78 (br s, 2H), 1.53 (s, 9H) 

13C NMR (126 MHz, CDCl3, 55 °C) δ 156.4, 147.5, 138.8, 137.5, 136.8, 134.3, 130.6, 130.1, 

127.6, 127.4, 126.7, 121.7, 118.3, 79.8, 54.5, 43.5, 30.1, 29.7, 28.5, 22.0 

FTIR (thin film) 2932, 2108, 1681, 1134, 906, 725 cm-1 

HRMS-ESI (m/z) Calcd for (C23H27Cl2N2O4–) ([M+COOH]–): 465.1353; found: 465.1350 

 

 

tert-Butyl ((1S,4S)-4-(3,4-dichloro-5-(4-pentyl-1H-1,2,3-triazol-1-yl)phenyl)-1,2,3,4-

tetrahydronaphthalen-1-yl)(methyl)carbamate (3ma) 

Synthesized by standard procedure B, using 1.4 equiv of LiTMP0.1(LiTMPZnEt2) 

and running the zincation for 3 h and the azidation for 24 h. The crude mixture was 

filtered on alumina and concentrated under reduced pressure. Without further 

purification, it was used for CuAAC. The crude azide (0.15 mmol, 1.0 equiv) was diluted 

in tBuOH (0.7 mL) and distilled water (0.7 mL) and 1-heptyne (29 μL, 0.22 mmol, 1.5 

equiv), Cu(eh)2 (10.2 mg, 0.03 mmol, 0.2 equiv), and (+)-sodium L-ascorbate (115.7 mg, 



 

118 

0.58 mmol, 4 equiv) were added at room temperature. The mixture was stirred for 24 h 

at the same temperature. Upon a completion, the reaction was extracted with EtOAc (3x 

1 mL) and combined organic layer was dried over NaSO4, concentrated under reduced 

pressure. Purification by flash column chromatography (12.5% ethyl acetate−hexanes) 

gave 3ma as a pale-yellow oil (62.0 mg, 57% for 2 steps).  

Rƒ = 0.21 (14% ethyl acetate−hexanes) 

1H NMR (500 MHz, CDCl3, taken at 55 °C to coalesce conformers): 7.69 (d, J = 4.5 Hz, 

1H), 7.29–7.17 (m, 5H), 6.96 (d, J = 6.6 Hz, 1H, 5.45 (brs, 1H), 4.26 (s, 1H), 2.82–2.78 (m, 

2H), 2.66 (s, 3H), 2.36–2.29 (m, 1H), 2.09–2.05 (m, 1H), 1.83–1.74 (m, 2H), 1.53 (s, 9H), 1.40 

(brs, 4H), 0.95–0.92 (m, 3H) 

13C NMR (126 MHz, CDCl3, 55 °C) δ 156.4, 148.2, 147.7, 137.1, 136.9, 136.5, 134.2, 131.2, 

130.5, 127.7, 127.5, 127.4, 126.3, 125.2, 122.5, 79.7, 54.5, 43.4, 31.4, 30.1, 29.9, 28.9, 28.5, 25.5, 

22.3, 13.8 

FTIR (thin film) 2930, 1678, 1135, 907, 727 cm-1 

HRMS-ESI (m/z) Calcd for (C30H37Cl2N4O4–) ([M+COOH]–): 587.2197; found: 587.2196 
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tert-Butyl ((1S,4S)-4-(3-amino-4,5-dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-1-yl)-

(methyl)carbamate (3mb) 

Synthesized by standard procedure B, using 2 equiv of LiTMP0.1Li(TMPZnEt2) 

and running the zincation for 3 h and the azidation for 24 h. The crude mixture was 

filtered on alumina and concentrated under reduced pressure. Without further 

purification, it was used for Staudinger reaction. The crude azide (0.15 mmol, 1.0 equiv, 

determined by NMR yield with internal standard) was diluted in THF (1.9 mL). To the 

solution was added trimethyl phosphine solution (0.22 mL, 1 M in toluene, 0.22 mmol, 

1.5 equiv) at room temperature. The mixture was stirred for 1 h at the same temperature 

and then was added water (0.94 mL) and stirred for 12 h at 50 °C. Upon a completion of 

the reaction, crude product was extracted with EtOAc (3x 1 mL) and concentrated under 

reduced pressure. Purification by flash column chromatography (12.5% ethyl 

acetate−hexanes) gave 3mb as a yellow oil (51.5 mg, 52%).  

Rƒ = 0.50 (50% ethyl acetate−hexanes) 

1H NMR (500 MHz, CDCl3, taken at 55 °C to coalesce conformers): 7.29–7.17 (m, 3H), 

7.00–6.97 (m, 1H), 6.53 (s, 1H), 6.31 (brs, 1H), 5.46–5.36 (m, 1H), 4.12 (s, 2H), 4.07 (s, 1H), 

2.66 (s, 3H), 2.28–2.21 (m, 1H), 2.05–2.01 (m, 1H), 1.88-1.76 (m, 2H), 1.56 (s, 9H)  

13C NMR (126 MHz, CDCl3, 55 °C) δ 156.5, 146.9, 144.2, 138.4, 136.7, 132.8, 130.7, 127.2, 

12714, 127.08, 120.0, 115.2, 114.2, 79.7, 54.4, 43.5, 30.1, 29.7, 28.5, 22.3 

FTIR (thin film) 3350, 2933, 1673, 1136, 907, 730 cm-1 
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HRMS-ESI (m/z) Calcd for (C23H27Cl2N2O4–) ([M+COOH]–): 465.1353; found: 465.1350 
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Appendix C: Substrate Synthesis and Characterization 
Information for Chapter 3 

Appendix C1. Synthesis and characterization data for starting 
materials in difunctionalization of aryne 

Preparation of aryl triflates 

General procedure for aryl triflates 

 

To a solution of aryl alcohol (1.0 equiv, 0.5 M) in CH2Cl2, was added pyridine (1.2 

equiv) at 0 °C. The mixture was allowed to stir at 0 °C for 5 min followed by dropwise 

addition of Tf2O (1.2 equiv). The reaction mixture was warmed up to room temperature, 

and allowed to stir until full consumption of starting materials (monitored by TLC). The 

resulting mixture was quenched with DI water (approx. 20 mL), and extracted with 

CH2Cl2 (3 × 20 mL). The combined organic layer was dried over Na2SO4 and filtered. The 

filtrate was concentrated under reduced pressure and purified by flash column 

chromatography. 

 

Phenyl trifluoromethanesulfonate (4a) Synthesized using phenol (1.22 g, 13.0 mmol, 1.0 

equiv), pyridine (1.26 mL, 15.6 mmol, 1.2 equiv), Tf2O (2.60 mL, 15.6 mmol, 1.2 equiv). 
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Purification by column chromatography (5% ethyl acetate–hexanes) gave 4a as a 

colorless oil (2.18 g, 74%) 

Rƒ = 0.68 (5% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.49–7.44 (m, 2H), 7.42–7.38 (m, 1H), 7.30–7.27 (m, 2H). 

The spectroscopic data match those reported previously.175 

 

3-Methoxyphenyl trifluoromethanesulfonate (4b) Synthesized using 3-methoxyphenol 

(0.55 mL, 5.0 mmol, 1.0 equiv), pyridine (0.49 mL, 6.0 mmol, 1.2 equiv), Tf2O (1.0 mL, 6.0 

mmol, 1.2 equiv). Purification by column chromatography (5% ethyl acetate–hexanes) 

gave 4b as a yellow oil (1.29 g, 100%). 

Rƒ = 0.47 (10% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.34 (t, J = 8.3 Hz, 1H), 6.93 (dd, J = 8.4, 2.3 Hz, 1H), 6.92 

(dd, J = 8.2, 2.2, 1H), 6.81 (t, J = 2.3 Hz, 1H).  

The spectroscopic data match those reported previously.175 
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2-Methoxy-4-methylphenyl trifluoromethanesulfonate (4c). Synthesized using 2-

methoxy-4-methylphenol (0.92 mL, 7.2 mmol, 1.0 equiv), pyridine (0.70 mL, 8.7 mmol, 

1.2 equiv), Tf2O (1.46 mL, 8.7 mmol, 1.2 equiv) Purification by flash column 

chromatography (2% ethyl acetate−hexanes) gave 4c as a colorless oil (1.52 g, 78%).  

Rƒ = 0.64 (14% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.08 (d, J = 8.2 Hz, 1H), 6.84 (d, J = 1.7 Hz, 1H), 6.76 (dd, J = 

8.3, 1.7 Hz, 1H), 3.89 (s, 3H), 2.37 (s, 3H) 

13C NMR (100 MHz, CDCl3): δ 150.9, 139.7, 136.6, 121.8, 121.2, 118.7 (q, JC–F = 319 Hz, 1C), 

113.8, 55.9, 21.3 

FTIR (thin film), 1607, 1419, 1204, 1140, 1108, 876 cm-1 

GC-MS (m/z) Calcd for (C9H9F3O4S): 270.0; found: 269.9.  

 

 

3-(Trifluoromethyl)phenyl trifluoromethanesulfonate (4d) Synthesized using 3-

trifluoromethylphenol (1.0 mL, 8.2 mmol, 1.0 equiv), pyridine (0.80 mL, 9.9 mmol, 1.2 

equiv), Tf2O (1.67 mL, 9.9 mmol, 1.2 equiv). Purification by column chromatography (5% 

ethyl acetate–hexanes) gave 4d as a colorless oil (2.16 g, 89%). 

Rƒ = 0.55 (5% ethyl acetate–hexanes) 
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1H NMR (400 MHz, CDCl3): δ 7.69 (d, J = 7.7 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.55 (s, 1H), 

7.50 (dd, J = 8.3, 1.5 Hz, 1H).  

The spectroscopic data match those reported previously.176  

 

 

3-Cyanophenyl trifluoromethanesulfonate (4e) Synthesized using 3-

hydroxybenzonitrile (965 mg, 8.1 mmol, 1.0 equiv), pyridine (0.78 mL, 9.7 mmol, 1.2 

equiv), Tf2O (1.63 mL, 9.7 mmol, 1.2 equiv). Purification by column chromatography 

(25% ethyl acetate–hexanes) gave 4e as a pale-yellow oil (1.86 g, 92%). 

 Rƒ = 0.22 (10% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.72 (d, J = 7.7 Hz, 1H), 7.64–7.60 (m, 1H), 7.59 (s, 1H), 7.55 

(d, J = 8.3 Hz, 1H).  

The spectroscopic data match those reported previously.177 

 

Naphthalen-1-yl trifluoromethanesulfonate (4f) Synthesized using 1-naphthol (1.03 g, 

7.2 mmol, 1.0 equiv), pyridine (0.69 mL, 8.6 mmol, 1.2 equiv), Tf2O (1.44 mL, 8.6 mmol, 
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1.2 equiv). Purification by column chromatography (hexanes) gave 4f as a yellow oil 

(1.89 g, 96%) 

 Rƒ = 0.50 (2% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3): δ 8.14 (d, J = 8.4 Hz, 1H), 7.91 (d, J = 8.1 Hz, 1H), 7.86 (d, J = 

7.8 Hz, 1H), 7.68–7.64 (m, 1H), 7.62–7.58 (m, 1H), 7.51–7.45 (m, 2H).  

The spectroscopic data match those reported previously.178 

 

o-Tolyl trifluoromethanesulfonate (4g) Synthesized using o-cresol (0.51 mL, 5.0 mmol, 

1.0 equiv), pyridine (0.48 mL, 6.0 mmol, 1.2 equiv), Tf2O (1.0 mL, 6.0 mmol, 1.2 equiv). 

Purification by column chromatography (hexanes) gave 4g as a yellow oil (1.01 g, 84%) 

 Rƒ = 0.38 (hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.34–7.25 (m, 4H), 2.41 (s, 3H). 

The spectroscopic data match those reported previously.179 

 

Note: Synthesis of 2-TMSArOTf (4h–4k) were prepared from aryl alcohols via triflation 

followed the reported procedures. procedures180 
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Appendix C2. Synthesis and characterization data for products 
in difunctionalization of aryne 

Appendix C2.1 Synthesis and characterization data for products 
Li[Zn(TMP)Et2] mediated difunctionalization of aryl triflates 

General procedure of [4+2] cycloaddition and characterization of 5a–f. 

 

To a solution of aryl triflate (0.2 mmol, 1.0 equiv) and 1,3-diphenylisobenzofuran 

(108.1 mg, 0.4 mmol, 2.0 equiv) in THF (to give a final concentration of 0.1 M), was 

added freshly titrated LiTMP0.1Li[ZnEt2(TMP)] (0.3 mmol, 1.5 equiv). The reaction 

mixture was allowed to stir at room temperature for 21 h and quenched with 

isopropanol (approx. 0.2 mL). The crude mixture was filtered through a plug of silica gel 

and washed with ethyl acetate (approx. 10 mL). The resulting filtrate was concentrated 

under reduced pressure and purified by flash column chromatography. 
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9,10-Diphenyl-9,10-dihydro-9,10-epoxyanthracene (5a). Purification by flash column 

chromatography (hexanes to 2% ethyl acetate−hexanes) gave 5a as a light yellow solid 

(62.4 mg, 90%).  

Rƒ = 0.52 (5% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.98 (d, J = 7.4 Hz, 4H), 7.64–7.61 (m, 4H), 7.52 (t, J = 7.4 

Hz, 2H), 7.42–7.48 (m, 4H), 7.08–7.04 (m, 4H) 

13C NMR (100 MHz, CDCl3) 150.3, 135.0, 128.7, 128.2, 126.7, 125.7, 120.3, 90.5.  

1H-NMR spectroscopic data match those reported previously.38  

 

1-Methoxy-9,10-diphenyl-9,10-dihydro-9,10-epoxyanthracene (5b). Purification by flash 

column chromatography (hexanes to 4% ethyl acetate−hexanes) gave 5b as a light yellow 

solid (64.0 mg, 85%).  

Rƒ = 0.37 (10% ethyl acetate–hexanes) 

 1H NMR (400 MHz, CDCl3): δ 8.04 (d, J = 7.1 Hz, 2H), 7.96 (d, J = 7.1 Hz, 2H), 7.61–7.40 

(m, 7H), 7.40 (d, J = 7.0 Hz, 1H), 7.13–7.04 (m, 4H), 6.69–6.65 (m, 1H), 3.67 (s, 1H).  

13C NMR (100 MHz, CDCl3) 153.7, 153.5, 151.4, 149.8, 136.2, 134.9, 134.6, 129.3, 128.6, 

128.4, 128.2, 128.0, 127.8, 127.0, 113.5, 111.3, 91.8, 90.3, 55.5.  

1H-NMR spectroscopic data match those reported previously.38  
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The reaction was also performed on a 4.0-mmol scale, providing 3b in 75% yield (1.14 g). 

 

 

1-Methoxy-9,10-diphenyl-9,10-dihydro-9,10-epoxyanthracene (5c). Purification by flash 

column chromatography (hexanes to 2% ethyl acetate−hexanes) gave 5c as a light yellow 

solid (38.6 mg, 49%). 

Rƒ = 0.46 (14% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.99 (d, J = 6.9 Hz, 2H), 7.91 (d, J = 7.2 Hz, 2 H), 7.59–7.55 

(m, 2H), 7.53–7.45 (m, 5H), 7.37 (d, J = 6.9 Hz, 1H), 7.09–7.01 (m, 2H), 6.83 (s, 1H), 6.46 (s, 

1H), 3.64 (s, 3H), 2.28 (s, 3H) 

13C NMR (100 MHz, CDCl3): δ 153.6, 153.4, 151.4, 150.1, 138.3, 135.0, 134.7, 133.4, 129.4, 

128.5, 128.4, 128.1, 127.8, 126.9, 125.7, 125.3, 120.9, 120.3, 114.6, 111.8, 91.7, 90.3, 55.6, 21.6.  

FTIR (thin film), 2924, 1598, 1456, 1280, 1003, 702 cm-1  

HRMS-ESI (m/z) Calcd for (C28H23O2) ([M+H]+): 391.1693; found: 391.1695. 
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9,10-Diphenyl-2-(trifluoromethyl)-9,10-dihydro-9,10-epoxyanthracene (5d).  

Purification by flash column chromatography (hexanes ­ 2% ethyl acetate−hexanes) 

gave 5d as a light yellow solid (45.3 mg, 55%).  

Rƒ = 0.55 (5% ethyl acetate–hexanes) 

 1H NMR (400 MHz, CDCl3): δ 7.92 (d, J = 8.0 Hz, 4H), 7.69–7.63 (m, 4H), 7.55 (s, 1H), 

7.55–7.50 (m, 2H), 7.44 (d, J = 7.7 Hz, 1H), 7.42–7.40 (m, 2H), 7.34 (d, J = 7.7 Hz, 1H), 7.09–

7.07 (m, 2H).  

The spectroscopic data match those reported previously.38  

 

1-Methoxy-9,10-diphenyl-9,10-dihydro-9,10-epoxyanthracene (5e). The crude reaction 

mixture contains two isomers of 5e and 5e’ with a 3:1 ratio determined by 1H NMR. 

Purification by flash column chromatography (hexanes ­ 5% ethyl acetate−hexanes) 

gave 5e as a light yellow solid (21.9 mg, 30%). 

Rƒ = 0.37 (10% ethyl acetate–hexanes) 
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 1H NMR (400 MHz, CDCl3): δ 7.89 (d, J = 8.2 Hz, 4H), 7.65–7.59 (m, 4H), 7.58 (s, 1H), 

7.55–7.50 (m, 2H), 7.44–7.36 (m, 4H), 7.10–7.08 (m, 2H) 

 13C NMR (100 MHz, CDCl3) 155.6, 151.9, 149.1, 148.7, 133.8, 133.7, 131.1, 129.0, 128.9 

(2C), 128.7 (2C), 126.5 (2C), 126.4, 123.2, 120.9, 120.8 (2C), 118.8, 109.5, 90.5, 90.2. 

1H-NMR spectroscopic data match those reported previously.38  

 

7,12-Diphenyl-7,12-dihydro-7,12-epoxytetraphene (5f). Purification by flash column 

chromatography (hexanes ­ 2% ethyl acetate−hexanes) gave 5f as a light yellow solid 

(53.3 mg, 67%). 

Rƒ = 0.72 (10% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3): δ 8.06–8.04 (m, 2H), 7.99 (d, J = 7.3 Hz, 2H), 7.68 (d, J = 7.0 

Hz, 1H), 7.64–7.48 (m, 9H), 7.37 (d, J = 7.0 Hz, 1H), 7.34–7.21 (m, 2H), 7.04 (t, J = 7.3 Hz, 

1H), 6.98 (t, J = 7.3 Hz, 1H) 

13C NMR (100 MHz, CDCl3): δ 153.2, 150.7, 149.2, 147.8, 134.9, 134.6, 132.7, 130.2, 129.4, 

128.9, 128.7 (2C), 128.4, 128.0, 127.7, 127.5, 127.2, 127.0, 125.9, 125.4, 125.2, 123.5, 121.9, 

120.6, 118.9, 93.0, 91.0 

FTIR (thin film), 3056, 1450, 817, 749 cm-1 

HRMS-ESI (m/z) Calcd for (C30H21O) ([M+H]+): 397.1587; found: 397.1585. 
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General procedure of urea insertion into arynes and characterization of 4a–4c. 

 

To a mixture of aryl triflate (0.4 mmol, 1.0 equiv) and urea (4.0 mmol, 10.0 equiv), was 

added freshly titrated LiTMP0.1Li[ZnEt2(TMP)] (0.6 mmol, 1.5 equiv) at 0 °C. The 

resulting mixture was warmed up to room temperature and allowed to stir 24 h. The 

reaction was quenched with isopropanol (approx. 0.2 mL). The crude mixture was 

filtered through a plug of silica gel and washed with ethyl acetate (approx. 10 mL). The 

resulting filtrate was concentrated under reduced pressure. The remaining excess urea 

was removed by vacuum distillation (100–120 °C, 7 torr). The crude mixture was further 

purified by column chromatography. 

 

1,4-Dimethyl-1,2,3,4-tetrahydro-5H-benzo[e][1,4]diazepin-5-one (6a).  

Purification by flash column chromatography (50% ethyl acetate–hexanes ­ 100% ethyl 

acetate) gave 6a as a yellow oil (22.0 mg, 29%).  

Rƒ = 0.41 (ethyl acetate) 
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1H NMR (400 MHz, CDCl3): δ 7.62 (d, J = 7.5 Hz, 1H), 7.36 (t, J = 8.2 Hz, 1H), 6.97 (t, J = 

7.5 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 3.42 (t, J = 5.6 Hz, 2H), 3.31 (t, J = 5.6 Hz, 2H), 3.20 (s, 

3H), 2.83 (s, 3H).  

Spectroscopic data was identical to that reported previously.181  

 

6-Methoxy-1,4-dimethyl-1,2,3,4-tetrahydro-5H-benzo[e][1,4]diazepin-5-one (6b).  

Purification by flash column chromatography (ethyl acetate ­ 50% acetone–ethyl 

acetate) gave 6b as an off-white solid (56.2 mg, 64%).  

Rƒ = 0.18 (ethyl acetate) 

1H NMR (400 MHz, CDCl3): δ 7.26 (t, J = 8.2 Hz, 1H), 6.62 (d, J = 8.2 Hz, 1H), 6.53 (d, J = 

8.2 Hz, 1H), 3.84 (s, 3H), 3.40 (br s, 2H), 3.18 (s, 3H), 3.13 (br s, 2H), 2.76 (s, 3H) 

13C NMR (100 MHz, CDCl3): δ 167.8, 157.9, 147.8, 131.2,118.7, 110.4, 106.0, 57.1, 56.0, 47.8, 

40.2, 33.2; FTIR (thin film), 2940, 1646, 1469, 1261, 1080 cm-1 

HRMS-ESI (m/z) Calcd for (C12H17N2O2) ([M+H]+): 221.1285; found: 221.1285. 
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1,4-Dimethyl-7-(trifluoromethyl)-1,2,3,4-tetrahydro-5H-benzo[e][1,4]diazepin-5-one 

(6c) and 1,4-dimethyl-8-(trifluoromethyl)-1,2,3,4-tetrahydro-5H-benzo[e][1,4]diazepin-

5-one (6c’). The crude reaction mixture contains two isomers with a 2:1 ratio of 

regioselectivity detected by 19F NMR. Purification by flash column chromatography 

(75% ethyl acetate−hexanes) gave the inseparable mixture of 6c and 6c’ as a yellow oil 

(27.5 mg, 27%).  

Rƒ = 0.57 (ethyl acetate) 

1H NMR (400 MHz, CDCl3, signals for the minor isomer are reported in italics): δ 7.91 (s, 

1H), 7.71 (d, J = 8.0 Hz, 1H), 7.54 (d, J = 8.6 Hz, 1H), 7.18 (d, J = 8.0 Hz, 1H), 7.04 (s, 1H), 

6.87 (d, J = 8.6 Hz, 1H), 3.46–3.35 (m, 4H, both), 3.94 (s, 3H, both), 2.87 (s, 1H), 2.86 (s, 1H) 

13C NMR (100 MHz, CDCl3, signals for the minor isomer are reported in italics): δ 169.2, 

169.1, 149.2 (q, JC–F = 1 Hz), 147.0, 133.5 (q, JC–F = 32 Hz), 131.8 (q, JC–F = 1 Hz), 130.9, 128.6 

(q, JC–F = 4 Hz), 128.2 (q, JC–F = 4 Hz), 127.6, 124.2 (q, JC–F = 270 Hz), 123.8 (q, JC–F = 271 Hz), 

122.0 (q, JC–F = 33 Hz), 117.3 (q, JC–F = 4 Hz), 117.2, 114.2 (q, JC–F = 4 Hz), 57.8, 57.7, 47.9, 

47.8, 40.1, 39.9, 34.8, 34.6 
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19F NMR (376 MHz, CDCl3, signals for the minor isomer are reported in italics): δ -61.8, -

63.1 

FTIR (thin film), 2943, 1639, 1330, 1285, 1168, 1111 cm-1 

HRMS-ESI (m/z) Calcd for (C12H14F3N2O) ([M+H]+): 259.1053; found: 259.1054. 

 

2-(Dimethylamino)-6-methoxy-N,N-dimethylbenzamide (6d). Purification by flash 

column chromatography (ethyl acetate to 50% acetone–ethyl acetate) gave 6d as an off-

white solid (19.8 mg, 22%).  

Rƒ = 0.10 (ethyl acetate) 

1H NMR (400 MHz, CDCl3): δ 7.19 (t, J = 8.3 Hz, 1H), 6.58 (d, J = 8.3 Hz, 1H), 6.50 (d, J = 

8.3 Hz, 1H), 3.76 (s, 3H), 3.09 (s, 3H), 2.81 (s, 3H), 2.72 (s, 6H) 

13C NMR (126 MHz, CDCl3): δ 169.4, 156.6, 151.2, 129.9, 118.1, 110.6, 103.9, 55.8, 43.7, 

37.8, 34.7. 

FTIR (thin film), 2945, 1608, 1293, 1238, 1031 cm-1 

GC-MS (m/z) Calcd for (C12H18N2O2): 222.1; found: 221.9. 
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Tandem ethylation/electrophilic trapping reactions and characterization of 7a–7f. 

 

1-Ethyl-3-methoxybenzene (7aa) and 1-(3-methoxyphenyl)-2,2,6,6-tetramethyl-

piperidine (7ab). Freshly titrated LiTMP0.1Li[ZnEt2(TMP)] (1.11 mL, 0.4 mmol, 2.0 equiv) 

was added dropwise to 3-methoxyphenyl triflate (35 μL, 0.2 mmol, 1.0 equiv) at 0 °C. 

The mixture was warmed up to room temperature and allowed to stir for 2 h. Methanol 

(0.2 mL) was added dropwise to the stirring aryl zincate mixture at room temperature. 

The resulting mixture was allowed to stir at room temperature for 24 h. The reaction 

mixture was diluted with CH2Cl2, filtered through silica plug, and washed with CH2Cl2 

(approx. 10 mL). The filtrate was concentrated under reduced pressure. The crude 

reaction mixture contains two products 7aa and 7ab with 2:1 ratio detected by 1H NMR. 

Purification by flash column chromatography (2% ethyl acetate−hexanes) gave the 

inseparable mixture of 7aa and 7ab as a pale-yellow oil (23.7 mg, 40% of 7aa and 25% of 

5b).  

Rƒ = 0.73 (10% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3, signals for the minor product 7ab are reported in italics): δ 

7.22 (t, J = 7.7 Hz, 1H), 7.16 (t, J = 8.4 Hz, 1H), 6.84–6.74 (m, 3H, both), 3.81 (s, 3H), 3.80 (s, 
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3H), 2.65 (q, J = 7.5 Hz, 2H), 1.78–1.70 (m, 2H), 1.58–1.55 (m, 4H), 1.25 (t, J = 7.6 Hz, 3H), 

1.04 (s, 12H) 

13C NMR (100 MHz, CDCl3, signals for the minor product 5b are reported in italics): δ 

159.6, 159.0, 148.1, 145.9, 129.2, 127.7, 126.6, 120.3, 120.2, 113.6, 110.8, 110.7, 55.1 (both), 

54.0, 42.3, 29.6 (br), 28.9, 18.4, 15.5 

HRMS-ESI (m/z) Calcd for (C16H27NO, 5b) ([M+H]+): 248.2009; found: 248.2010.  

The spectroscopic data of 5a match those reported previously.182 

 

1-Ethyl-3-methoxy-2-methylbenzene (7a). Freshly titrated LiTMP0.1Li[ZnEt2(TMP)] (0.98 

mL, 0.4 mmol, 2.0 equiv) was added dropwise to 3-methoxyphenyl triflate (35 μL, 0.2 

mmol, 1.0 equiv) at 0 °C. The mixture was warmed up and allowed to stir at room 

temperature for 2 h. To the suspension of CuCN (1.8 mg, 0.02 mmol, 0.1 equiv) in THF (1 

mL), was added the aryl zincate mixture followed by methyl iodide (50 μL, 0.8 mmol, 

4.0 equiv). The resulting mixture was allowed to stir at room temperature for 24 h. The 

reaction mixture was quenched with isopropanol (approx. 0.2 mL), filtered through 

silica plug, and washed with ethyl acetate (approx. 10 mL). The filtrate was concentrated 

under reduced pressure. Purification by flash column chromatography (hexanes) gave 

7a as a pale-yellow oil (9.5 mg, 32%).  
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Rƒ = 0.56 (2% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3,): δ 7.12 (t, J = 7.9 Hz, 1H), 6.80 (d, J = 7.9 Hz, 1H), 6.73 (d, J = 

7.9 Hz, 1H), 3.83 (s, 3H), 2.65 (q, J = 7.5 Hz, 2H), 2.19 (s, 3H), 1.20 (t, J = 7.5 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ 157.6, 143.7, 126.0, 124.3, 120.6, 107.7, 55.5, 26.6, 14.7, 11.0. 

FTIR (thin film), 2928, 1585, 1464, 1256, 1117, 777 cm-1. 

HRMS-ESI (m/z) Calcd for (C10H15O) ([M+H]+): 151.1123; found: 151.1111. 

 

2-Allyl-1-ethyl-3-methoxybenzene (7b). Freshly titrated LiTMP0.1Li[ZnEt2(TMP)] (1.07 

mL, 0.4 mmol, 2.0 equiv) was added dropwise to 3-methoxyphenyl triflate (35 μL, 0.2 

mmol, 1.0 equiv) at 0 °C. The mixture was warmed up to room temperature and allowed 

to stir for 2 h. To the suspension of CuCN (1.8 mg, 0.02 mmol, 0.1 equiv) in THF (1 mL), 

was added the aryl zincate mixture followed by allyl bromide (69 μL, 0.8 mmol, 4.0 

equiv). The resulting mixture was allowed to stir at room temperature for 21 h. The 

reaction mixture was quenched with isopropanol (approx. 0.2 mL), filtered through 

silica plug, and washed with ethyl acetate (approx. 10 mL). The filtrate was concentrated 

under reduced pressure. Purification by flash column chromatography (hexanes) gave 

7b as a pale-yellow oil (20.5 mg, 58%).  

Rƒ = 0.39 (hexanes) 
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1H NMR (400 MHz, CDCl3,): δ 7.16 (t, J = 7.9 Hz, 1H), 6.84 (d, J = 7.9 Hz, 1H), 6.75 (d, J = 

7.9 Hz, 1H), 6.01–5.91 (m, 1H), 4.98–4.91 (m, 2H), 3.82 (s, 3H), 3.46 (d, J = 5.9 Hz, 2H), 2.65 

(q, J = 7.6 Hz, 2H), 1.22 (t, J = 7.6 Hz, 3H) 

13C NMR (126 MHz, CDCl3): δ 157.5, 143.9, 137.0, 126.9, 125.9, 120.9, 114.2, 108.1, 55.6, 

29.8, 25.7, 15.4 

FTIR (thin film), 2964, 1637, 1583, 1462, 1257, 1059, 786, 742 cm-1 

HRMS-ESI (m/z) Calcd for (C12H17O) ([M+H]+): 177.1279; found: 177.1270. 

 

2-Ethyl-6-methoxy-1,1'-biphenyl (7c). Freshly titrated LiTMP0.1Li[ZnEt2(TMP)] (0.98 mL, 

0.4 mmol, 2.0 equiv) was added dropwise to 3-methoxyphenyl triflate (35 μL, 0.2 mmol, 

1.0 equiv) at 0 °C. The mixture was warmed up to room temperature and allowed to stir 

for 2 h. To the solution of Pd(OAc)2 (4.5 mg, 0.02 mmol, 0.1 equiv) in THF (1 mL), was 

added the aryl zincate mixture followed by phenyl iodide (89 μL, 0.8 mmol, 4.0 equiv). 

The resulting mixture was allowed to stir at room temperature for 24 h. The reaction 

mixture was quenched with isopropanol (approx. 0.2 mL), filtered through silica plug, 

and washed with ethyl acetate (approx. 10 mL). The filtrate was concentrated under 

reduced pressure. Purification by flash column chromatography (hexanes) gave 7c as a 

colorless oil (16.1 mg, 38%).  
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Rƒ = 0.19 (2% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3,): δ 7.45–7.41 (m, 2H), 7.37–7.33 (m, 1H), 7.30 (t, J = 8.0 Hz, 

1H), 7.25–7.23 (m, 2H), 6.96 (d, J = 8.0 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H), 3.71 (s, 3H), 2.41 

(q, J = 7.6 Hz, 2H), 1.05 (t, J = 7.6 Hz, 3H) 

13C NMR (100 MHz, CDCl3): δ 156.9, 143.9, 137.4, 130.5, 130.0, 128.2, 127.9, 126.7, 120.7, 

108.2, 55.7, 26.3, 15.5 

FTIR (thin film), 2964, 1578, 1467, 1255, 1090, 740, 701 cm-1 

HRMS-ESI (m/z) Calcd for (C15H17O) ([M+H]+): 213.1279; found: 213.1278. 

 

1-Ethyl-2-iodo-3-methoxybenzene (7d). Freshly titrated LiTMP0.1Li[ZnEt2(TMP)] (1.11 

mL, 0.4 mmol, 2.0 equiv) was added dropwise to 3-methoxyphenyl triflate (35 μL, 0.2 

mmol, 1.0 equiv) at 0 °C. The mixture was warmed up to room temperature and allowed 

to stir for 2 h. To the stirring aryl zincate mixture, was added dropwise a solution of 

Iodine (406.1 mg, 1.6 mmol, 8.0 equiv) in THF (1 mL) at room temperature. The resulting 

mixture was allowed to stir at room temperature for 24 h. The reaction mixture was 

quenched with isopropanol (approx. 0.2 mL), filtered through silica plug, and washed 

with ethyl acetate (approx. 10 mL). The filtrate was concentrated under reduced 
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pressure. Purification by flash column chromatography (1% ethyl acetate−hexanes) gave 

7d as a yellow oil (26.5 mg, 51%).  

Rƒ = 0.67 (10% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3,): δ 7.22 (t, J = 7.8 Hz, 1H), 6.87 (d, J = 7.8 Hz, 1H), 6.66 (d, J = 

7.8 Hz, 1H), 3.88 (s, 3H), 2.80 (q, J = 7.5 Hz, 2H), 1.21 (t, J = 7.5 Hz, 3H) 

13C NMR (100 MHz, CDCl3): δ 158.0, 148.6, 129.0, 121.1, 108.2, 92.5, 56.5, 34.6, 14.6 

FTIR (thin film), 2965, 1565, 1463, 1427, 1265, 1088, 1042, 1012, 776 cm-1 

GC-MS (m/z) Calcd for (C9H11IO): 262.0; found: 261.9. 

 

Note: The TMP-addition product 7d’ was detected in the 1H NMR spectra of the crude 

mixture with a 3:1 ratio between 7d and 7d’. The compound 7d’ was confirmed by 

HRMS-ESI (m/z) [Calcd for (C16H25INO) ([M+H]+): 374.0981; found: 374.0976]. 

 

 

tert-Butyl 4-(2-ethyl-6-methoxyphenyl)piperazine-1-carboxylate (7e). Freshly titrated 

LiTMP0.1Li[ZnEt2(TMP)] (1.11 mL, 0.4 mmol, 2.0 equiv) was added dropwise to 3-
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methoxyphenyl triflate (35 μL, 0.2 mmol, 1.0 equiv) at 0 °C. The mixture was warmed up 

to room temperature and allowed to stir for 2 h. To the stirring aryl zincate mixture, was 

added dropwise the solution of tert-butyl 4-(benzoyloxy)piperazine-1-carboxylate183 

(183.8 mg, 0.6 mmol, 3.0 equiv) and Cu(eh)2 (eh = 2-ethylhexanoate, 14.0 mg, 0.04 mmol, 

0.2 equiv) in THF (1 mL) at room temperature. The resulting mixture was heat up to 50 

°C and allowed to stir for 24 h. The reaction mixture was quenched with isopropanol 

(approx. 0.2 mL), filtered through alumina plug, and washed with ethyl acetate (approx. 

10 mL). The filtrate was concentrated under reduced pressure. Purification by flash 

column chromatography (3% ethyl acetate−hexanes) gave 7e as a yellow oil (24.3 mg, 

38%).  

Rƒ = 0.46 (10% ethyl acetate–hexanes) 

1H NMR (400 MHz, CDCl3,): δ; 7.10–7.06 (m, 1H), 6.81 (d, J = 7.7 Hz, 1H), 6.72 (d, J = 8.2 

Hz, 1H), 4.00 (br s, 2H), 3.78 (s, 3H), 3.39 (t, J = 11.0, 2H), 2.99 (br s, 2H), 2.73 (q, J = 7.6 

Hz, 2H), 2.67 (d, J = 11.0 Hz, 2H), 1.49 (s, 9H), 1.17 (t, J = 7.6 Hz, 3H) 

13C NMR (100 MHz, CDCl3): δ 159.1, 155.1, 144.7, 138.0, 126.4, 121.2, 109.5, 79.3, 55.0, 

50.1, 44.5 (br), 28.5, 25.3, 15.7 

FTIR (thin film), 2965, 1690, 1417, 1364, 1246, 1167, 1119, 1088 cm-1 

HRMS-ESI (m/z) Calcd for (C18H29N2O3) ([M+H]+): 321.2173; found: 321.2176. 
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2-Azido-1-ethyl-3-methoxybenzene (7f). Freshly titrated LiTMP0.1Li[ZnEt2(TMP)] (1.11 

mL, 0.4 mmol, 2.0 equiv) was added dropwise to 3-methoxyphenyl triflate (35 μL, 0.2 

mmol, 1.0 equiv) at 0 °C. The mixture was warmed up to room temperature and allowed 

to stir for 2 h. To the stirring aryl zincate mixture, was added dropwise the solution of 1-

azido-benzo[d][1,2]iodaoxol-3(1H)-one184 (173.4 mg, 0.6 mmol, 3.0 equiv) and Cu(eh)2 

(7.0 mg, 0.02 mmol, 0.1 equiv) in THF (1 mL) at room temperature. The resulting mixture 

was heat up to 50 °C and allowed to stir for 24 h. The reaction mixture was quenched 

with isopropanol (approx. 0.2 mL), filtered through alumina plug, and washed with 

ethyl acetate (approx. 10 mL). The filtrate was concentrated under reduced pressure. 

Purification by flash column chromatography (hexanes) gave 7f as a yellow oil (10.0 mg, 

28%).  

Rƒ = 0.48 (hexanes) 

1H NMR (400 MHz, CDCl3,): δ 7.02 (t, J = 7.9 Hz, 1H), 6.78 (d, J = 7.9 Hz, 1H), 6.74 (d, J = 

7.9 Hz, 1H), 3.89 (s, 3H), 2.62 (q, J = 7.5 Hz, 2H), 1.18 (t, J = 7.5 Hz, 3H) 

13C NMR (100 MHz, CDCl3): δ 153.9, 137.6, 126.0, 125.1, 121.4, 109.4, 55.9, 24.9, 14.7 

FTIR (thin film), 2967, 2105, 1461, 1306, 1261, 1086 cm-1 
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HRMS-ESI (m/z, following Staudinger reduction*) Calcd for (C9H13NO) ([M+H]+): 

152.1070; found: 152.1068. 

*Note: Due to ionization difficulty for obtaining the HRMS of 7f, it was transformed by 

Staudinger reduction into the corresponding aniline, which was used for obtaining 

HRMS data. Standard protocol: to a solution of 7f (5 mg, 0.03 mmol, 1.0 equiv) in THF 

(0.4 mL), was added PMe3 (42 μL, 1.0 M solution in toluene, 1.5 equiv) at 0 oC. The 

reaction mixture was allowed to stir at room temperature for 1 h, followed by the 

addition of DI water (0.2 mL). The reaction was then warmed up to 50 oC and stirred for 

12 h. The mixture was concentrated by rotary evaporation and diluted with ethyl 

acetate. A sample of the resulting organic layer was used for HRMS analysis without 

purification. 

 

Appendix C2.2 Synthesis and characterization data for products in 
three-component amino-difunctionalization of aryl triflates 

Preparation of zinc base (ZnTMP2) 

A solution of 2,2,6,6-tetramethylpiperidine (5.7 mL, 33.8 mmol, 2.0 equiv) in THF 

(5.7 mL) in a 100-mL round bottom flask with a stir bar was cooled to –78 °C by dry 

ice/acetone bath under N2. To the solution at –78 °C was added dropwise n-butyl lithium 

(2.5 M solution in hexanes, 33.8 mmol, 2.0 equiv). The resulting suspension was allowed 

to warm up to 0 °C and stir for 1 h. A solution of zinc chloride (2.30 g, 16.9 mmol, 1.0 

equiv) in THF (16.9 mL) was added slowly. The resulting pale-yellow suspension was 
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allowed to stir at 0 °C for 0.5 h and then warmed up to room temperature. After stirring 

for additional 2.5 h, the yellow supernatant was transferred to a 100-mL round bottom 

flask as the title complex and titrated with benzoic acid as described below prior to use. 

The solution can be stored at –20 °C for several months. 

Standard titration: A 15-mL round bottom flask was charged with a stir bar, 

benzoic acid (approx. 50 mg) and 4-(phenylazo)diphenylamine (approx. 1 mg). The flask 

was placed under N2 via sequential vacuum purge/N2 backfill (3 times) followed by the 

addition of THF (1.0 mL). To the mixture was added dropwise solution of ZnTMP2 until 

the endpoint of the dibasic zinc was observed, as indicated by a persistent dark orange-

red color change, providing the concentration (typically 0.39–0.45 M).  

 

Standard procedure for amino-difunctionalization of aryl triflates 

a. Standard procedure C: difunctionalization with aniline nucleophiles 

 

To a solution of aniline (0.2 mmol, 1.0 equiv) in THF (1 mL) was added dropwise 

n-butyl lithium (2.5 M solution in hexanes, 0.4 mmol, 2.0 equiv) at –78 °C. The mixture 

was allowed to stir for 15 min, followed by slow addition of ZnTMP2 solution (0.2 mmol, 

1.0 equiv) at –78 °C, which was then further stirred for 15 min. To the complex at –78 °C 
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was added aryl triflate 4 (0.2 mmol, 1.0 equiv). The reaction was allowed to warm up to 

0 °C and stir for 1.0 h to form the organozinc intermediate S11 (typically orange 

solution). To the resulting mixture S11 was added an appropriate electrophile and/or a 

catalyst as described below. 

Iodination: To the organozinc intermediate S11 at 0 °C was added a solution of iodine 

(177.7 mg, 0.7 mmol, 3.5 equiv) in THF (1 mL) slowly. The mixture was warmed up to 

room temperature and stirred for 0.5 h. The reaction was quenched by saturated 

aqueous solution of Na2S2O3 (3 mL) and extracted with ethyl acetate (3 × 1 mL). The 

combined organic layers were filtered through a plug of silica and washed with ethyl 

acetate (approx. 5 mL). The filtrate was concentrated under reduced pressure and 

purified by flash column chromatography on silica gel.  

Bromination: To the organozinc intermediate S11 at –60 °C was added a solution of N-

bromosuccinimide (106.8 mg, 0.6 mmol, 3.0 equiv) in CH2Cl2 (2 mL) slowly. The mixture 

was allowed to stir at –60 °C for 20 min. The reaction was transferred to the mixture of 

saturated aqueous solution of Na2S2O3 (30 mL) and 2N HCl (1 mL), and extracted with 

ethyl acetate (3 × 10 mL). The combined organic layers were dried over Na2SO4, 

concentrated under reduced pressure, and purified by flash column chromatography. 

Sulfenylation (Modified procedure based on related reactions previously reported185): 

The organozinc intermediate S11 was transferred to a separate flask with CoCl2 (26.0 

mg, 0.2 mmol, 1.0 equiv), followed by addition of a solution of phenyl disulfide (87.3 
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mg, 0.4 mmol, 2.0 equiv) in THF (1 mL) at 0 °C. The reaction mixture was slowly 

warmed up to room temperature and stirred for 23 h. The reaction was quenched by 

saturated aqueous solution of Na2S2O3 (3 mL) and extracted with ethyl acetate (3 × 1 

mL). The combined organic layers were then filtered through a plug of silica and 

washed with ethyl acetate (approx. 5 mL). The filtrate was concentrated under reduced 

pressure and purified by flash column chromatography. 

Hydroxylation (Modified procedure based on related reactions previously reported87): 

The organozinc intermediate S11 was transferred to a suspension of CuCN (1.8 mg, 0.02 

mmol, 0.1 equiv) in THF (1 mL), followed by addition of tert-butyl hydrogen peroxide 

(0.11 mL, 5.5 M in dodecane, 0.6 mmol, 3.0 equiv) at 0 °C. The reaction mixture was 

slowly warmed up to 40 °C and stirred for 3 h. The reaction was quenched by saturated 

aqueous solution of Na2S2O3 (3 mL) and NH4Cl (1 mL), and extracted with ethyl acetate 

(3 × 1 mL). The combined organic layers were then filtered through a plug of silica and 

washed with ethyl acetate (approx. 5 mL). The filtrate was concentrated under reduced 

pressure and purified by flash column chromatography. 

Primary amination (Procedure following reaction conditions previously reported87): To 

the organozinc intermediate S11 at 0 °C was added a suspension of CuCN (1.8 mg, 0.02 

mmol, 0.1 equiv) in THF (1 mL) and then O-benzylhydroxylamine (47.5 μL, 0.4 mmol, 

2.0 equiv). The reaction mixture was slowly warmed up to room temperature and stirred 

for 3 h. The reaction was quenched by the addition of isopropanol (approx. 0.2 mL), 
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filtered through a plug of silica, and washed with ethyl acetate (approx. 5 mL). The 

filtrate was concentrated under reduced pressure and purified by flash column 

chromatography. 

Amination (Procedure following reaction conditions previously reported88): To the 

organozinc intermediate S11 at 0 °C was added a solution of copper (II) 2-

ethylhexanoate (14.0 mg, 0.04 mmol, 0.2 equiv) and tert-butyl 4-(benzoyloxy)piperazine-

1-carboxylate (122.6 mg, 0.4 mmol, 2.0 equiv) in THF (1 mL). The reaction mixture was 

slowly warmed up to room temperature and stirred for 3 h. The reaction was quenched 

by the addition of isopropanol (approx. 0.2 mL), filtered through a plug of silica, and 

washed with ethyl acetate (approx. 5 mL). The filtrate was concentrated under reduced 

pressure and purified by flash column chromatography. 

Azidation (Procedure following reaction conditions previously reported88): To the 

organozinc intermediate S11 at 0 °C was added a solution of copper (II) 2-

ethylhexanoate (7.0 mg, 0.02 mmol, 0.1 equiv) in THF (1 mL). This resulting mixture was 

transferred to 1-azido-1,2-benziodoxol-3(1H)-one113 (173.4 mg, 0.6 mmol, 3.0 equiv) in a 

separate reaction tube at 0 °C. The reaction mixture was slowly warmed up to room 

temperature and stirred for 2.5 h. The reaction was quenched by the addition of 

isopropanol (approx. 0.2 mL), filtered through a plug of aluminum oxide (neutral), and 

washed with ethyl acetate (approx. 5 mL). The filtrate was concentrated under reduced 

pressure and purified by flash column chromatography. 
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Alkylation: To the organozinc intermediate S11 at 0 °C was added a solution of 

(CuOTf)2•PhMe (5.2 mg, 0.01 mmol, 0.05 equiv) in THF (1 mL), followed by methyl p-

toluenesulfonate (60.5 μL, 0.4 mmol, 2.0 equiv). The reaction mixture was slowly 

warmed up to room temperature and stirred for 16 h. The reaction was quenched by the 

addition of isopropanol (approx. 0.2 mL), filtered through a plug of silica, and washed 

with ethyl acetate (approx. 5 mL). The filtrate was concentrated under reduced pressure 

and purified by flash column chromatography. 

Allylation: To the organozinc intermediate S11 at 0 °C was added a solution of 

(CuOTf)2•PhMe (2.6 mg, 0.005 mmol, 0.025 equiv) in THF (1 mL), followed by allyl 

bromide (35 μL, 0.4 mmol, 2.0 equiv). The reaction mixture was slowly warmed up to 

room temperature and stirred for 2.5 h. The reaction was quenched by the addition of 

isopropanol (approx. 0.2 mL), filtered through a plug of silica, and washed with ethyl 

acetate (approx. 5 mL). The filtrate was concentrated under reduced pressure and 

purified by flash column chromatography otherwise indicated. 

Coupling reaction with aldehyde (Modified procedure based on related reactions 

previously reported186): To the organozinc intermediate S11 at 0 °C was added a solution 

of Ni(acac)2 (10.4 mg, 0.04 mmol, 0.2 equiv) in THF (1 mL), followed by 4-tolualdehyde 

(47 μL, 0.4 mmol, 2.0 equiv). The reaction mixture was slowly warmed up to room 

temperature and stirred for 19 h. The reaction was quenched by the addition of 

isopropanol (approx. 0.2 mL), filtered through a plug of silica, and washed with ethyl 
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acetate (approx. 5 mL). The filtrate was concentrated under reduced pressure and 

purified by flash column chromatography. 

Arylation (Modified procedure based on related reactions previously reported187): To 

the organozinc intermediate S11 at 0 °C was added a solution of Pd(OAc)2 (3.6 mg, 0.016 

mmol, 0.08 equiv) and QPhos (14.2 mg, 0.02 mmol, 0.10 equiv) in THF (1 mL), followed 

by 2-bromopyridine (38 μL, 0.4 mmol, 2.0 equiv). The reaction mixture was slowly 

warmed up to room temperature and stirred for 18 h. The reaction was quenched by the 

addition of isopropanol (approx. 0.2 mL), filtered through a plug of silica, and washed 

with ethyl acetate (approx. 5 mL). The filtrate was concentrated under reduced pressure 

and purified by flash column chromatography. 

Vinylation (Modified procedure based on related reactions previously reported187): To 

the organozinc intermediate S11 at 0 °C was added a solution of Pd(OAc)2 (1.8 mg, 0.008 

mmol, 0.04 equiv) and QPhos (7.1 mg, 0.01 mmol, 0.05 equiv) in THF (1 mL), followed 

by vinyl bromide (0.4 mL, 1 M solution in THF, 0.4 mmol, 2.0 equiv). The reaction 

mixture was slowly warmed up to room temperature and stirred for 3 h. The reaction 

was quenched by the addition of isopropanol (approx. 0.2 mL), filtered through a plug 

of silica, and washed with ethyl acetate (approx. 5 mL). The filtrate was concentrated 

under reduced pressure and purified by flash column chromatography unless indicated 

otherwise. 
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Alkynylation: To the organozinc intermediate S11 at 0 °C was added a solution of 

copper (II) 2-ethylhexanoate (7.0 mg, 0.02 mmol, 0.1 equiv) in THF (1 mL). This resulting 

mixture was transferred to 1-((4-chlorophenyl)ethynyl)-1λ3-benzo[d][1,2]iodaoxol-3(1H)-

one188 (282.6 mg, 0.6 mmol, 3.0 equiv) in a separate reaction tube at 0 °C. The reaction 

mixture was slowly warmed up to room temperature and stirred for 18 h. The reaction 

was quenched by the addition of isopropanol (approx. 0.2 mL), filtered through a plug 

of aluminum oxide and washed with ethyl acetate (approx. 5 mL). The filtrate was 

concentrated under reduced pressure and purified by flash column chromatography. 

Protonation: To the organozinc intermediate S11 at 0 °C was added MeOH (0.2 mL). The 

mixture was warmed up to room temperature and stirred for 0.5 h. The reaction was 

diluted with ethyl acetate (1 mL), filtered through a plug of silica, and washed with 

ethyl acetate (approx. 5 mL). The filtrate was concentrated under reduced pressure and 

purified by flash column chromatography unless indicated otherwise. 

b. Standard procedure D: Aminoiodination with aliphatic amine nucleophiles 

 

To a solution of amine (0.6 mmol, 3.0 equiv) in THF (1 mL) at –78 °C was added 

dropwise n-butyl lithium (2.5 M solution in hexanes, 0.6 mmol, 3.0 equiv) and allowed 

to stir for 15 min at the same temperature. To the mixture slowly at –78 °C was added 
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ZnTMP2 solution (0.6 mmol, 3.0 equiv) and allowed to warm up to room temperature 

and stir for 0.5 h. The resulting zincate complex was cooled down to 0 °C and stirred for 

15 min. Phenyl triflate 4a (32.5 μL, 0.2 mmol, 1.0 equiv) was added at 0 °C and allowed 

to stir for 0.5 h to form the organozinc intermediate S12 (typically pale-orange solution). 

To reaction at 0 °C was added a solution of iodine (456.9 mg, 1.8 mmol, 9.0 equiv) in 

THF (1 mL) slowly. The mixture was warmed up to room temperature and stirred for 

0.5 h. The reaction was quenched with saturated Na2S2O3 aqueous solution (3 mL) and 

extracted with ethyl acetate (3 × 1 mL). The combined organic layers were then filtered 

through a plug of silica and washed with ethyl acetate (approx. 5 mL). The filtrate was 

concentrated under reduced pressure and purified by flash column chromatography. 

 

Characterization of amino-difunctionalized arenes 

 

2-Iodo-N-methyl-N-phenylaniline (8a). Synthesized by standard procedure C-

iodination. Purification by flash column chromatography (hexanes) on silica gel gave 8a 

as a pale-yellow oil (38.6 mg, 63%).  

Rf = 0.36 (hexanes) 
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1H NMR (400 MHz, CDCl3): δ 8.01 (dd, J = 7.8, 1.3 Hz, 1H), 7.43 (ddd, J = 7.8, 7.5, 1.3 Hz, 

1H), 7.28–7.22 (m, 3H), 7.04 (ddd, J = 7.8, 7.5, 1.3 Hz, 1H), 6.81 (t, J = 7.3 Hz, 1H), 6.59 (d, J 

= 8.1 Hz, 2H), 3.25 (s, 3H). The spectroscopic data match those reported previously.189-190 

 

2-Iodo-N-ethyl-N-phenylaniline (8b). Synthesized by standard procedure C-iodination. 

Purification by flash column chromatography (hexanes) on silica gel gave 8b as a 

colorless oil (37.6 mg, 58%).  

Rf = 0.50 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3) δ 8.00 (dd, J = 7.8, 1.4 Hz, 1H), 7.42 (td, J = 7.8, 1.4 Hz, 1H), 

7.23 (dd, J = 7.8, 1.4 Hz, 1H), 7.19 (dd, J = 8.7, 7.3 Hz, 2H), 7.03 (td, J = 7.8, 1.4 Hz, 1H), 

6.75 (t, J = 7.3 Hz, 1H), 6.54 (d, J = 8.7 Hz, 2H), 3.68 (q, J = 7.1 Hz, 2H), 1.26 (t, J = 7.1 Hz, 

3H);  

13C NMR (126 MHz, CDCl3) δ 148.5, 147.6, 140.4, 131.3, 129.8, 129.0, 128.2, 117.3, 113.3, 

102.6, 45.6, 12.5 

FTIR (thin film): 3057, 2971, 1597, 1495, 1264, 1016, 743, 690, 576 cm-1 

HRMS-ESI (m/z) Calcd for (C14H15IN+) ([M+H]+): 324.0244; found: 324.0248. 
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2-Iodo-N-isopropyl-N-phenylaniline (8c). Synthesized by standard procedure C-

iodination. Purification by flash column chromatography (hexanes) on silica gel gave 8c 

as a colorless oil (18.5 mg, 27%).  

Rf = 0.62 (2% Et2O–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.99 (d, J = 7.8 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H), 7.23 (d, J = 

7.8 Hz, 1H), 7.18 (dd, J = 8.8, 7.3 Hz, 2H), 7.06 (t, J = 7.8 Hz, 1H), 6.72 (t, J = 7.3 Hz, 1H), 

6.47 (d, J = 8.8 Hz, 2H), 4.36 (sept, J = 6.6 Hz, 1H), 1.24, (d, J = 6.6 Hz, 6H) 

13C NMR (100 MHz, CDCl3) δ 147.1, 145.9, 140.3, 132.3, 129.6, 128.9, 128.5, 116.9, 113.7, 

106.2, 48.7, 20.9  

FTIR (thin film): 2969, 1594, 1493, 1292, 1017, 743, 690 cm-1 

HRMS-ESI (m/z) Calcd for (C15H17IN+) ([M+H]+): 338.0400; found: 338.0396. 

 

2-Iodo-N-(4-methoxyphenyl)-N-methylaniline (8d). Synthesized by standard procedure 

C-iodination. Purification by flash column chromatography (10% CH2Cl2–hexanes) on 

silica gel gave 8d as a pale-yellow oil (27.0 mg, 40%).  
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Rf = 0.24 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.94 (dd, J = 7.9, 1.4 Hz, 1H), 7.37 (td, J = 7.9, 1.4 Hz, 1H), 

7.19 (dd, J = 7.9, 1.4 Hz, 1H), 6.95 (td, J = 7.9, 1.4 Hz, 1H), 6.81–6.78 (m, 2H), 6.58–6.55 (m, 

2H), 3.76 (s, 3H), 3.18 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 152.5, 151.4, 143.3, 140.2, 129.9, 128.9, 127.5, 115.6, 114.5, 

100.9, 55.7, 39.9 

FTIR (thin film): 3049, 2930, 1505, 1462, 1236, 1016, 816, 727, 568 cm-1 

HRMS-ESI (m/z) Calcd for (C14H15INO+) ([M+H]+): 340.0193; found: 340.0196. 

 

2-Iodo-N-methyl-N-(4-(trifluoromethyl)phenyl)aniline (8e). Synthesized by standard 

procedure C-iodination. Purification by flash column chromatography (hexanes) on 

silica gel gave 8e as a colorless oil (54.3 mg, 72%).  

Rf = 0.57 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.99 (dd, J = 7.8, 1.3 Hz, 1H), 7.46–7.42 (m, 3H), 7.24 (dd, J = 

7.8, 1.3 Hz, 1H), 7.07 (td, J = 7.8, 1.3 Hz, 1H), 6.54 (d, J = 8.7 Hz, 2H), 3.26 (s, 3H). The 

spectroscopic data match those reported previously.191 
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4-((2-Iodophenyl)(methyl)amino)benzonitrile (8f). Synthesized by standard procedure 

C-iodination. Purification by flash column chromatography (5% Et2O–hexanes) on silica 

gel gave 8f as a colorless oil (56.1 mg, 84%).  

Rf = 0.15 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.98 (dd, J = 7.8, 1.4 Hz, 1H), 7.48–7.43 (m, 3H), 7.23 (dd, J = 

7.8, 1.4 Hz, 1H), 7.09 (td, J = 7.8, 1.4 Hz, 1H), 6.47 (d, J = 8.5 Hz, 2H), 3.26 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 151.0, 148.2, 140.6, 133.4, 130.4, 129.7, 129.3, 120.3, 112.5, 

100.0, 99.2, 38.9 

FTIR (thin film): 2939, 2214, 1604, 1512, 1476, 1358, 1176, 821, 728, 544 cm-1 

HRMS-ESI (m/z) Calcd for (C14H11IN2+) ([M+H]+): 335.0040; found: 335.0044. 

 

Methyl 4-((2-iodophenyl)(methyl)amino)benzoate (8g). Synthesized by standard 

procedure C-iodination. Purification by flash column chromatography (3% Et2O–

hexanes) on silica gel gave 8g as a colorless oil (44.6 mg, 61%).  

Rf = 0.15 (15% Et2O–hexanes)  
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1H NMR (500 MHz, CDCl3) δ 7.98 (dd, J = 7.8, 1.4 Hz, 1H), 7.87 (d, J = 8.9 Hz, 2H), 7.44 

(td, J = 7.8, 1.4 Hz, 1H), 7.25 (dd, J = 7.8, 1.4 Hz, 1H), 7.07 (td, J = 7.8, 1.4 Hz, 1H), 6.48 (d, J 

= 8.9 Hz, 2H), 3.85 (s, 3H), 3.27 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 167.3, 151.7, 148.9, 140.5, 131.2, 130.3, 129.8, 129.0, 118.6, 

111.9, 100.3, 51.5, 39.0 

FTIR (thin film): 2949, 1707, 1605, 1280, 1182, 906, 724, 530 cm-1 

HRMS-ESI (m/z) Calcd for (C15H15INO2+) ([M+H]+): 368.0142; found: 368.0145. 

 

N-(4-Fluorophenyl)-2-iodo-N-methylaniline (8h). Synthesized by standard procedure 

C-iodination. Purification by flash column chromatography (hexanes) on silica gel gave 

2h as a pale-yellow oil (48.8 mg, 75%).  

Rf = 0.35 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.96 (dd, J = 7.9, 1.5 Hz, 1H), 7.40 (td, J = 7.9, 1.5 Hz, 1H), 

7.20 (dd, J = 7.9, 1.5 Hz, 1H), 7.00 (td, J = 7.9, 1.5 Hz, 1H), 6.88–6.93 (m, 2H), 6.48–6.52 (m, 

2H), 3.19 (s, 3H). The spectroscopic data match those reported previously.190 
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N-(4-Chlorophenyl)-2-iodo-N-methylaniline (8i). Synthesized by standard procedure 

C-iodination. Purification by flash column chromatography (hexanes) on silica gel gave 

8i as a yellow oil (48.6 mg, 71%).  

Rf = 0.36 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.97 (dd, J = 7.9, 1.5 Hz, 1H), 7.41 (td, J = 7.9, 1.5 Hz, 1H), 

7.22 (dd, J = 7.9, 1.5 Hz, 1H), 7.15–7.12 (m, 2H), 7.02 (td, J = 7.9, 1.5 Hz, 1H), 6.48–6.44 (m, 

2H), 3.20 (s, 3H). The spectroscopic data match those reported previously.190 

 

N-(4-Bromophenyl)-2-iodo-N-methylaniline (8j). Synthesized by standard procedure C-

iodination. Purification by flash column chromatography (hexanes) on silica gel gave 8j 

as a yellow oil (60.0 mg, 77%).  

Rf = 0.33 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.99 (dd, J = 7.8, 1.4 Hz, 1H), 7.44 (td, J = 7.8, 1.4 Hz, 1H), 

7.31–7.28 (m, 2H), 7.24 (dd, J = 7.8, 1.4 Hz, 1H), 7.05 (td, J = 7.8, 1.4 Hz, 1H), 6.45–6.42 (m, 

2H), 3.22 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 149.7, 147.4, 140.4, 131.6, 130.1, 129.6, 128.5, 114.8, 109.7, 

100.8, 39.2 

FTIR (thin film) 3055, 2875, 1574, 1488, 1344, 1017, 810 cm-1 
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HRMS-ESI (m/z) Calcd for (C13H12BrIN+) ([M+H]+): 387.9192; found: 387.9180. 

 

N-(2-Iodophenyl)-N-methylpyridin-4-amine (8k). Synthesized by standard procedure 

C-iodination. Purification by flash column chromatography (1% NEt3–EtOAc) on silica 

gel gave 8k as a yellow solid (32.5 mg, 52%).  

Rf = 0.35 (2% NEt3–EtOAc)  

1H NMR (500 MHz, CDCl3) δ 8.21 (d, J = 5.9 Hz, 2H), 7.97 (dd, J = 7.8, 1.2 Hz, 1H), 7.44 

(td, J = 7.8, 1.2 Hz, 1H), 7.22 (dd, J = 7.8, 1.2 Hz, 1H), 7.07 (td, J = 7.8, 1.2 Hz, 1H), 6.30 (br 

s, 2H), 3.22 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 153.0, 149.8, 147.7, 140.5, 130.3, 129.7, 129.3, 107.4, 99.9, 

38.2 

FTIR (thin film): 3028, 2922, 1596, 1504, 1364, 985, 805, 724, 599 cm-1 

HRMS-ESI (m/z) Calcd for (C12H12IN2) ([M+H]+): 311.0040; found: 311.0045. 
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2-Iodo-N,N-diphenylaniline (8l). Synthesized by standard procedure C-iodination. 

Purification by flash column chromatography (hexanes) on silica gel gave 8l as a white 

solid (48.9 mg, 66%). 

Rf = 0.40 (hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.93 (d, J = 7.9 Hz, 1H), 7.37 (dd, J = 7.9, 7.4 Hz, 1H), 7.25–

7.21 (m, 5H), 6.99–6.94 (m, 7H) 

13C NMR (126 MHz, CDCl3) δ 148.9, 146.9, 140.9, 131.4, 129.8, 129.0, 127.6, 122.1, 122.0, 

100.2 

FTIR (thin film): 3059, 1587, 1489, 1274, 748, 721, 502 cm-1 

HRMS-ESI (m/z) Calcd for (C18H15IN+) ([M+H]+): 372.0244; found: 310.0240. 

 

2-Iodo-N-(4-methoxyphenyl)-N-(p-tolyl)aniline (8m). Synthesized by standard 

procedure C-iodination. Purification by flash column chromatography (2% Et2O–

hexanes) on silica gel gave 8m as a pale-yellow oil (58.2 mg, 70%).  

Rf = 0.34 (hexanes) 
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1H NMR (500 MHz, CDCl3) δ 7.90 (dd, J = 7.5, 1.2 Hz, 1H), 7.34 (ddd, J = 7.9, 7.5, 1.2 Hz, 

1H), 7.17 (dd, J = 7.9, 1.2 Hz, 1H), 7.02 (d, J = 8.2 Hz, 2H), 6.98–6.95 (m, 2H), 6.91 (ddd, J = 

7.9, 7.5, 1.2 Hz, 1H), 6.82–6.79 (m, 2H), 6.77 (d, J = 8.2 Hz, 2H), 3.79 (s, 3H), 2.29 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 155.2, 149.4, 145.4, 140.8, 140.5, 130.8, 130.5, 129.6, 129.5, 

127.0, 124.7, 120.9, 114.4, 99.8, 55.4, 20.7 

FTIR (thin film): 2929, 2832, 1500, 1463, 1238, 1036, 814, 576 cm-1 

HRMS-ESI (m/z) Calcd for (C20H19INO+) ([M+H]+): 416.0506; found: 416.0496. 

 

9-(2-Iodophenyl)-9H-carbazole (8n). Synthesized by standard procedure C-iodination. 

Purification by flash column chromatography (0.5% Et2O–hexanes) on silica gel gave 8n 

as a white solid (37.0 mg, 50%).  

Rf = 0.40 (hexanes) 

1H NMR (400 MHz, CDCl3): δ 8.18 (d, J = 7.7 Hz, 2H), 8.13 (dd, J = 8.0, 1.4 Hz, 1H), 7.58 

(td, J = 8.0, 1.4 Hz, 1H), 7.46–7.40 (m, 3H), 7.34–7.25 (m, 3H), 7.06 (d, J = 7.7 Hz, 2H). The 

spectroscopic data match those reported previously.192 
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1-(2-Iodophenyl)piperidine (8o). Synthesized by standard procedure D. Purification by 

flash column chromatography (hexanes) on silica gel gave 8o as a pale-yellow oil (38.4 

mg, 67%).  

Rf = 0.60 (2% Et2O–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.85 (dd, J = 7.8, 1.5 Hz, 1H), 7.30 (td, J = 7.8, 1.5 Hz, 1H), 

7.03 (dd, J = 7.8, 1.5 Hz, 1H), 6.76 (td, J = 7.8, 1.5 Hz, 1H), 2.92–2.90 (m, 4H), 1.78 (quint, J 

= 5.5 Hz, 4H), 1.62–1.57 (m, 2H). The spectroscopic data match those reported 

previously.193 

 

1-(2-Iodophenyl)azepane (8p). Synthesized by standard procedure D. Purification by 

flash column chromatography (hexanes) on silica gel gave 8p as a pale-yellow oil 

(29.7mg, 49%).  

Rf = 0.47 (hexanes) 
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1H NMR (400 MHz, CDCl3): δ 7.82 (dd, J = 7.9, 1.6 Hz, 1H), 7.26 (td, J = 7.9, 1.6 Hz, 1H), 

7.09 (dd, J = 7.9, 1.6 Hz, 1H), 6.73 (td, J = 7.9, 1.6 Hz, 1H), 3.08 (t, J = 5.6 Hz, 4H), 1.84–1.79 

(m, 4H), 1.77–1.72 (m, 4H) 

13C NMR (100 MHz, CDCl3) δ 156.9, 139.6, 129.1, 125.0, 123.5, 99.9, 56.7, 29.5, 27.1 

FTIR (thin film): 2922, 1578, 1466, 1387, 1152, 1013, 754, 646 cm-1 

 HRMS-ESI (m/z) Calcd for (C12H17IN+) ([M+H]+): 302.0400; found: 302.0398. 

 

1-(2-Iodophenyl)azocane (8q). Synthesized by standard procedure D. Purification by 

flash column chromatography (hexanes) gave 8q as a pale-yellow oil (30.6 mg, 49%).  

Rf = 0.56 (hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.85 (dd, J = 7.9, 1.3 Hz, 1H), 7.30 (td, J = 7.9, 1.3 Hz, 1H), 

7.18 (dd J = 7.9, 1.3 Hz, 1H), 6.77 (td, J = 7.9, 1.3 Hz, 1H), 3.08 (t, J = 5.7 Hz, 4H), 1.81–1.72 

(m, 10H) 

13C NMR (100 MHz, CDCl3) δ 157.4, 139.8, 129.3, 125.5 (2C), 100.4, 55.9, 28.6, 27.6, 25.3 

 FTIR (thin film): 2915, 1465, 1014, 752, 722 cm-1 

HRMS-ESI (m/z) Calcd for (C13H19IN+) ([M+H]+): 316.0557; found: 316.0559. 
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1-(2-Iodophenyl)-2,2,6,6-tetramethylpiperidine (8r). Synthesized by standard procedure 

D. Purification by flash column chromatography (hexanes) on silica gel gave 8r as a pale-

yellow oil (27.1 mg, 40%).  

Rf = 0.56 (hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.94 (dd, J = 7.9, 1.6 Hz, 1H), 7.42 (dd, J = 7.9, 1.6 Hz, 1H), 

7.29 (td, J = 7.9, 1.6 Hz, 1H), 6.89 (td, J = 7.9, 1.6 Hz, 1H), 1.98–1.86 (m, 1H), 1.82–1.76 (m, 

2H), 1.64 (d quint, J = 12.6, 3.5 Hz, 1H), 1.57 (dt, J = 12.6, 3.5 Hz, 2H), 1.29 (s, 6H), 0.91 (s, 

6H) 

13C NMR (100 MHz, CDCl3) δ 148.9, 139.7, 131.6, 128.0, 127.2, 114.3, 56.1, 41.3, 31.6, 25.6, 

18.6 

FTIR (thin film): 2925, 1458, 1379, 1281, 1175, 1129, 1014, 564 cm-1 

HRMS-ESI (m/z) Calcd for (C15H23IN+) ([M+H]+): 344.0870; found: 344.0875. 

 



 

164 

1-(2-Iodophenyl)-4-phenylpiperazine (8s). Synthesized by standard procedure D. 

Purification by flash column chromatography (1% Et2O–hexanes) on silica gel gave 8s as 

a yellow solid (29.6 mg, 41%).  

Rf = 0.34 (10% EtOAc–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.89 (dd, J = 7.8, 1.1 Hz, 1H), 7.36 (td, J = 7.8, 1.1 Hz, 1H), 

7.31 (dd, J = 8.1, 7.2 Hz, 2H), 7.10 (dd, J = 7.8, 1.1 Hz, 1H), 7.01 (d, J = 8.1 Hz, 2H), 6.90 (t, J 

= 7.2 Hz, 1H), 6.84 (dd, J = 7.8, 1.1 Hz, 1H), 3.41 (t, J = 4.7 Hz, 4H), 3.17 (t, J = 4.7 Hz, 4H)  

13C NMR (100 MHz, CDCl3) δ 153.2, 151.4, 140.1, 129.2, 129.1, 125.5, 120.9, 119.8, 116.2, 

98.2, 52.4, 49.5 

FTIR (thin film): 3056, 2821, 1598, 1468, 1224, 1144, 1011, 944, 753, 691 cm-1 

HRMS-ESI (m/z) Calcd for (C16H18IN2+) ([M+H]+): 365.0509; found: 365.0515. 

 

N,N-Diethyl-2-iodoaniline (8t). Synthesized by standard procedure D. Purification by 

flash column chromatography (hexanes) on silica gel gave 8t as a pale-yellow oil (25.6 

mg, 47%).  

Rf = 0.40 (hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.87 (dd, J = 7.9, 1.5 Hz, 1H), 7.29 (td, J = 7.9, 1.5 Hz, 1H), 

7.07 (dd, J = 7.9, 1.5 Hz, 1H), 6.81 (td, J = 7.9, 1.5 Hz, 1H), 3.03 (q, J = 7.1 Hz, 4H), 1.01 (t, J 

= 7.1 Hz, 6H). The spectroscopic data match those reported previously.194 
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N,N-Dibutyl-2-iodoaniline (8u). Synthesized by standard procedure D. Purification by 

flash column chromatography (hexanes) on silica gel gave 8u as a pale-yellow oil (35.7 

mg, 54%).  

Rf = 0.76 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.86 (dd, J = 7.9, 1.4 Hz, 1H), 7.28 (td, J = 7.9, 1.4 Hz, 1H), 

7.09 (dd, J = 7.9, 1.4 Hz, 1H), 6.79 (td, J = 7.9, 1.4 Hz, 1H), 2.95 (t, J = 7.4 Hz, 4H), 1.45–1.39 

(m, 4H), 1.30 (quint, J = 7.4 Hz, 4H), 0.87 (t, J = 7.4 Hz, 6H) 

13C NMR (126 MHz, CDCl3) δ 152.7, 139.8, 128.5, 125.5, 124.1, 101.7, 54.0, 29.2, 20.5, 14.0 

FTIR (thin film): 3055, 2955, 2860, 1466, 1014, 759, 723, 643 cm-1 

HRMS-ESI (m/z) Calcd for (C14H23IN+) ([M+H]+): 332.0870; found: 332.0872. 

 

2-Iodo-N,N-diisopropylaniline (8v). Synthesized by standard procedure D using 

LiZn(NiPr2)2TMP as a base. Purification by flash column chromatography (hexanes) on 

silica gel gave 8v as a pale-yellow oil (13.0 mg, 21%).  

Rf = 0.48 (2% EtOAc–hexanes) 
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1H NMR (500 MHz, CDCl3): δ 7.91 (dd, J = 7.9, 1.6 Hz, 1H), 7.28 (td, J = 7.9, 1.6 Hz, 1H), 

7.22 (dd, J = 7.9, 1.6 Hz, 1H), 6.88 (td, J = 7.9, 1.6 Hz, 1H), 3.48 (sept, J = 6.5 Hz, 2H), 1.04 

(d, J = 6.5 Hz, 12H) 

13C NMR (126 MHz, CDCl3) δ 149.7, 139.2, 129.8, 128.1, 127.1, 110.7, 50.2, 21.0 

FTIR (thin film): 3056, 2968, 2872, 1463, 1381, 1177, 1016, 732, 567 cm-1 

HRMS-ESI (m/z) Calcd for (C12H19IN+) ([M+H]+): 304.0557; found: 304.0560. 

 

N,N-Diallyl-2-iodoaniline (8w). Synthesized by standard procedure D. Purification by 

flash column chromatography (hexanes) on silica gel gave 8w as a pale-yellow oil (26.8 

mg, 45%).  

Rf = 0.62 (2% EtOAc–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.86 (dd, J = 7.9, 1.5 Hz, 1H), 7.27 (td, J = 7.9, 1.5 Hz, 1H), 

7.03 (dd, J = 7.9, 1.5 Hz, 1H), 6.79 (td, J = 7.9, 1.5 Hz, 1H), 5.84 (ddt, J = 17.1, 10.5, 6.2 Hz, 

2H), 5.18 (dd, J = 17.2, 1.6 Hz, 2H), 5.12 (d, J = 10.5 Hz, 2H), 3.64 (dd, J = 6.2, 1.6 Hz, 4H). 

The spectroscopic data match those reported previously.195 
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2-Iodo-3-methoxy-N-methyl-N-phenylaniline (10b). Synthesized by standard 

procedure C-iodination of 4b. Purification by flash column chromatography (1% Et2O–

hexanes) on silica gel gave 10b as a colorless oil (11.9 mg, 18%).  

Rf = 0.57 (2% Et2O–hexanes) 

 1H NMR (500 MHz, CDCl3) δ 7.34 (t, J = 8.0 Hz, 1H), 7.19 (t, J = 8.2 Hz, 2H), 6.86 (d, J = 

8.0 Hz, 1H), 6.76–6.75 (m, 2H), 6.56 (d, J = 8.2 Hz, 2H), 3.94 (s, 3H). 3.21 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 160.1, 152.2, 148.5, 130.4, 128.9, 121.9, 117.5, 113.4, 108.8, 

93.3, 56.7, 39.1 

FTIR (thin film): 2926, 1596, 1498, 1461, 1256, 749, 693 cm-1 

HRMS-ESI (m/z) Calcd for (C14H15INO+) ([M+H]+): 340.0193; found: 340.0195. 

 

2-Iodo-N,3-dimethyl-N-phenylaniline (9c) and 2-iodo-N,6-dimethyl-N-phenylaniline 

(9c’). Synthesized by standard procedure C-iodination of 4g. The crude reaction mixture 

contains two isomers in a 4.8: 1 regioselectivity (determined by 1H NMR). Purification by 

flash column chromatography (hexanes) on silica gel gave an inseparable mixture of 9c 

and 9c’ as a white solid (38.1 mg, 59%).  

Rf = 0.29 (hexanes) 
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1H NMR (9c, 500 MHz, CDCl3) δ 7.28 (t, J = 7.7 Hz, 1H), 7.22–7.17 (m, 3H), 7.04 (d, J = 7.7 

Hz, 1H), 6.76 (t, J = 7.3 Hz, 1H), 6.55 (d, J = 8.2 Hz, 2H), 3.21 (s, 3H). 2.56 (s, 3H). 

13C NMR (9c, 126 MHz, CDCl3) δ 150.9, 148.6, 144.3, 129.4, 129.0, 127.8, 126.7, 117.4, 113.1, 

108.7, 39.1, 29.5.  

FTIR (9c and 9c’, thin film): 3053, 2917, 2809, 1597, 1498, 1452, 1015, 771, 689 cm-1. 

HRMS-ESI (9c and 9c’, m/z) Calcd for (C14H15IN+) ([M+H]+): 324.0244; found: 324.0246. 

 

1-Iodo-N-methyl-N-phenylnaphthalen-2-amine (9d) and 2-iodo-N-methyl-N-

phenylnaphthalen-1-amine (9d’). Synthesized by standard procedure C-iodination of 

4f. The crude reaction mixture contains two isomers in a 5.7:1 regioselectivity 

(determined by 1H NMR). Purification by flash column chromatography (hexanes) on 

silica gel gave the inseparable mixture of 9d and 9d’ as a pale-yellow oil (31.9 mg, 44%). 

Rf = 0.28 (hexanes). 

1H NMR (9d, 500 MHz, CDCl3) δ 8.30 (d, J = 8.0 Hz, 1H), 7.87 (d, J = 8.5 Hz, 1H), 7.82 (d, J 

= 8.0 Hz, 1H), 7.61 (t, J = 8.0 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.32 (dd, J = 8.5, 2.8 Hz, 1H), 

7.22 (dd, J = 8.0, 7.2 Hz, 2H), 6.80 (t, J = 7.2 Hz, 1H), 6.61 (d, J = 8.0 Hz, 2H), 3.31 (s, 3H); 

13C NMR (9d, 126 MHz, CDCl3) δ 149.1, 148.4, 136.2, 133.0, 132.7, 130.8, 129.1, 128.2, 

127.9, 127.0, 126.6, 117.8, 113.6, 106.4, 39.2; 4d and 4d’ 



 

169 

FTIR (9d and 9d’, thin film): 3055, 1600, 1497, 1364, 747, 692 cm-1 

HRMS-ESI (9d and 9d’, m/z) Calcd for (C17H15IN+) ([M+H]+): 360.0244; found: 360.0246. 

 

2-Iodo-N-methyl-N-phenyl-3-(trimethylsilyl)aniline (9e). Synthesized by standard 

procedure C-iodination of 4h. Purification by flash column chromatography (hexanes) 

on silica gel gave 9e as an off-white solid (53.3 mg, 70%).  

Rf = 0.36 (hexanes) 

1H NMR (400 MHz, CDCl3) δ 7,39 (t, J = 7.4 Hz, 1H), 7.33 (dd, J = 7.4, 1.8 Hz, 1H), 7.23–

7.20 (m, 3H), 6.77 (t, J = 7.3 Hz, 1H), 6.55 (d, J = 8.0, 2H), 3.22 (s, 3H), 0.50 (s, 9H) 

13C NMR (100 MHz, CDCl3) δ 150.3, 149.1, 148.5, 134.5, 130.1, 129.2, 128.9, 117.4, 113.0, 

111.9, 39.1, 0.0 

FTIR (thin film): 2950, 1599, 1499, 1370, 1248, 840, 747, 690 cm-1 

HRMS-ESI (m/z) Calcd for (C16H21INSi+) ([M+H]+): 382.0483; found: 382.0485. 

 

2-Iodo-4-methoxy-N-methyl-N-phenyl-3-(trimethylsilyl)aniline (9f). Synthesized by 

standard procedure C-iodination of 4i. Purification by flash column chromatography 
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(1% Et2O–hexanes) on silica gel gave 9f as a pale-yellow oil (38.2 mg, 46%). Rf = 0.26 

(hexanes); 1H NMR (500 MHz, CDCl3) δ 7.20 (dd, J = 8.0, 7.4 Hz, 2H), 7.16 (d, J = 8.6 Hz, 

1H), 6.88 (d, J = 8.6 Hz, 1H), 6.74 (t, J = 7.4 Hz, 1H), 6.51 (d, J = 8.0 Hz, 2 H), 3.78 (s, 3H), 

3.17 (s, 3H), 0.50 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 163.2, 148.8, 143.7, 135.4, 130.2, 

128.9, 116.9, 113.2, 112.5, 111.6, 55.5, 39.1, 3.1; FTIR (thin film): 2953, 1599, 1499, 1340, 

1247, 1027, 847 cm-1; HRMS-ESI (m/z) Calcd for (C17H23INOSi+) ([M+H]+): 412.0588; found: 

412.0585. 

 

2-Iodo-4-methoxy-N-methyl-N-phenylaniline (9f’) Synthesized by standard procedure 

C-iodination of 4i followed by desilylation. The crude mixture of 9f was filtered through 

a plug of silica gel and washed with ethyl acetate (approx. 10 mL). The filtrate was 

concentrated by rotary evaporation under reduced pressure. Without further 

purification, it was used for desilylation. The crude 9f was diluted in TFA (1 mL) at 

room temperature. the reaction was then allowed to stir at 50 °C for 18 h. Upon a 

completion, the reaction was concentrated under reduced pressure. Purification by flash 

column chromatography (0.5% Et2O–hexanes) on silica gel gave 9f’ as an off-white solid 

(26.5 mg, 39%).  

Rf = 0.21 (hexanes) 
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1H NMR (500 MHz, CDCl3) δ 7.47 (d, J = 2.9 Hz, 1H), 7.19 (dd, J = 8.3, 7.3 Hz, 2H), 7.12 (d, 

J = 8.7 Hz, 1H), 6.95 (dd, J = 8.7, 2.9 Hz, 2H), 6.75 (t, J = 7.3 Hz, 1H), 6.53 (d, J = 8.3 Hz, 2 

H), 3.82 (s, 3H), 3.18 (s, 3H) 

 13C NMR (126 MHz, CDCl3) δ 158.3, 148.8, 143.3, 129.9, 129.0, 124.6, 117.3, 116.1, 113.0, 

101.6, 55.7, 39.2 

FTIR (thin film): 2934, 2835, 1599, 1487, 1280, 1218, 1031, 747 cm-1 

HRMS-ESI (m/z) Calcd for (C14H15INO+) ([M+H]+): 340.0193; found: 340.0197. 

 

2-Iodo-N,4-dimethyl-N-phenyl-3-(trimethylsilyl)aniline (9g). Synthesized by standard 

procedure C-iodination of 4g. Purification by flash column chromatography (hexanes) 

on silica gel gave 9g as an off-white solid (39.2 mg, 50%).  

Rf = 0.29 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.20 (dd, J = 8.1, 7.3 Hz, 2H), 7.16 (d, J = 7.9 Hz, 1H), 7.07 (d, 

J = 7.9 Hz, 1H), 6.75 (t, J = 7.3 Hz, 1H), 6.52 (d, J = 8.1 Hz, 2H), 3.18 (s, 3H), 2.52 (s, 3H), 

0.60 (s, 9H) 

13C NMR (126 MHz, CDCl3) δ 148.5, 148.3, 146.3, 144.7, 132.7, 129.0, 128.9, 117.1, 114.6, 

112.8, 39.1, 25.2, 4.4 

FTIR (thin film): 2982, 2894, 1600, 1499, 1250, 848, 747 cm-1 
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HRMS-ESI (m/z) Calcd for (C17H23INSi+) ([M+H]+): 396.0639; found: 396.0645.  

 

2-Iodo-N,4-dimethyl-N-phenylaniline (9g’) Synthesized by standard procedure B-

iodination of 4g followed by desilylation. The crude mixture of 9g was filtered through a 

plug of silica gel and washed with ethyl acetate (approx. 10 mL). The filtrate was 

concentrated by rotary evaporation under reduced pressure. Without further 

purification, it was used for desilylation. The crude 9g was diluted in TFA (1 mL) at 

room temperature. the reaction was then allowed to stir at 50 °C for 18 h. Upon a 

completion, the reaction was concentrated under reduced pressure. Purification by flash 

column chromatography (hexanes) on silica gel gave 9g’ as a white solid (30.9 mg, 48%).  

Rf = 0.25 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.80 (s, 1H), 7.22–7.19 (m, 3H), 7.11 (d, J = 8.0 Hz, 1H), 6.76 

(t, J = 7.3 Hz, 1H), 6.55 (d, J = 8.6 Hz, 2H), 3.20 (s, 3H), 2.35 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 148.6, 147.8, 140.5, 138.3, 130.9, 129.2, 128.9, 117.4, 113.2, 

101.0, 39.1, 20.4 

FTIR (thin film): 3025, 2871, 1601, 1592, 1499, 1488, 748 cm-1 

HRMS-ESI (m/z) Calcd for (C14H15IN+) ([M+H]+): 324.0244; found: 324.0249. 
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3-Iodo-N-methyl-N-phenyl-4-(trimethylsilyl)naphthalen-2-amine (9h). Synthesized by 

standard procedure C-iodination of 4f. Purification by flash column chromatography 

(hexanes) on silica gel gave 9h as a pale-yellow solid (43.6 mg, 51%).  

Rf = 0.26 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 8.34–8.32 (m, 1H), 7.74–7.71 (m, 2H), 7.50–7.46 (m, 2H), 

7.22 (dd, J = 8.2, 7.3 Hz, 1H), 6.78 (t, J = 7.3 Hz, 1H), 6.58 (d, J = 8.2 Hz, 2H), 3.29 (s, 3H), 

0.74 (s, 9H) 

13C NMR (126 MHz, CDCl3) δ 148.9, 147.3, 147.1, 137.9, 134.4, 129.0, 128.9, 128.6, 127.6, 

125.8, 125.7, 117.3, 114.6, 113.0, 39.7, 4.9 

FTIR (thin film): 3055, 1600, 1497, 1364, 747, 692 cm-1 

HRMS-ESI (m/z) Calcd for (C20H23INSi+) ([M+H]+): 432.0639; found: 432.0636. 

 

3-Iodo-N-methyl-N-phenylnaphthalen-2-amine (9h’). Synthesized by standard 

procedure B-iodination of 4f followed by desilylation. The crude mixture of 9h was 
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filtered through a plug of silica gel and washed with ethyl acetate (approx. 10 mL). The 

filtrate was concentrated by rotary evaporation under reduced pressure. Without further 

purification, it was used for desilylation. The crude 9h was diluted in TFA (1 mL) at 

room temperature. the reaction was then allowed to stir at 50 °C for 18 h. Upon a 

completion, the reaction was concentrated under reduced pressure. Purification by flash 

column chromatography (0.5% Et2O–hexanes) on silica gel gave 9h’ as a yellow solid 

(28.5 mg, 40%).  

Rf = 0.24 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 8.52 (s, 1H), 7.79–7.73 (m, 2H), 7.73 (s, 1H), 7.52–7.48 (m, 

2H), 7.22 (dd, J = 8.4, 7.3 Hz, 2H), 6.79 (t, J = 7.3 Hz, 1H), 6.61 (d, J = 8.4 Hz, 2 H), 3.32 (s, 

3H) 

13C NMR (126 MHz, CDCl3) δ 149.0, 147.2, 140.0, 134.3, 133.5, 129.0, 127.6, 127.5, 126.8, 

126.7, 126.5, 117.8, 113.7, 99.5, 39.8 

FTIR (thin film): 3053, 2877, 1598, 1499, 1489, 746 cm-1 

HRMS-ESI (m/z) Calcd for (C17H15IN+) ([M+H]+): 360.0244; found: 360.0244. 

 

N-Methyl-N-phenylaniline (5a). Synthesized by standard procedure C-protonation. 

Purification by flash column chromatography (pentanes) on silica gel gave 10a as a pale-

yellow oil (23.5 mg, 64%).  
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Rf = 0.56 (2% Et2O–hexanes) 

 1H NMR (400 MHz, CDCl3): δ 7.29 (dd, J = 8.4, 7.3 Hz, 4H), 7.05 (d, J = 8.4 Hz, 4H), 6.98 

(t, J = 7.3 Hz, 2H), 3.34 (s, 3H).  

The spectroscopic data match those reported previously.196 

 

3-Methoxy-N-methyl-N-phenylaniline (10b). Synthesized by standard procedure B-

protonation of 4b. Purification by flash column chromatography (20% CH2Cl2–hexanes) 

on silica gel gave 10b as a colorless oil (9.8 mg, 23%). Rf = 0.28 (2% Et2O–hexanes); 1H 

NMR (500 MHz, CDCl3) δ 7.29 (dd, J = 8.0, 7.3 Hz, 2H), 7.16 (t, J = 8.1 Hz 1H), 7.07 (d, J = 

8.0 Hz, 2H), 7.00 (t, J = 7.3 Hz, 1H), 6.58 (dd, J = 8.1, 2.2 Hz, 1H), 6.54 (t, J = 2.2 Hz, 1H), 

6.49 (dd, J = 8.1, 2.2 Hz, 1H), 3.76 (s, 3H), 3.31 (s, 3H). The spectroscopic data match those 

reported previously.196 

 

N,3-Dimethyl-N-phenylaniline (5b) and N,2-Dimethyl-N-phenylaniline (5b’). 

Synthesized by standard procedure C-protonation of 4g. The crude reaction mixture 

contains two isomers in a 4.8: 1 regioselectivity (determined by 1H NMR). Purification by 
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flash column chromatography (hexanes) on silica gel gave a major isomer 10c as a 

colorless oil (20.6 mg, 52%), and a minor isomer 10c’ as a colorless oil (4.0 mg, 10%).  

Rf (10c) = 0.24 (hexanes); Rf (10c’) = 0.31 (hexanes). 

1H NMR (10c, 500 MHz, CDCl3) δ 7.30 (dd, J = 8.6, 7.3 Hz, 2H), 7.20 (t, J = 7.7 Hz, 1H), 

7.04 (d, J = 8.6 Hz, 2H), 6.97 (t, J = 7.3 Hz, 1H), 6.89 (s, 1H), 6.88 (d, J = 7.7 Hz, 1H), 6.83 (d, 

J = 7.7 Hz, 1H), 3.33 (s, 3H), 2.34 (s, 3H). The spectroscopic data match those reported 

previously.196 

1H NMR (10c’, 500 MHz, CDCl3) δ 7.29 (dd, J = 7.4, 1.6 Hz, 1H), 7.24 (dd, J = 7.4, 1.6 Hz, 

1H), 7.20 (dd, J = 7.4, 1.6 Hz, 1H), 7.17 (dd, J = 8.6, 7.3 Hz, 2H), 7.14 (dd, J = 7.4, 1.6 Hz, 

1H), 6.71 (t, J = 7.3 Hz, 1H), 6.53 (d, J = 8.6 Hz, 2H), 3.22 (s, 3H), 2.14 (s, 3H) 

13C NMR (10c’,126 MHz, CDCl3) δ149.1, 146.8, 136.9, 131.4, 129.0, 128.3, 127.5, 126.4, 

116.8, 112.8, 39.0 17.9 

FTIR (10c’,thin film): 3023, 2924, 1594, 1499, 1343, 748, 692 cm-1 

HRMS-ESI (10c’, m/z) Calcd for (C14H16N+) ([M+H]+): 198.1277; found: 198.1273. 

 

 

N-Methyl-N-phenylnaphthalen-2-amine (5d) and N-methyl-N-phenylnaphthalen-1-

amine (5d’). Synthesized by standard procedure C-protonation of 4f. The crude reaction 
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mixture contains two isomers in a  5.4:1 regioselectivity (determined by 1H NMR). 

Purification by flash column chromatography (hexanes) on silica gel gave a major 

isomer 10d as a colorless oil (19.3 mg, 41%), and a minor isomer 10d’ as a colorless oil 

(3.5 mg, 8%).  

Rf (10d) = 0.53 (2% Et2O–hexanes); Rf (10d’) = 0.59 (2% Et2O–hexanes). 

1H NMR (10d, 500 MHz, CDCl3) δ 7.75 (d, J = 8.1 Hz, 1H), 7.72–7.69 (m, 2H), 7.43 (t, J = 

8.1 Hz, 1H), 7.35–7.31 (m, 4H), 7.23 (dd, J = 8.9, 2.3 Hz, 1H), 7.12 (d, J = 7.9 Hz, 2H), 7.03 

(t, J = 7.3 Hz, 1H), 3.44 (s, 3H). The spectroscopic data match those reported 

previously.196 

1H NMR (10d’, 500 MHz, CDCl3) δ 7.91 (d, J = 8.0 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.80 (d, 

J = 8.2 Hz, 1H), 7.52–7.48 (m, 2H), 7.43 (t, J = 8.0 Hz, 1H), 7.37 (d, J = 7.3 Hz, 1H), 7.16 (dd, 

J = 8.2, 7.3 Hz, 2H), 6.73 (t, J = 7.3 Hz, 1H), 6.62 (d, J = 8.2 Hz, 2H), 3.40 (s, 3H). The 

spectroscopic data match those reported previously.196 

  

N-Methyl-N-phenyl-3-(trimethylsilyl)aniline (10e). Synthesized by standard procedure 

C-protonation of 4h. Purification by flash column chromatography (hexanes) on silica 

gel gave 10e as a pale-yellow oil (36.1 mg, 71%).  

Rf = 0.64 (2% Et2O–hexanes) 
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1H NMR (400 MHz, CDCl3) δ 7.29–7.21 (m, 4H), 7.15 (d, J = 8.0 Hz, 1H), 7.03 (dd, J = 8.0, 

2.4 Hz, 1H), 6.98 (d, J = 7.8 Hz, 2H), 6.91 (t, J = 7.3 Hz, 1 H), 3.32 (s, 3H), 0.24 (s, 9H) 

13C NMR (100 MHz, CDCl3) δ 149.0, 148.3, 141.7, 129.1, 128.6, 126.8, 126.1, 122.0, 120.5, 

119.2, 40.2, 1.1 

FTIR (thin film): 1578, 1496, 1341, 1247, 837, 750, 693 cm-1 

HRMS-ESI (m/z) Calcd for (C16H22NSi+) ([M+H]+): 256.1516; found: 256.1521. 

 

4-Methoxy-N-methyl-N-phenyl-3-(trimethylsilyl)aniline (10f). Synthesized by standard 

procedure C-protonation of 4i. Purification by flash column chromatography (1% Et2O–

hexanes) on silica gel gave 10f as a pale-yellow oil (24.1 mg, 42%).  

Rf = 0.16 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.20–7.19 (m, 3H), 7.15 (dd, J = 8.6, 2.7 Hz, 1H), 6.83 (d, J = 

8.6 Hz, 1H), 6.78–6.76 (m, 3H), 3.82 (s, 3H), 3.28 (s, 3H), 0.27 (s, 9H); 13C NMR (126 MHz, 

CDCl3) δ 161.2, 149.8, 141.7, 132.5, 129.4, 128.8, 127.8, 117.7, 114.8, 110.4, 55.3, 40.4, -1.0; 

FTIR (thin film): 2952, 1601, 1481, 1232, 1029, 838, 750, 693 cm-1 

HRMS-ESI (m/z) Calcd for (C17H24NOSi+) ([M+H]+): 286.1627; found: 286.1623.  
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N,4-Dimethyl-N-phenyl-3-(trimethylsilyl)aniline (10g). Synthesized by standard 

procedure C-protonation of 4j. Purification by flash column chromatography (0.5% 

Et2O–hexanes) on silica gel gave 10g as a pale-yellow oil (29.0 mg, 54%).  

Rf = 0.44 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.25–7.21 (m, 3H), 7.11 (d, J = 8,1 Hz, 1H), 7.01 (dd, J = 8.1, 

2.4 Hz, 1H), 6.91 (d, J = 8.1 Hz, 2H), 6.85 (t, J = 7.3 Hz, 1H), 3.30 (s, 3H), 2.44 (s, 3H), 0.31 

(s, 9H) 

13C NMR (126 MHz, CDCl3) δ 149.3, 145.9, 139.6, 137.8, 130.7, 129.0, 129.0, 123.7, 119.3, 

117.5, 40.2, 22.2, –0.2 

FTIR (thin film): 2953, 1590, 1495, 1340, 1248, 837, 750, 692 cm-1 

HRMS-ESI (m/z) Calcd for (C17H24NSi+) ([M+H]+): 270.1673; found: 270.1680. 
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N-Methyl-N-phenyl-4-(trimethylsilyl)naphthalen-2-amine (10h). Synthesized by 

standard procedure C-protonation of 4k. Purification by flash column chromatography 

(0.5% Et2O–hexanes) on silica gel gave 10h as a yellow solid (24.0 mg, 39%).  

Rf = 0.28 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 8.02 (d, J = 8.3 Hz, 1H), 7.73 (dd, J = 8.1, 1.3 Hz, 1H), 7.46 (d, 

J = 2.4 Hz, 1H), 7.43 (td, J = 8.1, 1.3 Hz, 1H), 7.39–7.35 (m, 2H), 7.31 (dd, J = 8.6, 7.3 Hz, 

2H), 7.09 (d, J = 8.6 Hz, 2H), 7.00 (t, J = 7.3 Hz, 1H), 3.44 (s, 3H), 0.41 (s, 9H) 

13C NMR (126 MHz, CDCl3) δ 148.9, 145.6, 139.2, 134.9, 132.6, 129.5, 129.2, 128.0, 127.8, 

125.7, 123.6, 121.4, 120.4, 117.1, 40.4, 0.1 

FTIR (thin film): 2953, 1589, 1494, 1353, 1250, 861, 837, 756 cm-1 

HRMS-ESI (m/z) Calcd for (C20H24NSi+) ([M+H]+): 306.1678; found: 306.1681. 

 

 

2-Bromo-N-methyl-N-phenylaniline (11b). Synthesized by standard procedure C-

bromination. Purification by flash column chromatography (hexanes) on silica gel gave 

11b as a colorless oil (25.5 mg, 49%).  

Rf = 0.38 (hexanes) 
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1H NMR (500 MHz, CDCl3): δ 7.70 (dd, J = 8.0, 1.4 Hz, 1H), 7.37 (dd, J = 8.0, 1.4 Hz, 1H), 

7.29 (dd, J = 8.0, 1.4 Hz, 1H), 7.22 (dd, J = 8.7, 7.3 Hz, 2H), 7.16 (td, J = 8.0, 1.4 Hz, 1H), 

6.79 (t, J = 7.3 Hz, 1H), 6.60 (d, J = 8.7 Hz, 2H), 3.26 (s, 3H).  

The spectroscopic data match those reported previously.197 

 

N-methyl-N-phenyl-2-(phenylthio)aniline (11c). Synthesized by standard procedure C-

sulfenylation. Purification by flash column chromatography (1% Et2O–hexanes) on silica 

gel gave 11c as a colorless solid (18.0 mg, 31%).  

Rf = 0.36 (2% Et2O–hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.47 (dd, J = 8.0, 6.4 Hz, 2H), 7.38–7.33 (m, 3H), 7.24–7.18 

(m, 4H), 7.14 (ddd, J = 8.0, 6.4, 2.2 Hz, 1H), 7.03 (dd, J = 8.0, 1H), 6.78 (t, J = 7.3 Hz, 1H), 

6.64 (d, J = 8.3 Hz, 2H), 3.25 (s, 3H).  

The spectroscopic data match those reported previously.198 

 

2-(methyl(phenyl)amino)phenol (11d). Synthesized by standard procedure C-

hydroxylation. Purification by flash column chromatography (1% Et2O–hexanes) on 

silica gel gave 11d as a pale-yellow oil (9.4 mg, 24%). 
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 Rf = 0.43 (5% Et2O–hexanes) 

1H NMR (400 MHz, CDCl3) δ 7.25–7.20 (m, 3H), 7.09 (dd, J = 7.9, 1.4Hz, 1H), 7.07 (dd, J = 

7.9, 1.4Hz, 1H), 7.09 (td, J = 7.9, 1.4Hz, 1H), 6.86 (t, J = 7.3 Hz, 1H), 6.73 (d, J = 8.7, 2H), 

6.08 (br s, 1H), 3.21 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 152.8, 149.3, 135.5, 129.1, 128.1, 126.9, 121.3, 119.2, 115.3, 

114.8, 39.9 

FTIR (thin film): 3437, 3045, 2923, 1591, 1493, 1230, 734, 692, 500 cm-1 

HRMS-ESI (m/z) Calcd for (C13H14NO+) ([M+H]+): 200.1070; found: 200.1072. 

 

N1-methyl-N1-phenylbenzene-1,2-diamine (11e). Synthesized by standard procedure C-

primary amination. Purification by flash column chromatography (5% Et2O–hexanes) on 

silica gel gave 11e as a yellow oil (22.4 mg, 56%).  

Rf = 0.24 (15% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.22 (dd, J = 8.7, 7.3 Hz, 2H), 7.11 (td, J = 7.8, 1.4 Hz, 1H), 

7.06 (dd, J = 7.8, 1.4 Hz, 1H), 6.84 (dd, J = 7.8, 1.4 Hz, 1H), 6.81–6.76 (m, 2H), 6.68 (d, J = 

8.7, 2H), 3.83 (br s, 2H), 3.23 (s, 3H) 

13C NMR (100 MHz, CDCl3) δ 148.8, 143.8, 134.2, 129.0, 128.1, 127.3, 119.3, 117.6, 116.0, 

113.5, 38.6 

FTIR (thin film): 3370, 3025, 2872, 1598, 1495, 1297, 1125, 743, 692, 499 cm-1 
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HRMS-ESI (m/z) Calcd for (C13H15N2+) ([M+H]+): 199.1230; found: 199.1234. 

 

tert-Butyl 4-(2-(methyl(phenyl)amino)phenyl)piperazine-1-carboxylate (3f). 

Synthesized by standard procedure C-amination. Purification by flash column 

chromatography (5% Et2O–hexanes) on silica gel gave 11f as an off-white solid (42.5 mg, 

58%).  

Rf = 0.20 (15% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.20 (dd, J = 8.7, 7.3, 2H), 7.16 (d, J = 7.3 Hz, 2H), 7.02–6.99 

(m, 2H), 6.77 (t, J = 7.3 Hz, 1H), 6.74 (d, J = 8.7 Hz, 2H), 3.39 (br s, 4H), 3.27 (s, 3H), 2.95 

(br s, 4H), 1.46 (s, 9H).  

The spectroscopic data match those reported previously.198 

 

2-Azido-N-methyl-N-phenylaniline (11g). Synthesized by standard procedure C-

azidation. Purification by flash column chromatography (hexanes) on silica gel gave 11g 

as a yellow oil (16.0 mg, 36%).  

Rf = 0.39 (hexanes) 
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1H NMR (500 MHz, CDCl3) δ 7.28 (td, J = 7.6, 1.7 Hz, 1H), 7.23–7.18 (m, 5H), 6.79 (t, J = 

7.3 Hz, 1H), 6.63 (d, J = 8.1 Hz, 2H), 3.24 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 148.8, 139.8, 138.1, 129.9, 129.0, 127.4, 126.0, 120.6, 118.0, 

113.5, 39.6 

FTIR (thin film): 2925, 2126, 1587, 1497, 1292, 747 cm-1 

HRMS-ESI* (m/z, following Staudinger reduction*) Calcd for (C13H15N2+) ([M+H]+): 

199.1230; found: 199.1231. 

*Note: Due to ionization difficulty for obtaining the HRMS of 11g, it was transformed by 

Staudinger reduction into the corresponding aniline, which was used for obtaining 

HRMS data. Standard protocol: to a solution of 11g (5.0 mg, 0.02 mmol, 1.0 equiv) in THF 

(0.4 mL) at 0 oC was added PMe3 (30 µ L, 1.0 M solution in toluene, 1.5 equiv). The 

reaction mixture was allowed to stir at room temperature for 1 h, followed by the 

addition of DI water (0.2 mL). The reaction was then warmed up to 50 °C and stirred for 

17 h. The mixture was concentrated under reduced pressure and diluted with ethyl 

acetate. A sample of the resulting organic layer was used for HRMS analysis without 

purification. 
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(2-(Methyl(phenyl)amino)phenyl)(p-tolyl)methanol (11h). Synthesized by standard 

procedure C-coupling reaction with aldehyde. Purification by flash column 

chromatography (10% Et2O–hexanes) on silica gel gave 11h as a pale-yellow oil (32.5 mg, 

54%).  

Rf = 0.35 (15% Et2O–hexanes) 

1H NMR (400 MHz, CDCl3) δ 7.66–7.64 (m, 1H), 7.36–7.34 (m, 2H), 7.19 (dd, J = 8.6, 7.3 

Hz, 2H), 7.16–7.08 (m, 5H), 6.77 (t, J = 7.3 Hz, 1H), 6.56 (d, J = 8.6 Hz, 2H), 5.90 (s, 1H), 

2.91 (s, 3H), 2.54( s, 1H), 2.33 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 149.5, 146.1, 142.6, 140.7, 137.1, 129.4, 129.1, 129.0, 128.6, 

128.0, 127.1, 126.7, 117.6, 113.5, 72.2, 39.8, 21.1 

FTIR (thin film): 3388, 3024, 1595, 1500, 1450, 1344, 1027, 749, 693 cm-1 

HRMS-ESI (m/z) Calcd for (C21H22NO+) ([M+H]+): 304.1696; found: 304.1703. 

 

2-Allyl-N-methyl-N-phenylaniline (3i). Synthesized by standard procedure C-

allylation. Purification by flash column chromatography (hexanes) on silica gel gave 3i 

as a pale-yellow oil (28.0 mg, 63%).  

Rf = 0.31 (hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.37 (dd, J = 7.3, 1.5 Hz, 1H), 7.32 (td, J = 7.3, 1.5 Hz, 1H), 

7.29 (td, J = 7.3, 1.5 Hz, 1H), 7.21 (dd, J = 8.3, 7.3 Hz, 2H), 7.19 (dd, J = 7.3, 1.5 Hz, 1H), 
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6.76 (t, J = 7.3 Hz, 1H), 6.58 (d, J = 8.3 Hz, 2H) 5.93 (ddt, J = 16.9 10.2, 6.7 Hz, 1H), 5.07 (d, J 

= 10.2 Hz, 1H), 5.04 (dd, J = 16.9, 1.5 Hz, 1H), 3.32 (d, J = 6.7 Hz, 2H), 3.25 (s, 3H).  

The spectroscopic data match those reported previously.199 

  

N,2-dimethyl-N-phenylaniline (11j). Synthesized by standard procedure C-alkylation. 

Purification by flash column chromatography (hexanes) on silica gel gave 11j as a pale-

yellow oil (15.9 mg, 40%).  

Rf = 0.31 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.29 (dd, J = 7.4, 1.6 Hz, 1H), 7.24 (dd, J = 7.4, 1.6 Hz, 1H), 

7.20 (dd, J = 7.4, 1.6 Hz, 1H), 7.17 (dd, J = 8.6, 7.3 Hz, 2H), 7.14 (dd, J = 7.4, 1.6 Hz, 1H), 

6.71 (t, J = 7.3 Hz, 1H), 6.53 (d, J = 8.6 Hz, 2H), 3.22 (s, 3H), 2.14 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 149.1, 146.8, 136.9, 131.3, 128.9, 128.3, 127.5, 126.4, 116.8, 

112.8, 39.0 17.8 

FTIR (thin film): 3023, 2924, 1594, 1499, 1343, 748, 692 cm-1 

HRMS-ESI (m/z) Calcd for (C14H16N+) ([M+H]+): 198.1277; found: 198.1273. 
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N-Methyl-N-phenyl-2-(pyridin-2-yl)aniline (11k). Synthesized by standard procedure 

C-arylation. Purification by flash column chromatography (5% Et2O–hexanes) on neutral 

alumina gel gave 11k as an off-white solid (27.8 mg, 53%).  

Rf = 0.50 (50% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3): δ 8.66 (d, J = 4.9 Hz, 1H), 7.80 (dd, J = 7.6, 1.8 Hz, 1H), 7.54 

(td, J = 7.6, 1.8 Hz, 1H), 7.47–7.45 (m, 1H), 7.41 (td, J = 7.6, 1.8 Hz, 1H), 7.36 (td, J = 7.4, 1.4 

Hz, 1H), 7.28 (dd, J = 7.6, 1.8 Hz, 1H), 7.19–7.14 (m, 3H), 6.73 (t, J = 7.3 Hz, 1H), 6.70 (d, J 

= 8.6 Hz, 2H), 2.95 (s, 3H).  

The spectroscopic data match those reported previously.200 

 

N-Methyl-N-phenyl-2-vinylaniline (11l). Synthesized by standard procedure C-

vinylation. Purification by flash column chromatography (hexanes) on silica gel gave 11l 

as a yellow oil (21.9 mg, 52%).  

Rf = 0.41 (hexanes) 

1H NMR (400 MHz, CDCl3): δ 7.69 (dd, J = 7.4, 1.8 Hz, 1H), 7.33 (td, J = 7.4, 1.8 Hz, 1H), 

7.29 (td, J = 7.4, 1.8 Hz, 1H), 7.22–7.16 (m, 3H), 6.82 (dd, J = 17.7, 11.0 Hz, 1H), 6.76 (t, J = 

7.3 Hz, 1H), 6.62 (d, J = 8.0 Hz, 2H) , 5.76 (dd, J = 17.7, 1.2 Hz, 1H), 5.24 (dd, J = 11.0, 1.2 

Hz, 1H), 3.23 (s, 3H).  

The spectroscopic data match those reported previously.201 
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2-((4-Chlorophenyl)ethynyl)-N-methyl-N-phenylaniline (11m). Synthesized by 

standard procedure C-alkynylation. Purification by flash column chromatography on 

silica gel (0.5% Et2O–hexanes) gave 11m as a yellow oil (33.6 mg, 53%).  

Rf = 0.32 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.58 (dd, J = 7.5, 1.5 Hz, 1H), 7.38 (ddd, J = 8.0, 7.5, 1.5 Hz, 

1H), 7.29 (dd, J = 8.0, 1.5 Hz, 1H), 7.25–7.19 (m, 5H), 7.12–7.09 (m, 2H), 6.82 (t, J = 7.3 Hz, 

1H), 6.78 (dd, J = 8.7, 0.9 Hz, 2H), 3.39 (s, 3H)  

13C NMR (126 MHz, CDCl3) δ 150.1, 149.0, 134.1, 133.7, 132.6, 129.8, 128.8, 128.4, 127.3, 

125.0, 121.7, 121.1, 118.2, 115.0, 93.6, 88.2, 39.9 

FTIR (thin film): 3061, 1592, 1495, 1344, 1090, 828, 752 cm-1 

HRMS-ESI (m/z) Calcd for (C21H17ClN+) ([M+H]+): 318.1044; found: 318.1053. 

 

9-Methyl-9H-carbazole (12a). Synthesized by standard procedure C-arylation using 2-

bromo-N-methylaniline as both of as a nucleophile and an electrophile. Purification by 
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flash column chromatography (0.5% Et2O–hexanes) on silica gel gave 12a as a white 

solid (28.8 mg, 79%).  

Rf = 0.47 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3): δ 8.15 (dd, J = 7.1, 1.0 Hz, 2H), 7.52 (ddd, J = 8.2, 7.1, 1.0 Hz, 

2H), 7.43 (br d, J = 8.2 Hz, 2H), 7.29 (ddd, J = 8.2, 7.1, 1.0 Hz, 2H), 3.86 (s, 3H).  

The spectroscopic data match those reported previously.202 

 

3-Methoxy-9-methyl-4-(trimethylsilyl)-9H-carbazole (12b). Synthesized by standard 

procedure C-arylation of 4h using 2-bromo-N-methylaniline as both of nucleophile and 

electrophile. Purification by flash column chromatography (1% DCM–hexanes) on silica 

gel gave 12b as a white solid (22.7 mg, 40%).  

Rf = 0.16 (hexanes) 

1H NMR (500 MHz, CDCl3): δ 8.22 (br d, J = 8.1 Hz, 1H), 7.46 (ddd, J = 8.1, 7.1, 1.1 Hz, 

1H), 7.394 (d, J = 8.8 Hz, 1H), 7.390 (br d, J = 7.1 Hz, 1H), 7.18 (ddd, J = 8.1, 7.1, 1.1 Hz, 

1H), 7.15 (d, J = 8.8 Hz, 1H), 3.85 (s, 3H), 3.83 (s, 3H), 0.57 (s, 9H) 

13C NMR (126 MHz, CDCl3) δ 158.6, 141.9, 136.6, 127.3, 125.2, 125.0, 122.9, 121.3, 117.6, 

112.0, 110.1, 108.3, 57.8, 29.0, 2.1 

FTIR (thin film): 2952, 1482, 1457, 1406, 1269, 1245, 841, 749 cm-1.  
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HRMS-ESI (m/z) Calcd for (C17H21NOSi+) ([M+H]+): 284.1465; found: 284.1457. 

 

7-Methyl-7H-benzo[c]carbazole (12c) and 11-methyl-11H-benzo[a]carbazole (12c’). 

Synthesized by standard procedure C-arylation of 4f using 2-bromo-N-methylaniline as 

both of nucleophile and electrophile. The crude reaction mixture contains two isomers in 

a 8.7:1 regioselectivity (determined by 1H NMR). Purification by flash column 

chromatography (1% DCM–hexanes) on silica gel gave a major isomer 12c as a white 

solid (30.7 mg, 67%), and a minor isomer 12c’ as a white solid (3.8 mg, 8%).  

Rf (12c) = 0.22 (hexanes); Rf (12c’) = 0.25 (hexanes). 

1H NMR (12c, 500 MHz, CDCl3) δ 8.82 (br d, J = 8.3 Hz, 1H), 8.61 (br d, J = 7.9 Hz, 1H), 

8.03 (br d, J = 8.1 Hz, 1H), 7.93 (d, J = 8.8 Hz, 1H), 7.73 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.66 

(d, J = 8.8 Hz, 1H), 7.57 (br d, J = 7.9 Hz, 1H), 7.53 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.49 (ddd, 

J = 8.0, 7.0, 1.0 Hz, 1H), 7.41 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 3.99 (s, 3H);  

13C NMR (12c, 126 MHz, CDCl3) δ 139.9, 138.5, 129.9, 129.2, 128.9, 127.2, 126.8, 124.0, 

123.4, 123.1, 122.7, 122.0, 119.7, 114.8, 110.5, 109.1, 29.2 

FTIR (12c, thin film): 3048, 2928, 1622, 1473, 1330, 1285, 798, 737 cm-1.  

HRMS-ESI (12c, m/z) Calcd for (C17H14N+) ([M+H]+): 232.1121; found: 232.1118. 
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1H NMR (12c’,500 MHz, CDCl3) δ 8.74 (br d, J = 8.5 Hz, 1H), 8.20–8.16 (m, 2H), 8.05 (dd, J 

= 8.0, 1.1 Hz, 1H), 7.67 (d, J = 8.4 Hz, 1H), 7.60 (ddd, J = 8.3, 7.0, 1.4 Hz, 1H), 7.57 (br d, J = 

8.3 Hz, 1H), 7.54 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H), 7.51 (ddd, J = 8.3, 7.0, 1.4 Hz, 1H), 7.32 

(dd, J = 8.0, 6.9, 1.1 Hz, 1H), 4.44 (s, 3H).  

The spectroscopic data match those reported previously.203  

 

5-Methyl-5H-benzo[b]carbazole (12e). Synthesized by standard procedure C-arylation 

of 4k using 2-bromo-N-methylaniline as both of nucleophile and electrophile, followed 

by desilylation. The resulting mixture was filtered through a plug of silica gel and 

washed with ethyl acetate (approx. 10 mL). The filtrate was concentrated by rotary 

evaporation under reduced pressure. Without further purification, it was used for 

desilylation. The crude 12d was diluted in TFA (1 mL) at room temperature. the reaction 

was then allowed to stir at 50 C for 3 h. Upon a completion, the reaction was 

concentrated under reduced pressure. Purification by flash column chromatography (1% 

DCM–hexanes) on silica gel gave 12e as a pale yellow solid (20.7 mg, 46%).  

Rf = 0.37 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3): δ 8.57 (s, 1H), 8.23 (br d, J = 7.2 Hz, 1H), 8.06 (br d, J = 8.2 

Hz, 1H), 7.99 (br d, J = 8.3 Hz, 1H), 7.68 (s, 1H), 7.56 (ddd, J = 8.1, 7.2, 0.8 Hz, 1H), 7.50 
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(ddd, J = 8.3, 6.7, 0.9 Hz, 1H), 7.41 (ddd, J = 8.3, 6.7, 0.9, 1H), 7.38 (br d, J = 8.1 Hz, 1H), 

7.27 (br t, J = 7.4 Hz), 3.88 (s, 3H) 

13C NMR (126 MHz, CDCl3) δ 143.6, 141.1, 132.6, 128.5, 128.0, 127.2, 127.0, 125.1 (2C), 

122.5, 121.0, 118.8, 118.7, 108.0, 103.0, 29.2 

FTIR (thin film): 3050, 2922, 1604, 1476, 1349, 1250, 857, 740 cm-1.  

HRMS-EI (m/z) Calcd for (C17H14N+) ([M+H]+): 232.1121; found: 232.1120. 
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Appendix D: Substrate Synthesis and Characterization 
Information for Chapter 4 

Appendix D1. Synthesis and characterization data for starting 
materials in difunctionalization of cyclohexenyl triflates 

Synthesis of zinc reagents (ZnR2) 

a. General procedure for diarylzincs preparation 

 

 To a solution of aryl iodide (10 mmol, 2.0 equiv) in Et2O (4 mL) was added n-

buthyl lithium (4.0 mL, 2.5 M solution in hexanes, 2.0 equiv) dropwise at –50 °C. The 

reaction was allowed to warm up to 0 °C, stirred for 1 h, followed by addition of a 

solution of ZnCl2 (5 mL, 1M solution in THF, 1.0 equiv). The mixture was warmed up to 

room temperature and stirred for 3 h. The colorless supernatant was transferred to a 100-

mL round bottom flask as the title complex and titrated with iodine (usually 0.32–0.35 

M). The solution can be stored at –20 °C for several weeks. 

b. Preparation of dibutyl zinc solution 

To a solution of ZnCl2 (838.3 mg, 6.15 mmol, 1.0 equiv) in THF (9 mL) was slowly 

added n-buthyl lithium (4.75 mL, 2.59 M solution in hexanes, 2.0 equiv) at –78 °C. The 

reaction was allowed to warm up to room temperature and stir for 15 h. The colorless 

supernatant was transferred to a 50-mL round bottom flask as the title complex and 

titrated with iodine (0.47 M). The solution can be stored at –20 °C for several weeks. 
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c. Preparation of dialkynylzinc solution 

To a solution of phenyl acetylene (0.98 mL, 8.95 mmol, 2.0 equiv) in THF (3 mL) 

was slowly added n-buthyl lithium (3.6 mL, 2.47 M solution in hexanes, 2.0 equiv) at –78 

°C. The reaction was allowed to warm up to 0 °C, stirred for 0.5 h, followed by addition 

of a solution of ZnCl2 (4.48 mL, 1M solution in THF, 1.0 equiv) and THF (2mL). The 

mixture was warmed up to room temperature and stirred for 3 h. The colorless 

supernatant was transferred to a 25-mL round bottom flask as the title complex and 

titrated with iodine (0.42 M). The solution can be stored at –20 °C for several weeks. 

Synthesis of cyclohexenyl triflates 

a. General procedure for cyclohexenyl triflates 13a–c, 13e 

 

To a solution of diisopropylamine (5.5 mmol, 1.1 equiv) in THF (15 mL) was 

added dropwise n-butyl lithium (2.2 mL, 2.5M solution in hexanes, 1.1 equiv) at –78 °C, 

and the reaction was stirred for 1.0 h to form lithium diisopropylamide (LDA). A 

solution of corresponding cyclohexanone (5.0 mmol, 1.0 equiv) in THF (5 mL) was 

added to a LDA solution slowly and stirred for 1.0 h at –78 °C. Then a solution of 

bis(trifluoromethanesulfonyl)aniline (1.97 g, 5.5 mmol, 1.1 equiv) in THF (5 mL) was 

added dropwise at –78 °C. The mixture was stirred for 18 h while it warmed up to room 

temperature. The mixture was then quenched with deionized water (50 mL) and 
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extracted with diethyl ether (3 × 30 mL). The combined organic layers were washed with 

aqueous NaOH solution (15% w/v, 3 × 30 mL), dried over Na2SO4, and concentrated 

under reduced pressure, and purified by flash column chromatography. 

  

Cyclohex-1-en-1-yl trifluoromethanesulfonate (13a) 

Synthesized using cyclohexanone (2.1 mL, 20.0 mmol, 1.0 equiv). Purification by flash 

column chromatography (hexanes) gave 13a as a colorless oil (2.68 g, 58%). 

Rf = 0.34 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 5.76–5.75 (m, 1H), 2.31 (ddq, J = 6.4, 4.1, 2.5 Hz, 2H), 2.18 

(tq, J = 6.4, 2.5 Hz, 2H), 1.81–1.76 (m, 2H), 1.63–1.58 (m, 2H). 

The spectroscopic data match those reported previously.168 

   

Spiro[4.5]dec-6-en-6-yl trifluoromethanesulfonate (13b) 

Synthesized using spiro[4.5]decan-6-one (451.3 mg, 2.74 mmol, 1.0 equiv). Purification 

by flash column chromatography (hexanes) gave 13b as a colorless oil (583.2 mg, 75%). 

Rf = 0.30 (hexanes) 
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1H NMR (500 MHz, CDCl3) δ 5.70 (t, J = 4.1 Hz, 1H), 2.18–2.15 (m, 2H), 1.89–1.84 (m, 2H), 

1.20–1.58 (m, 8H), 1.58–1.46 (m, 2H). 

The spectroscopic data match those reported previously.168 

   

(1S,5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl trifluoromethanesulfonate (13c) 

Synthesized using (1R)-(+)-nopinone (5.0 mmol, 1.0 equiv). Purification by flash column 

chromatography (hexanes) gave 13c as a colorless oil (973.0 mg, 72%). 

Rf = 0.49 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 5.54 (br s, 1H), 2.59–2.54 (m, 1H), 2.40–2.28 (m, 3H), 2.15 

(br s, 1H), 1.38 (br d, J = 9.1 Hz, 1H), 1.35 (s, 3H), 0.93 (s, 3H). 

The spectroscopic data match those reported previously.204 

  

3,6-Dihydro-2H-pyran-4-yl trifluoromethanesulfonate (13e) 

Synthesized using tetrahydro-4H-pyran-4-one (5.0 mmol, 1.0 equiv). Purification by 

flash column chromatography (10% Et2O–hexanes) gave 13e as a yellow oil (731.3 mg, 

63%). 

Rf = 0.45 (15% Et2O–hexanes) 
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1H NMR (500 MHz, CDCl3) δ 5.82 (tt, J = 2.8, 1.5 Hz, 1H), 4.26 (q, J = 2.8 Hz, 2H), 3.89 (t, J 

= 5.5 Hz, 2H), 2.46 (dtt, J = 5.5, 2.8, 1.5 Hz, 2H). 

The spectroscopic data match those reported previously.205 

b. Synthesis of 3,4-dihydronaphthalen-1-yl trifluoromethanesulfonate 13d 

 

To a solution of α-tetralone (0.80 mL, 6.0 mmol, 1.0 equiv) in DCM (7.2 mL) was 

added Na2CO3 (1.02 g, 9.6 mmol, 1.6 equiv) and then a solution of Tf2O (2.0 mL, 12.0 

mmol, 2.0 equiv) in DCM (7.2 mL) at 0 °C. The pale orange suspension was allowed to 

warm up to room temperature and stir for 18 h. The reaction was quenched by 

deionized water (10 mL) and extracted with DCM (3 × 10 mL) The combined organic 

layers were washed with saturated aqueous solution of Na2CO3 (20 mL), dried over 

Na2SO4, and concentrated under reduced pressure. Purification by flash column 

chromatography (hexanes) gave 13d as a pale-yellow oil (1.01 g, 61%) 

Rf = 0.31 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.40–7.36 (m, 1H), 7.31–7.28 (m, 2H), 7.22–7.19 (m, 1H), 

6.05 (t, J = 4.8 Hz, 1H), 2.90 (t, J = 8.2 Hz, 2H), 2.54 (td, J = 8.2, 4.8 Hz, 2H). 

 The spectroscopic data match those reported previously.168 
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d. Synthesis of (5S,8R,9S,10S,13R,14S,17R)-10,13-dimethyl-17-((R)-5-methylhexan-2-

yl)-4,5,6,7,8,9,10, 11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-2-yl 

trifluoro-methanesulfonate (13f) 

 

To a solution of 5α-cholestan-3-one (992.0 mg, 2.66 mmol, 1.0 equiv) in DCM (9.0 

mL) was added 2,6-tert-butyl-4-methylpyridine (661.9 mg, 2.98 mmol, 1.12 equiv) and 

then Tf2O (0.49 mL, 2.93 mmol, 1.10 equiv) at 0 °C. The green solution was allowed to 

warm up to room temperature and stir for 24 h. The reaction was quenched by 

deionized water (10 mL) and extracted with DCM (3 × 10 mL). The combined organic 

layers were dried over Na2SO4 and concentrated under reduced pressure. Purification by 

flash column chromatography (hexanes) gave 13f as a white solid (818.9 mg, 61%) 

Rf = 0.29 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 5.65–5.64 (m, 1H), 2.18–2.04 (m, 2H), 1.99 (dt, J = 12.8, 3.6 

Hz, 1H), 1.89–1.78 (m, 2H), 1.69 (dq, J = 12.8, 3.6 Hz, 1H), 1.60–1.48 (m, 5H), 1.45–1.21 (m, 

8H), 1.16–0.94 (m, 8H), 0.90 (d, J = 6.5 Hz, 3H), 0.87 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 

3H), 0.79 (s, 3H), 0.66 (s, 3H). 

The spectroscopic data match those reported previously.168 
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Appendix D2. Synthesis and characterization data for products 
in difunctionalization of cyclohexenyl triflates 

Standard procedure for carbo-difunctionalization of cyclohexenyl 
triflates 

Standard procedure E: carbo-difunctionalization of cyclohexenyl triflates 

 

To a solution of 2,2,6,6-tetramethylpiperidine (0.40 mmol, 2.0 equiv) in THF (1 

mL) was added dropwise n-butyl lithium (2.5 M solution in hexanes, 0.46 mmol, 2.3 

equiv) at –78 °C. The mixture was allowed to stir for 15 min, followed by sequential 

addition of ZnPh2 solution (0.2 mmol, 1.0 equiv) and cyclohexenyl triflate 13 at –78 °C. 

The reaction was allowed to warm up to rt while stirring for 1.5 h to form the 

organozinc intermediate S13 (typically pale-yellow cloudy solution). To the resulting 

mixture S13 was added an appropriate electrophile and/or a catalyst as described below. 

Protonation: To the organozinc intermediate S13 was added MeOH (0.2 mL) at room 

temperature and stirred for 15 min. The crude mixture was filtered through a plug of 

silica and washed with diethyl ether (approx. 5 mL). The filtrate was concentrated under 

reduced pressure and purified by flash column chromatography. 

Iodination: To the organozinc intermediate S13 at 0 °C was added a solution of iodine 

(177.7 mg, 0.7 mmol, 3.5 equiv) in THF (1 mL) slowly. The mixture was warmed up to 
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room temperature and stirred for 0.5 h. The reaction was quenched by saturated 

aqueous solution of Na2S2O3 (3 mL) and extracted with diethyl ether (3 × 1 mL). The 

combined organic layers were filtered through a plug of silica and washed with diethyl 

ether (approx. 5 mL). The filtrate was concentrated under reduced pressure and purified 

by flash column chromatography on silica gel.  

Bromination: To the organozinc intermediate S13 at –60 °C was added a suspention of 

N-bromosuccinimide (106.8 mg, 0.6 mmol, 3.0 equiv) in CH2Cl2 (3 mL) slowly. The 

mixture was allowed to stir at –60 °C for 0.5 h. The reaction was transferred to the 

mixture of saturated aqueous solution of Na2S2O3 (30 mL) and extracted with diethyl 

ether (3 × 10 mL). The combined organic layers were filtered through a plug of silica and 

washed with diethyl ether (approx. 5 mL). The filtrate was concentrated under reduced 

pressure and purified by flash column chromatography on silica gel. 

Azidation (Procedure following reaction conditions previously reported88): To the 

organozinc intermediate S13 at 0 °C was added a solution of copper (II) 2-

ethylhexanoate (7.0 mg, 0.02 mmol, 0.1 equiv) in THF (1 mL). This resulting mixture was 

transferred to 2 [1-azido-1,2-benziodoxol-3(1H)-one, 173.4 mg, 0.6 mmol, 3.0 equiv) in a 

separate reaction tube at 0 °C. The reaction mixture was slowly warmed up to room 

temperature and stirred for 12 h. The reaction was quenched by the addition of 

methanol (approx. 0.1 mL), filtered through a plug of aluminum oxide (neutral), and 
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washed with diethyl ether (approx. 5 mL). The filtrate was concentrated under reduced 

pressure and purified by flash column chromatography.  

Alkynylation: To the organozinc intermediate S13 at 0 °C was added a solution of 

copper (II) 2-ethylhexanoate (7.0 mg, 0.02 mmol, 0.1 equiv) in THF (1 mL). This resulting 

mixture was transferred to 1-((4-chlorophenyl)ethynyl)-1λ3-benzo[d][1,2]iodaoxol-3(1H)-

one188 (282.6 mg, 0.6 mmol, 3.0 equiv) in a separate reaction tube at 0 °C. The reaction 

mixture was slowly warmed up to room temperature and stirred for 18 h. The reaction 

was quenched by the addition of methanol (approx. 0.1 mL), filtered through a plug of 

aluminum oxide and washed with diethyl ether (approx. 5 mL). The filtrate was 

concentrated under reduced pressure and purified by flash column chromatography. 

Vinylation or Arylation: To the organozinc intermediate S13 at 0 °C was added a 

solution of Pd(PPh3)4 (11.6 mg, 0.01 mmol, 0.05 equiv) in THF (1 mL), followed by vinyl 

bromide 0.6 mL, 1M solution in THF, 3.0 equiv) or 2-bromopyridine (57 μL, 0.6 mmol, 

3.0 equiv). The reaction mixture was slowly warmed up to room temperature and stirred 

for 25 h. The reaction was quenched by the addition of methanol (approx. 0.1 mL), 

filtered through a plug of silica, and washed with diethyl ether (approx. 5 mL). The 

filtrate was concentrated under reduced pressure and purified by flash column 

chromatography. 

Methylation or Allylation: To the organozinc intermediate S13 at 0 °C was added a 

solution of (CuOTf)2•PhMe (2.6 mg, 5 μmol, 0.025 equiv) in THF (1 mL), followed by 
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methyl iodide (37 μL, 0.6 mmol, 3.0 equiv) or allyl bromide (52 μL, 0.6 mmol, 3.0 equiv). 

The reaction mixture was slowly warmed up to room temperature and stirred for 18 h. 

The reaction was quenched by the addition of methanol (approx. 0.2 mL), filtered 

through a plug of silica, and washed with diethyl ether (approx. 5 mL). The filtrate was 

concentrated under reduced pressure and purified by flash column chromatography. 

Acylation: The organozinc intermediate S13 was transferred to a suspension of CuCl 

(19.8 mg, 0.2 mmol, 1.0 equiv) in THF (1 mL) at 0 °C and stirred for 20 min to make the 

cuprate intermediate. Upon addition of 4-chlorobenzoyl chloride (77 µ L, 0.6 mmol, 3.0 

equiv) at 0 °C, the reaction mixture was slowly warmed up to room temperature and 

stirred for 18 h. The reaction was quenched by the addition of methanol (approx. 0.1 

mL), filtered through a plug of alumina, and washed with diethyl ether (approx. 5 mL). 

The filtrate was concentrated under reduced pressure and purified by flash column 

chromatography. 

Coupling reaction with aldehyde: To the organozinc intermediate S13 at 0 °C was 

added a solution of Ni(acac)2 (10.4 mg, 0.04 mmol, 0.2 equiv) in THF (1 mL), followed by 

4-tolualdehyde (71 μL, 0.6 mmol, 3.0 equiv). The reaction mixture was slowly warmed 

up to room temperature and stirred for 19 h. The reaction was quenched by the addition 

of methanol (approx. 0.1 mL), filtered through a plug of silica, and washed with diethyl 

ether (approx. 5 mL). The filtrate was concentrated under reduced pressure and purified 

by flash column chromatography. 
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Characterization of difunctionalized cyclohexenes 

 

2,3,4,5-Tetrahydro-1,1'-biphenyl (14a). Synthesized by standard procedure E-

protonation. Purification by flash column chromatography (hexanes) on silica gel gave 

14a as a colorless oil (25.6 mg, 81%).  

Rf = 0.45 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.42–7.39 (m, 2H), 7.34–7.31 (m, 2H), 7.25–7.21 (m, 1H), 

6.14 (tt, J = 3.9, 1.7 Hz, 1H), 2.43 (ttd, J = 6.3, 2.5, 1.7 Hz, 2H), 2.23 (tdt, J = 6.3, 3.9, 2.5 Hz, 

2H), 1.83–1.78 (m, 2H), 1.71–1.66 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 142.8, 136.7, 128.3, 126.6, 125.1, 124.9, 27.5, 26.0, 23.2, 22.3 

The spectroscopic data match those reported previously.206 

 

7-Phenylspiro[4.5]dec-6-ene (14b) and 6-phenylspiro[4.5]dec-6-ene (14b’) 

Synthesized by standard procedure E-iodination of 13b. The crude reaction mixture 

contains two isomers in a 12.3:1 regioselectivity (determined by 1H NMR). Purification 
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by flash column chromatography (hexanes) on silica gel gave an inseparable mixture of 

14b and 14b’ as a colorless oil (25.2 mg, 59%). 

Rf = 0.60 (hexanes) 

1H NMR (14b, 500 MHz, CDCl3) δ 7.42–7.40 (m, 2H), 7.33–7.30 (m, 2H), 7.23–7.20 (m, 

1H), 5.91 (br s, 1H), 2.39 (td, J = 6.2, 1.6 Hz, 2H), 1.81–1.76 (m, 2H), 1.74–1.71 (m, 4H), 

1.60–1.53 (m, 6H)  

13C NMR (14b, 126 MHz, CDCl3) δ 142.6, 134.8, 134.4, 128.2, 126.5, 125.1, 44.0, 40.5, 34.7, 

27.7, 24.5, 21.1 

1H NMR (14b’, 500 MHz, CDCl3) δ 7.30–7.19 (m, 3H), 7.16–7.15 (m, 2H), 5.52 (t, J = 5.8 

Hz, 1H), 2.63 (t, J = 7.7 Hz, 2H), 2.13 (td, J = 6.3, 3.8 Hz, 2H), 1.74–1.53 (m, 4H), 1.48–1.43 

(m, 4H), 1.38 (td, J = 15.0, 7.7 Hz, 2H) 

13C NMR (14b’, 126 MHz, CDCl3) δ 129.6, 128.4, 128.2, 127.3, 127.0, 126.0, 125.6, 37.5, 36.1, 

35.7, 33.7, 25.9, 24.3, 22.4, 14.0 

FTIR (14b and 14b’, thin film): 2928, 2857, 1598, 1444, 753, 694 cm-1.  

GC-LRMS-EI (14b and 14b’, m/z) Calcd for (C16H20+•) ([M]+•): 212.2; found: 212.0. 

 

(1R,5S)-6,6-dimethyl-3-phenylbicyclo[3.1.1]hept-2-ene  (14c) and (1S,5R)-6,6-dimethyl-

2-phenylbicyclo[3.1.1]hept-2-ene (14c’) Synthesized by standard procedure E-

protonation of 13c. The crude reaction mixture contains two isomers in a 6.5:1 
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regioselectivity (determined by 1H NMR). Purification by flash column chromatography 

(hexanes) on silica gel gave an inseparable mixture of 14c and 14c’ as a colorless oil (34.4 

mg, 87%). 

Rf = 0.61 (hexanes) 

1H NMR (14c, 500 MHz, CDCl3) δ 7.50–7.49 (m, 2H), 7.36–7.33 (m, 2H),7.26–7.23 (m, 1H) 

6.77 (d, J = 6.8 Hz, 1H), 2.75 (ddd, J = 17.0, 2.9, 1.0 Hz, 1H), 2.70 (ddd, J = 17.0, 2.9, 1.7 Hz), 

2.48 (dt, J = 8.6, 5.5 Hz, 1H), 2.40–2.36 (m, 1H), 2.31 (tt, J = 5.5, 2.9 Hz, 1H), 1.36 (s, 3H), 

1.32 (d, J = 8.6 Hz, 1H), 0.92 (s, 3H)  

13C NMR (14c, 126 MHz, CDCl3) δ 139.8, 133.1, 132.5, 128.2, 126.6, 124.2, 42.0, 40.8, 39.2, 

33.3, 32.1, 26.2, 21.5 

1H NMR (14c’, 500 MHz, CDCl3) δ 7.36–7.20 (m, 5H), 5.89 (tt, J = 3.0, 1.3 Hz, 1H), 2.77–

2.73 (m, 1H), 2.72–2.68 (m, 1H), 2.53 (dt, J = 8.7, 5.7 Hz, 1H), 2.44 (t, J = 3.0 Hz, 1H), 2.22 

(ttd, J = 5.7, 3.0, 1.3 Hz, 1H), 1.41 (s, 3H), 1.34 (d, J = 8.8 Hz, 1H), 0.94 (s, 3H) 

13C NMR (14c’, 126 MHz, CDCl3) δ 147.5, 141.7, 127.7, 126.5, 124.8, 120.1, 45.3, 40.7, 38.0, 

31.9, 31.6, 26.4, 21.0 

FTIR (14c and 14c’, thin film): 2932, 1599, 1494, 749, 692 cm-1. 

 

3-Phenyl-1,2-dihydronaphthalene (14d) and 4-phenyl-1,2-dihydronaphthalene (14d’) 
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Synthesized by standard procedure E-iodination of 13d. The crude reaction mixture 

contains two isomers in a 4.2:1 regioselectivity (determined by 1H NMR). Purification by 

flash column chromatography (hexanes) on silica gel gave 14d as a white solid (21.2 mg,  

51%) and 14d’ as a colorless oil (5.0 mg, 12%). 

Rf (14d) = 0.43 (hexanes) and Rf (14d’) = 0.46 (hexanes) 

1H NMR (14d, 500 MHz, CDCl3) δ 7.57–7.56 (m, 2H), 7.40–7.37 (m, 2H), 7.31–7.28 (m, 

1H), 7.22–7.14 (m, 4H), 6.87 (s, 1H), 2.99–2.96 (m, 2H), 2.79–2.76 (m, 2H). 

13C NMR (14d, 126 MHz, CDCl3) δ 141.1, 138.7, 134.8, 134.7, 128.4, 127.3, 127.2, 127.0, 

126.6 (2C), 125.1, 124.3, 28.2, 26.3. 

The spectroscopic data match those reported previously.207 

1H NMR (14d’, 500 MHz, CDCl3) δ 7.40–7.31 (m, 5H), 7.21 (br d, J = 7.3 Hz, 1H), 7.16 (td, J 

= 7.3, 1.4 Hz, 1H), 7.11 (td, J = 7.3, 1.4 Hz, 1H), 7.00 (dd, J = 7.3, 1.4 Hz), 6.09 (t, J = 4.7 Hz, 

1H), 2.88–2.84 (m, 2H), 2.44–2.39 (m, 2H). 

13C NMR (14d’, 126 MHz, CDCl3) δ 140.8, 139.9, 136.8, 135.1, 128.7, 128.2, 127.6, 127.5, 

127.1, 127.0, 126.2, 125.4, 28.3, 23.5. 

The spectroscopic data match those reported previously.207 

 

4-Phenyl-3,6-dihydro-2H-pyran (14e) and 5-phenyl-3,6-dihydro-2H-pyran (14e’) 
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Synthesized by standard procedure E-iodination of 13e. The crude reaction mixture 

contains two isomers in a 7.0:1 regioselectivity (determined by 1H NMR). Purification by 

flash column chromatography (5% Et2O–hexanes) on silica gel gave a mixture of 14e and 

14e’ as a white solid (6.0 mg, 19%). 

Rf = 0.37 (15% Et2O–hexanes) 

1H NMR (14e, 500 MHz, CDCl3) δ 7.41–7.39 (m, 2H), 7.36–7.33 (m, 2H), 7.28–7.24 (m, 

1H), 6.13 (tt, J = 2.8, 1.6 Hz, 1H), 4.33 (q, J = 2.8 Hz, 2H), 3.94 (t, J = 5.5 Hz, 2H), 2.53 (ttd, J 

= 5.5,  2.8, 1.6 Hz, 2H) 

The spectroscopic data match those reported previously.208 

1H NMR (14e’, 500 MHz, CDCl3) δ 7.36–7.31 (m, 3H), 7.28–7.24 (m, 2H), 6.21 (tt, J = 4.2, 

1.8 Hz, 1H), 4.51 (td, J = 2.7, 1.8 Hz, 2H), 3.85 (t, J = 5.5 Hz, 2H), 2.33 (tdt, J = 5.5, 4.2, 2.7 

Hz, 2H) 

The spectroscopic data match those reported previously.209 

 

(5S,8R,9S,10S,13R,14S,17R)-10,13-dimethyl-17-((R)-5-methylhexan-2-yl)-3-phenyl-

4,5,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthrene (14f) 
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and (5S,8R,9S,10S,13R,14S,17R)-10,13-dimethyl-17-((R)-5-methylhexan-2-yl)-2-phenyl-

4,5,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthrene (14f’) 

Synthesized by standard procedure E-iodination of 13f. The crude reaction mixture 

contains two isomers in a 1.3:1 regioselectivity (determined by 1H NMR, the structure of 

major isomer is unknown). Purification by flash column chromatography (5% Et2O–

hexanes) on silica gel gave a mixture of 14f and 14f’ as a white solid (61.0 mg, 70%). 

Rf = 0.54 (hexanes) 

1H NMR (500 MHz, CDCl3, signals for the minor isomer are reported in italics) δ 7.43ï

7.41 (m, 2H), 7.40–7.38 (m, 2H), 7.32–7.29 (m, 2H, both), 7.23–7.19 (m, 1H, both), 6.10ï

6.08 (m, 1H), 6.05–6.03 (m, 1H), 2.37 (dd, J = 16.2, 1.5 Hz, 1H), 2.29 (ddd, J = 17.5, 4.8, 2.4 

Hz, 1H), 2.20 (ddd, J = 17.5, 5.9, 1.7 Hz, 1H), 2.15–0.98 (m, 26H, 25H, both), 0.95 (d, J = 6.7 

Hz, 3H, both),  0.90 (d, J = 6.7 Hz, 3H, both), 0.89 (d, J = 6.7 Hz, 3H, both), 8.02 (s, 3H), 

8.01 (s, 3H), 0.72 (s, 3H, both). 

13C NMR (126 MHz, CDCl3, signals are reported both 14f and 14f’ due to difficulty of 

distinguishing) δ 143.2, 141.9, 135.6, 135.0, 128.4, 128.2, 128.2, 128.2, 126.5, 125.2, 124.8, 

123.5, 123.4, 56.6, 56.5, 56.4, 54.2, 54.0, 42.6, 42.5, 42.1, 41.9, 41.2, 40.7, 40.1, 39.6, 36.3, 35.9, 

35.7, 35.7, 35.0, 34.4, 32.3, 31.9, 31.9, 31.1, 28.9, 28.6, 28.3, 28.1, 24.31, 24.30, 23.9, 22.9, 22.6, 

21.2, 21.1, 18.8, 12.09, 12.08, 11.9, 11.8. 

FTIR (14f and 14f’, thin film): 2929, 1444, 750, 694 cm-1. 
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6-Iodo-2,3,4,5-tetrahydro-1,1'-biphenyl (15a) Synthesized by standard procedure E-

iodination. Purification by flash column chromatography (hexanes) on silica gel gave 

15a as a colorless oil (25.6 mg, 81%).  

Rf = 0.50 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.38–7.34 (m, 2H), 7.31–7.27 (m, 1H), 7.17–7.14 (m, 2H), 

2.79 (tt, J = 6.1, 2.4 Hz, 2H), 2.45 (tt, J = 6.1, 2.4 Hz, 2H), 1.88–1.83 (m, 2H), 1.78–1.73 (m, 

2H). 

13C NMR (126 MHz, CDCl3) δ 146.8, 144.2, 128.1, 127.8, 127.0, 98.6, 41.5, 34.0, 25.5, 22.9. 

FTIR (thin film): 2932, 1681, 755, 698 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C12H13I+•) ([M]+•): 284.0; found: 284.0.  

 

6-Iodo-7-phenylspiro[4.5]dec-6-ene (15b) and 7-iodo-6-phenylspiro[4.5]dec-6-ene 

(15b’) Synthesized by standard procedure E-iodination of 13b. The crude reaction 

mixture contains two isomers in a 12.3:1 regioselectivity (determined by 1H NMR). 
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Purification by flash column chromatography (hexanes) on silica gel gave a mixture of 

15b and 15b’ as a colorless oil (25.2 mg, 59%). 

Rf = 0.56 (hexanes) 

1H NMR (15c, 500 MHz, CDCl3) δ 7.36–7.33 (m, 2H), 7.29–7.26 (m, 1H), 7.12–7.10 (m, 2H), 

2.39 (d, J = 5.7 Hz, 1H), 2.38 (d, J = 5.7 Hz, 1H), 2.02–1.96 (m, 2H), 1.82–1.73 (m, 6H), 1.69–

1.61 (m, 2H), 1.54–1.49 (m, 2H)  

13C NMR (15c, 126 MHz, CDCl3) δ 148.62, 145.3, 128.1, 127.9, 126.8, 120.0, 50.8, 41.7, 36.8, 

35.3, 25.5, 20.6 

1H NMR (15c’, 500 MHz, CDCl3) δ 7.36–7.26 (m, 3H), 7.02–7.00 (m, 2H), 2.80 (d, J = 6.3 

Hz, 1H), 2.79 (d, J = 6.3 Hz, 1H), 2.17 (td, J = 5.6, 4.2 Hz, 2H), 1.88 (td, J = 14.3, 6.3, 4H), 

1.81–1.49 (m, 6H) 

FTIR (15b and 15b’, thin film): 2933, 2862, 1441, 755, 697 cm-1.  

GC-LRMS-EI (15b and 15b’, m/z) Calcd for (C16H19I+•) ([M]+•): 338.1; found: 338.0. 

 

 

(1S,5S)-2-Iodo-6,6-dimethyl-3-phenylbicyclo[3.1.1]hept-2-ene  (15c) and (1S,5S)-3-iodo-

6,6-dimethyl-2-phenylbicyclo[3.1.1]hept-2-ene (15c’) Synthesized by standard 

procedure E-iodination of 13c. The crude reaction mixture contains two isomers in a 
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8.7:1 regioselectivity (determined by 1H NMR). Purification by flash column 

chromatography (hexanes) on silica gel gave a mixture of 15c and 15c’ as a colorless oil 

(53.5 mg, 83%). 

Rf = 0.52 (hexanes) 

1H NMR (15c, 500 MHz, CDCl3) δ 7.40–7.37 (m, 2H), 7.32–7.30 (m, 3H), 2.78 (dd, J = 17.2, 

2.8 Hz, 2H), 2.71 (dd, J = 17.2, 2.8 Hz), 2.47 (dt, J = 9.2, 5.6 Hz, 1H), 2.33 (tt, J = 5.6, 2.8 Hz, 

1H), 1.52 (d, J = 9.2 Hz, 1H), 1.36 (s, 3H), 1.14 (s, 3H) 

13C NMR (15c, 126 MHz, CDCl3) δ 143.5, 140.1, 128.1, 127.8, 127.2, 99.6, 57.1, 41.0, 40.5, 

39.8, 33.2, 25.9, 20.5 

1H NMR (15c’, 500 MHz, CDCl3) δ 7.37–7.34 (m, 2H), 7.31–7.28 (m, 1H), 7.23–7.21 (m, 

2H), 2.99 (dd, J = 17.6, 2.9 Hz, 1H), 2.87 (dd, J = 17.6, 2.9 Hz), 2.62 (t, J = 5.9 Hz, 1H), 2.56 

(dt, J = 9.0, 5.9 Hz, 1H), 2.05 (tt, J = 5.9, 2.9 Hz, 1H), 1.60 (d, J = 9.0 Hz, 1H), 1.34 (s, 3H), 

1.06 (s, 3H) 

13C NMR (15c’, 126 MHz, CDCl3) δ 152.8, 144.0, 128.0, 127.4, 127.1, 92.0, 51.3, 46.9, 43.8, 

39.7, 31.9, 25.6, 21.9 

FTIR (15c and 15c’, thin film): 2917, 1597, 754, 697 cm-1.  
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4-Iodo-3-phenyl-1,2-dihydronaphthalene (15d) and 3-iodo-4-phenyl-1,2-

dihydronaphthalene (15d’) 

Synthesized by standard procedure E-iodination of 13d. The crude reaction mixture 

contains two isomers in a 16.7:1 regioselectivity (determined by 1H NMR). Purification 

by flash column chromatography (hexanes) on silica gel gave a mixture of 15d and 15d’ 

as a colorless oil (37.9 mg, 56%). 

Rf = 0.53 (hexanes) 

1H NMR (15d, 500 MHz, CDCl3) δ 7.69 (d, J = 7.4 Hz, 1H), 7.43–7.40 (m, 2H), 7.36–7.33 

(m, 1H), 7.31–7.29 (m, 3H), 7.20 (t, J = 7.4 Hz, 1H), 7.11 (d, J = 7.4 Hz, 1H), 2.97 (d, J = 7.5 

Hz, 1H), 2.96 (d, J = 8.2 Hz, 1H), 2.74 (d, J = 8.2 Hz, 1H), 2.73 (d, J = 7.5 Hz, 1H). 

13C NMR (15d, 126 MHz, CDCl3) δ 147.9, 146.6, 135.9, 135.0, 131.9, 128.2, 128.0, 127.9, 

127.5, 126.9, 126.8, 99.8, 32.8, 28.7. 

FTIR (15d, thin film): 2934, 1592, 1475, 756, 697 cm-1. 

1H NMR (15d’, 500 MHz, CDCl3) δ 7.46–7.43 (m, 2H), 7.41 (m, 1H), 7.19 (m, 2H), 7.14 (m, 

2H), 7.02 (ddd, J = 7.8, 5.4, 3.0 Hz, 1H), 6.63 (d, J = 7.8 Hz, 1H), 3.10 (dd, J = 8.8, 0.8 Hz, 

1H), 3.09 (d, J = 8.3 Hz, 1H), 2.99 (d, J = 8.3 Hz, 1H), 2.97 (br d, J = 8.8 Hz, 1H). 

13C NMR (15d’, 126 MHz, CDCl3) δ 144.5, 143.3, 135.2, 134.6, 129.6, 128.4, 127.5, 127.4, 

127.3, 126.5, 126.3, 101.0, 39.7, 30.1. 

The spectroscopic data match those reported previously.210 
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(5S,8R,9S,10S,13R,14S,17R)-2-iodo-10,13-dimethyl-17-((R)-5-methylhexan-2-yl)-3-

phenyl-4,5,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]-

phenanthrene (15f) and (5S,8R,9S,10S,13R,14S,17R)-3-iodo-10,13-dimethyl-17-((R)-5-

methylhexan-2-yl)-2-phenyl-4,5,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthrene (15f’) Synthesized by standard procedure E-iodination of 

13f. The crude reaction mixture contains two isomers in a 1.3:1 regioselectivity 

(determined by 1H NMR). Purification by flash column chromatography (5% Et2O–

hexanes) on silica gel gave a mixture of 15f and 15f’ as a white solid (83.1 mg, 76%). 

Rf = 0.50 (hexanes) 

1H NMR (500 MHz, CDCl3, signals for the minor isomer are reported in italics) δ 7.36–

7.33 (m, 2H, both), 7.30–7.26 (m, 1H, both), 7.16ï7.14 (m, 2H), 7.11–7.10 (m, 2H), 2.77 (d, J 

= 16.9 Hz, 1H), 2.69 (ddd, J = 18.0, 5.2, 2.0 Hz, 1H), 2.50ï2.45 (m, 1H), 2.45 (ddddd, J =17.6, 

11.8, 4.1, 1.6 Hz, 1H),  2.35 (d, J = 17.1 Hz, 1H), 2.31 (ddd, J = 17.9, 5.3, 2.2, 1H), 2.20 (br d, J 

= 17.4 Hz, 1H), 2.03 (dt, J = 12.1, 3.2 Hz, 1H), 1.96 (dt, J = 12.8, 3.4 Hz, 1H), 1.90–0.98 (m, 

22H, 23H, both), 0.96 (s, 3H), 0.94 (d, J = 6.5 Hz, 3H), 0.93 (s, 3H), 0.91ï0.88 (m, 6H), 0.91 

(d, J = 6.5 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H), 0.70 (s, 3H) 0.68 (s, 3H)  
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13C NMR (126 MHz, CDCl3, signals are reported both 15f and 15f’ due to difficulty of 

distinguishing) δ 147.9, 146.9, 146.3, 143.1, 143.0, 128.1, 128.1, 127.8, 127.7, 127.0, 122.1, 

97.9, 96.6, 56.3, 56.2, 56.1, 53.5, 53.5, 48.8, 46.1, 44.6, 42.4, 41.7, 39.8, 39.8, 39.5, 38.7, 38.5, 

36.2, 35.78, 35.76, 35.45, 35.37, 35.3, 31.6, 31.5, 31.4, 28.22, 28.18, 28.0, 27.7, 24.2, 23.8, 22.8, 

22.65, 22.56, 21.1, 21.0, 18.71, 18.69, 18.66, 14.1, 12.01, 11.98, 11.96, 11.87. 

FTIR (15f and 15f’, thin film): 2929, 1466, 1201, 760, 698 cm-1. 

 

6-Iodo-2'-methyl-2,3,4,5-tetrahydro-1,1'-biphenyl (16b) Synthesized by standard 

procedure E-iodination. Purification by flash column chromatography (hexanes) on 

silica gel gave 16b as a colorless oil (43.4 mg, 70%).  

Rf = 0.52 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.22–7.18 (m, 3H), 6.97–6.95 (m, 1H), 2.81–2.77 (m, 2H), 

2.34–2.32 (m, 2H), 2.24 (s, 3H), 1.92–1.82 (m, 2H), 1.81–1.73 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 146.6, 144.4, 134.4, 130.1, 127.7, 127.3, 126.0, 99.8, 41.0 33.3, 

25.7, 23.0, 19.0. 

FTIR (thin film): 2930, 1679, 752 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C13H15I +•) ([M]+•): 298.0; found: 298.0. 
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6-Iodo-3'-methyl-2,3,4,5-tetrahydro-1,1'-biphenyl (16c) Synthesized by standard 

procedure E-iodination. Purification by flash column chromatography (hexanes) on 

silica gel gave 16c as a colorless oil (44.9 mg, 72%).  

Rf = 0.49 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.25 (t, J = 7.5 Hz, 1H), 7.11 (d, J = 7.5 Hz, 1H), 6.97–6.95 

(m, 2H), 2.79 (tt, J = 6.1, 2.4 Hz, 2H), 2.44 (tt, J = 6.1, 2.4 Hz, 2H), 2.38 (s, 3H), 1.87–1.83 (m, 

2H), 1.77–1.72 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 146.9, 144.4, 137.8, 128.5, 128.2, 127.9, 125.0, 98.5, 41.7, 34.2, 

25.7, 23.1, 21.6. 

FTIR (thin film): 2930, 1681, 1326, 782, 702 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C13H15I +•) ([M]+•): 298.0; found: 298.0. 
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6-Iodo-4'-methyl-2,3,4,5-tetrahydro-1,1'-biphenyl (16d) Synthesized by standard 

procedure E-iodination. Purification by flash column chromatography (hexanes) on 

silica gel gave 16d as a colorless oil (42.4 mg, 66%).  

Rf = 0.50 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.18 (d, J = 8.1 Hz, 2H), 7.06 (d, J = 8.1 Hz, 2H), 2.79 (tt, J = 

6.1, 2.4 Hz, 2H), 2.43 (tt, J = 6.1, 2.4 Hz, 2H), 2.37 (s, 3H), 1.87–1.83 (m, 2H), 1.77–1.72 (m, 

2H). 

13C NMR (126 MHz, CDCl3) δ 144.2, 144.1, 136.8, 129.0, 127.8, 98.7, 41.7, 34.2, 25.7, 23.1, 

21.4 

FTIR (thin film): 2929, 1680, 1510, 811 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C13H15I+•) ([M]+•): 298.0; found: 298.0. 

 

6-Iodo-4'-methoxy-2,3,4,5-tetrahydro-1,1'-biphenyl (16e) Synthesized by standard 

procedure E-iodination. Purification by flash column chromatography (10% DCM–

hexanes) on silica gel gave 16e as a colorless oil (42.0 mg, 67%).  

Rf = 0.43 (2% DCM–hexanes) 
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1H NMR (500 MHz, CDCl3) δ 7.09 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 3.82 (s, 3H), 

2.77 (tt, J = 6.1, 2.4 Hz, 2H), 2.42 (tt, J = 6.1, 2.4 Hz, 2H), 1.86–1.81 (m, 2H), 1.75–1.71 (m, 

2H). 

13C NMR (126 MHz, CDCl3) δ 158.6, 143.8, 139.4, 129.1, 113.6, 99.0, 55.3, 41.8, 34.2, 25.7, 

23.1. 

FTIR (thin film): 2931, 1607, 1509, 1245, 828 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C13H15IO+•) ([M]+•): 314.0; found: 314.0. 

 

6-Iodo-4'-(trifluoromethyl)-2,3,4,5-tetrahydro-1,1'-biphenyl (16f) Synthesized by 

standard procedure E-iodination. Purification by flash column chromatography 

(hexanes) on silica gel gave 16f as a colorless oil (49.5 mg, 70%).  

Rf = 0.65 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.61 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 8.0 Hz, 2H), 2.79 (tt, J = 

6.1, 2.4 Hz, 2H), 2.41 (tt, J = 6.1, 2.4 Hz, 2H), 1.88–1.84 (m, 2H), 1.78–1.73 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 150.4 (q, JCïF = 1 Hz, 1C), 143.3, 129.3 (q, JCïF = 32 Hz, 1C), 

128.5, 124.3 (q, JCïF = 272 Hz, 1C), 125.4 (q, JCïF = 4Hz, 1C), 99.5, 41.6, 34.0, 25.5, 22.9. 

FTIR (thin film): 2935, 1685, 1323, 1124, 1067 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C13H12F3I+•) ([M]+•): 352.0; found: 352.0. 
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2-(2-Iodocyclohex-1-en-1-yl)thiophene (16g) Synthesized by standard procedure E-

iodination. Purification by flash column chromatography (hexanes) on silica gel gave 

16g as a yellow oil (37.6 mg, 58%).  

Rf = 0.51 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.26 (dd, J = 5.1, 1.1 Hz, 1H), 7.06 (dd, J = 3.6, 1.1 Hz, 1H), 

7.00 (dd, J = 3.6, 1.1 Hz, 1H),  2.81 (tt, J = 6.2, 2.4 Hz, 2H), 2.52 (tt, J = 6.2, 2.4 Hz, 2H), 

1.87–1.82 (m, 2H), 1.74–1.69 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 147.5, 137.0, 126.5, 126.2, 124.7, 101.1, 42.7, 35.1, 25.5, 22.96. 

 

 

3-Ethyl-1,2-dihydronaphthalene (16h) Synthesized by standard procedure E-

protonation of 13d with Li[Zn(TMP)Et2] (1.0 equiv). Purification by flash column 

chromatography (hexanes) on silica gel gave 16h as a colorless oil (14.5 mg, 46%).  

Rf = 0.65 (hexanes) 
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1H NMR (500 MHz, CDCl3) δ 7.15–7.12 (m, 1H), 7.10–7.06 (m, 2H), 7.00 (d, J = 7.2 Hz, 

1H), 6.22 (br s, 1H), 2.82 (t, J = 8.1 Hz, 2H), 2.28–2.20 (m, 4H), 1.13 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 143.9, 135.0, 134.4, 127.1, 126.4, 125.9, 125.3, 120.8, 30.2, 

28.2, 27.4, 12.1. 

FTIR (thin film): 2964, 1649, 907, 725 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C12H14+•) ([M]+•): 158.1; found: 158.1. 

 

 

3-Butyl-1,2-dihydronaphthalene (16i) Synthesized by standard procedure E-

protonation of 13d. Purification by flash column chromatography (hexanes) on silica gel 

gave 16i as a colorless oil (22.2 mg, 60%).  

Rf = 0.65 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.14 (td, J = 7.3, 2.1 Hz, 1H), 7.10–7.06 (m, 2H), 6.99 (d, J = 

7.3 Hz, 2H), 6.22 (br s, 1H), 2.81 (t, J = 8.1 Hz, 2H), 2.25 (t, J = 8.1 Hz, 2H), 2.21 (t, J = 7.5 

Hz, 2H), 1.54–1.48 (m, 2H), 1.37 (dq, J = 14.5, 7.3 Hz, 2H), 0.95 (t, J = 7.3 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 142.5, 134.4, 127.1, 126.3, 125.9, 125.2, 122.0, 37.1, 29.7, 28.2, 

27.3, 22.4, 14.0. 

The spectroscopic data match those reported previously.211 
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3-(Phenylethynyl)-1,2-dihydronaphthalene (16j) 

Rf = 0.35 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.49–7.48 (m, 2H), 7.36–7.30 (m, 3H), 7.20–7.07 (m, 1H), 

6.88 (br s, 1H), 2.90 (t, J = 8.2 Hz, 2H), 2.56 (td, J = 8.2, 1.3 Hz, 2H) 

13C NMR (126 MHz, CDCl3) δ 134.9, 133.8, 133.3, 131.5, 128.3, 128.1, 127.7, 127.5, 126.6, 

126.4, 123.4, 121.1, 91.4, 90.9, 27.8, 27.6. 

The spectroscopic data match those reported previously.212 

 

6-Bromo-2,3,4,5-tetrahydro-1,1'-biphenyl (17b) Synthesized by standard procedure E-

Bromination. Purification by flash column chromatography (hexanes) on silica gel gave 

17b as a colorless oil (26.1 mg, 55%).  

Rf = 0.50 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.37–7.34 (m , 2H), 7.29–7.26 (m, 1H), 7.23–7.22 (m, 2H), 

2.66–2.63 (m, 2H), 2.40–2.37 (m, 2H), 1.84–1.77 (m, 4H) 

13C NMR (126 MHz, CDCl3) δ 143.4, 137.7, 128.1, 127.9, 127.0, 120.0, 36.7, 33.9, 24.7, 22.7 
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The spectroscopic data match those reported previously.213 

 

6-Azido-2,3,4,5-tetrahydro-1,1'-biphenyl (17c) Synthesized by standard procedure E-

Azidation. Purification by flash column chromatography (hexanes) on silica gel gave 17c 

as a colorless oil (14.0 mg, 35%).  

Rf = 0.49 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.36–7.33 (m, 2H), 7.29–7.28 (m, 2H), 7.26–7.23 (m, 1H), 

2.42 (t, J = 6.1Hz, 2H), 2.38 (t, J = 6.1Hz, 2H), 1.87 (p, J = 6.1Hz, 2H), 1.75 (p, J = 6.1Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 144.4, 132.3, 129.1, 128.4, 127.9, 125.8, 31.9, 31.6, 23.5, 23.1, 

20.7. 

FTIR (thin film): 2933, 2091, 1687, 1273, 759, 698 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C12H13N+•) ([M-N2]+•): 171.1; found: 171.0. 
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6-((4-Chlorophenyl)ethynyl)-2,3,4,5-tetrahydro-1,1'-biphenyl (17d) Synthesized by 

standard procedure E-Alkynylation. Purification by flash column chromatography 

(hexanes) on silica gel gave 17d as a colorless oil (27.8 mg, 48%).  

Rf = 0.50 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.50–7.49 (m, 2H), 7.37–7.34 (m, 2H), 7.30–7.27 (m, 1H), 

7.20 (d, J = 8.5 Hz, 2H), 7.12 (d, J = 8.5 Hz, 2H), 2.50–2.47 (m, 2H), 2.43–2.40 (m, 2H), 1.82–

1.73 (m, 4H). 

FTIR (thin film): 2932, 1686, 1488, 1090, 827, 698 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C20H17Cl+•) ([M]+•): 292.1; found: 292.0. 

 

 

6-Vinyl-2,3,4,5-tetrahydro-1,1'-biphenyl (17e) Synthesized by standard procedure E-

Vinylation. Purification by flash column chromatography (hexanes) on silica gel gave 

17e as a colorless oil (27.3 mg, 74%).  

Rf = 0.54 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.35–7.32 (m, 2H), 7.27–7.23 (m, 1H), 7.17–7.15 (m, 2H), 

6.44 (dd, J = 17.5, 11.0 Hz, 1H), 5.15 (d, J = 17.5 Hz, 1H), 4.85 (d, J = 11.0 Hz, 1H), 2.40–2.38 

(m, 2H), 2.33–2.30 (m, 2H), 1.80–1.73 (m, 4H). 
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13C NMR (126 MHz, CDCl3) δ 143.3, 139.3, 136.9, 130.6, 128.7, 128.0, 126.4, 110.6, 33.0, 

24.7, 23.1, 22.5 

FTIR (thin film): 2928, 1670, 1441, 760, 701 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C14H16+•) ([M]+•): 184.1; found: 184.0.  

 

2-(3,4,5,6-Tetrahydro-[1,1'-biphenyl]-2-yl)pyridine (17f) Synthesized by standard 

procedure E-Arylation. Purification by flash column chromatography (10% Et2O–

hexanes) on silica gel gave 17f as a colorless oil (30.7 mg, 65%).  

Rf = 0.43 (15% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3) δ 8.44 (d, J = 4.9 Hz, 1H), 7.15 (td, J = 7.7, 1.8 Hz, 1H), 7.04–

7.00 (m, 3H), 6.93–6.91 (m, 2H), 6.86 (ddd, J = 7.7, 4.9, 1.8 Hz, 1H), 6.59 (d, J = 7.7 Hz, 1H), 

2.55–2.52 (m, 2H), 2.41–2.39 (m, 2H), 1.79–1.77 (m, 4H) 

13C NMR (126 MHz, CDCl3) δ 161.7, 148.7, 143.4, 137.4, 135.5, 135.1, 128.8, 127.7, 126.1, 

125.0, 120.6, 31.9, 29.8, 23.1, 22.9 

The spectroscopic data match those reported previously.214 
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6-methyl-2,3,4,5-tetrahydro-1,1'-biphenyl (17g) Synthesized by standard procedure E-

Methylation. Purification by flash column chromatography (hexanes) on silica gel gave 

17g as a colorless oil (25.5 mg, 74%).  

Rf = 0.60 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.33–7.30 (m, 2H), 7.22–7.19 (m, 1H), 7.16–7.14 (m, 2H), 

2.25 (tt, J = 6.1, 2.1 Hz, 2H), 2.09–2.05 (m, 2H), 1.75–1.68 (m, 2H), 1.56 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 144.4, 132.3, 129.1, 128.4, 127.9, 125.8, 31.9, 31.6, 23.5, 23.1, 

20.7. 

The spectroscopic data match those reported previously.215 

 

6-Allyl-2,3,4,5-tetrahydro-1,1'-biphenyl (17h) Synthesized by standard procedure E-

Allylation. Purification by flash column chromatography (hexanes) on silica gel gave 

17h as a colorless oil (31.3 mg, 79%).  

Rf = 0.61 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.33–7.30 (m, 2H), 7.24–7.21 (m, 1H), 7.17–7.15 (m, 2H), 

5.75 (ddt, J = 16.6, 10.5, 6.5 Hz, 1H), 4.99–4.95 (m, 2H), 2.64 (d, J = 6.5 Hz, 2H), 2.31–2.21 

(m, 2H), 2.12–2.07 (m, 2H), 1.76–1.68 (m, 4H). 
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13C NMR (126 MHz, CDCl3) δ 144.2, 137.3, 134.2, 130.7, 128.2, 128.0, 126.0, 115.0, 38.9, 

32.3, 28.7, 23.4, 23.0 

The spectroscopic data match those reported previously.216 

 

(4-Chlorophenyl)(3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methanone (17i) Synthesized 

by standard procedure E-Acylation. Purification by flash column chromatography 

(hexanes) on silica gel gave 17i as a colorless oil (22.0 mg, 37%).  

Rf = 0.45 (hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.59 (d, J = 8.6 Hz, 2H), 7.16 (d, J = 8.6 Hz, 2H), 7.08–7.01 

(m, 5H), 2.52 (tt, J = 6.1, 2.3 Hz, 2H), 2.45 (tt, J = 6.1, 2.3 Hz, 2H), 1.91–1.86 (m, 2H), 1.85–

1.80 (m, 2H) 

13C NMR (126 MHz, CDCl3) δ 200.1, 141.6, 140.6, 138.6, 135.3, 135.0, 130.5, 128.7, 128.3, 

128.0, 127.9, 127.4, 30.9, 28.0, 22.8, 22.1 

FTIR (thin film): 2932, 1659, 1585, 1255, 746, 700 cm-1. 

GC-LRMS-EI (m/z) Calcd for (C19H16ClO+•) ([M-H]+•): 295.1; found: 295.1.  
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(3,4,5,6-Tetrahydro-[1,1'-biphenyl]-2-yl)(p-tolyl)methanol (17j) Synthesized by 

standard procedure E-Coupling with aldehyde. Purification by flash column 

chromatography (7% Et2O–hexanes) on silica gel gave 17j as a colorless oil (37.6 mg, 

58%).  

Rf = 0.26 (15% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.46 (dd, J = 7.2, 1.6 Hz, 1H), 7.27–7.21 (m, 3 H), 7.21 (d, J = 

8.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 7.08 (dd, J = 7.2, 1.6 Hz, 1H), 6.05 (br s, 1H), 5.51 (tt, J 

= 5.4, 1.7 Hz, 1H), 2.32 (s, 3H), 2.21–1.98 (m, 4H), 1.73–1.62 (m, 4H) 

FTIR (thin film): 3350, 2925, 1512, 1445, 1015, 758 cm-1. 
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N-Methyl-N-phenyl-3,4-dihydronaphthalen-2-amine (18a). Synthesized by standard 

procedure C-protonation or 13d. Purification by flash column chromatography (1% 

NEt3–hexanes) on neutral alumina gel gave 18a as a colorless oil (26.6 mg, 57%).  

Rf = 0.49 (5% NEt3–hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.33 (dd, J = 8.0, 7.3 Hz, 2H), 7.14–7.09 (m, 4H), 7.06 (d, J = 

7.4 Hz, 1H), 7.04 (d, J = 7.4 Hz, 1H), 6.97 (t, J = 7.3 Hz, 1H), 5.74 (s, 1H), 3.25 (s, 3H), 2.79 

(dd, J = 8.1, 7.5 Hz, 1H), 2.28 (dd, J = 8.1, 7.5 Hz, 1H) 

13C NMR (126 MHz, CDCl3) δ 147.8, 147.4, 136.8, 132.0, 129.0, 126.7, 126.5, 125.0, 124.2, 

124.0, 123.6, 102.5, 41.0, 29.0, 27.0 

FTIR (thin film): 3059, 2927, 1694, 1593, 1491, 1293, 751, 694 cm-1. 

HRMS-EI (m/z) Calcd for (C17H17N+•) ([M+•]): 235.1361; found: 235.1359 

 

1-Allyl-N-methyl-N-phenyl-3,4-dihydronaphthalen-2-amine (7b). Synthesized by 

standard procedure C-allylation of 13d. Purification by flash column chromatography 

(1% NEt3–hexanes) on neutral alumina gel gave the mixture of 18b and N-allyl-N-

methylaniline (byproduct), as a yellow oil (47.0 mg, 18b: byproduct = 3.2: 1 ratio, 68% 

calculated yield of 18b). Further purification was performed by flash column 
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chromatography (0.3% NEt3–hexanes) on silica gel gave 18b as colorless oil (14.6 mg, 

26%, lower yield due to hydrolysis on silica).  

Rf = 0.45 (hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.41 (d, J = 7.7 Hz, 1H), 7.28–7.31 (m, 5H), 6.82–6.80 (m, 

3H), 5.93 (ddt, J = 16.7, 10.4, 6.0 Hz, 1H), 5.11 (d, J = 16.7 Hz, 1H), 5.05 (d, J = 10.4 Hz, 1H), 

3.37 (d, J = 6.0 Hz, 2H), 3.14 (s, 3H), 3.03 (dd, J = 8.0, 7.8 Hz, 2H), 2.98 (dd, J = 8.0, 7.8 Hz, 

2H) 

13C NMR (126 MHz, CDCl3) δ 147.8, 142.3, 136.6, 135.5, 135.2, 130.5, 129.1, 127.3, 126.5, 

126.3, 124.3, 117.1, 115.7, 113.1, 37.8, 31.4, 29.4, 25.0 

FTIR (thin film): 3063, 2882, 1714, 1598, 1498, 1295, 750 cm-1 

HRMS-ESI (m/z) Calcd for (C20H22N+) ([M+H]+): 276.1747; found: 276.1748. 

 

 

N-Methyl-N-phenyl-1-vinyl-3,4-dihydronaphthalen-2-amine (18c). Synthesized by 

standard procedure C-vinylation of 13d. Purification by preparative thin layer 

chromatography (neutral alumina, hexanes) gave 18c as a pale-yellow oil (24.6 mg, 47%). 

Rf = 0.43 (hexanes); 1H NMR (500 MHz, CDCl3): δ 7.55 (d, J = 7.8 Hz, 1H), 7.25–7.15 (m, 

5H), 6.78–6.74 (m, 3H), 6.63 (dd, J = 18.0, 11.5 Hz, 1H), 5.45 (dd, J = 18.0, 1.8 Hz, 1H), 5.31 
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(dd, J = 11.5, 1.8 Hz, 1H), 3.12 (s, 3H), 2.86 (dd, J = 7.9, 7.4 Hz, 2H), 2.35 (dd, J = 7.9, 7.4 

Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 147.3, 143.5, 136.1, 134.5, 131.9, 129.9, 129.0, 127.3, 

126.4, 126.1, 125.5, 117.6, 117.3, 114.2, 38.1, 29.6, 26.0; FTIR (thin film): 3059, 2933, 1598, 

1498, 1340, 750, 694 cm-1; HRMS-ESI (m/z) Calcd for (C19H20N+) ([M+H]+): 262.1590; 

found: 262.1595. 

 

 

7-Methyl-6,7-dihydro-5H-benzo[c]carbazole (18d). Synthesized by standard procedure 

E-arylation of 13d using 2-bromo-N-methylaniline as both of nucleophile and 

electrophile. Purification by flash column chromatography (15% Et2O–hexanes) on silica 

gel* gave 18d as a pale-yellow solid (28.8 mg, 79%).  

Rf = 0.35 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3): δ 8.07–8.05 (m, 1H), 7.87 (d, J = 7.6 Hz, 1H), 7.35–7.33 (m, 

1H), 7.31 (t, J = 7.6 Hz, 1H), 7.25–7.23 (m, 3H), 7.08 (t, J = 7.4 Hz, 1H), 3.70 (s, 3H), 3.07 

(dd, J = 7.9, 7.4 Hz, 2H), 2.95 (dd, J = 7.9, 7.4 Hz, 2H) 

13C NMR (126 MHz, CDCl3) δ 139.0, 137.7, 134.0, 132.9, 127.8, 126.9, 124.5, 123.9, 122.0, 

120.9, 120.2, 119.5, 109.8, 109.3, 29.4, 20.8 (2C) 

FTIR (thin film): 3050, 2927, 1711, 1474, 1331, 801, 739 cm-1.  
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HRMS-EI (m/z) Calcd for (C17H15N+•) ([M+•]): 233.1204; found: 233.1208. 

*Note: the product oxidized easily during purification if column chromatography took 

more than 15 min. 

 

 

9-Methyl-2,3,4,9-tetrahydro-1H-carbazole (8c). Synthesized by standard procedure C-

arylation of 13a using 2-bromo-N-methylaniline as both of nucleophile and electrophile. 

Purification by flash column chromatography (2% CH2Cl2–hexanes) on silica gel gave 

18e as a pale-yellow solid (23.5 mg, 63%).  

Rf = 0.47 (2% Et2O–hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.50 (d, J = 7.8 Hz, 1H), 7.28 (d, J = 7.8 Hz, 1H), 7.18 (t, J = 

7.8 Hz, 1H), 7.10 (t, J = 7.8 Hz, 1H), 3.64 (s, 3H), 2.78–2.73 (m, 4H), 1.98 (quint, J = 6.0 Hz, 

2H), 1.89 (quint, J = 6.0 Hz, 2H).  

The spectroscopic data match those reported previously.217 
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