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A. Introduction and Background 

1. Isocyanides in Organic Synthesis 
 
Isocyanides have been first described independently by Gautier[1] to be formed in the 

reaction of silver cyanide with alkyl iodides and by Hofmann[2] upon treatment of aniline 

with chloroform in the presence of potassium hydroxide (the so-called carbylamine 

reaction). Because of the extremely unpleasant odor of the simplest (and the most volatile) 

isocyanides, efficient methods for their synthesis have not been developed for a long time, 

and therefore these compounds have long been underinvestigated. The chemistry of 

isocyanides received a significant boost when reliable methods for the synthesis of 

isocyanides, on a wide scope,  e.g. the dehydration of formamides[3] and the carbylamine 

reaction of amines employing phase-transfer catalysis[4] appeared in the literature. The 

carbon atom of the isocyano group often exhibits carbene-like reactivity that is reflected in 

the resonance structure 1a (Scheme 1). Conversely, the linear structure of isocyanides is 

well represented by the dipolar resonance structure 1b. Such unique properties of the 

isocyano group, which may function both as an electrophile and as a nucleophile coupled 

with the now easy availability of a wide range of isocyanides have turned these 

compounds into indispensable building blocks for organic synthesis.[5]  

 

R N C: R N C

1a 1b  
 

Scheme 1. Resonance structures of isocyanides. 

 

The diversity of transformations, which isocyanides can undergo, includes various 

isocyanide-based multicomponent reactions, e.g. the Ugi and Passerini reactions 

(Scheme 2),[6] other (Lewis acid-catalyzed) cocyclizations utilizing isocyanides as one-

carbon donor (e.g. depicted on Scheme 3)[7] as well as their transition-metal catalyzed 

insertions,[8,9] oligo- and polymerizations.[10] Arguably the most important applications of 

isocyanides are toward the synthesis of various heterocycles. 

Isocyanides are also well-known to participate in different types of radical processes to 

provide various heterocycles. Once generated, the radical intermediates readily undergo 

addition to an isocyano group to produce the corresponding imidoyl radicals, which in 

some cases are capable of subsequent cyclizations to give heterocyclic compounds.  
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Scheme 2. The three-component Passerini and the four-component Ugi reaction. 
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Scheme 3. An example of a formal [4+1]-cycloaddition of an α,β-unsaturated carbonyl 

compound with an isocyanide.[7f] 

 

One of the best known and important processes of this type, which has been developed by 

Fukuyama et al., is the synthesis of indoles 3 by treatment of o-isocyanostyrenes 2 with 

tri-n-butyltin hydride and the radical initiator azobisisobutyronitrile (AIBN) (Scheme 4).[11] 

The resulting 2-tributylstannyl indoles 3 can be converted into 3-substituted indoles of 

type 4 simply by acidic workup, but more importantly, they provide a convenient access to 

various 2,3-disubstituted indoles of type 6 by Stille cross-coupling reactions. The 

tributylstannyl derivate 3 also reacts smoothly with iodine to provide the 2-iodoindole 5, 

another useful substrate for subsequent modifications, , which has been shown to undergo 

various cross-coupling reactions.[11]  
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Scheme 4. The Fukuyama’s indole synthesis.[11] 
 

Diverse sequential radical cocyclizations with isocyanides, a representative example of 

which concerns the synthesis of (20S)-camptothecin 8[12] as depicted in Scheme 5, have 

previously been reviewed by Curran et al.[13] 
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(63%)

O

O
OHEt O

OOH
Et

C6H6, 70 °C, 8 h

7 8

 
 

Scheme 5. An example of a sequential radical cocyclization of 7 with phenyl 

isocyanide. Synthesis of (20S)-camptothecine (8).[12] 

 

Two other (non-radical) general types of cocyclizations leading to the formation of 

heterocycles from isocyanides, should be considered more closely as they are more 

relevant to the experimental work of this doctoral study, namely: 1) cocyclizations of 

metallated isocyanides and 2) formal α-additions onto the isocyano group followed by a 

cyclization. This concise overview might help us to understand that has been previously 

done in this area and help to imagine new possible directions of development. 
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2. Cyclizations of Metallated Isocyanides 
 
2.1. α-Metallated Methyl Isocyanides 
 
The electron-withdrawing effect of the isocyano group enhances the acidity of 

α-C, H bonds, and this was first exploited by Schöllkopf and Gerhart[14] in 1968. Since 

then, α-metallated methyl isocyanides of type 13 (mostly deprotonated isocyanoacetates) 

have been shown to participate in various types of cocyclizations leading to different 

nitrogen- containing heterocycles. Several reviews on this topic had appeared by 1985.[15] 
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Scheme 6. Various applications of α-metallated substituted methyl isocyanides 13 

reviewed previously.[15] 
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The main types of transformations reported therein as depicted in Scheme 6 include 

syntheses of 1,3-azoles 10, 11, 16, 17 (azolines 9), pyrrolines 18, 1,2,4-tetrazoles 12, 

2-imidazolinones 14, and 5,6-dihydro-4H-1,3-oxazines (-thiazines) 15.[15] 

One of the most important applications of α-metallated methyl isocyanides is undoubtedly 

in the preparation of 1,2-disubstituted pyrroles by their reaction with nitroalkenes.[16] In 

this so-called Barton-Zard pyrrole synthesis the nitro group on the alkene 19 serves two 

purposes, namely to activate the double bond in 19 toward Michael addition of the 

deprotonated isocyanide and to provide a leaving group for the conversion of the initially 

formed 2-pyrroline 21 into a 1H-pyrrole 23 by overall elimination of nitrous acid and 

subsequent 1,5-sigmatropic hydrogen-shift in the 3H-pyrrole 22  (Scheme 7). 

 

R1 NC R2
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NR1

R2
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B:

H
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R3 R3

R3 R3 R3
13 19 20
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BH+

4891%

R1 = CO2Alk 
        CONMe2
        SO2Tol

R2 = pMeOC6H4
        pPhCH2OC6H4
        H

R3 = H, Me

B: = DBU,
N N

N
R4

(R4 = H, tBu)

BH+

 

Scheme 7. The Barton-Zard pyrrole synthesis.[16] 
 

The nitroalkanes required for this synthesis are easily accessible by an aldol-type 

condensation of nitroalkanes with aldehydes (Henry reaction); they can also be generated 

in situ from O-acetyl-β-hydroxynitroalkanes (Scheme 8, eq. (1)).[16,17] When a non-ionic 

superbase like 31, which is about 1017 times more basic than 

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) is employed instead of DBU, the respective 

pyrroles are obtained in excellent yields (Scheme 8, eq (2)).[18] The same base 31, has been 

shown also to be superior over DBU in the synthesis of oxazoles 30 by reaction of acid 

chlorides 29 and anhydrides with methyl isocyanoacetate (25-Me) providing the products 

fast and in almost quantitative yields.[18] 
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Scheme 8. In situ generation of nitroalkenes in the Barton-Zard pyrrole synthesis. 

Some applications of the superbase 31.[16,18] 

 

The quality and the type of the solvent, particularly the absence of radical inhibitors such 

as BHT which is routinely added to commercial THF, have been shown to influence the 

rate of the reaction as well as the pyrrole yields.[19] tert-utyl methyl ether (MTBE) has 

been found to be better than THF in this reaction.

The reaction of ethyl isocyanoacetate 25-Et with certain nitroaromatic compounds, e. g. 

9-nitrophenanthrene (32), also provided the corresponding pyrrole 33 fused to a 

phenanthrene moiety (Scheme 9).[20] Polycyclic aromatic nitro compounds with decreased 

aromaticity gave the corresponding arene-annelated pyrroles in good yields while simple 

nitroarenes such as nitronaphtalene and nitrobenzene turned out to be less efficient or even 

failed in this reaction.[20]  

Alternatively to nitroalkenes, α,β-unsaturated phenylsulfones 35 can be employed in the 

synthesis of pyrroles 36 with the same substitution pattern as in the Barton-Zard method  

(Scheme 10).[21] This reaction proceeds with elimination of phenylsulfinic acid PhSO2H. 
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+
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75%
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Scheme 9. Synthesis of pyrrole 33.[20] 
 

The phenylsulfones of type 35 are easily accessible e. g. by sulfenohalogenation of 

alkenes with subsequent β-elimination of hydrogen halide from the resulting adducts. 

α,β-Unsaturated nitriles, which conveniently prepared by condensation of substituted aryl- 

acetonitriles with aldehydes, in turn have been shown to react with deprotonated 

isocyanoacetates 25 to provide, after elimination of cyanide, 3,4-diarylpyrrole-

2-carboxylates in moderate yields.[22] 

 
 

SO2Ph
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CN
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O

O

O

O
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KOtBu
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77%
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Scheme 10. Synthesis of pyrrole 36 from α,β-unsaturated sulfone 35 and isocyanide 

34.[21] 

 

Polarized ketene S,S-dithioacetals of type 37 or N,S-acetals 38 (Fig. 1) represent further 

suitable counterparts for activated methyl isocyanides in the synthesis of 

2,3,4-trisubstituted pyrroles.[23] These base-induced reactions proceed with elimination of 

methylthiolate and loss of the respective substituents R1.[23] 

 

R1

EWG SMe

SMe R1

EWG SMe

N

37 38

EWG = NO2, CN, COMe, COPh, CO2Et
R1 = H, CO2Et, COMe, COPh
X = O, NCO2Et, NCH2Ph

X  
 

Figure 1. Polarized ketene S,S-dithioacetals 37 and N,S-acetals 38.[23] 
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The Barton-Zard methodology has been employed in various natural product syntheses, 

such as that of pyrrolostatin and its analogues[24] as well as chromophores for biological 

systems.[25] Importantly, the pyrroles synthesized from α,β-unsaturated nitroalkenes or 

phenylsulfones posses a substitution pattern perfect for the construction of 

porphyrines.[20, 21d,e,f, 26] Thus, reduction of the ester group at position 2 of the pyrrole 39, 

succeeding acid-catalyzed cyclizing condensation with an excess of methylal 

(formaldehyde dimethylacetal) and subsequent oxidation led to octaethylporphyrin 40 in 

69% yield over three steps (Scheme 11).[18, 26] 

 

N
H

Et Et

CO2Et N

HN

N

NH

Et Et

Et

Et

EtEt

Et

Et

1) LiAlH4, 
    05 °C, THF
2) CH2(OMe)2, pTosOH
     r.t. CH2Cl2
3) chloranil

39 40

69%

 
 

Scheme 11. Synthesis of octaethylporphyrin 40 from the pyrrole 39.[18] 
 

The most frequently used α-isocyanoalkanoic acid derivatives contain ester groups as 

acceptors and are easily accessible from the corresponding amino acids. Some acceptor 

substituents on methyl isocyanides, e. g. the tosyl group, capable of further elimination 

under basic conditions, may bring some synthetic advantages toward particular 

heterocycles from isocyanides. Tosylmethyl isocyanide (TosMIC, 41-H)[27] introduced in 

organic synthesis and employed for various purposes by van Leusen, has become a 

classical reagent for the construction of 1,3-azoles and pyrroles.[28] Thus, it reacts under 

basic conditions (with elimination of TosH): with aldehydes to provide oxazoles;[29] with 

aldimines to give imidazoles;[ 30 , 31 ] with acceptor-substituted alkenes to give pyrroles 

(Scheme 12).[32] The latter reaction, known as the van Leusen pyrrole synthesis, is of 

particular importance, as pyrroles are widespread among naturally occurring biologically 

active substances and their synthetic analogues. Pyrroles thus prepared from isocyanides 

41-R, can be further elaborated. Thus, α-trimethylstannyl-substituted TosMIC (41-SnMe3) 

employed in this reaction, provides an access to 2-(trimethylstannyl)pyrroles, which could 

be further derivatized e. g. by Stille cross-coupling reactions with aryl bromides.[33]  
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Scheme 12. Synthesis of various 1,3-azoles from tosylmethyl isocyanide and its 

derivatives 41-R (R = H, TosMIC).[28−32] 

 
Interestingly, mono- and 1,2-disubstituted arylalkenes (preferably with electron-

withdrawing substituents) have been shown also to provide 3-aryl- or 3,4-diarylsubstituted 

pyrroles, respectively, in moderate to good yields by the reaction of TosMIC in the 

presence of NaOtBu as a base in DMSO.[34]  

A base-induced reaction of 1-isocyano-1-tosyl-1-alkylidene methyl isocyanides 51 with 

unsaturated compounds of type 49 furnished azoles 50 capable to undergo a subsequent 

pericyclic reaction and aromatization by means of DDQ to give various benzoannelated 

heterocycles: indoles 52, benzimidazoles 54 and benzoxazoles 55, respectively 

(Scheme 13).[35] Apparently, a strong base such as potassium tert-butoxide deprotonates 

the isocyanide 51 to furnish the isocyanoallyl anion 48, which cocyclizes with acceptor-

substituted alkenes 49 (X = CHCOR3), aldehydes (X = O) or imines (X = NR) to provide 

the corresponding azoles. 

Another example of an acceptor-substituted methyl isocyanide in which the acceptor is a 

good leaving group, benzotriazol-1-yl-methyl isocyanide (BetMIC), has been reported by 

Katritzky et al. to be sometimes superior over TosMIC in the synthesis of oxazoles, 

imidazoles and pyrroles.[36] 

In addition to base-mediated reactions, the catalytic versions of some of the corresponding 

cocyclizations of substituted methyl isocyanides with unsaturated compounds have been 

intensively investigated. Copper(I), silver(I) and gold(I) salts are most frequently used 

catalysts for the aforementioned syntheses of heterocycles. Thus, Cu(I)-, Ag(I)- or 

Au(I)-catalyzed reactions of substituted methyl isocyanides with aldehydes (ketones),[37]  
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Scheme 13. Synthesis of indoles 52, benzimidazoles 54 and benzoxazoles 55 by 

sequential construction of an azole ring and a benzene ring.[35] 

 

imines,[38] as well as various Michael acceptors[39] have been reported. Such catalytic 

variants have some obvious advantages over conventional (base-mediated) reactions, i. e. 

atom economy,[40] and the possibility to use base-sensitive substrates as well as to be able 

to obtain the respective products diastereo- or even enantioselectively. The asymmetric 

synthesis of synthetically useful 4,5-disubstituted 2-oxazolines 57 by an aldol-type 

condensation of aldehydes with substituted methyl isocyanides containing an electron-

withdrawing group has first been reported by Ito et al. in 1986.[41a] Thus, in the presence of 

1 mol% of a Au(I) complex with chiral bis(diphenylphosphino)ferrocene ligands of type 

58, the reaction of methyl isocyanoacetate (25-Me) with aldehydes gave the respective 

trans-disubstituted (4S, 5R)-oxazolines in high yields (83−100%) diastereo- and 

enantioselectively (Scheme 14).[41] Isocyanomethylcarboxamides,[42a, d] -phosphonates[42b] 

and α-ketoesters[41f] have also successfully been employed in this cocyclization while the 

reaction with other α-substituted methyl isocyanocarboxylates proceeded notably slower 

than with methyl isocyanoacetate (25-Me) and sometimes with decreased stereo- and 
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enantioselectivity.[41c,d] The silver complexes with ligands of type 58 were found to be 

superior over their gold(I) analogues for the reaction of aldehydes with TosMIC[42c] and 

provided the corresponding trans-(4R, 5R)-5-alkyl-4-tosyl-2-oxazolines in excellent yields 

with high degrees of diastereo- and enantioselectivity (up to 86% ee). 
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Scheme 14. Asymmetric synthesis of 4,5-disubstituted 2-oxazolines 57.[41, 44] 
 

The mechanism of this reaction has been extensively studied in order to understand the 

mode of action of the catalyst and the reason for its high stereoselectivity.[43] It has been 

shown, that the "internal cooperativity" of both central and planar chirality of the ligand 

58 plays a crucial role in the high diastereo- and enantioselectivity of the reaction 

observed. Thus, other combinations of both chirality types have been shown to be less 

efficient. The secondary interactions between a pendant amine and substrate are also 

crucial as metal complexes with other chiral bidentate phosphine ligands, e. g. 

CHIRAPHOS, DIOP, and BINAP lead to almost racemic oxazolines. A mechanistic 

explanation for this fact is that enolates derived from isocyanoactetate in this aldol-type 

reaction are placed too far away from the chiral pocket formed by such ligands, so that 

they cannot control the stereochemical outcome of the reaction.  
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Some Pd(II), Pt(II) and Pt(IV) complexes of chiral PCP- and PNP pincer-type ligands with 

a deeper chiral pocket around the metals have indeed been successfully employed in the 

asymmetric synthesis of 4,5-disubstituted oxazolines, although with inferior results when 

compared to the above mentioned Au(I) complexes.[44] Among them, the best diastereo- 

and enantioselectivities have been observed with depicted in Scheme 14 complexes of 

type 59a (trans/cis: 45/55 to 91/9; trans: low ee (<30%); cis: 42−77% ee)[44b] 59b 

(trans/cis: 56/44 to 93/7; cis: low ee; trans: 13−65% ee)[44c] and 60 (reaction with TosMIC: 

>99% trans (4S, 5S); 25−75% ee; reaction with 25-Me: low stereoselectivity).[44d]  

The Au(I)-catalyzed reaction of alkylisocyanoacetates (25-R) with N-tosylimines (61) 

afforded the respective cis-(4R, 5R)-2-imidazolines 62 (in contrast to reactions with 

aldehydes) enantioselectively with the ligand (R)-(S)-58 (Scheme 15).[45] Interestingly, the 

combination of the same ligand (R)-(S)-58 with bis-(cyclohexyl isocyanide)gold(I) 

tetrafluoroborate afforded the respective isomer trans-62 diastereo- and enantioselectively. 

cis-2-Imidazolines could also be synthesized diastereoselectively with achiral 

RuH2(PPh3)4
[46] as a catalyst and diastereo-[47] and enantioselectively with some chiral 

Pd(II)-pincer complexes.[48] trans-Stereoselective synthesis of N-sulfonyl-2-imidazolines 

by a Cu(I)-catalyzed reaction of N-tosylimines with isocyanoacetates has also been 

reported.[49]  

 

R1 H

NTs
CN CO2R2

TsN N

CO2R2R1
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CO2R2R1
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+

Me2SAuCl
(0.5 mol%)

CH2Cl2
25 °C

4688% ee

61 25-R2 cis-62 trans-62
7691%

R1 = Ph, pXC6H4 (X = Cl, Br, I), 
pNO2C6H4, pCF3C6H4, pMeC6H4,
 pMeOC6H4, -naphthyl; R2 = Me, Et  

 

Scheme 15. Asymmetric synthesis of 4,5-disubstituted imidazolines 62.[45] 
 

Low catalyst loadings and high degrees of diastereo- and enantioselectivity make such 

aldol-type reactions (especially their Ag(I) and Au(I)/58-catalyzed variants discussed 

above) extremely valuable tools in organic synthesis. 
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The efficient synthesis of oligosubstituted pyrroles 65 by a formal cycloaddition of 

isocyanides 63 across the triple bond of electron-deficient alkynes 64 has been reported 

independently by Yamamoto et al.[50] and by de Meijere et al. (Scheme 16).[51] In our 

group this reaction has been performed both in the presence of bases such as KOtBu and 

KHMDS and catalytically (CuSPh, Cu2O and metallic Cu nanoparticles have shown the 

best results in this case). Importantly, only the base-induced variant allows to efficiently 

employ substituted methyl isocyanides 63 even without electron-withdrawing groups, e. g. 

benzyl isocyanide, for the synthesis of pyrroles. Yamamoto et al. have reported similar 

results on the catalyzed formation of pyrroles 65 with Cu2O/1,10-phenanthroline as the 

catalytic system of choice. A broad scope of isocyanides 63 and acetylenes 64 have been 

involved in this catalytic reaction. Recently, a similar solid-phase Cu2O-catalyzed 

synthesis of 2,3,4-trisubstituted pyrroles 65 by a reaction of polymer-supported acetylenic 

sulfones with methyl isocyanoacetate (25-Me) has been reported.[52] 
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:C N
H
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1197%
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CONEt2, CN, P(O)(OEt)2, SO2Tol
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cHex, N-morpholino, (CH2)4OH, CO2Et

 
 

Scheme 16. Synthesis of 2,3,4-trisubstituted  pyrroles 65 from substituted methyl 

isocyanides 63 and alkynes 64.[50a,51] 

 

Yamamoto et al. have also reported the regioselective phosphine-catalyzed formation of 

pyrroles 66 from the same starting materials 63 and 64 (Scheme 17).[50] This interesting 

organocatalytic transformation has been found to give best yields in dioxane at 100 °C 

with bidentate phosphines such as dppp as catalysts. The proposed mechanism includes 

the addition of a phosphine 68 onto the activated C-C triple bond of an acceptor-

substituted alkyne 64 to form a zwitterionic intermediate 70, which in turn deprotonates 

the isocyanide 63, releasing the alkene 71. The strongly electron-withdrawing 

phosphonium substituent attached to to the double bond of 71 leads to a reversion of the  
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Scheme 17. A plausible mechanism for the phosphine-catalyzed formation of pyrroles 

66 from substituted methyl isocyanides 63 and acetylenes 64.[50] 

 

normal reactivity (Umpolung) of this derivative toward a nucleophilic attack of 

deprotonated methyl isocyanide 13. Thus, the formal cycloaddition of 13 onto the double 

bond of 71, followed by elimination of a phosphine in the first formed intermediate 69 

leads to 67 and a [1,5]-hydrogen shift finally provides the pyrroles 66, the regioisomers of 

65. This method represents an important supplement to the previously discussed synthesis 

of 65, although it is applicable only to methyl isocyanides with electron-withdrawing 

substituents. 

Substituted methyl isocyanides such as methyl isocyanoacetate (25-Me), have been 

observed to efficiently undergo a dimerization leading to imidazoles under Ag(I), Au(I) or 

Cu(I) catalysis. [51, 39] The catalytic heterocoupling reaction of two different isocyanides 

72-R1 and 34 developed by Yamamoto et al., provided various 1,4-disubstituted 

imidazoles 73 usually in high yields (Scheme 18).[53] The most efficient catalytic system 

was found to be Cu2O/1,10-phenanthroline. Aryl isocyanides 72-R1 with various 

substituents and some acceptor-substituted methyl isocyanides (63) were successfully 

employed in this transformation, while the reaction of phenyl isocyanide with benzyl 

isocyanide afforded only traces of the respective imidazoles. 
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Scheme18. Cu2O-Catalyzed synthesis of imidazoles 73 from two different isocyanides 

72-R and 34.[53] 

 

The rhodiumcarbonyl complex-catalyzed reaction of ethyl isocyanoacetate (25-Et) with an 

excess of a 1,3-dicarbonyl compound 74 (2 equiv.) represents another catalytic approach 

toward substituted pyrroles (Scheme 19).[ 54 ] The reaction of isocyanide 25-Et with 

carbonyl compounds produces unsaturated formamides of type 76, when performed in the 

presence of a stoichiometric amount of a base such as BuLi or NaH.[ 55 ] The same 

transformation occurs also with Rh4(CO)12 as a catalyst at 80 °C as well as selectively and 

in high yields leads to formamides of type 76.[54] 
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Scheme19. Synthesis of tetrasubstituted pyrroles 75 by a rhodium-catalyzed reaction of 

ethyl isocyanoacetate (25-Et) with 1,3-dicarbonyl compounds 74.[54] 
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When 1,3-dicarbonyl compounds are used as substrates in the reaction with 25-Et, the 

rhodium-catalyzed decarbonylation of initially formed 76 was observed, and the amine 77 

was formed, which is well set up to undergo cyclizing condensation to give the 

corresponding pyrrole 75. The cocyclocondensation of 25-Et with non-symmetric 

1,3-dicarbonyl compounds (R1 ≠ R3) leads to the corresponding pyrroles regioselectively 

when the substituents with essentially different steric or electronic demands were used.  

 

 

2.2. α-Metallated ortho-Methylphenyl Isocyanides 
 
The second type of metallated isocyanides, widely used in organic synthesis, are 

substituted ortho-methylphenyl isocyanides. Ito, Saegusa et al. first achieved the smooth 

deprotonation of o-methylphenyl isocyanides 78 by means of lithium dialkylamides in 

diglyme and utilized the thus obtained lithiated isocyanides 79 in versatile syntheses of 

various substituted indoles (Scheme 20).[56] When the reaction was carried out in THF or 

Et2O, the addition of lithium dialkylamide onto the isocyano group became a competing 

process, decreasing the yield of indoles. An unsubstituted methyl group is lithiated 

selectively in the presence of a substituted one. o-Methylphenyl isocyanides with R2 = H 

afforded the respective 3-unsubstituted indoles in high yields (82−100%) when lithium 

diisopropylamide (LDA) was used as a base, whereas for isocyanides substituted at the 

benzylic positions, lithium 2,2,6,6-tetramethylpiperidide (LiTMP) was the base of choice 

to provide 3-substituted indoles in good yields (62−95%).  
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Scheme 20. Synthesis of indoles via lithiated o-methylphenyl isocyanides 79.[56] 
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Using an excess of the base (2 equiv.) dramatically improved the yields of indoles which 

suggest, that the lithiation must be a reversible process. The tricyclic 1,3,4,5-

tetrahydrobenz[c,d]indole 82 was obtained when 5,6,7,8-tetrahydronaphthalen-1-yl 

isocyanide 81 was used as a starting material.  

Different sequential reactions including the in situ modification of the o-methylphenyl 

isocyanides and employing different electrophiles have also been reported by the same 

authors. Thus, the cyclization of 79 at temperatures below 25 °C followed by trapping of 

the reaction mixture with various electrophiles such as alkyl halides, acid chlorides 

trimethylsilyl chloride and epoxides provides N-substituted indoles 85 exclusively in 

moderate to good yields (Scheme 21).[56b] 
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Scheme 21. Synthesis of 1,3-disubstituted indoles 85.[56b] 
 

Ito, Saegusa et al. reported, that acceptor-substituted o-methylphenyl isocyanides can be 

conveniently converted into the corresponding 3-substituted indoles under Cu(I) catalysis 

(Scheme 22).[57, 58]  
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Scheme 22. Cu2O-catalyzed synthesis of 3-acylindole 87.[57,58] 
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This method usefully supplements the approach to substituted indoles via lithiated 

o-methylphenyl isocyanides (vide supra). Thus, in the Cu2O-catalyzed reaction some 

functional groups, such as keto carbonyl groups are tolerated (3-acylindoles of type 87, for 

example, could not be prepared by means of benzylic lithiation)[58] while the 

base-mediated variant does not require acceptor substituents in the side chain of the aryl 

isocyanide.[56] The key intermediate of this process is supposed to be an α-copper-

substituted (acylmethyl) phenyl isocyanide, which undergoes an intramolecular insertion 

of the isocyano group into the newly formed C-Cu bond to provide, after isomerization 

and protonation, indoles of type 87. The evidences for intermolecular insertions of 

isocyanides into copper(I) complexes of "active hydrogen" compounds like acetylacetone, 

malonates and others[59] support this assumption. 

α,α-Disubstituted o-methylphenyl isocyanides of type 88 in turn furnished the respective 

3,3-disubstituted-3H-indoles 89 in moderate to high yields (Scheme 23).[57] 
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Scheme 23. Synthesis of 3,3-disubstituted 3H-indoles 89.[57] 
 

Various substituted o-methylphenyl isocyanides could be prepared by alkylation of 

o-(lithiomethyl)phenyl isocyanides with alkyl halides and reactions with other 

electrophiles, such as epoxides, trimethylsilyl chloride, dimethyl disulfide,[56b] aldehydes 

(ketones),[60] isocyanates and isothiocyanates, respectively.[61] The corresponding adducts 

may be involved in subsequent base-promoted or Cu(I)-catalyzed cyclizations to furnish 

indoles and other benzoannelated heterocycles. Thus, adducts of type 90 of reaction of 

o-(lithiomethyl)phenyl isocyanide (97) with isocyanates can undergo two types of Cu2O- 

catalyzed cyclizations providing 3-substituted indoles 91, benzodiazepine-4-ones 92 or 

both of them depending on the substituents present (Scheme 24), while in a base-mediated 

cyclization of N-substituted o-(isocyanophenyl)acetamides 90 (and analogous 

thioacetamides), indoles of type 91 are obtained exclusively.[61] 
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Scheme 24. Cu2O-catalyzed cyclizations of N-substituted o-isocyanophenylacetamides 

90.[61] 

 

The reaction of o-(lithiomethyl)phenyl isocyanides 79 with aldehydes (ketones) at −78 °C, 

hydrolysis of the reaction mixture at the same temperature and subsequent Cu2O-catalyzed 

cyclization of the respective isocyanoalcohols 93 prepared in this way, furnishes 

4,5-dihydro-3,1-benzoxazepines 94 in high overall yields. An analogous cyclization of the 

adduct 95 of o-(lithiomethyl)phenyl isocyanide (97) with 1-butene epoxide leads to 

4H-5,6-dihydro-3,1-benzoxacine 96 in 42% yield (Scheme 25).[60] 
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Scheme 25. Synthesis of 4,5-dihydro-3,1-benzoxazepines 94 and 

4H-5,6-dihydro-3,1-benzoxacine 96.[60] 
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Substituted o-methylphenyl isocyanides prepared by functionalization of 

o-(lithiomethyl)phenyl isocyanide 97 can undergo hydrolysis to provide anilines, and 

subsequent cyclization of the latter by the reaction with an adjacent keto or ester group 

provides 2-substituted indoles 99[58] or 1,3,4,5-tetrahydro-2H-benzazepine-2-ones 101, 

respectively (Scheme 26).[ 62 ] These representative examples show applications of 

isocyanides as masked amines. 
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Scheme 26. Synthesis of indole 99 and cyclic amide 101 from 97.[58,52] 
 

On the other hand, the adducts of 79 with aldehydes (ketones), isocyanoalcohols of type 

93, have been reported to undergo a further Lewis-acid catalyzed rearrangement to 

N-formylindolines 103 (Scheme 27).[63]  
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Scheme 27. Synthesis of N-formylindolines 103 by Lewis-acid catalyzed isomerization 

of isocyanoalcohol 93.[63]  
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The reaction is supposed to proceed with initial formation of the dihydro-3,1-

benzoxazepines 94 by Lewis acid-catalyzed insertion of the isocyano group into the O-H 

linkage. This initial product undergoes heterolytic cycloreversion and re-cyclization of the 

zwitterionic intermediate of type 102 to yield the N-formylindolines 103. Dihydro-3,1-

benzoxazepines 94 prepared independently, in turn undergo the same Lewis-acid 

catalyzed rearrangement to provide 103.[63] 

An interesting precedent of a catalytic C, H-activation on 2,6-dimethylphenyl isocyanide 

(104) and some other similar aryl isocyanides by ruthenium complexes 106 and 107 

leading to indoles 105 has been reported by Jones et al.[ 64 ] along with interesting 

mechanistic investigations of this transformation.[64b] Unfortunately, this method implies 

harsh reaction conditions (140 °C, 94 h) and has only a very limited scope. Moreover, the 

thermal instability of o-methylphenyl isocyanides as well as (reversible) insertion of 

isocyanide into the N-H bond of the newly formed indole molecule decreases the yields of 

final products and prolongs the reaction times.[64] 
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Scheme 28. A ruthenium-catalyzed formation of 7-methylindole 105.[64] 
 
 
2.3. Other Metallated Isocyanides 
 
Kobayashi et al. have reported on the synthesis of 4-hydroxyquinolines 110 by a 

magnesium bis(diisopropylamide)-induced cyclization of keto ester (or keto amide) 109. 

The latter is generated in situ by a Claisen-type condensation of ortho-isocyanobenzoate 

108 with magnesium enolates of alkyl acetates or N,N-dimethylacetamide (Scheme 29).[65] 

On the other hand, 2-(2-isocyanophenyl)acetaldehyde dimethyl acetals of type 111 upon 

treatment with an excess of LDA at −78 °C in diglyme furnish 3-methoxyquinolines 112 

in good to high yields (Scheme 30).[ 66 ] The intermediate lithiated isocyanide 114 is 

believed to arise by deprotonation of 111 at the benzylic position, subsequent elimination 
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of lithium methoxide to give the corresponding o-isocyano-β-methoxystyrene 113 

followed by lithiation of the latter at the β-position. 
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Scheme 29. Synthesis of 4-hydroxy-3-quinolinecarboxylic acid derivatives 110.[65] 
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Scheme 30. Synthesis of 3-methoxyquinolines 112.[66] 
 
 

3. Addition to the Isocyano Group Followed by a Cyclization 
 
3.1. Non-Catalyzed Processes. 
 
Organolithium[67] as well as organomagnesium[68] reagents have been shown to undergo 

α-addition to isocyanides to provide metalloaldimines, which can undergo cyclizations to 

give the corresponding N-heterocycles if there is an appropriate adjacent functional group. 

Thus, the addition of tBuLi to phenyl isocyanide (115) followed by a directed 

ortho-lithiation assisted by TMEDA has been reported to lead to the formation of the 
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dilithiated aldimine 116, which in turn can be trapped with various elementchlorides to 

provide various benzazoles 117 in moderate yields (Scheme 31).[69] 
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Scheme 31. Addition of tBuLi/ortho-lithiation of phenyl isocyanide (115). Synthesis of 

benzoannelated azoles 117.[69] 

 

Using an excess of the bulky tBuLi (2 equiv.) and adding the isocyanide to the 

organolithium reagent has been found to be crucial for the effective formation of 117. The 

resulting conventional benzazoles (benzothiazoles) as well as some unusual benzazoles 

(e. g. benzoazosiloles, benzoazogermoles etc.) have been investigated and compared from 

the viewpoint of their possible aromaticity.[69] 
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Scheme 32. Synthesis of 3H-indoles 125.[70] 
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To avoid possible ortho-metallation after the addition of tBuLi onto the isocyano group, 

Murai et al. have used 2,6-dialkylphenyl isocyanides 118. The resulting deprotonated 

aldimines 119 have been trapped with carbon monoxide to induce a complicated cascade 

of transformations leading, after treatment with methyl iodide, to 3H-indoles 125.[70] The 

proposed mechanism starts with the formation of the aforementioned lithioaldimine 119, 

which is transformed to the reactive acyllithium intermediate 120, upon treatment with CO. 

The formation of the non-aromatic ketene 121 followed by a cyclization to alcoholate 122, 

its tautomerization to the ketone 123 and final alkyl group migration afford the 

deprotonated 3H-indole 124, which reacts with methyl iodide to finally give the isolated 

3-methoxy-3H-indole 125 (Scheme 32).[70] 

A convenient and efficient synthesis of 2,3-disubstituted quinolines 127 by the reaction of 

nucleophiles such as alcohols, amines and sodium enolate of diethylmalonate with 

ortho-alkynylphenyl isocyanides 126 has been reported by Ito et al. (Scheme 33).[71] A 

related diethylamine-induced 6-endo-dig cyclization of o-isocyanobenzonitrile 128 

afforded 2-diethylaminoquinazoline 129 in quantitative yield (Scheme 33).  
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N Nu
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N

N
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Scheme 33. Synthesis of 2,3-disubstituted quinolines 127 and 2-diethylamino-

quinazoline 129.[71] 

 

In the crucial step of both of these processes, the imidoyl anion, initially formed after the 

addition of a nucleophile onto the isocyano group, is supposed to undergo a 

6π-electrocyclization, subsequent isomerization and protonation to give 127 or 129.[71] 

Known reactions of other potential precursors of heterocycles, 1,2-diisocyanoarenes 130, 

with nucleophiles are limited to that with Grignard reagents. Quinoxaline oligo- and 
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polymers 131 (Scheme 34) with different order of polymerization depending on the 

substituents, isolated after hydrolysis of the reaction mixture of such 1,2-diisocyanoarenes 

with alkylmagnesium bromides, apparently arise from successive insertion of isocyano 

groups into magnesium-carbon bonds.[72] 

 

N

N

n

R1

NC

NCR1

R2MgBr N

NR2

130 131

R2 = iPr, nBu, iBu, tBu
R1 = 4,5-Me, 3,4,5,6-Me

 
 

Scheme 34. Oligomerization of 1,2-diisocyanoarenes (130) by treatment with Grignard 

reagents.[72] 

 

Kobayashi et al. have shown, that o-isocyano-β-methoxystyrenes such as 132 can be 

employed in the synthesis of 2,4-disubstituted quinolines 135 (Scheme 35).[ 73 ] 

Organolithium reagents, lithium dialkylamides and lithium thiophenolate undergo an 

α-addition onto the isocyano group to provide the imidoyl anion 133, which after a 

cyclization and subsequent elimination of methoxide, gives quinolines 135 in low to high 

yields. 
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Scheme 35. Synthesis of quinolines 135 by addition of nucleophiles to o-isocyano 

β-methoxystyrenes 132.[73] 
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Independently, Ichikawa et al. have reported on a similar reaction of organometallic 

reagents with β,β-difluoro-o-isocyanostyrene (136) leading to 2-substituted 

3-fluoroquinolines (137) by 6-endo-trig cyclization of initially formed acyllithium  

 

R1

N R2

F
R1

5978%

R2M

136 137

R1 = nBu, secBu
R2 = nBu, Et, iPr, 
          tBu, Et3Ge

M = Li, MgX

F

F
NC

 
 

Scheme 36. Synthesis of 2,3,4-trisubstituted quinolines 137 by reaction of 

organometallic reagents with β,β-difluoro-o-isocyanostyrenes 136.[74,75] 

 

intermediates with elimination of a fluoride anion (Scheme 36).[74] nBuLi reacts to give a 

complicated mixture of products, whereas sterically encumbered tBuLi leads to the 

formation of the corresponding quinoline in 78% yield. Alkylmagnesium reagents less 

reactive than alkyllithiums, have also been successfully employed in this reaction as well 

as triethylgermyl- and tributylstannyllithium.[75] 

Isocyanides have been known to react with acyl halides to provide the corresponding 

α-keto imidoylhalides. The products of these insertions such as 139 derived from 

2-phenylethyl isocyanides of type 138 have been reported to undergo subsequent 

Ag(I)-mediated cyclizations to form 1-acyl-3,4-dihydroisoquinolines 141 in moderate to 

good yields (Scheme 37).[76 ] The authors suggest, though without any evidence, that 

transient acylnitrilium cations of type 140 are intermediates in these reactions under 

ionizing conditions (Ag salts) while in the presence of Lewis (SnCl4) or Brønsted acids 

(CF3SO3H), the corresponding protonated or coordinated halo iminium derivatives 139 

play the same role. Apart from dihydroisoquinolines obtained by this method, the furan- 

and indole-annelated products of type 142 and 143 (Scheme 37) have been synthesized in 

the same manner in good yields. The generality of this method and very mild conditions 

make it a useful supplement to the classical Bischler-Napiralski synthesis of 

3,4-dihydroisoquinolines and the respective isoquinolines. Compound 144 with the 

skeleton of the alkaloid erythrinane has been also conveniently prepared in a two-step one-

pot procedure from the 3,4-dihydroisoquinoline of type 141.[76b] 
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Scheme 37. Ag(I)-mediated cyclization of 2-ethylphenyl isocyanides 138.[76] 
 

3,4-Donor-disubstituted 3-phenylpropyl isocyanides of type 145 which are homologous to 

the previously discussed isocyanides 138, also smoothly undergo addition of an acid 

chloride with subsequent Ag(I)-promoted cyclization to furnish 2-acylbenzazepines 146 

(Scheme 38, eq. (1)).[77] However, similar isocyanides of type 147 with another substi-

tution pattern, instead of forming products of type 146, tend to undergo spiroannelation of 

the corresponding intermediate imidoyl chlorides to give, after in situ desilylation and 

tautomerization, spirocyclic Δ1-piperidienes 148 exclusively in good yields (Scheme 38, 

eq. (2)).[77, 78] 

Similarly, the addition of the acyl chloride 150 onto the isocyano group of the isocyano 

silylenolate 149, subsequent AgBF4-mediated cyclization of the corresponding 

intermediate and final deprotection of the tert-butyldimethylsilyl ether provide the 2-acyl 

Δ2–pyrroline 151, a key intermediate in a total synthesis of the alkaloid (±)-dendrobine 

(152) reported by Livingouse et al. (Scheme 39).[79] Some other unactivated alkenes have 

later also been employed in this Ag(I)-mediated cyclization to provide the respective 

3,4-dihydro-2H-pyrroles or 3,4,5,6-tetrahydropyridines in moderate to good yields.[80, 81] 
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Scheme 38. Cyclizations of arylisocyanopropanes 145 and 147.[77, 78] 
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Scheme 39. Synthesis of 2-acyl Δ2–pyrroline 151, an intermediate in the total synthesis 

of (±)-dendrobine 152.[79] 

 

Similarly to acid chlorides, arylsulfenyl chlorides (ArSCl) react with isocyanides leading 

to unstable N-alkoxycarbonyl-S-arylisothiocarbamoyl chlorides such as 153, which are 

capable of further cyclization if an appropriate adjacent functionality is present. Thus, the 

adducts of isocyanides 156 with ester or amide moieties have been shown to undergo 

subsequent cyclizations to 2-arylthio-5-alkoxyoxazoles 154[82] and 3-alkyl-2-arylthio-1,3-
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diazolium-4-olates 155,[83] respectively, upon treatment with triethylamine (Scheme 40). 

Similarly, dichlorosulfane SCl2 reacts with two equivalents of the isocyanide 156 to 

provide, after amine-induced cyclization, the corresponding 2,2’-bis(oxazolyl)sulfide.[84] 

The reaction of ethyl isocyanoacetate with dichlorodisulfane S2Cl2 unexpectedly led to the 

formation of thiazolo[5,4-d]thiazole-2,5-dicarboxylate 157 (Scheme 40).[84] The 

mechanism of this complex transformation proposed by the authors (not presented here) 

includes cleavage of the S-S bond at an early stage followed by a cascade of further 

transformations.[85] 
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Scheme 40. Reactions of isocyanides 156 with arylsulfenyl chlorides and 

dichlorodisulfane followed by Et3N-induced cyclizations.[82, 83, 84] 

 
 
3.2. Transition Metal-Catalyzed Processes 
 

Aryl isocyanides have been shown to react with selenium to form isoselenocyanates.[86] 

The same reaction with alkyl isocyanides in the presence of a base followed by reactions 

of these isoselenocyanates with amines or alcohols to give selenoureas or 

selenocarbamates, respectively, has also been reported.[87] With o-halophenyl isocyanides 

159 as substrates in this reaction, the resulting selenocarbamates 158 have been efficiently 

transformed into the corresponding benzoselenazoles 160 in a CuI-catalyzed one-pot 

process.[88] Secondary alkyl- and arylamines, n-butylamine as well as imidazole were 

converted into the respective 2-substituted benzoselenazoles 160 in high yields 

(Scheme 41, eq. (1)). 
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When alcohols or thiols were used instead of amines, 2-oxy- or 2-thiabenzoselenazoles 

(161) were obtained in high yields under essentially the same conditions as previously, but 

without a base. Aliphatic alcohols and phenols with electron-donating substituents gave 

remarkably higher yields than 4-methoxycarbonylphenol (48%), while all tested thiols, 

both aromatic and aliphatic, provided the corresponding products 161 in high yields 

(Scheme 41, eq. (2)).[88]  
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Scheme 41. Copper(I)-catalyzed synthesis of benzoselenazoles 160 and 161.[88] 
 

Further investigations revealed, that ortho-bromophenyl isocyanide (159-Br) can form 

2-aminobenzoselenazoles 160 even without a copper catalyst, though the reaction 

proceeds more slowly and only at elevated temperature (100 °C), but 160 wasformed even 

at ambient temperature from the ortho-iodophenyl isocyanide 159-I. This led the authors 

to propose that mechanistically, the cyclization might proceed through an intramolecular 

nucleophilic aromatic substitution of the initially formed selenolate 162 via an 

intermediate of type 163. As the role of copper in facilitating this process remains unclear, 

the possibility of an alternative route including a copper-catalyzed cross-coupling reaction 

via intermediates of type 164 should not be ruled out either.[89] 
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Scheme 42. Proposed mechanisms for the formation of benzoselenazoles 160.[89] 
 
The same authors have also extended their earlier developed tellurium-assisted 

imidoylation of amines with isocyanides[90] and used the thus formed intermediates 165 in 

a copper(I)-catalyzed one-pot synthesis of 2-amino-1,3-benzotellurazoles 166 

(Scheme 43).[88] 
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Scheme 43. The synthesis of benzotellurazoles 166.[88] 
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4. Goals of this Study 
 
Critical analysis of the relevant literature revealed, that although a plethora of useful 

processes, for the construction of nitrogen heterocycles from isocyanides are known, there 

are still a lot of gaps to be filled. Particularly, the metal-catalyzed processes still remain 

limited, although evident interest of researchers has recently been devoted to this topic. 

Thus, three different directions of research work have been chosen after the first promising 

experimental tests confirming some theoretical suppositions: 

 

1) Synthesis of substituted pyrroles: 

 Further elaboration of a pyrrole synthesis from substituted methyl isocyanides 

and acetylenes previously developed in our group. An extensive study of the 

scope and the limitations of this method as well as an investigation of the 

mechanism of the copper-catalyzed reaction 

 Extension of this method to the use of terminal unactivated acetylenes for the 

synthesis of pyrroles  

2) Chemistry of ortho-metallated aryl isocyanides: 

 Development of methods for generating ortho-metallated phenyl isocyanide 

and its heteroanalogues as novel building blocks with a potentially broad scope 

of synthetic applications 

 Investigation of the reactions of ortho-lithiophenyl isocyanide with various 

isocyanates (isothiocyanates) focusing on the synthesis of pharmaceutically 

relevant heterocycles and naturally occurring alkaloids 

 Investigation of the reactions of ortho-lithiophenyl isocyanide with various 

carbonyl compounds focusing on the synthesis of heterocycles 

3) Synthesis of benzimidazoles: 

 Development of an efficient (catalytic) approach to substituted benzimidazoles 

and related heterocycles by the reaction of ortho-haloaryl isocyanides with 

primary amines 
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B. Main Part 
 

1. Oligosubstituted Pyrroles Directly from Substituted Methyl Isocyanides 
and Acetylenes91 

 
Background and Preliminary Considerations 
 
Oligofunctional pyrroles play a pivotal role among five-membered heterocycles, being 

basic constituents of numerous natural products,[92] potent pharmaceuticals,[93] molecular 

sensors and other devices.[94] Therefore, considerable attention has been paid to develop 

efficient general methods for the synthesis of pyrroles,[95] and in recent years, their amount 

has been significantly extended.[96] Some methods of pyrrole synthesis such as Barton-

Zard[16] and van Leussen[32] syntheses (vide supra) are based on isocyanides. Among them, 

the addition of isocyanides 63 onto the triple bond of acetylenes 64 developed by 

Yamamoto et al.[50] and de Meijere et al.[51] is the most direct and therefore one of the 

most promising (see Scheme 16 in Introduction).  

Various 2,3,4-trisubstituted pyrroles 65, bearing sulfonyl, dialkoxyphosphoryl, 

trifluoromethyl, cyano and secondary amino groups have been previously prepared in one 

step from readily available acetylenes and acceptor-substituted methyl isocyanides.[51]  

As a continuation of the work started in our group by O. Larionov, the scope and 

limitations of this pyrrole synthesis were systematically investigated focusing on the 

copper-catalyzed variant. Terminal acceptor-substituted acetylenes have not been 

employed in this reaction so far as well as both teminal and internal unactivated acetylenes. 

This provided a challenge for a further development of this direct pyrrole synthesis. 

 

Synthesis of 2,3,4-Trisubstituted and 2,4-Disubstituted Pyrroles  
 

In this study, particular attention has been paid to aryl and hetaryl-substituted acceptor 

acetylenes 64, as only a few examples of such compounds have been employed earlier. 

The substituted methyl propiolates 168 have been routinely prepared from the 

corresponding terminal acetylenes 167 by lithiation with nBuLi followed by a reaction 

with methyl chloroformate (Scheme 44). The thienyl-derivative 168g was prepared 

according to a literature procedure from thiophene and tetrachlorocyclopropane 169 

(Scheme 44). This interesting one-pot transformation furnished 168g in 95% overall yield.  
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Scheme 44. Synthesis of substituted methyl propiolates 168. 

 

With thus prepared methyl propiolates 168, various new pyrroles have been synthesized 

(Table 1). Both CuSPh-catalyzed (at 85 °C) and KOtBu-mediated reaction of methyl 

cyclopropylpropiolate (168a) with ethyl isocyanoacetate (25-Et) proceeded smoothly to 

provide the corresponding pyrrole 173ba in 87 and 89%, respectively. Methyl 

(1-methoxyethyl) propiolate 168b afforded the pyrrole 173ab only in 54% yield in a 

CuSPh-catalyzed reaction with 25-Me in the same conditions, although the conversion of 

starting materials was quantitative according to NMR data of the reaction mixture. The 

dimerization of isocyanide 25-Me to form imidazole of type 174 is most likely the main 

side-reaction in this case. Aryl- (hetaryl-) substituents in acetylenes 168 were expected to 

cause reduced reactivity towards nucleophiles. It was reported earlier,[51] that the reaction 

of ethyl phenylpropiolate with tert-butyl cyclopropylpropiolate was quite sluggish at 

80 °C, but readily furnished the corresponding pyrrole at higher temperature (120 °C). 

Other acetylenes with aryl- (168c, 168d, 168e) and heteroaryl substituents (168f, 168g) 

were also efficiently converted into the respective pyrroles 173ac–173ag using this 

method (entries 3–7).  
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Table 1. Various 2,3,4-trisubstituted pyrroles 173 prepared by the formal cycloaddition 

of substituted methyl isocyanides 63 to acetylenes 168.[97] 

 

CO2Me

R2
N R1

:C N
H

CO2MeR2

R1+

63 168 173

CuSPh 
or base

 
 

Entry       Isocyanide               Acetylene                             Product Method,[a],[b]  

Yield (%)[c] 

1 CN CO2Et
25-Et CO2Me168a N

H

MeO2C

CO2Et
173ba  

A,    89 
B,[d] 87 

2 CN CO2Me
25-Me

CO2Me

OMe

168b N
H

MeO2C

CO2Me

OMe

173ab  

B,[d]    54 

3 CN CO2Me
25-Me

CO2Me

EtO

168c
N
H

MeO2C

CO2Me

OEt

173ac  

B,    75 

4 CN CO2Me
25-Me

CO2Me

F

168d N
H

MeO2C

CO2Me

F

173ad  

B,    78 

5 CN CO2Me
25-Me

CO2Me

F3C

168e
N
H

MeO2C

CO2Me

CF3

173ae  

B,    70 
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Table 1 (continued). Various 2,3,4-trisubstituted pyrroles 173 prepared by the formal 

cycloaddition of substituted methyl isocyanides 63 to acetylenes 168. 

 

Entry       Isocyanide               Acetylene                             Product Method,[a],[b]  

Yield (%)[c] 

6 CN CO2Me
25-Me

CO2Me

N

168f N
H

MeO2C

CO2Me

N

173af  

B,    68 

7 CN CO2Me
25-Me CO2Me

S

168g N
H

MeO2C

CO2Me

S

173ag  

B,    94 

8 CN CO2Et
25-Et CO2Me

H

168h N
H

MeO2C

CO2Et
173bh  

A,    35 
B,[d] 37 

9 CN SO2Tol
41-H CO2Me

H

168h N
H

MeO2C

SO2Tol
173ch  

A,    38 
B,[d] 30 

10 CN Ph
63e CO2Me

H

168h N
H

MeO2C

Ph
173eh  

A,     7 
B,[d] 25 

11 

NO263f

CN

CO2Me

H

168h N
H

MeO2C

173fh NO2
 

B,[d] 44 

 

[a] Method A: Addition of KOtBu (1.2 equiv.), 1 h, then 1 h at 20 °C, THF. [b] Method B: 

CuSPh (5 mol %), DMF, 120 °C, 12 h. [c] Yield of isolated product. [d] The reaction was 

carried out at 85 °C. [e] The reaction was carried out at 60 °C. 

 

With electron-acceptor substituted terminal acetylenes, the yields of pyrroles 173 were 

dramatically lower. Thus, the CuSPh-catalyzed reactions of isocyanides 63 with methyl 
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propiolate 168h led to the corresponding pyrroles 173 in only 25–44% yields, and in the 

presence of KOtBu the yields of pyrroles 173 were also low (Table 1, entries 8–11). It is 

known, that methyl propiolate 168h easily dimerizes to give dimethyl 

hex-2-en-4-ynedioate both under base[ 98 ] and copper(I)[99 ] catalysis, complicating this 

reaction. Even with an excess of 168h, the yields of pyrroles 173 were not any better. 

The copper(I)-catalyzed variant of the reaction is of great interest, because it may bring 

along certain advantages in cost, efficiency and compatibility with base-sensitive 

substrates. Different solvents were tested in the copper-catalyzed cycloaddition of 

p-toluenesulfonylmethyl isocyanide (TosMIC, 41-H) to methyl cyclopropylacetylene 

carboxylate (168a). Dimethylformamide (DMF) turned out to be the solvent of choice 

giving a better yield of pyrrole 173da than any other tested solvent (toluene, ethanol, ethyl 

acetate, acetonitrile, 1,2-dichloroethane, dioxane). 

 

N
H

MeO2C

SO2Tol
173da  

 

Figure 2. The pyrrole 173da. 

 

Among all copper catalysts tested, copper(I) thiophenolate and preactivated nanosize 

metallic copper powder in DMF at 90 °C turned out to be the most efficient, providing the 

pyrrole 173ba in 93 and 92% yield, respectively (Table 2, entries 1 and 2). With copper(I) 

oxide as a catalyst, 173ba was obtained in a slightly lower yield of 78%, whereas other 

copper compounds gave inferior results. Surprisingly, some copper(II) compounds 

(copper(II) acetylacetonate, copper(II) acetate, entries 12, 13, respectively) catalyzed the 

formation of 173ba as well, and gave even better results than CuI and other copper(I) 

halides. Copper(II) compounds are supposed to be (fully or partly) reduced by isocyanides 

to the corresponding Cu(I) salts, which actually catalyze the reaction.  

It is conceivable, that this reaction could be used for many other applications, for 

example, in biological systems, if it fulfilled the demands of Sharpless’ so-called 

“click“ chemistry,[ 100 ] i.e. provided good yields and could be carried out at low 

temperatures. 
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Table 2. Optimization of the copper catalyst for the synthesis of 173aa.[a] 

 

CO2Me
N CO2Me

:C

N
H

MeO2C

+

25-Me 168a

173aa

CO2Me

"Cu", DMF

90 °C, 16 h

N

N

EtO2C

CO2Et

174  
 

Entry Cu catalyst Yield of 173aa (%)[b] 

1 CuSPh 93 

2 Cu-NP[c] 92 

3 CuSePh 45 

4 CuSHex 52 

5 CuPPh2 39 

6 Cu2O 78 

7 Cu2S 37 

8 CuCl   6 

9 CuBr 10 

        10 CuI   3 

        11 CuCN 24 

        12 Cu(acac)2 24 

        13 Cu(OAc)2•H2O 19 

        14 CpCuP(OMe)3    89[d] 

 

[a] Reagents and conditions: 25-Me (1.1 mmol), 168a (1.0 mmol), 

copper salt (5 mol%), DMF (2 mL). [b] Determined by 1H NMR with 

hexamethylbenzene as an internal standard. [c] The abbreviation 

Cu-NP stands for preactivated nanosize copper powder. [d] The 

reaction was carried out at 20 °C with 10 mol% of catalyst and, 

according to TLC, was completed within 2 h. 
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With the intention to achieve this kind of pyrrole formation at temperatures lower than 

70 °C (the lowest temperature employed in this synthesis so far), it was attempted to 

prepare a copper(I) compound, that would decompose to metallic copper at low 

temperatures. It is known, that cyclopentadienylcopper compounds[101] show interesting 

catalytic properties and serve as sources for copper of high purity, as they decompose at 

relatively low temperatures.[102] Thus, Saegusa, Ito et al. reported that the cyclopenta-

dienylcopper(I) tert-butyl isocyanide complex catalyzes Michael-type additions of 

compounds containing active hydrogen, to acrylates and acrylonitrile.[ 103 ] Indeed, 

η5-(cyclopentadienyl)trimethyl-phosphite-copper(I) at 20 °C efficiently catalyzes the 

reaction of 25-Me with 168a providing the pyrrole 173aa in 89% yield within 2 h (Table 2, 

entry 14). However, all attempts to use this copper catalyst in the reaction of 25-Et with 

both terminal and internal acetylenes without acceptor substituents, failed. Under the 

catalysis of CpCuP(OMe)3 (5 mol%), the isocyanide 25-Et dimerized to the imidazole 

174[39] in 85% yield at 20 °C within 16 h. 

All catalysts (except nanosize-copper powder), which demonstrated moderate and good 

activity in the pyrrole formation (CuSPh, CuSePh, CuPPh2, Cu2O, Cu2S), have one 

common feature, namely a σ-donating character of the counterion. Saegusa et al. reported 

that copper(I) tert-butoxide with similar electronic properties, reveals a strong affinity 

toward π-accepting ligands like isocyanides, and this has not been observed for common 

cuprous salts.[104] This feature of copper(I) compounds with σ-donating ligands may be 

ascribed to the enhancement of back-donation from the copper to π-accepting ligands, 

such as isocyanides, caused by increasing of electron density on Cu. Enhanced affinity of 

copper(I) compounds with σ-donating counterions to isocyanides appears to be crucial for 

the pyrrole formation. Cu(I)-Isocyanide complexes are known to abstract hydrogen from 

so-called active hydrogen compounds and to produce organocopper(I) isocyanide 

complexes,[37a, 105 ] which can undergo cycloadditions to form various heterocycles. In 

view of this, it is an open question, how copper(0) can be an active catalyst for the pyrrole 

formation. Metallic copper powder is known to dissolve in cyclohexyl isocyanide under an 

atmosphere of nitrogen to form a zero-valent copper-isocyanide complex, which can 

undergo an oxidative addition of a C-halogen bond.[106] Apart from the catalytic activity of 

metallic copper in the pyrrole synthesis demonstrated by de Meijere et al., Yamamoto et al. 

later reported, that metallic copper efficiently catalyzes the formation of imidazoles from 

two different isocyanides.[53] These results indicate, that copper(0) isocyanide, like 

copper(I) isocyanide complexes, are able to deprotonate compounds with active hydrogen. 
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To prove this hypothesis, the enantiomerically pure isocyanide 175[107] was synthesized 

from L-isoleucine. Indeed, 175 underwent complete racemization upon heating at 85 °C 

for three hours in DMF in the presence of pre-activated copper nanoparticles (5 mol%). 

 

EtO2C NC

175  
 

Figure 3. Chiral isocyanide 175. 

 

Kinetic Studies 
 

Some simple kinetic studies were performed to determine the reaction order with respect 

to both the isocyanide 25-Et and the acetylene 168a in the Cu(I)-catalyzed pyrrole 

formation. The initial rates were estimated from the concentrations (determined from the 
1H NMR spectra employing hexamethylbenzene as an internal standard) of pyrrole formed  
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Figure 4. Determination of the reaction order with the respect to the acetylene 168a in 

the initial phase of the formal cycloaddition of 25-Et to 168a in DMF at 85 °C 

catalyzed by CuSPh. C0 (168a) = initial concentration of 168a.  
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after 3 min each at constant initial concentrations of isocyanide 25-Et (0.438 M) and 

different initial concentrations of acetylene 168a (varying from 0.021 M to 0.291 M). The 

reactions were carried out in DMF at 85 °C. The dual logarithmic plot of ln[dC(173ba)/dt] 

versus ln[C0(168a)] gave a straight line, the slope of which indicated (Figure 4) an order 

of 0.81 for this reaction with respect to the acetylene 168a. 

Analogously, the initial rates of the same reaction were estimated from the concentrations 

(determined from the 1H NMR spectra employing hexamethylbenzene as an internal 

standard) of pyrrole formed after 3 min each at constant initial concentrations of 168a 

(0.424 M) and different initial concentrations of 25-Et (varying from 0.037 M to 0.183 M). 

The dual logarithmic plot (Figure 2) gave a straight line, the slope of which indicated an 

order of the reaction of 1.29 with the respect to the isocyanide 25-Et. 
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Figure 5.  Determination of the reaction order with the respect to the isocyanide 25-Et in 

the initial phase of the formal cycloaddition of 25-Et to 168a in DMF at 85 °C 

catalyzed by CuSPh. C0 (25-Et) = initial concentration of 25-Et. 

 

These experimental data are in agreement with an overall second order of the reaction, i. e. 

first order with the respect to both, the acetylene and the isocyanide. 
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Synthesis of 2,3-Disubstituted Pyrroles  
 

Although acetylenes without electron-withdrawing substituents have not been used earlier 

as cycloaddition-partners for isocyanides in pyrrole syntheses[50, 51] under usual conditions, 

an attempted reaction of 3-hexyne (176) with ethyl isocyanoacetate (25-Et) at elevated 

temperature (120 °C) in the presence of 1 equiv. of copper(I) iodide as a mediator and 5 

equiv. of cesium carbonate as a base, gave a trace of the pyrrole 177 after 16 h.  

 

Et

Et
N CO2Et

:C N
H

CO2Et
+

25-Et 176 177 (trace)

DMF, 120 °C, 16 h

CuI (1 equiv.),
Cs2CO3 (5 equiv.)

Et Et

 
 

Scheme 45. Formation of pyrrole 177 from unactivated acetylene 176 and 25-Et 

 

Terminal acetylenes turned out to be more reactive under these conditions. Thus, ethyl 

3-n-butylpyrrole-2-carboxylate 178ba was obtained in 29% yield from 1-hexyne and ethyl 

isocyanoacetate (25-Et) (Table 3, entry 1). The best yield of 178ba in this reaction was 

achieved at 120 °C, being almost the same as at 140 °C, while at 100 °C it was 

significantly lower (entries 3, 2, respectively). Different bases were tested, yet lithium and 

potassium carbonate were less effective than cesium carbonate, giving rise to 15 and 19% 

yield of 178ba respectively, under the same conditions (entries 4, 5). Tertiary amines 

(Et3N, EtNiPr2, DBU, DABCO) were less effective than alkali carbonates, giving less than 

10% yield of 178ba under the same conditions. Although DMF was used as a solvent in 

most cases, N,N-dimethylacetamide worked as well (entry 6), in toluene 178ba was 

obtained in a lower yield of 23% (entry 9). With catalytic quantities of CuI, only traces of 

178ba were isolated, while 1.3 equiv. of CuI did not provide an improvement compared to 

an equimolar quantity. Among the mediators used, CuOTf•0.5C6H6 was completely 

ineffective as well as Cu2O, while CuI•P(OMe)3 gave 178ba in 10% yield. AgOAc was 

slightly worse (27% yield of 178ba, entry 8) than CuI, and in view of the significantly 

lower prices of copper salts, no further silver mediators were tested. Surprisingly, 

copper(II) trifluoromethanesulfonate also achieved the formation of 178ba in 21% yield 

(entry 7). 
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Table 3. Optimization of conditions for the synthesis of 178ba.[a] 

 

Bu
N CO2Et

:C N
H

nBu

+

25-Et 167a 178ba

CO2Et
H

   mediator,
base, solvent

 
 

Entry Mediator 

(equiv.) 

Base 

(equiv.) 

Solvent Temperature 

[°C] 

Yield[b] 

(%) 

1 CuI  (1) Cs2CO3 (5) DMF 120 29 

2 CuI  (1) Cs2CO3 (5) DMF 100 10 

3 CuI  (1) Cs2CO3 (5) DMF 140 28 

4 CuI   (1) Li2CO3 (5) DMF 120 15 

5 CuI   (1) K2CO3 (5) DMF 120 19 

6 CuI  (1) Cs2CO3 (5) DMA 120 30 

7 Cu(OTf)2 (1) Cs2CO3 (5) DMF 120 21 

8 AgOAc(1) Cs2CO3 (5) DMF 120 27 

9 CuI (1) Cs2CO3 (5) toluene 120 23 

 

[a] All reactions were carried out with 1 mmol of the isocyanide 25-Et and 5 mmol of the 

acetylene 167a in 10 mL of solvent in a sealed vessel with stirring and heating for 12 h. 

[b] Yields of isolated product. 

 

The yield of 178ba could be further improved by gradually adding the isocyanide 25-Et to 

a mixture of the copper mediator, cesium carbonate and the acetylene 167a in DMF kept 

at 120 °C (Table 4). This procedure with a stoichiometric quantity of CuI provided the 

pyrrole 178ba in 36% yield (entry 1). CuBr•SMe2, CuBr and CuCl were equally effective, 

and all three of them were better than CuI (entries 2, 4, 5). But with a substoichiometric 

quantity (0.1 equiv.) of CuBr•SMe2, only a trace of 178ba was formed. The ratio of 

reagents had a big influence on the yield of pyrrole as well. The yields of 178ba were best, 

when two and more equivalents of isocyanide were used, whereas with the ratio of 1.5 : 1 

and 1 : 1 of 25-Et to 167a, the yields of 178ba were 48 and 43%, respectively (entries 8, 

9). Interestingly, with an excess of the acetylene 167a (2 equiv.), 178ba was obtained in 
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63% yield based on the isocyanide, indicating that the use of either an excess of the 

acetylene 167a or an excess of the isocyanide 25-Et are equally effective. 

 

Table 4. Further optimization of conditions for the synthesis of 178ba.[a],[b] 

 

Bu
N CO2Et

:C N
H

nBu

+

25-Et 167a 178ba

CO2Et
H

   mediator,
base, solvent

 
 

Entry 25-Et 

(equiv.) 

167a 

(equiv.) 

Mediator 

(equiv.) 

Base 

(equiv.) 

Yield[a] of 

178ba (%) 

1 1 1 CuI (1) Cs2CO3 (5) 36[b] 

2 5 1 CuBr•SMe2 (1) Cs2CO3 (5) 64[b] 

3 1 1 CuBr•SMe2 (0.1) Cs2CO3 (5) trace[b] 

4 1 2 CuBr (1) Cs2CO3 (3) 64[c] 

5 1 2 CuCl (1) Cs2CO3 (3) 64[c] 

6 3 1 CuBr•SMe2 (1) Cs2CO3 (1) 70[b] 

7 2 1 CuBr•SMe2 (1) Cs2CO3 (1) 70[b] 

8 1.5 1 CuBr•SMe2 (1) Cs2CO3 (1) 48[b] 

9 1 1 CuBr•SMe2 (1) Cs2CO3 (5) 43[b] 

10 2 1 CuBr•SMe2 (1) Cs2CO3 (1) 63[b] 

11 2 1 CuBr•SMe2 (1) Cs2CO3 (0.5) trace[b] 

 

[a] Yields of isolated product. [b] Method A: A solution of the isocyanide 25-Et (1–5 

mmol) in 5 mL of DMF was added dropwise at 120 °C within 2 h to a mixture of Cs2CO3, 

the copper acetylenide generated in situ from the acetylene 167a and the copper(I) salt in 5 

mL of DMF, and the mixture was stirred at 120 °C for 12 h. [c] Method B: A solution of 

the isocyanide 25-Et (1 mmol) and the acetylene 167a (1 mmol) in 5 mL of DMF was 

added dropwise within 2 h at 120 °C to a mixture of Cs2CO3, the copper acetylenide 

generated in situ from the acetylene 167a (1 mmol) and the copper(I) salt in 5 mL of DMF, 

and the mixture was stirred at 120 °C for 12 h.  
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Table 5. Synthesis of 2,3-disubstituted pyrroles 178 and 179 from the isocyanide 25-Et 

and terminal acetylenes 167.[a],[b] 

 

R
N CO2Et

:C N
H

R

+

167 178

CO2Et
H CuBr, Cs2CO3

DMF, 120 °C N
H

O

O
17925-Et  

 

Entry Acetylene Product Yield, (%)[a] 

1 nBu

H

167a  
N
H

nBu

178ba
CO2Et

 

70[b], 64[c] 

2 
H

OMe
167b  

N
H 178bb

CO2Et

OMe

 

48[b], 45[c] 

3 

H

167c OMe  N
H 178bc

CO2Et

OMe

 

74[b] 

4 
Ph

H

167d  N
H

Ph

178bd
CO2Et

 

40[b] 

5 
H

167e  N
H 178be

CO2Et

 

88[b] 

6 

H

167f  

N
H

tBu

178bf
CO2Et

N
H

CO2Et

Bu

iso-178bf

t

 

5[c] 
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Table 5. (continued) Synthesis of 2,3-disubstituted pyrroles 178 and 179 from the 

isocyanide 25-Et and terminal acetylenes 167.[a],[b] 

 

Entry Acetylene Product Yield, (%)[a] 

7 

H

167g

N

 N
H 178bg

CO2Et

N

 

16[b] 

8 

H

167h
 N

H 178bh
CO2Et

 

58[b] 

9 

H

167i OH  

N
H

O

O
179  

44[b], 37[c] 

 

[a], [b], [c] See footnotes under Table 4 

 

With the optimal conditions for the Cu(I)-mediated cycloaddition in hand, the reactions of 

ethyl isocyanoacetate (25-Et) with various terminal alkynes without acceptor substituents 

were carried out (Table 5). 1-Hexyne (167a) afforded the pyrrole 178ba in 70 and 64% 

yield, respectively (entry 1), according to methods A and B (for details see  footnotes 

under Table 4). 3-Methoxy-1-propyne (167b) with its donating methoxymethyl substituent, 

gave a lower yield of the pyrrole 178bb (48%, entry 2). Bulky substituents R attached to 

the triple bond in 167 also led to decreased yields of the corresponding pyrroles 178. Thus, 

167h with a sec-butyl group gave the pyrrole 178bh in 58% yield (entry 8) compared to 

70% of 178ba (R = n-butyl). Phenylacetylene (167d), 2-pyridylacetylene (167g) and 

tert-butylacetylene (167f) afforded the corresponding pyrroles 178bd, 178bg, 

178bf /  iso-178bf in 40, 16 and 5% yields, respectively (entries 4, 7, 6). In the latter case, 

a 5 : 1 mixture of the 2,3-178bf and the regioisomeric 2,4-disubstituted pyrrole iso-178bf 

was formed. The yields of pyrroles from cyclopropylacetylene (167e, entry 5) and from 

3-methoxy-1-butyne (167c, entry 3) were the highest, although both of these acetylenes 

contain α-branched substituents. The cycloaddition of 25-Et to 3-butyn-1-ol (167i) was 
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accompanied by intramolecular transesterification of the ethoxycarbonyl group in the 

initial product, leading to the lactone-annelated pyrrole 179 in 44% yield (entry 9). 

Various other acceptor-substituted isocyanides 63 were compared with 25-Et in their 

CuBr-mediated formal cycloadditions to 1-hexyne (167a) (Table 6). With its bulky 

tert-butyl ester moiety, 25-tBu, gave a lower yield of 178ca (47%, entry 2) than the ethyl 

ester 25-Et gave 178ba (70%, entry 1). p-Nitrophenylmethyl isocyanide (63f) afforded the 

corresponding pyrrole 178fa in 20% yield only (entry 3). The methyl isocyanide with a 

diethylaminocarbonyl (63g), a dimethoxyphosphonyl (63h) and a p-toluenesulfonyl group 

(41-H) did not form any of the respective pyrroles at all, although the consumption of the 

isocyanide was complete in all these cases (entries 4–6). All 2,3-disubstituted pyrroles 178 

obtained in this way were colorless solids or oils except for pyrrole 178fa, which was 

isolated as red crystals. Indeed, a red color is typical for many other known 

2-(4-nitrophenyl)-substituted pyrroles: 3,4-dimethyl-2-(4-nitrophenyl)-5-phenyl-1H-

pyrrole and 2-(4-nitrophenyl)-3,4,5-triphenyl-1H-pyrrole,[108a] 2,5-bis-(4-nitrophenyl)-1H-

pyrrole,[108b] 5-methyl-2-(4-nitrophenyl)-1H-pyrrole,[108c] 5-phenyl-2-(4-nitrophenyl)-1H-

pyrrole.[108d] 
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Table 6. Synthesis of 2,3-disubstituted pyrroles 178 from various isocyanides 63 and 

1-hexyne (167a).[a] 

 

Bu
N R

:C N
H

nBu

+

63 167a 178

R
H CuBr, Cs2CO3

DMF, 120 °C

 
 

Entry Isocyanide Product Yield,[b] (%) 

1 CN CO2Et
25-Et  N

H

nBu

CO2Et
178ba  

70 

2 CN CO2tBu
25-tBu  N

H

nBu

CO2tBu
178ca  

47 

3 
CN

63f NO2  
N
H

nBu

178fa
NO2

 

20 

4 CN
63g

NEt2

O  
N
H

nBu

178ga

NEt2

O
 

0 

5 P
O

O
O

CN

63h  
N
H

nBu

178ha
P(O)OEt2

 

0 

6 
CN SO2Tol

41-H  N
H

nBu

SO2Tol
178da  

0 

[a] A solution of the isocyanide 63 (2 mmol) in 5 mL of DMF was 

added dropwise at 120 °C within 2 h to a mixture of Cs2CO3, the 

copper acetylenide generated in situ from the acetylene 167a and CuBr 

in 5 mL of DMF, and the mixture was stirred at 120 °C for 1 h. 

[b] Yield of isolated product. 
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Mechanistic Considerations 
 

A plausible mechanism of both the base-mediated and the copper(I)-catalyzed pyrrole 

formation from substituted methyl isocyanides 63 and electron-acceptor substituted 

alkynes 64 can be proposed (see Scheme 46).  
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Scheme 46. Proposed mechanism for the formal cycloaddition of an α-metalated 

isocyanide 63 across the triple bond in an electron-deficient acetylene 64. 

 

The initiating step is the formation of an -metalated isocyanide 180. Not only Cu(I) 

compounds, but also metallic copper powder and Cu(II) salts (to some extent) are 

expected to be active in the formation of such a species. Subsequent Michael-type addition 

onto the triple bond of an activated acetylene 63 furnishes an unstable vinyl-

organometallic compound 183, which readily undergoes cyclization to the 

2H-pyrroleninemetallic species 184. The latter then experiences a 1,5-hydrogen shift to 

form 182, and protonation of the latter by the isocyanide 63 gives the pyrrole 65, 
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completing the catalytic cycle for M = Cu. The intermediate 184 could also be protonated 

first, and then undergo a 1,5-hydrogen shift. There is no experimental evidence favoring 

either one of the two possibilities.  

In the base-mediated pyrrole formation, Counterions like K+ and Cs+, which are harder 

than Cu+ presumably lead to the N-metallated pyrrole 181, which does not deprotonate to 

any significant extent a new molecule of isocyanide 63, and this therefore requires a 

stoichiometric quantity of a base for the pyrrole formation in good yields. 

The pyrrole formation in the copper(I)-mediated reaction between substituted methyl 

isocyanides 63 and unactivated terminal acetylenes 167 can be rationalized as follows 

(Scheme 47). Carbocupration[ 109 ] of the copper acetylenide 185 by the deprotonated 

isocyanide 180 followed by cyclization of the thus formed intermediate 186 would lead to 

the 2H-pyrrolenline-4,5-dicopper derivative 187, which after 1,5-hydrogen shift and 

twofold protonation would give the pyrrole 178. 
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H
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Scheme 47. Mechanistic rationalization of the copper(I)-mediated reaction of 

isocyanides 63 with a terminal acetylene 167 to yield a 2,3-disubstituted 

pyrrole 178. 
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To support this hypothesis, hexynylcopper[110] (185, R2 = nBu) was prepared separately 

and treated with methyl isocyanoacetate (25-Me) in DMF at 120 °C, both in the presence 

of base and without it, to furnish the pyrrole 178aa in 28 and 30 % yield, respectively. In 

addition, a reaction of 25-Me with a twofold excess of 1-deutero-1-hexyne (167a-D) 

employing method B (see footnotes under Table 4) was carried out (Scheme 48).  

 

D

Bu
N CO2Me:C CO2MeN

H

(D)H

(D)H+

25-Me 167a-D 178aa-D
DMF, 120 °C

   CuBr, Cs2CO3

Bu
(43)57%

(43)57%
 

 

Scheme 48. Formation of the partly deuterated pyrrole 178aa-D. 

 

This reaction furnished a mixture of pyrroles 178aa-D with approximately equal 

deuterium incorporation (43%) at positions 4 and 5, as evidenced by a 1H NMR data. This 

fact confirms the intermediate formation of a 2H-pyrrolenline-4,5-dicopper species 187, 

which is deuterated or protonated by 167a-D or 25-Me, respectively to give pyrrole 

178aa-D or 178aa-H, respectively.  

 
Conclusion  
 
The direct formation of pyrroles from substituted methyl isocyanides 63 and acceptor- 

substituted acetylenes 64 under copper(I) catalysis represents a convenient route to 

2,3,4-trisubstituted pyrroles and 3,4-disubstituted pyrroles 173 with sufficient 

functionality for further elaboration. The newly found route to 2,3-disubstituted pyrroles 

178 from substituted methyl isocyanides 63 and non-activated terminal acetylenes (167) 

mediated by copper(I) compounds further enhances the versatility of these pyrrole 

syntheses. The prepared derivatives can also be easily transformed into pyrroles of higher 

or lower order of substitution according to established protocols.[111, 112] 
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2. ortho-Lithiophenyl Isocyanide: A Versatile Precursor to 

3H-Quinazolin-4-ones and 3H-Quinazolin-4-thiones113 

 

Background and Preliminary Considerations 
 

Three major types of metallated isocyanides have been reported earlier (vide supra) to 

undergo subsequent cycloadditions to provide various heterocycles (Figure 6). 

Interestingly, ring metalated aryl(hetaryl) isocyanides have been elusive so far and hence 

the possibility of constructing heterocycles therefrom has not been explored. We 

envisaged that ortho-metallated phenyl isocyanides and their heteroanalogues could also 

be versatile precursors for certain types of heterocycles and considered that the elaboration 

of efficient method of its generating would be of great interest.  
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M [M]

:CN

unknown so far

[   ]

:CN

[M]

-metallated
 isocyanide

-metallated 
  isocyanide

-metallated   
isocyanide

Schöllkopf et al. Ito, Saegusa et al.

:CN
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isocyanide

[M]

Kobayashi et al.
 

Figure 6. Different types of metallated isocyanides. 
 

Thus, the reaction of ortho-metalated phenylisocyanide 188 with an isocyanate RNCO 

would provide N-metalated 2-isocyano benzamide 189 (X = O) capable of further 

cyclization to form metalated 3H-quinazolin-4-one 190. The latter can be trapped in situ 

with various electrophiles to provide a convenient access to substituted 3H-quinazolin-4-

ones 191 (Scheme 49). 

This would be extremely useful, as 3H-quinazolin-4-ones have been reported to possess a 

vast range of biological activities, including analgesic, anti-Parkinsonian, CNS depressant, 

and CNS stimulating as well as tranquilizing, antidepressant, and anticonvulsant effects. 

Some of these compounds also act as psychotropic, hypnotic, cardiotonic, antihistamine 

agents,[114 , 115 ] and possess cardiovascular activity as well as antiinflammatory activi-

ty.[114,  116 ] Quinazolinones also inhibit monoamine oxidase, aldose reductase, tumor 

necrosis factor R, thymidylate synthase, pyruvic acid oxidation, as well  
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Scheme 49. A proposed approach to substituted 3H-Quinazolin-4-ones and 

3H-Quinazolin-4-thiones 191 by a reaction of ortho-metallated phenyl 

isocyanide with isocyanates (isothiocyanates). 

 

as acetylcholine-esterase activity and are antitumor, antiulcer, antiplatelet aggregation 

(glycoprotein IIb/ IIIa inhibitors),[117 ] and hypoglycemic agents.[114,118 ] They are also 

potent antibacterial, antifungal, antiviral, antimyco-bacterial, and antimalarial agents.[114] 

Therefore, not surprisingly, they have been included in the list of molecules with 

"privileged structure"[ 119 ] for combinatorial chemistry, capable of binding to multiple 

receptors with high affinity.[ 120 ] Some derivatives of 3H-quinazolin-4-ones occur as 

natural products[121, 122] (Figure 7). Many of the numerous reported syntheses of these 

heterocycles start from anthranilic acid or its derivatives, but none of them uses the 

advantages of isocyanide chemistry.[123, 124] 
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Aconitum plants

 

Figure 7. Some naturally occurring 3H-quinazolin-4-ones.[121,122] 

 

Synthesis of 2-Substituted Phenyl Isocyanides by Reaction of ortho-Lithiophenyl 

Isocyanide with Electrophiles 

 

To investigate the possibility of generating ortho-metallated phenyl isocyanide, two 

possible precursors for halogen–metal exchange reactions, ortho-bromo- and 

ortho-iodophenyl isocyanides 159-Br and 159-I were synthesized. The iodo derivative 
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159-I turned out to undergo fast (<10 min) transmetalation reactions, when it was treated 

with nBuLi, tBuLi (–100 °C) or iPrMgCl•LiCl[125] (–78 °C) in THF. The target ortho-

lithiophenyl isocyanide could also be obtained from the bromo derivative 159-Br, 

synthesized from inexpensive 2-bromoaniline. The best and most reproducible results, in 

this case, were achieved with nBuLi in THF at –78 °C. Different electrophiles were tested 

in their reaction with ortho-lithiophenyl isocyanide (188-Li) generated in situ in this way 

(Table 7).[126] The respective 2-substituted phenyl isocyanides (192) were obtained in high 

yields (79–88%), except for 2-formylphenyl isocyanide 192c (55%).  

 

Table 7. Synthesis of 2-substituted phenyl isocyanides (192). 

 

NC

Br

NC

E

1) nBuLi, 10 min
2) E+, 3 h

78 °C, THF
192159-Br  

 

Electrophile Product of type 192 Yield (%)[a] 

I2 
NC

I
159-I

 

88 

ClCO2Me 
NC

CO2Me
192a

 

79 

PhSSPh 
NC

SPh
192b

 

84 

MeOCHO 
NC

CHO
192c

 

55 

CO2Me

COCl  

NC

O CO2Me

192d

 

79 

 

[a] Yield of isolated product 

 

The standard reagent for the electrophilic installation of a formyl group, N,N-dimethyl 

formamide, in this case led to 2-(formylamino)-benzaldehyde 196, which presumably was 
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formed by base-catalyzed hydrolysis of the initially formed 1,3-benzooxazine derivative 

194 under the aqueous work-up conditions (Scheme 50).  
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Scheme 50. Reaction of 159-Br with N,N-dimethylformamide. 

 

The 2-substituted phenyl isocyanides prepared in this way can be used for many purposes, 

particularly in multicomponent Ugi-Passerini reactions[6] or for the synthesis of 

correspondingly substituted anilines, to which isocyanides can easily be hydrolyzed under 

acidic conditions.[127] 

 

Synthesis of Substituted 3H-Quinazolin-4-ones and 3H-Quinazolin-4-thiones 

 

When isocyanates and isothiocyanates were employed as electrophiles, cyclic 

3H-quinazolin-4-ones (-thiones) 191 were formed in high yields (69–91%) (Scheme 51).  

Typically, the reactions with isocyanates were carried out at –78 °C and quenched with 

water at the same temperature, but in the case of isothiocyanates the mixtures were 

gradually warmed to –40 °C before quenching. 

In contrast to these reactions of a ortho-lithiated phenylisocyanide, α-lithiated isocyanides 

have been reported mainly to give bis-adducts with isocyanates,[15b] indicating that the 

metalated five-membered heterocyclic intermediates formed in that case, were much more 

reactive than the lithiated derivatives of type 190-Li formed from the β-lithiated 

isocyanide. This makes it possible to further diversify the 2-substituent of the 

3H-quinazolin-4-ones (-thiones) 191 by trapping the intermediate 190-Li with a second 

electrophile El2X in situ. 
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Scheme 51. Synthesis of 3H-quinazolin-4-ones 3H-quinazolin-4-thiones 191. 

 

Various 2,3-disubstituted 3H-quinazolin-4-ones 191j-o could thus be conveniently 

prepared from 2-bromophenyl isocyanide 159-Br in a three-step one-pot sequence 

(Table 8). 2-Halo-3H-quinazolin-4-ones of type 191m have been reported to undergo 

substitution with nucleophiles[ 128 ] and also participate in different radical cyclization 

processes,[129] which opens an access to a large variety of substituted 3H-quinazolin-

4-ones. Copper-catalyzed couplings of aryl thioethers of type 191k with aryl iodides have 

also been reported.[130] 
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Table 8. The synthesis of 2,3-disubstituted 3H-quinazolin-4-ones 191. 

 

NC

Br N

N

O
R1

El2

78 °CnBuLi,1)

2) R1NCO, 78 °C, 3 h

3) El2X, 78     0 °C, 1 h

THF, 10 min

191159-Br  
 

Isocyanate 
Electrophile 

El2X 
Product of type 191 Yield (%)[a] 

PhNCO ClCO2Me N

N

O
Ph

CO2Me

191j  

73 

PhNCO PhSSPh N

N

O
Ph

SPh

191k  

77 

PhNCO TosCN N

N

O
Ph

CN

191l  

54 

PhCH2NCO I2 N

N

O
CH2Ph

I

191m  

75 

I(CH2)3NCO — 

191n

N

N

O  

72 

NCO

CO2Me  

— N

N

O

O

191o  

85 

 

[a] Yield of isolated product. 
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Reactions of the lithiated intermediates of type 190-Li with electrophiles can also occur 

intermolecularly, when the initially employed isocyanate already contains an appropriate 

functional group. Thus, 3-iodopropyl isocyanate and methyl 2-isocyanatobenzoate in one 

step gave 3H-quinazolin-4-ones 191n and 191o in 72 and 85% yield, respectively. Both 

deoxyvasicinone 191n[131] and tryptanthrine 191o[128a, 132] are naturally occurring alkaloids 

with important biological activities. 

 

Conclusion 
 

In conclusion, 2-substituted phenyl isocyanides are easily obtained by halogen–lithium 

exchange of ortho-bromophenyl isocyanide (159-Br) and subsequent trapping of the thus 

generated ortho-lithiophenyl isocyanide (188-Li) with electrophiles. This strategy has 

been effectively employed for the new three-step one-pot synthesis of substituted 

3H-quinazolin-4-ones (-thiones) (191) including the naturally occurring alkaloids 

deoxyvasicinone (191n) and tryptanthrine (191o). 
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3. Reactions of ortho-Lithiophenyl (-Hetaryl) Isocyanides with Carbonyl 

Compounds − Rearrangements of 2-Metallated 4H-3,1-Benzoxazines133 

 

Background and Preliminary Considerations 

 

In the previous chapter, we reported that ortho-lithiophenyl isocyanide (188-Li), generated 

by bromine-lithium exchange on o-bromophenyl isocyanide (159-Br), can be employed 

for the synthesis of 2-substituted phenyl isocyanides 192 as well as 3H-quinazolin-4-ones 

and 3H-quinazolin-4-thiones 191 (Scheme 52).[113]  

 

Li

NC

El1

NC N

N

El278 °C, THF

X = O, S

78 °C, THF

El1+

192 191

X
R1

1) R1NCX
2) El2+

188-Li  
 

Scheme 52. Previously reported (Chapter 2) utilizations of ortho-lithiophenyl 

isocyanide (188-Li).[113] 

 

For further elaboration of the chemistry of ortho-lithiophenyl isocyanide, we investigated 

its reactions with aldehydes, ketones, and carbon dioxide in details with the aim to 

develop an approach to substituted 4H-3,1-benzoxazines 201 and 

4H-benzo[3,1]oxazin-4-ones 199, respectively (Scheme 53). To broaden the scope of this 

method and to show its generality, we also intended to generate and employ in synthesis 

of various heterocycles some heteroanalogues 200 of ortho-lithiophenyl isocyanide 188-Li. 

 

Reactions of ortho-Lithiophenyl (-Hetaryl) Isocyanides with Carbonyl Compounds  

 

Treatment of ortho-lithiophenyl isocyanide (188-Li) with aldehydes (202a−i) at –78 °C, 

and hydrolysis of the reaction mixture at the same temperature led to 

ortho-isocyanobenzyl alcohols 204 rather than the corresponding 4H-3,1-benzoxazines 

201 (Table 9, entries 1–9). This may be due to a predominance of the initial alcoxide 

adduct 203 in the equilibrium with the lithiobenzoxazine 198. 
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Scheme 53. Further elaboration of chemistry of ortho-lithiophenyl (-hetaryl) 

isocyanides. 

 

The same behaviour was observed upon addition of α-metallated isocyanides and 

ortho-(lithiomethyl)phenyl isocyanides to carbonyl compounds and epoxides, which 

produced the respective acyclic isocyanoalcohols rather than corresponding 5-, 7- or 

8-membered heterocycles 9,[134] 94 and 96,[60] respectively, (Figure 8) upon hydrolysis of 

the reaction mixture at low temperature. 

 

N O

R1 R2 R3
R4

O
N

R4

R5
R3

R1

R2
9 94

O
N

R1

96  
 

Figure 8. 5-, 7- and 8-Membered heterocycles previously obtained by reactions of 

metallated isocyanides with aldehydes, ketones and epoxides.[134, 60]  

 

The reaction of 188-Li with ketones (202k−m), however, after hydrolysis of the reaction 

mixture at –78 °C, led to 4,4-disubstituted 4H-3,1-benzoxazines 201 in all cases (entries 

11–13). This may be caused by the Thorpe-Ingold conformational effect,[135] which places 

the alkoxide more closely to the isocyano group, and thus favors the cyclization of 203 to 

198. 
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Table 9. Reaction of 188-Li with aldehydes and ketones succeeded by quenching with 

water at –78 °C. 

 

Li

NC NC

OLi

R1 R2

N

O

R1 R2

Li

R1 R2

O

NC

OH

R1 R2

H2O

N

O

R1 R2

NHCHO

CHO

78 °C, THF

203 198

78 °C

204 201196

202

or

188-Li

 
 

Entry Carbonyl 

Compound 202 

R1 R2 Product Yield[a] 

(%) 

1 a Ph H 204a 84 

2 b 4-MeOC6H4 H 204b 83 

3 c 4-ClC6H4 H 204c 89 

4 d 4-pyridyl H 204d 82 

5 e 
2-(5-methyl- 

thienyl) 
H 204e 78 

6 f 
2-(5-methyl- 

furyl) 
H 204f 88 

7 g tBu H 204g 80 

8 h iPr H 204h 36 

9 i 
1-(2-methyl- 

2-butene-1-yl) 
H 204i 70 

10 j Me2N H 196 76 

11 k Ph Ph   201k 48 

12 l Ph CF3 201l 78 

13 m Me Me   201m 52 

 

[a] Yields of isolated product. 
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It might also be due to enhanced thermodynamic stability of the cyclized 198 over the 

non-cyclized form 203 for the cases with R1,R2 ≠ H. Upon treatment of 188-Li with 

dimethylformamide and subsequent addition of water, 2-(formylamino)benzaldehyde (196) 

was isolated in 76% yield, apparently arising by hydrolysis of the initially formed 

4H-3,1-benzoxazine 194, as has previously been discussed (Chapter 2).[113] Obviously, in 

this case the NMe2-donor group facilitated cyclization of 203 to 198. Although 

2-substituted 4H-3,1-benzoxazines are well-known compounds, simply accessible from 

the respective o-aminophenylcarbinols,[136] there is no generally applicable method for the 

synthesis of 2-unsubstituted heterocycles of type 201.[137] 

Yields of the final products 204 and 201, respectively, were high from all non-enolizable 

aldehydes and ketones except for 201k from benzophenone (202k), which has two large 

substituents, that might sterically encumber the addition of 188-Li (entry 11). The yields 

of 204h from isobutyraldehyde (202h) and of 204m from acetone (202m) were 

significantly lower, probably because 188-Li can abstract a proton from 202h and 202m in 

competition with adding to them (entries 8, 13). The reaction of ortho-lithiophenyl 

isocyanide 188-Li with 3-methylbut-2-enal (202i) afforded the 1,2-adduct 204i in 70% 

yield without traces of the 1,4-addition product (entry 9). Unsaturated alcohols of type 

204i, previously prepared by addition of substituted vinylmagnesium bromides to 

N-(o-acylphenyl)formamides, have been shown to undergo a Lewis acid-catalyzed 

cyclization followed by rearrangement to 1-formyl-1,2-dihydroquinoline derivatives.[138] 

The adducts of ortho-lithiophenyl isocyanide (188-Li) to carbonyl compounds 202 can 

also be trapped with electrophiles other than water (Table 10). Thus, the initial adduct 

(203d) of 188-Li to pyridine-4-carbaldehyde (202d) upon treatment with methyl 

chloroformate afforded the acyclic mixed methyl carbonate 205 in 56% yield (entry 1), 

while the adduct 198l to 1,1,1-trifluoroacetophenone (202l) was trapped with methyl 

chloroformate and ethyl bromoacetate to furnish the 2-substituted 4H-3,1-benzoxazines 

201l-CO2Me (45%) and 201l-CH2CO2Et (47%), respectively (entries 2, 3). Addition of 

iodine to the same reaction mixture from 188-Li and 202l and subsequent aqueous 

work-up gave the oxo derivative 206 (77% yield, entry 4). The initially formed 2-iodo-4-

phenyl-4-(trifluoromethyl)-4H-benzo[1,3]oxazine (201l-I) apparently undergoes rapid 

nucleophilic substitution by water and enol to ketone tautomerization during the work-up 

procedure and/or column chromatography on silica gel. The analogous 2-chloro derivative 

(201l-Cl), generated by treatment of the adduct of 188-Li to 202l with 

N-chlorosuccinimide as an electrophile, also could not be isolated and afforded 206. 
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Table 10. Reaction of 188-Li with carbonyl compounds 202 and trapping of the 

metallated intermediates with electrophiles other than water. 

 

N
H

O

F3C Ph

O
206

Li

NC N

O
R1 R2

El

1) R1R2C=O
78 °C, THF

2) ElX, 78 °C
205 201-El78 °C to r.t.188-Li

NC O

N

CO2Me

 
 

Carbonyl 

Compound 

Entry 

202 R1 R2 

Electrophile 

ElX 

Product Yield[a] 

(%) 

1 d 4-Py H MeO2CCl 

NC O

N

CO2Me

205  

56 

2 l Ph CF3 MeO2CCl 
N

O
F3C Ph

CO2Me
201l-CO2Me  

45 

3 l Ph CF3 EtO2CCH2Br 
N

O
F3C Ph

CO2Et

201l-CH2CO2Et  

47 

4 l Ph CF3 I2, then H2O[b] 
N
H

O

F3C Ph

O
206
(from 201l-I)  

77 

5 l Ph CF3 I2, then morpholine[c] 
N

O
F3C Ph

N
O     207

(from 201l-I)  

55 

 

[a] Yield of isolated product. [b] Aqueous work-up procedure. [c] Morpholine 

was added before aqueous work-up. 
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The same reaction mixture from 188-Li, 202l and iodine upon treatment with morpholine 

prior to the aqueous work-up led to 2-morpholinylbenzoxazine 207 in 55% yield (entry 5). 

ortho-Lithiophenyl isocyanide 188-Li also reacts with carbon dioxide at −78 °C to initially 

form lithium ortho-isocyanobenzoate 208, which equilibrates with the 2-lithiobenzoxazin-

4-one 197. The latter reacts with iodine to furnish 2-iodobenzoxazin-4-one (199-I) which 

readily undergoes in situ substitution by added nucleophiles such as water, morpholine 

and aziridine to provide the correspondingly substituted 4-H-benzo[3,1]oxazin-4-

ones[ 139 , 140 ] 199-Nu and isatoic anhydride 209 in a one-pot four-step procedure in 

moderate yields (Scheme 54).  
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Scheme 54. Synthesis of 2-substituted 4H-benzo[d][1,3]oxazin-4-ones (199-Nu) and 

isatoic anhydride 209. 

 

Copper(I)-catalyzed Cyclizations of Isocyanobenzyl alcohols 204 

 

The isocyanobenzylalcohols 204 with R2 = H obtained from 188-Li and aldehydes were 

found to undergo cyclization to the corresponding 4H-3,1-benzoxazines 201 under Cu2O 

catalysis in high yields (Table 11, entries 1−5) in the same way, as it had previously been 

demonstrated for the synthesis of 4,5-dihydro-3,1-benzoxazepines 94 and 4H-5,6-dihydro-

3,1-benzoxazocines 96.[60]  
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Table 11. Cu2O-Catalyzed cyclization of isocyanobenzylalcohols 204. 

 

NC

OH

R1

N

O

R1

O

R1

O

N

S

204 201

   Cu2O 
(5 mol%)

 benzene
 reflux, 1 h

210 211dNH NH  
 

Entry Isocyano- 

alcohol 204 

Product Yield[a]  

(%) 

1 

NC

OH

204a  
N

O

201a  

86 

2 

NC

OH

204b

OMe

 
N

O

201b

OMe

 

74 

3 

NC

OH

204c

Cl

 
N

O

201c

Cl

 

75 

4 

NC

OH

204d

N

 
N

O

201d

N

 

73 
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Table 11. (continued) Cu2O-Catalyzed cyclization of isocyanobenzylalcohols 204. 

 
Entry Isocyano- 

alcohol 204 

Product Yield  

(%) 

5 

NC

OH

204g  
N

O

201g  

83 

6 

NC

OH

204f

O

 

O

210f NH

O

 

66 

7 
NC

OH

204h  

O

210h NH  

68 

8 S

212d
NC

OH

N

 

O

N

S

211d NH   

74[b] 

 

[a] Yield of isolated product. [b] Total yield for 

addition and subsequent cyclization, the crude 

isocyanoalcohol 212d was used for the 

transformation without purification. 

 



 
 

71 

Treatment of the isocyanobenzylalcohols 204 with bases such as DBU and KOtBu also led 

to the target 4H-3,1-benzoxazines 201, although in lower yields. Such 2-unsubstituted 

compounds turned out to be unstable in acidic as well as in basic media, but could be 

isolated by flash chromatography on silica gel pretreated with triethylamine. 

In the cases of the isocyanobenzylalcohols 204f, 204h and 212d (the latter was used in the 

cyclization step directly after its formation from 3-isocyano-2-lithiothiophene (216) and 

pyridine-4-carbaldehyde (202d) without purification by column chromatography) the 

arene-annelated tetrahydrofuranimines 210f,h and 211d, respectively, were obtained 

unexpectedly as the sole products. Products of this type and indolin-2-ones 215 were also 

formed upon warming to ambient temperature of the reaction mixtures after the addition 

of ortho-lithiophenyl isocyanide (188-Li) and ortho-lithiohetaryl isocyanides 216 and 218 

to various carbonyl compounds (Table 12). The latter two organolithium reagents were 

generated with equal ease as 188-Li from the corresponding bromohetaryl isocyanides.  

 

Novel Rearrangements of 2-Metallated 4H-3,1-Benzoxazines 

 

Apparently, the lithiated intermediates of type 198 can undergo ring contraction to form 

the lithiated precursors of 213 or 214 upon warming to ambient temperature of the 

reaction mixture obtained after addition of lithiated isocyanides 200 to carbonyl 

compounds. All three compounds of type 198 with trifluoromethyl substituents obviously 

rearranged to iminophthalanes 210o and its heteroanalogues 217l, 219l, respectively 

(Table 12). The other examples only furnished indolin-2-ones 215n, 215k and 217k, 

respectively. Compound 215n was isolated after the reaction of 188-Li with 

pyridine-2-carbaldehyde (202n) and subsequent treatment of the reaction mixture with 

water at 78 °C. In this case, the coordination of lithium by the pyridyl nitrogen may have 

played a crucial role in shifting of the equilibrium from 203 to 198 and facilitate the 

rearrangement to the lithiated precursor of 214. Indolin-2-ones (2-oxoindoles) of type 215 

represent an important class of heterocycles with a wide range of biological activities,[141] 

while only a few isobenzofuran-1(3H)-imines (iminophthalanes) of type 200 have been 

described previously.[142] 
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Table 12. Addition of ortho-lithioaryl isocyanides to aldehydes and ketones with 

subsequent rearrangement. 

 

Li

NC
200

1) R1R2C=O
78 °C, THF

2) 78 °C to r.t
O

R1
R2

N
H

R1
R2

O

213 2143) H2O NH  
o-Lithiated Aryl 

Isocyanide 

Carbonyl 

Compound 

R1 R2 Product Yield[a] 

(%) 

188-Li 202n 2-pyridyl H 

215n
N
H

N

O

 

79[b] 

188-Li 202o Me CF3 O

NH

Me CF3

210o  

58 

188-Li 202k Ph Ph 
N
H

Ph Ph

O

215k  

42 

S LI

NC216  

202k Ph Ph 
S

N
H

Ph Ph

217k

O

 

52 

S LI

NC216  

202l Ph CF3 
S

O

NH

Ph CF3

211l  

75 

N

NC

Li

218  

202l Ph CF3 
N

O

NH

Ph CF3

219l  

64 

[a] Yield of isolated product. [b] The reaction mixture was treated with 

H2O at –78 °C. 
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Mechanistic Considerations 

 

The only known ring contraction of 2,4-diarylsubstituted 4H-3,1-benzoxazines with 

formation of 3H-indol-3-ols proceeds in strongly basic media and was rationalized 

mechanistically as an intramolecular nucleophilic addition of 4-deprotonated benzoxazine 

220 followed by epoxide opening (Scheme 55).[ 143 ] However, the above mentioned 

benzotetrahydrofuranimines and indolin-2-ones obviously cannot be formed in such a way.  

Formally, the isobenzofuranimine of type 210 and the indolin-2-one of type 215, 

respectively, could arise from the initially formed 2-lithium 4H-3,1-benzoxazine of type 

198 by a [1,2]-migration of the aryl group next to nitrogen or of the alkyl group next to the 

oxygen atom and subsequent protonation. 
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Scheme 55. A known ring contraction of 2,4-diaryl-3,1-benzoxazines[143] and proposed 

mechanism for the reaction of 188-Li with ketones. 



 
 

74 

Rearrangements with [1,2]-migration of an alkyl group from an oxygen and from a 

quaternary nitrogen atom to an adjacent carbanion center have been known for quite some 

time as Wittig[144] and Stevens rearrangements,[145] respectively. Yet, the stereoelectronic 

requirements make such [1,2]-migrations unlikely in the case of 198. More probably, the 

intermediate 198 undergoes a pericyclic ring opening to yield 223, which by 

intramolecular 1,4-addition would furnish the lithiated indolin-2-one 225 or by 

intramolecular 1,2-addition and subsequent 6π-pericyclic reaction of the resulting 224 

provide the lithiated isobenzofuranimines 226 (Scheme 55).[146]  

On the other hand, in the Cu2O-catalyzed transformations of isocyanobenzylalcohols 204 

to 201 and 210, the process starts with the coordination of an isocyano group to the Cu(I) 

species, and this is succeeded by nucleophilic addition of the hydroxyl group to thus 

activated isocyano group in 227 to yield, after deprotonation, the metallated 

4H-3,1-benzoxazine 228 (Scheme 56).  
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Scheme 56. Mechanism of the Cu2O-catalyzed cyclization of isocyanobenzylalcohols 

204. 

 

The latter rearranges just like 198 to provide the deprotonated isobenzofuran-1(3H)-imine 

229 which, after protonation, forms 210. Alternatively, the intermediate 228 can be 

protonated directly to yield the 4H-3,1-benzoxazine 201 as was also observed 

experimentally. The transformation of 227 to 228 may be also regarded as an isocyanide 
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insertion into an O–Cu bond, but not as its insertion into O-H linkage[147] because the 

product of such a process, the 4H-3,1-benzoxazine 201 is not converted to 210 under the 

same reaction conditions, as was confirmed by a control experiment.[148] Interestingly, the 

predominant formation of 201 or 210 from 204 is intricately controlled by the type of 

substitution. Thus, 204h (R1 = iPr, R2 = H) gave the isobenzofuran-1-(3H)-imine 210h, 

while 204g (R1 = tBu, R2 = H) provided the corresponding benzoxazine 201g exclusively. 

The isocyanobenzylalcohols 204f and 212d with furyl and thienyl moieties, afforded 

selectively isobenzofuran-1-(3H)-imine 210f and thiophene-annelated 

tetrahydrofuranimine 211d, respectively, whereas all other aryl-substituted 

isocyanobenzylalcohols 204a−204d gave the corresponding 4H-3,1-benzoxazines 201. 

 

Conclusion 

 

In conclusion, the reactions of ortho-lithiophenyl isocyanide (188-Li) and other 

ortho-lithiohetaryl isocyanides (216, 218) with aldehydes, ketones and carbon dioxide 

furnish, apart from the expected isocyanobenzylalcohols 204, 4H-3,1-benzoxazines 201 

and 4H-benzoxazin-4-ones 199-Nu, also iminophthalanes of type 210 or indolin-2-ones of 

type 215, respectively, by two novel rearrangements of the intermediate 2-lithio 4H-3,1-

benzoxazines (198). 
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4. Synthesis of 1-Substituted Benzimidazoles from o-Bromophenyl 

Isocyanide and Amines149 

 
Background and Preliminary Considerations 
 
Compounds containing a benzimidazole moiety possess a wide range of biological 

activities and therefore represent "privileged" structures having a significant importance in 

medicinal chemistry.[120, 150] In fact, certain compounds of this type with high activity 

against Hepatitis B and C viruses have been identified,[151] others have been found to be 

potent lymphocyte specific kinase (Lck) inhibitors,[152] nonpeptide thrombin inhibitors,[153] 

and antiallergic agents.[154] 

The classical construction of the five-membered heterocycle in benzimidazoles involves 

the reaction of an o-phenylenediamine with a carboxylic acid or one of its equivalents 

under harsh dehydrating conditions.[155] Alternatively, several transition metal-catalyzed 

syntheses of benzimidazoles and related systems have been reported recently.[156] The 

following precursors have been typically used so far: 2-haloacetanilides, N-substituted 

amidines, N-substituted N’-(2-halophenyl)amidines and -guanidines, N-substituted 

N’-(2-halophenyl)ureas and -thioureas to give the corresponding 2-substituted 

benzimidazoles. We envisaged, that a different convenient access to 2-unsubstituted 

benzimidazoles, which remained elusive so far, could start from primary amines and 

ortho-haloaryl isocyanides, which have already shown their versatility as building blocks 

for various other heterocycles.[88, 113, 133] Isocyanides are known to react with amines in the 

presence of copper[157] as well as other metal salts[158] to form amidines in excellent yields. 

Amidines formed from ortho-haloaryl isocyanides in such a way ought to be able to 

undergo an intramolecular copper-catalyzed N-arylation[159] to furnish benzimidazoles. As 

both steps require the same type of catalyst, one ought to be able to perform them 

sequentially in a one-pot operation. This process would provide synthetically useful 

2-unsubstituted benzimidazoles which can be further elaborated by attaching various 

substituents at the 2-position e. g. by means of lithiation/electrophilic substitution[160] or 

transition metal-catalyzed C-H-activation[161] as well as cross-coupling reactions[162] of the 

easily accessible corresponding 2-halobenzimidazoles.[163] 
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Optimization of the Reaction Conditions for the Synthesis of 1-Benzylbenzimidazole 
 

The reaction of o-bromophenyl isocyanide (159-Br) and benzylamine (230a) was chosen 

as a model system for the optimization of reaction conditions (Table 13). Cesium 

carbonate was found to be the best base, giving higher yields of 1-benzylbenzimidazole 

(232a) than potassium carbonate (entry 3), potassium phosphate (entry 1), lithium or 

potassium tert-butoxides (entries 4 and 5, respectively) and triethylamine (entry 6).  

 

NN
N

N
N COOH

OH
Ph

NN

H
NN

H
PPh3

O O
L1 L2 L3 L4

L5 L6 L7 L8

OH

HOL9  
 

Figure 9. Ligands tested for the synthesis of 232a (see Table 13).  

With the latter, the formamidine 231a (52%) was isolated as the main product along with 

the benzimidazole (232a) in low yield (11%). Formation of 231a was also observed in 

other cases, in which 232a was obtained in low yields. This indicates that the initially 

proposed sequence of an α-addition of the amine to the isocyanide and subsequent 

intramolecular amination is operational, and apparently the second step is more affected 

by the conditions used. Dimethylformamide turned out to be the solvent of choice, as the 

reaction in other solvents (DME, dioxane, toluene, DMSO) afforded 232a in lower yields 

(entries 7–10). Various ligands L1–L9 (Figure 9) usually employed in copper-catalyzed 

arylations of amines, have been tested. 1,10-Phenanthroline (L1) and 2-phenylphenol (L4) 

furnished the best results (68 and 65% yield of 232a, entries 2 and 14, respectively), 

although the ligand effect was not as significant as one would have imagined. 

Replacement of CuI by CuBr has almost not changed the yield of 217a (68 versus 70%, 

entries 2 and 20), while Cu2O was far less effective (entry 21). 
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Table 13. Optimization of the reaction conditions for the synthesis of 

1-benzylbenzimidazole (232a). 

 

NC

Br
H2NBn+

Cu(I)-cat (5 mol%), 
 ligand (10 mol%),
   base (2 equiv.)

solvent, 
20 to 90 °C
16 h230a 231

N

N

Bn
232a

Br

N

NHBn

159-Br  
 

Entry Catalyst Ligand Base Solvent Yield (%)[a] 

1 CuI L1 K3PO4 DMF 56 

2 CuI L1 Cs2CO3 DMF 68 

3 CuI L1 K2CO3 DMF 27 

4 CuI L1 LiOtBu DMF 58 

5 CuI L1 KOtBu DMF 36 

6 CuI L1 Et3N DMF 11[b] 

7 CuI L1 Cs2CO3 DME 54 

8 CuI L1 Cs2CO3 dioxane 37 

9 CuI L1 Cs2CO3 toluene 14 

10 CuI L1 Cs2CO3 DMSO 42 

11 CuI L2 Cs2CO3 DMF 56 

12 CuI L3 Cs2CO3 DMF 49 

13 CuI none Cs2CO3 DMF 38 

14 CuI L4 Cs2CO3 DMF 65 

15 CuI L5 Cs2CO3 DMF 58 

16 CuI L6 Cs2CO3 DMF 59 

17 CuI L7 Cs2CO3 DMF 40 

18 CuI L8 Cs2CO3 DMF 57 

19 CuI L9 Cs2CO3 DMF 32 

20 CuBr L1 Cs2CO3 DMF 70 

21 Cu2O L1 Cs2CO3 DMF 26 

[a] Yield of isolated product 232a. [b] In addition, the intermediate 231a was also isolated 

in 58% yield. 
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Different methods of reagents addition to the reaction mixture as well as temperature 

conditions have been tested. Thus, when a solution of benzylamine (230a) and 159-Br was 

slowly added at 90 °C to the mixture of the other reagents, no benzimidazole (232a) was 

formed at all. Carrying out the operation first at r.t. within 2 h, then gradually (within 

30 min) warming the mixture to 90 °C, and then keeping it at the same temperature for 

14 h, gave the best yields of 232a. Other o-halophenyl isocyanides were also tested 

towards the same transformation. o-Chlorophenyl isocyanide (159-Cl) did not provide the 

corresponding benzimidazole neither under the best conditions found for 159-Br nor at 

increased temperatures up to 140 °C. o-Iodophenyl isocyanide (159-I) with benzylamine 

(230a), on the contrary, furnished benzimidazole 232a even at 50 °C, but in 22% yield 

only. The conditions optimized for 159-Br (90 °C) applied to 159-I, gave 232a in 40% 

yield. Accordingly, it was not considered meaningful to test other temperatures for 159-I, 

and work was focused on the use of 159-Br for the synthesis of benzimidazoles 232. 

 

Scope and Limitations of the Synthesis 
 

Employing the optimized conditions for 232a, various N-substituted benzimidazoles 

232b-l have been synthesized from o-bromophenyl isocyanide (159-Br) and primary 

amines 230b-l (Table 14). n-Alkylamines and benzylamines in general gave slightly better 

yields of benzimidazoles 232 than sec-alkylamines like cyclopropylamine and 

cyclohexylamine (entries 10 and 11, respectively), while 2-methoxybenzylamine with an 

ortho-substituent still afforded the corresponding benzimidazole 232f in 65% yield 

(entry 6). Amines with decreased nucleophilicity, such as 4-trifluoromethylbenzylamine 

and 4-methylaniline (entries 9 and 12), furnished the corresponding benzimidazoles in 

slightly lower yields (55, 40%, respectively). The twofold reaction of ethylenediamine 

with 159-Br afforded the 1,2-di(benzimidazolyl)ethane 232e in 42% yield (entry 5). The 

reaction of o-bromophenyl isocyanide (159-Br) with tert-butylamine 230m surprisingly 

did not provide N-tert-butyl benzimidazole 232m at all. The major product, isolated in 

38% yield, was identified as 1-(2-bromophenyl)benzimidazole (232n). 
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Table 14. The synthesis of N-substituted benzimidazoles 232. 
 

NC

Br N

N

R

RNH2+

CuBr (5 mol-%), 
1,10-Phen (10 mol-%),
Cs2CO3 (2 mol)

DMF, 20 to 90 °C
16 h230 232159-Br  

 

Entry RNH2 Product Yield, (%)[a] 

1 
NH2

230a  
N

N

232a Ph  

70 

2 
NH2

230b  
N

N

232b nPr  

65 

3 
NH2BnO

230c  
N

N

232c ( )3 OBn  

66 

4 
N
Me

(CH2)2NH2

230d  

N

N N
Me

232d
( )2

 

59 

5 H2N
NH2

230e  
N

N

N

N

232e
( )2

 

42 

6 OMe

NH2

230f  

N

N

MeO232f  

67 
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Table 14 (continued). The synthesis of N-substituted benzimidazoles 232. 

Entry RNH2 Product Yield, (%)[a] 

7 
NH2

MeO

OMe 230g  

N

N

232g OMe

OMe

 

65 

8 
O NH2

230h  

N

N

232h

O

 

46 

9 
NH2

F3C 230i  

N

N

232i CF3  

55 

10 NH2
230j  

N

N

232j  

40 

11 
NH2

230k  
N

N

cHex232k  

46 

12 
NH2

230l  
N

N

232l pTol  

41 

13 
NH2

230m  

N

N

232n

Br

 

38[b] 

[a] Yield of isolated product. [b] Only the depicted product 232n was isolated 

and identified 
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NC

Br

N

Br

NH2

Br

 tBuNC N

N

Br

tBuNH2

tBuNC

+

      CuI (5 mol%),
1,10-Phen (10 mol%)

   Cs2CO3
90 °C, DMF

231m 233

230n 232n

230m

HN

H
N

Br
N

159-Br

147-Br

 

 

Scheme 57. Proposed mechanism for the formation of the benzimidazole 232n. 

 

The formation of 232n (Scheme 57) can be rationalized assuming a reversible addition of 

tert-butylamine onto the isocyano group of 159-Br. Similar reversible additions of 

N-unsubstituted indoles onto aryl isocyanides have previously been observed in a 

ruthenium-catalyzed formation of indoles.[64] The corresponding formamidine 231m, due 

to its bulky tert-butyl group does not undergo cyclization to the N-tert-butylbenzimidazole 

(232m), but equilibrates under the basic reaction conditions with its tautomer, the 

formamidine 233, which would reversibly release tert-butyl isocyanide and form 

o-bromoaniline (230n). The latter would react with o-bromophenyl isocyanide 159-Br, 

still existing in the reaction mixture, just as 4-methylaniline does (see Table 14, entry 12), 

irreversibly forming benzimidazole 232n. In a control experiment, the reaction of 159-Br 

with o-bromoaniline (230n) under the same conditions also provided the benzimidazole 

232n in 42% yield.[164] 

To broaden the scope of the new method, 2-bromo-3-isocyanothiophene (234) was 

employed in the copper-catalyzed reaction with amines. Indeed, the three examples 235a, 

235c and 235d of the the less common 3-substituted 3H-thieno[2,3-d]imidazoles 235 

(Scheme 58) were isolated albeit in slightly lower yields (49, 44 and 44%, respectively) 

than the corresponding benzimidazoles.  
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NC

Br N

N

R

RNH2+

CuBr (5 mol%), 
1,10-Phen (10 mol%),
Cs2CO3 (2 equiv.)

DMF, 20 to 90 °C
          16 h

N

N

Bn
N

N

N

N

N

235a (49%) 235c (44%) 235d (44%)

234 235

OBn
(  )3

S S

S S
S

230

 

 
Scheme 58. The synthesis of 3-substituted 3H-thieno[2,3-d]imidazoles 235. 

 

Conclusion 
 
In conclusion, a novel copper-catalyzed synthesis of benzimidazoles from o-bromoaryl 

isocyanides and primary amines has been developed. This new sequential reaction 

consisting of a copper-catalyzed addition of an amine onto an isocyano group followed by 

a copper-catalyzed intramolecular arylation of a thus formed amidine provides a 

convenient access to 1-substituted benzimidazoles 232 and related 3-substituted 

3H-thieno[2,3-d]imidazoles 235 in moderate to good yields 
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C. Experimental Section 
 

General 
 
Reagents and Chemicals 
 
Diethyl ether, tetrahydrofuran, 1,2-dimethoxyethane, benzene, and toluene were distilled 

from sodium benzophenone ketyl, dichloromethane and dimethylformamide from 

molecular sieves 4 Å, acetonitrile from P4O10.  

Commercial nanosize copper powder (Aldrich) was preactivated by heating in vacuo 

(0.05 mbar) at 150 °C overnight, and was stored under Ar. The activity of the thus 

prepared catalyst does not deteriorate within at least 2 weeks. 

The following compounds were prepared according to the corresponding literature 

procedures: 

Methyl isocyanoacetate (25-Me),[ 165 ] ethyl isocyanoacetate (25-Et),[165] tert-butyl iso-

cyanoacetate (25-tBu),[165] methyl cyclopropylpropiolate (168a),[166] 4-nitrophenyl-methyl 

isocyanide (63f),[167] methyl 3-(4-fluorophenyl)propiolate (168d),[168] methyl 3-(4-trifluo-

romethylphenyl)-propiolate (168e),[ 169 ] methyl 3-(thiophen-2-yl)propiolate (168g),[ 170 ] 

methyl 3-(pyridin-2-yl)propiolate (168f),[ 171 ] cyclopropylacetylene (167e),[ 172 ] N,N-

diethyl-2-isocyanoacetamide (63g),[173] dimethyl 2-isocyano-1-oxoethylphospho-nate,[174] 

CpCuP(OMe)3,[101] 1-deutero hexyne-1 (167a-D),[175] cyclopropylisocyanate,[176] 3-iodo-

propyl isocyanates,[177] 3-aminothiophene,[178] 3-(benzyloxy)propyl-1-amine (230c).[179] 

All other chemicals were used as commercially available. 

 

Separation and Identification of the Compounds 

 

Chromatography: Analytical TLC was performed on 0.25 mm silica gel 60F plates 

(Macherey-Nagel) with 254 nm fluorescent indicator from Merck. Plates were visualized 

under ultraviolet light and developed by treatment with the molybdenephosphoric acid 

solution. Chromatographic purification of products was accomplished by flash column 

chromatography, as described by Still and coworkers[180] on Merck silica gel, grade 60 

(0.063–0.200 mm, 70–230 mesh ASTM) 

NMR: Nuclear magnetic resonance (1H and 13C NMR) spectra were recorded at 250, 300, 

or 500 (1H), 62.9, 75.5, or 125 [13C, APT (Attached Proton Test)] MHz on Brucker AM 

250, Varian Unity-300, AMX 300 and Inova 500 instruments in CDCl3 solutions if not 
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otherwise specified. Proton chemical shifts are reported in ppm relative to the residual 

peak of the deuterated solvent or tetramethylsilane: δ (ppm) = 0 for tetramethylsilane, 2.49 

for [D5]DMSO, 7.26 for CHCl3. For the characterization of the observed signal 

multiplicities the following abbreviations were applied: s = singlet, d = doublet, t = triplet, 

q = quartet, quin = quintet, m = multiplet, as well as br = broad; J in Hz. 13C chemical 

shifts are reported relative to the solvent peak or tetramethylsilane: 0 for tetramethylsilane, 

39.5 for [D5]DMSO, 77.0 for CDCl3.  

IR: Bruker IFS 66 (FT-IR) spectrometer, measured as KBr pellets or oils between KBr 

plates.  

MS: EI-MS: Finnigan MAT 95, 70 eV, DCI-MS: Finnigan MAT 95, 200 eV, reactant gas 

NH3; ESI-MS: Finnigan LCQ. High resolution mass spectrometry (HRMS): APEX IV 7T 

FTICR, Bruker Daltonic.  

Melting points: Büchi 540 capillary melting point apparatus, uncorrected values. 

Elemental analyses: Mikroanalytisches Laboratorium des Instituts für Organische und 

Biomolekulare Chemie der Universität Göttingen.  



 
 

86 

Experimental Procedures for the Compounds Described in Chapter 1 

″Oligosubstituted Pyrroles Directly from Substituted Methyl Isocyanides 
and Acetylenes″ 

 
Methyl 4-Methoxy-pent-2-ynoate (168b) 

 

To a solution of 3-methoxy butyn-1 (4.45 g, 53 mmol) in 

anhydrous diethyl ether (200 mL) kept under nitrogen was 

added dropwise with magnetic stirring at –78 °C 2.5 M solution 

of n-BuLi (22 mL, 55 mmol). After stirring at –78 °C for 30 min, the mixture was warmed 

to 0 °C and methyl chloroformiate (5.48 g, 58 mmol) was added. The mixture was stirred 

for 3h at r.t. and quenched with saturated solution of ammonium chloride (80 mL). The 

organic and water phases were separated and the water phase was extracted with diethyl 

ether (3  50 mL). The combined organic phase was dried over anhydrous Na2SO4, 

filtrated and solvents were removed under reduced pressure. The residue was distilled 

(10 Torr, b.p 85–90 °C) to give 6.09 g (81%) of product as colorless oil 1H NMR 

(300 MHz, CDCl3, 25 °C, TMS)  = 4.18 (q, J = 4.5 Hz, 1 H, CH), 3.79 (s, 3 H, CO2CH3), 

3.42 (s, 3 H, OCH3), 1.47 ppm (d, J = 7.8 Hz, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, 

25 °C):  = 153.5 (C), 86.8 (C), 76.5 (C), 66.4 (CH), 56.7 (CH3), 52.6 (CH3), 20.9 ppm 

(CH3); MS (EI) m/z (%): 142.1 (30) [M+], 99.1(28), 59.1(40), 43.1 (100); IR (KBr): 2992, 

2940, 2826, 2239, 1727, 1436, 1256, 1115, 1076, 1044, 996, 913, 752, 623 cm–1. 

 

Methyl 3-(4-ethoxyphenyl)propiolate (168d) 

 

Methyl 3-(4-ethoxyphenyl)propiolate (8.98 g, 88%) was 

prepared analog to methyl 4-methoxy-pent-2-ynoate from 

4-ethoxyphenyl acetylene (7.3 g, 50 mmol) and methyl chloroformiate (5.2 g, 55 mmol), 

after recrystallization from hexane/benzene as colorless solid, m.p. 55 °C. 1H NMR 

(300 MHz, CDCl3, 25 °C, TMS)  = 7.52 (d, J = 9.0 Hz, 2 H, Ar-H), 6.87 

(d, J = 9.0 Hz, 1 H, Ar-H), 4.05 (q, J = 7.3 Hz, 2 H, CH2), 3.82 (s, 3 H, CO2CH3), 1.42 

ppm (t, J = 7.3 Hz, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, 25 °C):  = 160.9 (C), 154.7 

(C), 134.9 (CH), 114.7 (CH), 111.0 (C), 87.4 (C), 79.7 (C), 63.6 (CH2), 52.6 (CH3), 14.6 

ppm (CH3); MS (EI) m/z (%): 204.1 (100) [M+], 173.1(28), 145.1(75), 118.1 (164); IR 

MeO2C
OMe

MeO2C F
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(KBr): 2361, 2339, 2216, 1700, 1653, 1507, 1288, 1255, 1199, 1164, 1114, 1040, 922, 

884, 830, 807, 745 cm–1; elemental analysis calcd (%) for C12H12O3: C 70.67, H 5.92; 

found: C 71.03, H 6.01. 

 

General Procedure for the Formal Cycloaddition of Substituted Methyl Isocyanides 

to Acetylenes Mediated by Potassium tert-Butoxide (GP1, Method A) 

 

To a solution of the respective acetylene 168 (5.0 mmol) and the respective substituted 

methyl isocyanide 63 (5.5 mmol) in THF (60 mL) was added dropwise at 20 °C within 1 h 

a solution of KOtBu (616 mg, 5.5 mmol) in THF (35 mL). The mixture was stirred at 

20 °C for 1 h, the reaction then quenched with glacial AcOH (1 mL), and the solution 

concentrated under reduced pressure. The residue was triturated with CH2Cl2 (3 × 30 mL) 

at 20 °C to extract the crude product, which was purified by column chromatography.  

 

General Procedure for the Copper-Catalyzed Formal Cycloaddition of Substituted 

Methyl Isocyanides to Acetylenes (GP2, Method B) 

 

The copper catalyst [preferably preactivated nanosize copper powder (3 mg, 0.05 mmol, 

5 mol %), or copper thiophenolate (9 mg, 0.05 mmol, 5 mol %)] was added to a solution 

of the respective substituted methyl isocyanide 63 (1.1 mmol) and the respective acetylene 

168 (1.0 mmol) in DMF (2 mL), and the mixture was vigorously stirred at 85 °C (if not 

otherwise specified) for 16 h. The solvent was removed in vacuo (0.05 mbar), and the 

residue was purified by column chromatography to give the corresponding pyrrole. 

 

Dimethyl 3-Cyclopropyl-1H-pyrrole-2,4-dicarboxylate (173aa) 

 

Following GP2 (Method B), the pyrrole 173aa (1.03 g, 93%) 

was obtained from methyl cyclopropylpropiolate (168a) 

(620 mg, 5.0 mmol) and methyl isocyanoacetate (25-Me) 

(545 mg, 5.5 mmol), after column chromatography 

(cyclohexane/ethyl acetate 4 : 1) as a colorless solid, m. p. 123 °C. 1H NMR (300 MHz, 

CDCl3, 25 °C, TMS):  = 9.78 (br s, 1 H, NH), 7.43 (d, J = 3.6 Hz, 1 H, NCH), 

3.82 (s, 3 H, CH3), 3.76 (s, 3 H, CH3), 2.27–2.17 (m, 1 H, cPr-H), 0.96–0.83 ppm (m, 4 H, 

N
H

MeO2C

CO2Me
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CH2); 13C NMR (75.5 MHz, CDCl3, 25 °C):  = 164.5 (C), 161.4 (C), 135.4 (C), 

127.5 (CH), 121.3 (C), 116.9 (C), 51.5 (CH3), 51.0 (CH3), 8.2 (CH2), 7.3 ppm (CH); IR 

(KBr): 3325 cm–1, 3146, 3010, 2951, 1719, 1696, 1541, 1437, 1276, 1199, 1059, 785; 

MS (EI): m/z (%): 223.1 [M+]; HRMS (ESI): m/z calcd for C11H14NO4
+ [M+H+]: 224.0923; 

found: 224.0917.  

 

Dimethyl 3-(Thiophen-2-yl)-1H-pyrrole-2,4-dicarboxylate (173ag) 

 

The pyrrole 173ag (250 mg, 94%) was obtained from methyl 

(thiophen-2-yl)propiolate (168g) (166 mg, 1.0 mmol) and 

methyl isocyanoacetate (25-Me) (149 mg, 1.5 mmol) following 

GP2 (Method B) with NP Cu0 (3 mg, 0.05 mmol, 5 mol %) at 

120 °C, after column chromatography (hexane/ethyl acetate 

2 : 1, Rf = 0.20) as a yellow solid, m.p. 146 °C. 1H NMR (300 MHz, CDCl3, 25 °C, TMS): 

 = 9.50 (br s, 1 H, NH), 7.56 (d, J = 3.3 Hz, 1 H, NCH), 7.38 (t, J = 3.3 Hz, 1 H, 

thienyl-5H), 7.05 (d, J = 3.0 Hz, 2 H, thienyl-3,4H), 3.73 (s, 3 H, CH3), 3.70 ppm (s, 3 H, 

CH3); 13C NMR (75.5 MHz, CDCl3, 25 °C):  = 163.7 (C), 160.9 (C), 132.9 (C), 

128.5 (CH), 126.9 (CH), 126.2 (CH), 126.0 (CH), 124.1 (C), 121.9 (C), 117.8 (C), 

51.8 (CH3), 51.2 ppm (CH3); IR (KBr): 2954, 1731, 1703, 1524, 1439, 1386, 1264, 1197, 

1015, 921, 784, 689 cm–1; MS (EI): m/z (%): 265.2 (90) [M+], 233.1 (78), 202.1 (62), 

43.1 (100); elemental analysis calcd (%) for C12H11NO4S: C 54.33, H 4.18, N 5.28; found: 

C 54.05, H 4.10, N 5.38. 

 

Dimethyl 3-(4-Ethoxyphenyl)-1H-pyrrole-2,4-dicarboxylate (173ac) 

 

The pyrrole 173ac (226 mg, 75%) was obtained from methyl 

(4-ethoxyphenyl)propiolate (168c) (204 mg, 1.0 mmol) and 

methyl isocyanoacetate (25-Me) (109 mg, 1.1 mmol) following 

GP2 (Method B) with NP Cu0 (3 mg, 0.05 mmol, 5 mol %) at 

120 °C, after column chromatography (hexane/ethyl acetate 

2 : 1, Rf = 0.15) as a colorless solid, m.p. 136 °C. 1H NMR 

(300 MHz, CDCl3, 25 °C, TMS):  = 9.73 (br s, 1 H, NH), 7.53 (d, J = 3.5 Hz, 1 H, NCH), 

7.27 (d, J = 8.7 Hz, 2 H, Ar), 6.90 (d, J = 8.7 Hz, 2 H, Ar), 4.07 (q, J = 7.4 Hz, 2 H, CH2), 

N
H

MeO2C

CO2Me

S

N
H

MeO2C

CO2Me

OEt
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3.68 (s, 3 H, CO2CH3), 1.43 ppm (t, J = 6.7 Hz, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, 

25 °C):  = 164.2 (C), 161.3 (C), 158.2 (C), 132.5 (C), 131.3 (2 CH), 127.2 (C), 125.0 (C), 

120.4 (CH), 116.4 (C), 113.1 (2 CH), 63.2 (CH2), 51.5 (CH3), 51.0 (CH3), 14.9 ppm (CH3); 

IR (KBr): 2989, 1732, 1695, 1522, 1436, 1388, 1264, 1006, 922, 829, 785, 522 cm–1; 

MS (EI): m/z (%): 303.2 (100) [M+], 271.2 (44), 243.2 (30), 212.1 (26); elemental analysis 

calcd (%) for C16H17NO5: 63.36, H 5.65, N 4.62; found: C 63.18, 5.53, 4.50.  

 

Dimethyl 3-(4-Fluorophenyl)-1H-pyrrole-2,4-dicarboxylate (173ad) 

 

The pyrrole 173ad (215 mg, 78%) was obtained from methyl 

(4-fluorophenyl)propiolate (168d) (178 mg, 1.0 mmol) and 

methyl isocyanoacetate (25-Me) (149 mg, 1.5 mmol) following 

GP2 (Method B) with NP Cu0 (3 mg, 0.05 mmol, 5 mol %) at 

120 °C, after column chromatography (hexane/ethyl acetate 

2 : 1, Rf = 0.20) as a colorless solid, m.p. 174 °C. 1H NMR 

(300 MHz, CDCl3, 25 °C, TMS):  = 9.56 (br s, 1 H, NH), 7.57 (d, J = 3.5 Hz, 1 H, NCH), 

7.38–7.26 (m, 2 H, Ar), 7.11–6.98 (m, 2 H, Ar), 3.69 (s, 3 H, CH3), 3.68 ppm 

(s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, 25 °C):  = 164.0 (C), 163.9 (C), 161.1 (C), 

131.9 (CH), 131.8 (CH), 131.5 (C), 129.0 (C), 127.1 (CH), 120.7 (C), 116.7 (C), 

114.3 (CH), 114.0 (CH), 51.6 (CH3), 51.1 ppm (CH3); IR (KBr): 3002, 2955, 1702, 1695, 

1598, 1522, 1435, 1386, 1262, 1164, 1098, 1002, 834, 816, 783, 716, 602, 518 cm–1; 

MS (EI): m/z (%): 277.2 (100) [M+], 245.2 (44), 214.1 (92); elemental analysis calcd (%) 

for C14H12FNO4: 60.65, H 4.36, N 5.05; found: 60.37, 4.24, 5.06.  

N
H

MeO2C

CO2Me

F
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Dimethyl 3-(4-(Trifluoromethyl)phenyl)-1H-pyrrole-2,4-dicarboxylate (173ae) 

 

The pyrrole 173ae (341 mg, 70%) was obtained from methyl 

(4-trifluoromethylphenyl)propiolate (168e) (340 mg, 1.5 mmol) 

and methyl isocyanoacetate (25-Me) (254 mg, 2.4 mmol) 

following GP2 (Method B) with NP Cu0 (5 mg, 0.08 mmol, 

5.5 mol %) at 120 °C, after column chromatography 

(hexane/ethyl acetate 2 : 1 to 1 : 1, Rf = 0.63, hexane/ethyl 

acetate 1 : 1) as a yellow solid, m.p. 156–157. 1H NMR (300 MHz, DMSO-d6, 25 °C, 

TMS):  = 12.50–12.60 (br s, 1 H, NH), 7.64 (d, J = 8.1 Hz, 2 H, Ar-CH), 7.63–7.64 

(m, 1 H, NCH), 7.47  (d, J = 8.1 Hz, 2 H, Ar-CH), 361 (s, 3 H, CH3), 3.57 ppm (s, 3 H, 

CH3); 13C NMR (75.5 MHz, DMSO-d6, 25 °C):  = 163.2 (C), 160.1 (C), 138.3 (C), 

131.1 (CH), 130.2 (CH), 127.9 (C), 127.4 (C, q, JC-F = 31.4 Hz), 125.6 (C), 123.5 (C, m, 

CF3), 120.4 (C), 115.0 (CH), 51.1 (CH3), 50.6 ppm (CH3); IR (KBr): 3300, 1700, 1617 

1559, 1522, 1437, 1393, 1322, 1264, 1192, 1172, 1128, 1065, 1019, 847, 786 cm–1; 

MS (ESI): m/z (%): 350 (76) [M + Na+], 328 (100) [M + H+]; elemental analysis calcd (%) 

for C15H12F3NO4: 55.05, H 3.70, N 4.28; found: C 55.10, H 3.82, N 4.15.  

 

Dimethyl 3-(Pyridin-2-yl)-1H-pyrrole-2,4-dicarboxylate (173af) 

 

The pyrrole 173af (177 mg, 68%) was obtained from methyl 

(pyridin-2-yl)propiolate (168f) (161 mg, 1.0 mmol) and methyl 

isocyanoacetate (25-Me) (149 mg, 1.5 mmol) following GP2 

(Method B) with NP Cu0 (3 mg, 0.05 mmol, 5 mol %) at 

120 °C, after column chromatography (ethyl acetate, Rf = 0.30) 

as a colorless solid. 1H NMR (300 MHz, CDCl3, 25 °C, TMS): δ = 10.87 (br s, 1 H, NH), 

7.78 (m, 2 H, Ar-H), 7.44 (m, 3 H, Ar-H), 3.64 (s, 3 H, CH3), 3.59 ppm 

(s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 163.9 (C), 160.7 (C), 153.4 (C), 

147.9 (C), 135.5 (CH), 131.0 (C), 127.0 (2 CH), 122.8 (C), 121.5 (CH), 116.6 (CH), 

51.5 (CH3), 51.1 ppm (CH3); IR (KBr): 3446, 1653(br), 902, 726 cm–1; MS (EI): m/z (%): 

260.2 (52) [M+], 202.2 (100), 197.1 (94), 171.1 (72), 144.2 (76), 44 (84); elemental 

analysis calcd (%) for C12H11NO4S: 54.33, H 4.18, N 5.28; found: 54.45, 4.20, 5.21.  
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Dimethyl 3-(1-Methoxyethyl)-1H-pyrrole-2,4-dicarboxylate (173ab) 

 

The pyrrole 173ab (130 mg, 54%) was obtained from methyl 

4-methoxypent-2-ynoate (168b) (340 mg, 1.0 mmol) and 

methyl isocyanoacetate 25-Me (109 mg, 1.1 mmol) following 

GP2 (Method B) with NP Cu0 (3 mg, 0.05 mmol, 5 mol %) 

after column chromatography (hexane/ethyl acetate 2 : 1 to 1 : 1, Rf = 0.58, hexane/ethyl 

acetate 1 : 1) as a yellow solid, m.p. 109–110. 1H NMR (300 MHz, CDCl3, 25 °C, TMS): 

 = 9.20–9.40 (br s, 1 H, NH), 7.47 (d, J = 3.4 Hz, 1 H, NCH), 5.37 (q, J = 6.6 Hz, 1 H, 

CHOMe), 3.87 (s, 3 H, CH3), 3.80 (s, 3 H, CH3), 3.20 (s, 3 H, OCH3), 1.61 (d, J = 6.6 Hz, 

3 H, CH3CH) ppm; 13C NMR (75.5 MHz, CDCl3, 25 °C):  = 164.2 (C), 161.0 (C), 

133.8 (C), 127.4 (CH), 121.0 (C), 116.4 (C), 71.0 (CH), 56.8 (CH3), 51.8 (CH3), 51.3 

(CH3), 20.6 (CH3) ppm; IR (KBr): 3383, 1700,  1559, 1506, 1437, 1403, 1340, 1269, 1197, 

1080, 1024, 988, 788, 731 cm–1; MS (ESI): m/z (%): 505 (55) [2M + Na+], 264 (100) 

[M + Na+], 242 (12) [M + H+]; HRMS (ESI): calcd for C11H15NNaO5
+ [M+Na+]: 

264.08424; found: 264.08434. 

 

Methyl 2-(Ethoxycarbonyl)-3-cyclopropyl-1H-pyrrole-4-carboxylate (173ba) 

 

The pyrrole 173ba (422 mg, 89%) was obtained from methyl 

cyclopropylpropiolate (168a) (248 mg, 2.0 mmol) and ethyl 

isocyanoacetate (25-Et) (249 mg, 2.2 mmol) following GP1 

(Method A), after column chromatography (hexane/ethyl 

acetate 5 : 1) as a yellow oil, which crystallized to form a yellow solid, m.p. 45–46 °С. 

Alternatively, this compound (413 mg, 89%) can be synthesized following GP2 

(Method B). 1H NMR (300 MHz, CDCl3, 25 °C, TMS): δ = 9.56 (br s, 1 H, NH), 7.45 

(d, J = 3.8 Hz, 1 H, NCH), 4.35 (q, J = 7.2 Hz, 2 H, Et-CH2), 3.81 (s, 3 H, CO2CH3), 

2.29–2.20 (m, 1 H, CH), 1.38 ppm (t, J = 7.2 Hz, 3 H, Et-CH3); 13C NMR (75.5 MHz, 

CDCl3, 25 °C): δ = 164.4 (C), 161.0 (C), 135.1 (C), 127.1 (CH), 121.8 (C), 117.1 (C), 60.6 

(CH3), 51.0 (CH2), 14.3 (CH), 8.4 (CH3), 7.3 ppm (CH2) ; IR (KBr): 3301, 2985, 1693, 

1551, 1413, 1270, 1193, 1103, 1025, 931, 782 cm–1; MS (EI): m/z (%): 237.2 [M+] (56), 

205.1 (52), 176.1 (53), 132.1 (100); elemental analysis calcd (%) for C12H15NO4: C 60.75, 

H 6.37, N 5.90; found: C 60.81, H 6.28, N 6.09. 
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Methyl 2-(Ethoxycarbonyl)-1H-pyrrole-4-carboxylate (173bh)[181] 

 

The pyrrole 173bh (73 mg, 37%) was obtained from 84 mg 

(1.0 mmol) of methyl propiolate (168h) and 113 mg (1.0 mmol) 

of ethyl isocyanoacetate (25-Et) following GP2 (Method B) 

with NP Cu0 (3 mg, 0.05 mmol, 5 mol %) at 60 °C, after 

column chromatography (hexane/ethyl acetate 4 : 1, Rf = 0.17) as a colorless solid, m.p. 

98–99 °C. 1H NMR (300 MHz, CDCl3, 25 °C, TMS)  = 9.98–9.76 (br s, 1 H, NH), 

7.55 (dd, J = 3.2, 1.5 Hz, 1 H, CH) 7.31 (dd, J = 2.4, 1.6 Hz, 1 H, NCH), 4.35 (q, J = 7.0 

Hz, 2 H, CH2), 3.84 (s, 3 H, CO2CH3), 1.37 ppm (t, J = 7.2 Hz, 3 H, Et-CH3); 13C NMR 

(75.5 MHz, CDCl3, 25 °C):  = 164.4 (C), 161.0 (C), 127.0 (C), 123.8 (CH), 117.8 (C), 

115.8 (CH), 60.9 (CH2), 51.3 (CH3), 14.3 ppm (CH3); MS (EI) m/z (%): 197.0 (76) [M+], 

166.1(53), 152.1(44), 120.1(100); IR (KBr): 3293, 2981, 1690, 1562, 1499, 1441, 1403, 

1280, 1216, 1122, 1085, 1022, 989, 964, 927, 853, 762, 604, 504 cm–1; elemental analysis 

calcd (%) for C9H11NO4: C 54.82, H 5.62, N 7.10; found: C 54.92, H 5.82, N 6.98. 

 

Methyl 2-(4-Toluenesulfonyl)-1H-pyrrole-4-carboxylate (173ch)[182] 

 

The pyrrole 173ch (83 mg, 30%) was obtained from 

84 mg (1.0 mmol) of methyl propiolate (168h) and 

195 mg (1.0 mmol) of tosylmethyl isocyanide (41-H) 

following GP2 (Method B) with NP Cu0 (3 mg, 

0.05 mmol, 5 mol %) at 60 °C, after column chromatography (hexane/ethyl acetate 2 : 1, 

Rf = 0.22) as a colorless solid, m.p. 157–158 °C. Alternatively, it was prepared with 

KOtBu as a mediator (105 mg, 38%). 1H NMR (300 MHz, CDCl3, 25 °C, TMS):  = 9.95 

(br s, 1 H, NH), 7.81 (d, J = 8.1 Hz, 2 H, Ts-CH), 7.53 (dd, J = 3.1, 1.6 Hz, 1 H, CH), 7.30 

(d, J = 8.1 Hz, 2 H, Ts-CH), 7.21 (dd, J = 3.1, 1.6 Hz, 1 H, NCH), 3.80 (s, 3 H, CO2CH3), 

2.41 ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, 25 °C):  = 163.8 (C), 144.6 (CH), 

138.4 (C), 130.2 (C), 130.0 (2 CH), 127.3 (C), 127.1 (2 CH), 118.5 (C), 115.7 (CH), 51.6 

(CH3), 21.6 ppm (CH3); MS (ESI): m/z (%): 302.0 [M+Na+], 278.3 [M-H–]; IR (KBr): 

3250, 2950, 1691, 1595, 1546, 1473, 1433, 1392, 1319, 1228, 1183, 1145, 1116, 1076, 

1017, 988, 930, 857, 813, 766, 744, 706, 676, 623, 604, 535, 492 cm–1; HRMS (ESI): 

calcd for C13H14NO4S+ [M+H]+: 280.06381; found: 280.06403. 
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Methyl 2-Phenyl-1H-pyrrole-4-carboxylate (173eh)[183] 

 

The pyrrole 173eh (47 mg, 25%) was obtained from 84 mg (1.0 

mmol) of methyl propiolate (168h) and 102 mg (1.0 mmol) of 

phenylmethyl isocyanide (63e) following GP2 (Method B) with 

NP Cu0 (3 mg, 0.05 mmol, 5 mol %) at 60 °C, after column 

chromatography (hexane/ethyl acetate 4 : 1, Rf = 0.19) as a colorless solid, m.p. 

163164 °C. Alternatively, it was prepared with KOtBu as a mediator (13 mg, 7%). 
1H NMR (300 MHz, CDCl3, 25 °C, TMS): δ = 8.90 (br s, 1 H, NH), 7.51 – 7.47 (m, 3 H, 

Ph), 3.39 (t, J = 2.8 Hz, 2 H, Ph), 7.26 (t, J = 2.8 Hz, 1 H, CH), 6.92 (m, 1 H, NCH), 3.84 

ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 165.4 (C), 133.1 (C), 131.7 

(C), 129.0 (CH), 127.1 (CH), 124.2 (CH), 124.1 (CH), 117.7 (C), 106.6 (C), 51.2 ppm 

(CH3); MS (EI): m/z (%): 201.1(86) [M+], 170.1(100); IR (KBr): 3289, 3019, 1679, 1604, 

1572, 1515, 1491, 1441, 1401, 1352, 1283, 1222, 1145, 1132, 996, 928, 833, 808, 767, 

725, 693, 659, 605, 524, 505 cm–1; HRMS (ESI): calcd for C12H12NO2
+ [M+H]+: 

202.08626; found: 202.08629. 

 

Methyl (4-Nitrophenyl)-1H-pyrrole-4-carboxylate (173fh) 

 

The pyrrole 173fh (109 mg, 44%) was obtained from 

84 mg (1.0 mmol) of methyl propiolate (168h) and 162 

mg (1.0 mmol) of 4-nitrophenylmethyl isocyanide (63f) 

following GP2 (Method B) with NP Cu0 (3 mg, 

0.05 mmol, 5 mol %) at 60 °C, after column chromatography (hexane/ethyl acetate 2 : 1, 

Rf = 0.30) as a yellow solid, m.p. 225 °C. 1H NMR (300 MHz, [d6]DMSO, 25 °C): 

δ = 12.29 (br s, 1 H, NH), 8.19 (d, J = 9.0 Hz, 2 H, Ar-CH), 7.93 (d, J = 8.7 Hz, 2 H, 

Ar-CH), 7.65 (dd, J = 3.1, 1.6 Hz, 1 H, CH), 7.18 (dd, J = 3.1, 1.6 Hz, 1 H, NCH), 3.74 

ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, [d6]DMSO, 25 °C): δ = 164.0 (C), 145.1 (C), 

137.9 (C), 130.5 (C), 127.0 (CH), 124.2 (CH), 124.1 (CH), 116.9 (C), 109.7 (CH), 50.7 

ppm (CH3); MS (EI): m/z (%): 246.1 (100) [M+], 215.1 (80); IR (KBr): 3268, 3121, 1674, 

1599, 1509, 1486, 1449, 1433, 1391, 1335, 1288, 1228, 1140, 1108, 991, 928, 851, 818, 

769, 752, 691, 602, 521 cm–1; elemental analysis calcd (%) for C12H10N2O4: C 58.54, 

H 4.09, N 11.38; found: C 58.26, H 3.92, N 11.00. 
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General Procedure A for the Synthesis of 2,3-Disubstituted Pyrroles 178 (GP3) 

 

An oven-dried Schlenk flask equipped with magnetic stirrer and rubber septum, was 

charged with CuBr (143.5 mg, 1.0 mmol), Cs2CO3 (326 mg, 1 mmol) and DMF (5 mL), 

evacuated and refilled with nitrogen. The respective acetylene 167 (1.0 mmol) was added 

from a syringe with stirring, and the mixture was heated at 120 °C for 10 min, then a 

solution of the respective isocyanide 63 (2.0 mmol) in DMF (5 mL) was injected over a 

period of 2 h, after that the reaction mixture was stirred at 120 °C for another 1 h. After 

cooling and evaporation of the solvent in vacuo, the residue was purified by column 

chromatography on silica gel (eluting with 5 : 1 to 1 : 1 hexane/ethyl acetate) to provide 

the desired product. 

 

General Procedure B for the Synthesis of 2,3-Disubstituted Pyrroles 178 (GP4) 

 

An oven-dried Schlenk flask equipped with magnetic stirrer and rubber septum was 

charged with CuBr (143.5 mg, 1.0 mmol), Cs2CO3 (326 mg, 1 mmol) and DMF (5 mL), 

evacuated and refilled with nitrogen. The respective acetylene 167 (1.0 mmol) was added 

from a syringe with stirring, and the mixture was heated at 120 °C for 10 min, then 

solutions of the respective isocyanide 63 (1.0 mmol) and the respective acetylene 167 

(1.0 mmol) in DMF (5 mL) were injected over a period of 2 h, after that the reaction 

mixture was stirred at 120 °C for another 1 h. After cooling and evaporation of the solvent 

in vacuo, the residue was purified by column chromatography on silica gel (eluting with 

5 : 1 to 1 : 1 hexane/ethyl acetate) to provide the desired product. 

 

Ethyl 3-Butyl-1-H-pyrrol-2-carboxylate (178ba) 

 

The pyrrole 178ba (250 mg, 64%) was obtained from 1-hexyne (167a) 

(328 mg, 4 mmol), ethyl isocyanoacetate (25-Et) (226 mg, 2 mmol) 

following GP4, after column chromatography (hexane/ethyl acetate 

4 : 1, Rf = 0.45) as a colorless oil. Alternatively it was obtained 

following GP3 (273 mg, 70%). 1H NMR (300 MHz, CDCl3, 25 °C, TMS): δ = 9.10–8.89 

(br m, 1 H, NH), 6.81 (t, J = 3 Hz, 1 H, CH), 6.10 (t, J = 3 Hz , 1 H, CH), 4.29 

(q, J = 7 Hz , 2 H, Et-CH2), 2.77 (t, J = 8 Hz , 2 H, CH2), 1.60–1.20 (m, 7 H), 0.91 ppm 

(t, J = 8 Hz, 3 H, Et-CH3); 13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 161.7 (C), 133.3 (C), 
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121.5 (CH), 118.8 (C), 111.4 (CH), 59.9 (CH2), 33.0 (CH2), 26.6 (CH2), 22.6 (CH2), 14.4 

(CH3), 13.9 ppm (CH3); IR (film): 3322, 2957, 2860, 1672, 1561, 1420, 1318, 1262, 1188, 

1133, 1044, 783 cm–1; MS (EI): m/z (%): 195 (72) [M+], 153 (40), 124 (100), 106 (56), 80 

(40); elemental analysis calcd (%) for C11H17NO2: C 67.66, H 8.78, N 7.17; found: C 

67.71, H 8.51, N 7.02. 

 

Ethyl 3-(Methoxymethyl)-1H-pyrrole-2-carboxylate (178bb) 

 

The pyrrole 178bb (88 mg, 48%) was obtained from 226 mg (2.0 mmol) 

of ethyl isocyanoacetate (25-Et) and 70 mg (1.0 mmol) of 

3-methoxypropyne (167b) following GP3 as a colorless solid, m.p. 

74 °C. Rf = 0.27 (hexane/ethylacetate 4 : 1). Alternatively, it was prepared following GP4 

(83 mg, 45%). 1H NMR (300 MHz, CDCl3, 25 °C, TMS): δ = 9.39 (br s, 1 H, NH), 6.88 

(t, J = 2.6 Hz, 1 H, CH), 6.34 (t, J = 2.6 Hz, 1 H, CH), 4.69 (s, 2H, CH2), 4.34 

(q, J = 7.2 Hz, 2 H, Et-CH2), 3.43 (s, 3 H, OCH3), 1.37 ppm (t, J = 7.2 Hz, 3H, CH3); 
13C NMR (75 MHz, CDCl3, 25 °C, TMS): δ = 161.2 (C), 128.4 (C), 121.9 (CH), 119.1 (C), 

111.1 (CH), 67.2 (CH2), 60.3 (CH3), 58.1 (CH2), 14.4 ppm (CH3); MS (EI): m/z (%): 

183.2 (40) [M+], 168.1 (52), 154.2 (45), 122.1 (100); IR (KBr): 3288, 1671, 1490, 1426, 

1373, 1326, 1271, 1222, 1193, 1139, 1111, 963, 782, 751, 601 cm–1; elemental analysis 

calcd (%) for C9H13NO3: C 59.00, H 7.15, N 7.65; found: C 59.06, H 6.80, N 7.35. 

 

Ethyl 3-Cyclopropyl-1H-pyrrole-2-carboxylate (178be) 

 

The pyrrole 178be (157 mg, 88%) was obtained following GP3 from 

226 mg (2.0 mmol) of ethyl isocyanoacetate (25-Et) and 66 mg 

(1.0 mmol) of cyclopropylacetylene (167e) as a colorless solid, m.p. 

5152 °C, Rf = 0.37 (hexane/ethyl acetate 5 : 1). 1H (300 MHz, CDCl3, 

25 °C, TMS): δ= 8.92 (br s, 1 H, NH), 6.79 (t, J = 2.9 Hz, 1 H, CH), 5.78 

(t, J = 2.9 Hz, 1 H, CH), 4.35 (q, J = 7.2 Hz, 2 H, CH2), 2.57–2.48 (m, 1 H, cPr-CH), 1.37 

(t, J = 7.2 Hz, 3 H, CH3), 0.99–0.93 (m, 2 H, cPr-CH2), 0.64–0.59 ppm (m, 2 H, cPr-CH2); 
13C (75.5 MHz, CDCl3, 25 °C): δ = 161.7 (C), 135.5 (C), 121.9 (CH), 119.7 (C), 106.2 

(CH), 60.0 (CH2), 14.5 (CH), 9.3 (CH2), 7.9 ppm (CH2); MS (EI) m/z (%): 179.2 (100) 

[M+], 150.2 (45), 133.2 (39), 106.2 (62); IR (KBr): 3299, 1673, 1422, 1391, 1322, 1279, 
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1218, 1185, 1141, 1036, 907, 781, 745, 602 cm–1; elemental analysis calcd (%) for 

C10H13NO2: C 67.02, H 7.31, N 7.82; found: C 67.66, H 6.80, N 7.36. 

 

Ethyl 3-tert-Butyl-1H-pyrrole-2-carboxylate (178bf) and 

Ethyl 4-tert-butyl-1H-pyrrole-2-carboxylate (iso-178bf)[184] 

 

A 5 : 1 mixture of the regioisomeric pyrroles 178bf and iso-178bf 

(10 mg, 5%) was obtained following GP4 from 113 mg (1.0 mmol) 

of ethyl isocyanoacetate (25-Et) and 164 mg (2.0 mmol) of 

tert-butylacetylene (167f), as a colorless oil, Rf = 0.43 (hexane/ethyl 

acetate 4 : 1). 178bf: 1H (300 MHz, CDCl3, 25 °C, TMS): δ = 9.16 

(br s, 1 H, NH), 6.78 (t, J = 2.6 Hz, 1 H, CH), 6.21 

(t, J= 2.6 Hz,  1 H, CH), 4.32 (q, J = 7.2 Hz, 2 H, CH2), 1.40 

(s, 9 H, tBu), 1.25 ppm (s, 3 H, CH3); 13C (75.5 MHz, CDCl3, 

25 °C): δ = 160.4 (C), 142.6 (C), 120.0 (CH), 109.8 (CH), 109.2 

(C), 60.0 (CH2), 31.6 (CH3), 30.2 (CH3), 22.6 ppm (C); iso-178bf: 1H (300 MHz, CDCl3, 

25 °C, TMS): δ = 8.95 (br s, 1 H, NH), 6.83 (t, J = 2.6 Hz, 1 H, CH), 6.12 (t, J = 2.6 Hz, 

1 H, CH), 4.31 (q, J = 7.2 Hz, 2 H, CH2), 1.37 (t, J = 7.2 Hz, 9 H, tBu), 0.93 ppm (t, 

J = 7.2 Hz, 3 H, CH3); 13C (75.5 MHz, CDCl3, 25 °C): δ = 160.4 (C), 142.6 (C), 121.4 (C), 

117.9 (CH), 111.4 (CH), 59.9 (CH2), 33.0 (CH3), 29.7 (CH3), 26.6 ppm (C); MS (EI) m/z 

(%): 195.2 (26) [M+], 180.2 (28), 134.2 (100). 

 
4,5-Dihydro-1-H-pyrano[3,4-b]pyrrol-7-one (179) 

 
The δ-lactone-annelated pyrrole 179 (51 mg, 37%) was obtained from 113 

mg (1.0 mmol) of ethyl isocyanoacetate (25-Et) and 140 mg (2.0 mmol) of 

but-3-yn-1-ol (167i) following GP4, as a colorless solid, m.p. 123–124 °C. 

Alternatively, 179 was prepared in 44% yield following GP3, Rf = 0.45 (hexane/ethyl 

acetate 1 : 1). 1H NMR (300 MHz, CDCl3, 25 °C, TMS): δ = 10.68 (br s, 1 H, NH), 7.08 

(t, J = 2.8 Hz, 1 H), 6.13 (t, J = 2.8 Hz, 1 H, CH), 4.56 (t, J = 6.2 Hz, 2 H, CH2), 2.93 ppm 

(t, J = 6.2 Hz, 2 H, CH2); 13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 161.2 (C), 130.8 (C), 

126.4 (CH), 117.9 (C), 107.2 (CH), 69.5 (CH2), 23.0 ppm (CH2); MS (EI) m/z (%):137.1 

(100) [M+], 107.1 (42), 79.1 (78); IR (KBr): 3274, 1686, 1400, 1308, 1274, 1209, 1185, 

1123, 1078, 1049, 1013, 773, 739, 599, 496, 460 cm–1; elemental analysis calcd (%) for 

C7H7NO2: C 61.31, H 5.14, N 10.21; found: C 61.51, H 4.98, N 10.18. 
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Ethyl 3-(1-Methoxy-ethyl)-1H-pyrrole-2-carboxylate (178bc) 

 

The pyrrole 178bc (145 mg, 74%) was obtained from 226 mg (2.0 mmol) 

of ethyl isocyanoacetate (25-Et) and 84 mg (1.0 mmol) of 3-methoxy 

but-1-yne (167c) following GP3, as a colorless solid, m.p. 53 °C, 

Rf =  0.31 (hexane/ethyl acetate 4 : 1), m.p. 53 °C. 1H (300 MHz, CDCl3, 

25 °C, TMS): δ = 9.32 (br s, 1 H, NH), 6.90 (t, J = 2.6 Hz, 1 H, CH), 6.35 (t, J = 2.6 Hz, 

1 H, CH), 5.04 (q, J = 6.2 Hz, 1 H, OCH), 4.35 (q, J = 7.0 Hz, 2 H, CH2), 3.29 

(s, 3 H, OCH3), 1.44 (d, J = 6.5 Hz, 3 H, CH3), 1.37 ppm (t, J = 7.2 Hz, 3 H, Et-CH3); 
13C (75.5  MHz, CDCl3, 25 °C): δ = 161.2 (C), 134.4 (C), 122.1 (CH), 118.8 (C), 108.4 

(CH), 72.1 (CH), 60.2 (CH3), 56.3 (CH2), 22.9 (CH3), 14.4 ppm (CH3); MS (EI): m/z (%): 

197.3 (18) [M+], 182.2 (100), 136.2 (50), 122.1 (62); IR (KBr): 3220 cm–1, 2982, 2928, 

2822, 1702, 1566, 1481, 1419, 1367, 1337, 1306, 1261, 1208, 1190, 1146, 1072, 1037, 

902, 846, 785, 739, 610,572; elemental analysis calcd (%) for C10H15NO3: C 60.90, H 7.67, 

N 7.10; found: C 61.02, H 7.45, N 6.95. 

 

Ethyl 3-Phenyl-1H-pyrrole-2-carboxylate (178bd)[185] 

 

The pyrrole 178bd (85 mg, 40%), was obtained following GP3 from 

226 mg (2.0 mmol) of ethyl isocyanoacetate (25-Et) and 102 mg 

(1.0 mmol) of phenylacetylene (167d), as a colorless solid, m.p. 

5455 °C, Rf = 0.40 (hexane/ethyl acetate 2 : 1). 1H (300 MHz, CDCl3, 

25 °C): δ = 9.22 (br s, 1 H, NH), 7.58–7.54 (m, 2 H, Ph), 7.40–7.27 (m, 3 H, Ph), 6.95 

(t, J = 2.6 Hz, 1 H, CH), 6.36 (t, J = 2.6 Hz, 1 H, CH), 4.26 (q, J = 7.2 Hz, 2 H, CH2), 

1.25 ppm (t, J = 6.9 Hz, 3 H, CH3); 13C (75.5 MHz, CDCl3, 25°C): δ = 161.1 (C), 

135.1 (C), 132.0 (C), 129.5 (CH), 127.6 (CH), 126.9 (CH), 121.7 (CH), 118.2 (C), 

112.5 (CH), 60.3 (CH2), 14.2 ppm (CH3); MS (EI): m/z (%): 215.2 (90) [M+], 169.2(100): 

IR (KBr): 3295, 2980, 1668, 1504, 1419, 1358, 1321, 1297, 1213, 1153, 1020, 896, 868, 

791, 748, 700, 611 cm–1; elemental analysis calcd (%) for C13H13NO2: C 72.54, H 6.09, 

N 6.51; found: C 72.32, H 6.20, N 6.33. 
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Ethyl 3-(Pyridin-2-yl-1)-1H-pyrrole-2-carboxylate (178bg) 

 

The pyrrole 178bg (34 mg, 16 %) was obtained following GP3 from 

226 mg (2.0 mmol) of ethyl isocyanoacetate (25-Et) and 103 mg 

(1.0 mmol) of 2-ethynylpyridine (167g) as a yellow oil, Rf = 0.33 

(hexane/ethyl acetate 2 : 1). 1H NMR (300 MHz, CDCl3, 25 °C, TMS): 

δ = 9.57 (br s, 1 H, NH), 8.66 (d, J = 4.9 Hz, 1 H, CH), 7.87 (d, J = 7.9 

Hz, 1 H, CH), 7.69 (dt, J = 7.5, 1.9 Hz, 1 H, CH), 7.19 (ddd, J = 7.2, 4.9, 1.1 Hz, 1 H, CH), 

6.95 (t, J = 2.6 Hz, 1 H, CH), 6.69 (t, J = 2.6 Hz, 1 H, CH), 4.28 (q, J = 7.2 Hz, 2 H, CH2), 

1.26 ppm (t, J = 7.2 Hz, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 160.7 (C), 

153.7 (C), 148.9 (CH), 135.4 (CH), 131.3 (C), 124.9 (CH), 121.8 (CH), 121.6 (CH), 118.9 

(C), 112.8 (CH), 60.4 (CH2), 14.2 ppm (CH3); MS (EI) m/z (%): 216.2 (30) [M+], 170.1 

(28), 144.2 (100); IR (KBr): 3121, 2981, 1695, 1593, 1564, 1492, 1409, 1294, 1147, 1073, 

1024, 896, 776 cm–1; elemental analysis calcd (%) for C12H12N2O2: C 66.65, H 5.59, 

N 12.96; found: C 66.85, H 5.42, N 12.79. 

 

Ethyl 3-(sec-Butyl)-1H-pyrrole-2-carboxylate (178bh) 

 

The pyrrole 178bh (114 mg, 58%) was obtained following GP3 from 

226 mg (2.0 mmol) of ethyl isocyanoacetate (25-Et) and 82 mg 

(1.0 mmol) of 3-methyl pent-1-yne (167h) as a yellow oil, Rf = 0.41 

(hexane/ethyl acetate 5 : 1). 1H NMR (300 MHz, CDCl3, 25 °C, TMS): 

δ = 9.03 (br s, 1 H, NH), 6.85 (t, J = 2.6 Hz, 1 H, CH), 6.15 (t, J = 2.6 Hz, 1 H, CH), 4.32 

(q, J = 7.2 Hz, 1 H, CH2), 4.31 (q, J = 7.2 Hz, 1 H, CH2), 3.42–3.30 (m, 1 H, CH), 

1.671.46 (m, 2 H, sec-Bu-CH2), 1.36 (t, J = 7.2 Hz, 3 H, sec-Bu-CH2CH3), 1.20 

(d, J = 6.8 Hz, 3 H, (CH)CH3), 0.86 ppm (t, J = 7.2 Hz, 3 H, Et-CH3); 13C NMR 

(75.5 MHz, CDCl3, 25 °C): δ = 161.6 (C), 138.8 (C), 121.6 (CH), 118.4 (C), 108.5 (CH), 

59.8 (CH2), 32.2 (CH), 31.0 (CH2), 21.3 (CH3), 14.4 (CH3), 12.1 ppm (CH3); MS (EI) m/z 

(%): 195.3 (56) [M+], 166.2 (94), 120.2 (100); IR (film): 3326, 2964, 2932, 2873, 1672, 

1557, 1455, 1421, 1371, 1318, 1266, 1193, 1132, 1088, 1045, 901, 784 cm–1; elemental 

analysis calcd (%) for C11H17NO2: C 67.66, H 8.78, N 7.17; found: C 67.80, H 7.50, 

N 7.01. 
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tert-Butyl 3-(n-Butyl)-1H-pyrrole-2-carboxylate (178ca) 

 

The pyrrole 178ca (127 mg, 47%) was obtained from 170 mg 

(1.2 mmol) of tert-butyl isocyanoacetate (25-tBu) and 196 mg 

(2.4 mmol) of 1-hexyne (167a) following GP4 as a light-brown solid, 

m.p. 42 °C, Rf = 0.48 (hexane/ethyl acetate 5 : 1). 1H (300 MHz, 

CDCl3, 25 °C, TMS): δ = 8.95 (br s, 1 H, NH), 6.80 (t, J = 2.6 Hz, 1 H, CH), 

6.09 (t, J = 2.6 Hz, 1 H, CH), 2.75 (dd, J = 7.9 Hz, J = 7.5 Hz, 2 H, CH2), 1.64–1.52 

(m, 2 H, CH2), 1.57 (s, 9 H, tBu), 1.38 (m, 2 H, CH2), 0.93 ppm (t, J = 7.2 Hz, 3 H, CH3); 
13C (75.5 MHz, CDCl3, 25 °C): δ = 161.3 (C), 132.3 (C), 120.8 (CH), 120.0 (C), 111.3 

(CH), 80.51 (C), 33.1 (CH2), 28.5 (CH3), 26.8 (CH2), 22.7 (CH2), 14.1 ppm (CH3); MS (EI) 

m/z (%): 223.3 (22) [M+], 167.2 (38), 125.1 (100), 106.1 (26), 80.1 (22); IR (KBr): 3321, 

2958, 1672, 1553, 1415, 1367, 1330, 1266, 1173, 1130, 902, 845, 783, 750, 604 cm–1; 

elemental analysis calcd (%) for C13H21NO2: C 69.92, H 9.48, N 6.27; found: C 70.17, 

H 9.19, N 6.09. 

 

3-Butyl-2-(4-nitrophenyl)-1H-pyrrole (178fa) 

 

The pyrrole 178fa (45 mg, 18%) was obtained following GP4 

from 162 mg (1.0 mmol) of (4-nitrophenyl)methyl isocyanide 

(63f) and 164 mg (2.0 mmol) of 1-hexyne (167a) as a red solid, 

m.p. 95 °C, Rf = 0.35 (hexane/ethyl acetate 4 : 1). 1H (300 MHz, 

CDCl3, 25 °C, TMS): δ = 8.27 (br s, 1 H, NH), 8.25 (d, J = 9.0 Hz, 2 H, Ar-CH), 

7.51 (d, J = 9.0 Hz, 2 H, Ar-CH), 6.90 (t, J = 2.6 Hz, 1 H, CH), 6.25 (t, J = 2.6 Hz, 1 H, 

CH), 2.68 (dd, J = 7.7, 7.5 Hz, 2 H, CH2), 1.68–1.58 (m, 2 H, CH2), 1.47–1.34 (m, 2 H, 

CH2), 0.93 ppm (t, J = 7.2 Hz, 3 H, CH3); 13C (75.5 MHz, CDCl3, 25 °C): δ = 145.2 (C), 

140.0 (C), 125.9 (CH), 125.8 (CH), 125.4 (C), 124.3 (CH), 120.0 (C), 111.8 (CH), 33.0 

(CH2), 26.6 (CH2), 22.7 (CH2), 14.0 ppm (CH3); MS (EI) m/z (%): 244.3 (62) [M+], 201.2 

(100), 155.2 (66); IR (KBr): 3374, 2923, 1593, 1496, 1418, 1316, 1172, 1109, 891, 849, 

756, 697, 588 cm–1; UV (MeCN): λmax (ε) = 393 (13940), 382 (9428), 197 nm (24045 

mol1dm3cm-1); elemental analysis calcd (%) for C14H16N2O2: C 68.83, H 6.60, N 11.47; 

found: C 69.02, H 6.55, N 11.20. 
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Partly Deuterated Methyl 3-Butyl-1-H-pyrrol-2-carboxylate (178aa-D) 

 

A mixture of pyrroles 178aa-D and 178aa-H (108 mg, 60%) 

was obtained from 1-deutero hexyne-1 (167a-D) (166 mg, 

2 mmol), methyl isocyanoacetate (25-Me) (99 mg, 1 mmol) 

following GP4, after column chromatography (hexane/ethyl 

acetate 4 : 1, Rf = 0.43) as a colorless oil. 1H NMR (300 MHz, CDCl3, 25 °C, TMS): 

δ = 8.95 (br m, 1 H, NH), 6.83 (t, J = 3 Hz, 0.57 H, CH), 6.13 (t, J = 3 Hz , 0.57 H, CH), 

3.84 (s, 3 H, CH3), 2.79 (t, J = 8 Hz , 2 H, CH2), 1.61–1.52 (m, 2 H, CH2), 1.45–1.30 (m, 

2 H, CH2), 0.93 ppm (t, J = 8 Hz, 3 H, Et-CH3); MS (EI): m/z (%): 183.2 (18) [M++2], 

182.2 (40) [M++1], 181.2 (34) [M+]. 
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Experimental Procedures for the Compounds Described in Chapter 2 

″ortho-Lithiophenyl Isocyanide: A Versatile Precursor for 
3H-Quinazolin-4-ones and 3H-Quinazolin-4-thiones″ 

 
N-Formyl-2-iodoaniline 

 
A solution of o-iodoaniline (8.0 g, 36.5 mmol) and ethyl formate 

(15 mL) in anhydrous THF (250 mL) was added dropwise to a 

suspension of NaH (60% in mineral oil, 1.82 g, 45.6 mmol) in 

anhydrous THF (270 mL). The resulting mixture was stirred at r.t. for 24 h, and then the 

reaction was quenched with cold water (10 mL). The solvents were removed under 

reduced pressure, and the residue was dissolved in ethyl acetate/water (400/100 mL). The 

aqueous phase was extracted with ethyl acetate (2  100 mL), the combined organic 

extracts were dried over anhydrous Na2SO4 and evaporated. The residue was washed 

thoroughly with hexane (3  100 mL) and dried in vacuo to give 8.84 g (98%) of the title 

compound as a colorless solid, m. p. 118 °C. Rf = 0.4 (hexane/EtOAc 2 : 1). 1H NMR (300 

MHz, DMSO-d6): δ 9.50 (br s, 1 H, NH), 8.34 (s, 1 H, CHO), 7.87 (d, J = 7.7 Hz, 1 H), 

7.78 (d, J = 8.1 Hz, 1 H), 7.37 (t, J = 7.3 Hz, 1 H), 6.94 (t, J = 7.3 Hz, 1 H); 13C NMR 

(75.5 MHz, DMSO-d6): δ 160.1 (CH), 139.0 (CH), 138.4 (C), 128.5 (CH), 126.8 (CH), 

126.7 (C), 124.5 (CH); MS (70 eV, EI) m/z (%): 247.1 (48) [M+], 120.1 (100), 92.1 (50), 

65.1 (60); IR (KBr): 3223, 2899, 1658 (C=O), 1583, 1572, 1524, 1463, 1435, 1394, 1281, 

1240, 1163, 1151, 1017, 885, 746, 693, 644, 520, 461, 429 cm–1; Anal. Calcd for 

C7H6INO: C 34.03, H 2.45, N 5.67; found: C. 34.23; H. 2.22; N. 5.51. 

 
2-Iodophenyl isocyanide (159-I) 

 
To a solution of N-formyl-2-iodoaniline (5.11 g, 20.7 mmol) in anhydrous 

CH2Cl2 (130 mL) was added at 0 °C diisopropylamine (17 mL, 120 mmol), 

then dropwise over a period of 10 min POCl3 (4.4 mL, 41.4 mmol). The 

mixture was stirred at 0 °C for 15 min, then a saturated solution of Na2CO3 (40 mL) was 

added slowly. The mixture was transferred into a separatory funnel, diluted with 

dichloromethane (200 mL), the organic phase washed with a half-saturated solution of 

Na2CO3 (100 mL) and brine (100 mL), then dried over anhydrous Na2SO4 and evaporated. 

The crude product was purified by recrystallization from hexane to give 4.43 g (93%) of 

the title compound as a colorless solid, m. p. 42 °C. Rf = 0.29 (hexane/EtOAc 30 : 1). 
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1H NMR (300 MHz, CDCl3): δ 7.90 (d, J = 7.8 Hz, 1 H), 7.44–7.36 (m, 2 H), 7.14–7.09 

(m, 1 H); 13C NMR (75.5 MHz, CDCl3): δ 167.4 (C), 139.6 (CH), 130.4 (2 CH), 129.0 

(CH), 127.6 (C), 109.7 (C); MS (70eV, EI) m/z (%): 229.0 (100) [M+], 57.1(92), 71.1(80), 

97.2(70); IR (KBr):  = 2123 (NC), 1459, 1434, 1042,1019, 751, 643, 432 cm–1; Anal. 

Calcd for C7H4IN: C 36.71, H 1.76, N 6.12; found: C 36.88, H 1.88, N 5.87. 

 

N-Formyl-2-bromoaniline 
 
The title compound was prepared in the same way as 

N-formyl-2-iodoaniline from 26.5 g (154 mmol) of 2-bromoanilin, 63 

mL of ethyl formate and 7.7 g of a 60% suspension of NaH in mineral 

oil (193 mmol) to give, after washing with hexane, 28.6 (93%) of pure product as a 

colorless solid, m. p. 93 °C. Rf = 0.41 (hexane/EtOAc 2 : 1). 1H NMR (300 MHz, DMSO-

d6): δ 9.67 (br s, 1 H, NH), 8.36 (s, 1 H, CHO), 8.01 (d, J = 7.9 Hz, 1 H), 7.64 (d, J = 8.3 

Hz, 1 H), 7.35 (t, J = 7.3 Hz, 1 H), 6.94 (t, J = 7.2 Hz, 1 H); 13C NMR (75.5 MHz, 

DMSO-d6): δ 160.3 (CH), 135.4 (C), 132.6 (CH), 128.0 (CH), 126.0 (CH), 123.9 (CH), 

114.4 (C); MS (70 eV, EI) m/z (%): 199.1 (18) [M+], 171.0 (22), 120.1 (100), 92.1 (40), 

65.1 (36); IR (KBr): 3256, 2904, 1666 (C=O), 1600, 1578, 1536, 1437, 1401, 1292, 1157, 

1117, 1024, 861, 742, 654, 528, 433 cm–1; Anal. Calcd for C7H6BrNO: C 42.03, H 3.02, N 

7.00; found: C 42.35, H 2.88, N 6.80. 

 

2-Bromophenyl isocyanide (159-Br)[186] 
 

2-Bromophenyl isocyanide 159-Br was prepared in the same way as 

2-iodophenyl isocyanide from N-formyl-2-bromoaniline (28.6 g, 143 mmol), 

diisopropylamine (116 mL, 829 mmol) and POCl3 (30.3 mL, 286 mmol) to 

give, after recrystallisation from hexane, 22.0 g (85%) of pure product as a colorless solid, 

m. p. 40 °C. [lit[186] 41 °C] Rf = 0.4 (hexane/EtOAc 10 : 1). 1H NMR (300 MHz, CDCl3): 

δ = 7.66 (dd, J = 8.3, 1.5 Hz, 1 H), 7.44 (dd, J = 7.9, 1.5 Hz, 1 H), 7.36 (dt, J = 7.9, 

1.5 Hz, 1 H), 7.28 (dt, J = 7.9, 1.9 Hz, 1 H); 13C NMR (75.5 MHz, CDCl3): δ 168.3 (C), 

133.1 (CH), 130.3 (2 CH), 128.1 (C), 128.0 (CH), 119.7 (C); MS (70eV, EI) m/z (%): 

181.1 (18) [M+], 120.1(58), 102.1(100), 91.1(36); IR (KBr): 2125 (NC), 1468, 1047, 753, 

439 cm–1; Anal. Calcd for C7H4BrN: C 46.19, H 2.22, N 7.70; found: C 46.38, H 2.10, 

N 7.61. 
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General Procedure for the Bromine-Lithium Exchange Reaction of 2-Bromophenyl 

Isocyanide 159-Br and Subsequent Trapping with Electrophiles to Give 

2-Substituted Phenyl Isocyanides 192 (GP5) 

 

To a solution of 2-bromophenyl isocyanide 159-Br (364 mg, 2 mmol) in anhydrous 

tetrahydrofuran (20 mL), kept in an oven-dried 25 mL-Schlenk flask under an atmosphere 

of dry nitrogen, was added dropwise with stirring a 2.5 M solution of nBuLi in hexane 

(0.8 mL, 2 mmol) at –78 °C over a period of 5 min. The mixture was stirred at –78 °C for 

an additional 10 min, then the electrophile (2 mmol) in anhydrous THF (2 mL) was added 

dropwise. The mixture was stirred at –78 °C for 3 h, and the reaction was quenched with 

saturated NH4Cl solution (2 mL). The mixture was warmed to r.t., diluted with diethyl 

ether (50 mL), the organic phase washed with water (2  10 mL), brine (20 mL) and dried 

over anhydrous Na2SO4. The solvents were removed under reduced pressure to give a 

crude product, which was purified by column chromatography on silica gel or Kugelrohr 

distillation. 

 

General Procedure for the Synthesis of 3-Substituted  

Quinazolin-4(3H)-ones (-thiones) (GP6) 

 

To a solution of 2-bromophenyl isocyanide 159-Br (364 mg, 2 mmol) in anhydrous 

tetrahydrofuran (20 mL), kept in an oven-dried 25 mL-Schlenk flask under an atmosphere 

of dry nitrogen, was added dropwise with stirring a 2.5 M solution of nBuLi in hexane 

(0.8 mL, 2 mmol) at –78 °C over a period of 5 min. The mixture was stirred at –78 °C for 

an additional 10 min, and then the respective isocyanate (2 mmol) in anhydrous THF (2 

mL) was added dropwise. The mixture was stirred at –78 °C for 3h and the reaction 

quenched with saturated NH4Cl solution (2 mL). The mixture was warmed to r.t., diluted 

with diethyl ether (50 mL), the organic phase washed with water (2  10 mL), brine (20 

mL) and dried over anhydrous Na2SO4. The solvents were removed under reduced 

pressure to give a crude product, which was purified by column chromatography on silica 

gel. 
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General Procedure for the Synthesis of 2,3-Disubstituted  

Quinazolin-4(3H)-ones (GP7) 

 

The procedure is the same as GP5, but the intermediate was trapped by addition at –78 °C 

of the respective second electrophile (2 mmol), and after stirring at –78 °C for an 

additional 1 h, the reaction mixture was warmed gradually to r.t., diluted with diethyl ether 

(50 mL), washed with water (2  10 mL), brine (20 mL) and dried over anhydrous 

Na2SO4. The solvents were removed under reduced pressure to give a crude product, 

which was purified by column chromatography on silica gel. 

 

2-Iodophenyl isocyanide (159-I) 

 

The isocyanide 159-I (403 mg, 88%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and iodine (708 mg, 2 mmol) 

following GP5, after column chromatography (hexane/EtOAc 30 : 1, 

Rf = 0.29). The analytical data are identical to those of an authentic sample described 

above. 

 

Methyl 2-isocyanobenzoate (192a)[187] 
 

The isocyanide 192a (254 mg, 79%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and methyl 

chloroformate (189 mg, 2 mmol) following GP5, after column 

chromatography (hexane/EtOAc 5 : 1, Rf = 0.29) as a yellow oil, which turned dark upon 

standing at r.t. 1H NMR (300 MHz, CDCl3): δ 8.01 (d, J = 7.2 Hz, 1 H, Ar-CH), 7.61–7.45 

(m, 3 H, Ar-CH), 3.99 ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3): δ 169.4 (C), 

164.5 (C), 133.0 (CH), 131.3 (CH), 129.2 (CH), 128.9 (CH), 128.6 (C), 127.1 (C), 52.7 

ppm (CH3); MS (70 eV, EI) m/z (%): 161.2 (44) [M+], 146.2 (42), 130.2 (100), 102.2 (74); 

IR (KBr): 2954, 2126 (NC), 1734 (C=O), 1598, 1488, 1436, 1268, 1135, 1082, 759 cm–1; 

HRMS (ESI) calcd for C9H7NO2
+ [M+H+]: 162.05495; found: 162.05501. 

NC

CO2Me

NC

I



 
 

105 

2-(Phenylthio)phenyl isocyanide (192b) 

 

The isocyanide 192b (354 mg, 84%) was obtained from 2-bromphenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and diphenyl disulfide (436 mg, 

2 mmol) following GP5, after Kugelrohr distillation (120–130 °C, 

0.3 Torr) as a yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.50–7.37 (m, 6 H, Ar-H), 

7.257.17 (m, 2 H, Ar-H), 7.04 ppm (dd, J = 7.2, 2.2 Hz, 1 H, Ar-H); 13C NMR 

(75.5 MHz, CDCl3): δ 168.4 (C), 135.3 (C), 133.6 (2 CH), 131.4 (CH), 129.7 (2 CH), 

129.6 (CH), 129.0 (C), 128.8 (CH), 127.4 (C), 127.3 (CH), 126.8 ppm (CH); MS 

(70 eV, EI) m/z (%): 211.2 (100) [M+], 184.2 (22); IR (KBr): 3061, 2117 (NC), 1581, 

1464, 1440, 1066, 1024, 751, 690 cm–1; elemental analysis calcd (%) for C13H9NS: 

C 73.90, H 4.29, N 6.63; found: C 73.98, H 4.21, N 6.61 

 

2-Isocyanobenzaldehyde (192c) 
 

The isocyanide 192c (145 mg, 55%) was obtained from 2-bromphenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and methyl formiate (120 mg, 

2 mmol) following GP5, after column chromatography (hexane/EtOAc 

10 : 1, Rf = 0.15) as a colorless solid, m. p. 49–50 °C. 1H NMR (300 MHz, CDCl3): 

δ 10.44 (s, 1 H, CHO), 7.97 (d, J = 7.8 Hz, 1 H, Ar-H), 7.69 (t, J = 7.8 Hz, 1 H, Ar-H), 

7.59 (d, J = 7.8 Hz, 1 H, Ar-H), 7.54 ppm (t, J = 7.8 Hz, 1 H, Ar-H); 13C NMR (75.5 MHz, 

CDCl3, APT): δ 187.7 (CH), 170.7 (C), 135.3 (C), 134.9 (CH), 129.9 (C), 129.9 (CH), 

128.7 (CH), 127.9 ppm (CH); MS (DCI) m/z (%): 132.0 (100) [M+H+]; IR (KBr): 2894, 

2119 (NC), 1705 (С=O), 1594, 1476, 1455, 1411, 1403, 1272, 1201, 1090, 831, 637 cm–1; 

HRMS (ESI) calcd for C8H5NO+ [M+H+]: 132.04439; found: 132.04443. 

 

2-(Formylamino)benzaldehyde (196) 

 

The compound 196 (225 mg, 76%) was obtained from 2-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and dimethyl formamide 

(146 mg, 2 mmol) following GP5 and after column chromatography 

(hexane/EtOAc 2 : 1, Rf = 0.30) as a colorless solid, m. p. 74–75 °C [lit.[188] 75–77] 
1H NMR (300 MHz, CDCl3): δ 11.05 (br s, 1 H, NH), 9.94 (s, 1 H, CHO), 8.73 

(d, J = 8.7 Hz, 1 H, Ar-H), 8.54 (s, 1 H, NCHO), 7.71 (d, J = 7.5 Hz, 1 H, Ar-H), 7.63 
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(t, J = 7.2 Hz, 1 H, Ar-H), 7.29 ppm (t, J = 7.5 Hz, 1 H, Ar-H); 13C NMR (75.5 MHz, 

CDCl3, APT): δ 195.4 (CH), 159.9 (CH), 139.6 (C), 136.2 (CH), 136.0 (CH), 123.6 (CH), 

121.7 (C), 120.7 ppm (CH); MS (70 eV, EI) m/z (%): 149.2 (50) [M+], 121.2 (68), 93.2 

(100); IR (KBr): 3274, 1671 (C=O), 1596, 1528, 1456, 1406, 1291, 1195, 1166, 1147, 

875, 757 cm–1; elemental analysis calcd (%) for C8H7NO2: C 64.42, H 4.73, N 9.39; 

found: C 64.35, H 4.60, N 9.52. 

 

 (2-Isocyanophenyl) (2-carbomethoxyphenyl) ketone (192d) 

 

The isocyanide 192d (419 mg, 79%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

methyl phthaloyl chloride (397 mg, 2 mmol) following GP5, 

after column chromatography (hexane/EtOAc 2 : 1, Rf = 0.21) as 

a yellow solid, m. p. 76–77 °C. 1H NMR (300 MHz, CDCl3): 

δ 8.00 (dd, J = 7.5, 1.5 Hz, 1 H, Ar-CH), 7.70–7.40 (m, 7 H, Ar-CH), 3.69 ppm (s, 3 H, 

CH3); 13C NMR (75.5 MHz, CDCl3, APT): δ 193.7 (C), 169.9 (C), 166.5 (C), 140.9 (C), 

133.9 (C), 132.8 (CH), 132.4 (CH), 130.7 (2 CH), 130.2 (CH), 129.7 (2 C), 129.1 (CH), 

129.0 (CH), 128.1 (CH), 52.4 ppm (CH3); MS (DCI) m/z (%): 283.3 (8) [M+NH4
+], 266.3 

(100) [M+H+]; IR (KBr): 2125 (NC), 1718 (C=O), 1684 (C=O), 1595, 1578, 1284, 1083, 

933, 756, 717 cm–1; HRMS (ESI) calcd for C16H12NO3
+ [M+H+]: 266.08117; found: 

266.08121. 

 

3-Phenylquinazolin-4(3H)-one (191a) 
 
The quinazolin-4(3H)-one 191a (404 mg, 91%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and phenyl 

isocyanate (238 mg, 2 mmol) following GP6, after column 

chromatography (hexane/EtOAc 2 : 1, Rf = 0.15) as a colorless solid, 

m. p. 135–136 °C. [lit.[ 189 ] 137–137.5 °C] 1H NMR (300 MHz, CDCl3): δ 8.37 

(d, J = 8.1 Hz, 1 H), 8.13 (s, 1 H), 7.84–7.75 (m, 2 H), 7.59–7.49 (m, 4 H), 7.45–7.41 

(m, 2 H); 13C NMR (75.5 MHz, CDCl3, APT): δ 160.7 (C), 147.8 (C), 146.0 (CH), 137.4 

(C), 134.5 (2 CH), 129.6 (2 CH), 129.1 (CH), 127.7 (CH), 127.6 (CH), 127.1 (CH), 127.0 

(CH), 122.3 ppm (C); MS (70 eV, EI) m/z (%): 222.3 (100) [M+]; IR (KBr): 3067, 3048, 
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2360, 2338, 1618 (C=O), 1227, 1128, 700 cm–1; elemental analysis calcd (%) for 

C14H10N2O: C 75.66, H 4.54, N 12.60; found: C 75.45, H 4.60, N 12.38. 

 

3-p-Tolylquinazolin-4(3H)-one (191b) 
 

The compound 191b (420 mg, 89%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

p-tolyl isocyanate (266 mg, 2 mmol) following GP6, after 

column chromatography (hexane/EtOAc 1 : 1, Rf = 0.33) as a 

colorless solid, m. p. 143–144 °C. [lit.[190] 147 °C] 1H NMR (300 MHz, CDCl3): δ 8.37 

(d, J = 8.7 Hz, 1 H), 8.12 (s, 1 H), 7.84–7.75 (m, 2 H), 7.55 (dd, J = 6.4, 1.9 Hz, 1 H), 

7.37–7.29 (m, 5 H); 13C NMR (75.5 MHz, CDCl3, APT): δ 160.9 (C), 148.0 (C), 146.3 

(CH), 139.2 (C), 135.0 (C), 134.5 (CH), 130.2 (2 CH), 127.6 (CH), 127.5 (CH), 127.2 

(CH), 126.8 (2 CH), 122.5 (C), 21.2 ppm (CH3); MS (70 eV, EI) m/z (%): 236.0 (100) 

[M+]; IR (KBr): 1688 (C=O), 1600, 1514, 1471, 1322, 1292, 1260, 1193, 917, 817, 770, 

750, 694, 616, 556, 521, 482 cm–1; elemental analysis calcd (%) for C15H12N2O: C 76.25, 

H 5.12, N 11.86; found: C 75.96, H 4.96, N 12.11. 

 

3-(4-(Trifluoromethyl)phenyl)quinazolin-4(3H)-one (191c) 

 
The compound 191c (400 mg, 69%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

4-(trifluoromethyl)phenyl isocyanate (374 mg, 2 mmol) 

following GP6, after column chromatography 

(hexane/EtOAc 2 : 1, Rf = 0.21) as a colorless solid, m. p. 183–184 °C. [lit.[190] 132 °C] 
1H NMR (300 MHz, CDCl3): δ 8.39 (d, J = 7.5 Hz, 1 H, Ar-H), 8.12 (s, 1 H, CH=N), 

7.877.78 (m, 4 H, Ar-H), 7.60 (m, 3 H, Ar-H); 13C NMR (75.5 MHz, CDCl3, APT): 

δ 160.5 (C), 147.7 (C), 145.1 (CH), 140.4 (C), 135.0 (2 CH), 128.0 (CH), 127.8 (CH), 

127.5 (2 CH), 127.2 (CH), 126.9 (q, JCF = 3.9 Hz, C), 126.3 (CH), 122.1 ppm (C); MS 

(70 eV, EI) m/z (%): 290.2 (100) [M+], 145.0 (16), 119.0 (15); IR (KBr): 3440 (br), 1615 

(C=O), 1325, 1167, 1113, 1064 cm–1; elemental analysis calcd (%) for C15H9F3N2O: 

C 62.07, H 3.13, N 9.65; found: C 61.96, H 3.11, N 10.01. 
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3-(4-Fluorophenyl)quinazolin-4(3H)-one (191d) 

 
The compound 191d (360 mg, 75%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

4-fluorophenyl isocyanate (274 mg, 2 mmol) following 

GP6, after column chromatography (hexane/EtOAc 2 : 1, 

Rf = 0.21) as a colorless solid, m. p. 189–190 °C. [lit.[ 191 ] 170–171 °C] 1H NMR 

(300 MHz, CDCl3): δ 8.36 (dd, J = 8.3, 1.1 Hz, 1 H), 8.10 (s, 1 H), 7.85–7.76 (m, 2 H), 

7.59–7.54 (m, 2 H), 7.44–7.39 (m, 2 H), 7.28–7.20 ppm (m, 2 H); 13C NMR (75.5 MHz, 

CDCl3, APT): δ 161.0 (C), 147.8 (C), 145.8 (CH), 134.7 (CH), 133.4 (C), 129.0 (CH), 

128.8 (CH), 127.8 (CH), 127.7 (CH), 127.2 (CH), 122.2 (C), 116.8 (CH), 116.5 ppm 

(CH); MS (70 eV, EI) m/z (%): 240.2 (100) [M+], 212.1 (10), 119.1 (20), 95.1 (18); IR 

(KBr): 1660 (C=O), 1614, 1511, 1469, 1405, 1329, 1293, 1262, 1227, 1102, 927, 833, 

775, 697, 613, 552, 526, 436 cm–1; elemental analysis calcd (%) for C14H9FN2O: C 69.99, 

H 3.78, N 11.66; found: 69.79, H 4.03, N 11.80. 

 

3-Benzylquinazolin-4(3H)-one (191e) 
 
The compound 191e (350 mg, 74%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

benzyl isocyanate (266 mg, 2 mmol) following GP6, after 

column chromatography (hexane/EtOAc 1 : 1, Rf = 0.25) as a 

colorless solid, m. p. 116–117 °C [lit.[192] 117–118 °C]. 1H NMR (300 MHz, CDCl3): 

δ 8.33 (d, J = 7.5 Hz, 1 H), 8.11 (s, 1 H), 7.78–7.69 (m, 2 H), 7.51 (t, J = 8.0 Hz, 1 H), 

7.35 (m, 5 H); 13C NMR (75.5 MHz, CDCl3, APT): δ 161.1 (C), 148.1 (C), 146.3 (CH), 

135.8 (C), 134.2 (CH), 129.0 (2 CH), 128.3 (CH), 128.0 (2 CH), 127.6 (CH), 127.3 (CH), 

126.9 (CH), 122.3 (C), 49.6 ppm (CH2); MS (70 eV, EI) m/z (%): 236.0 (100) [M+], 130.1 

(27), 91.0 (70); IR (KBr): 1684 (C=O), 1605, 1475, 1365, 1321, 1150, 938, 774, 747, 706, 

694, 606 cm–1; elemental analysis calcd (%) for C15H12N2O: C 76.25, H 5.12, N 11.86; 

found: C 76.19, H 5.28, N 12.10. 
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3-Isopropylquinazolin-4(3H)-one (191f) 

 
The compound 191f (306 mg, 81%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

isopropyl isocyanate (170 mg, 2 mmol) following GP6, after 

column chromatography (hexane/EtOAc 2 : 1, Rf = 0.10) as a 

yellow solid, m. p. 87–88 °C [lit[193] 88–89 °C]. 1H NMR (300 MHz, CDCl3): δ 8.32 (d, 

J = 7.9 Hz, 1 H, Ar-CH), 8.13 (s, 1 H, CH=N), 7.78–7.69 (m, 2 H, Ar-CH), 7.50 (dd, 

J = 6.4, 1.5 Hz, 1 H, Ar-CH), 5.21 (m, 1 H, CH(CH3)2), 1.50 (d, J = 6.8 Hz, 6 H, CH3); 13C 

NMR (75.5 MHz, CDCl3, APT): δ 160.6 (C), 147.5 (C), 143.5 (CH), 134.1 (CH), 127.2 

(CH), 127.1 (CH), 126.8 (CH), 121.9 (C), 45.9 (CH3), 22.0 ppm (CH3); MS (70 eV, EI) 

m/z (%): 188.1 (44) [M+], 146.0 (100), 117.9 (14); IR (KBr): 3415 (br), 1640 (C=O), 1180, 

1130, 1076, 773 cm–1; elemental analysis calcd (%) for C11H12N2O: C 70.19, H 6.43, N 

14.88; found: C 69.96, H 6.39, N 14.49. 

 

3-Cyclopropylquinazolin-4(3H)-one (191g) 
 

The compound 191g (260 mg, 70%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

cyclopropyl isocyanate (166 mg, 2 mmol) following GP6, after 

column chromatography (hexane/EtOAc 1 : 1, Rf = 0.18) as a 

colorless solid, m. p. 96–97 °C. 1H NMR (300 MHz, CDCl3): δ 8.31 (d, J = 7.9 Hz, 1 H, 

Ar-H), 8.11 (s, 1 H, CH=N), 7.78–7.67 (m, 2 H, Ar-H), 7.50 (t, J = 6.8 Hz, 1 H, Ar-H), 

3.29–3.22 (m, 1 H, cPr-CH), 1.25–1.18 (m, 2 H, cPr-CH2), 0.97–0.91 (m, 2 H, cPr-CH2); 

13C NMR (75.5 MHz, CDCl3, APT): δ 162.2 (C), 147.6 (C), 146.7 (CH), 134.1 (CH), 

127.3 (CH), 127.2 (CH), 126.6 (CH), 121.9 (C), 29.2 (CH), 6.4 ppm (CH2); MS (70 eV, 

EI) m/z (%): 186.1 (100) [M+], 171.0 (48); IR (KBr): 3424 (br), 1648 (C=O), 1561, 1470, 

1259, 1176, 1105, 773 cm–1; elemental analysis calcd (%) for C11H10N2O: C 70.95, 

H 5.41, N 15.04; found: C 70.73, H 5.70, N 14.86. 
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3-Cyclopropylquinazoline-4(3H)-thione (191h) 

 
The compound 191h (287 mg, 71%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

isopropyl isothiocyanate (198 mg, 2 mmol) following a modified 

GP6 (the reaction was quenched by addition of water at –40 °C), 

after column chromatography (hexane/EtOAc 5 : 1, Rf = 0.38) as a yellow solid, m. p. 

6061 °C. 1H NMR (300 MHz, CDCl3): δ 8.61 (s, 1 H, CH=N), 8.21 (d, J = 8.3 Hz, 1 H), 

7.57–7.51 (m, 2 H), 7.38 (td, J = 8.3, 6.0, 2.6 Hz, 1 H, Ar-H), 2.93–2.86 (m, 1 H), 

1.050.97 (m, 2 H, cPr-CH2), 0.94–0.89 (m, 2 H, cPr-CH2); 13C NMR (75.5 MHz, CDCl3, 

APT): δ 148.9 (CH), 147.7 (C), 143.0 (C), 131.7 (CH), 130.4 (CH), 129.1 (CH), 124.4 

(CH), 121.8 (C), 35.4 (CH), 8.7 ppm (CH2); MS (70 eV, EI) m/z (%): 202.1 (42) [M+], 

187.1 (56), 174.0 (72), 169.1 (56), 147.0 (49), 120.0 (100); IR (KBr): 1584 (C=S), 1550, 

1469, 1445, 1266, 1158, 1020, 937, 856, 765, 750 cm–1; elemental analysis calcd (%) for 

C11H10N2S: C 65.32, H 4.98, N 13.85; found: C 65.13, H 4.80, N 13.55. 

 

3-Cyclohexylquinazoline-4(3H)-thione (191i) 

 
The compound 191i (380 mg, 78%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

cyclohexyl isothiocyanate (282 mg, 2 mmol) following a 

modified GP6 (the reaction was quenched by addition of water 

at –40 °C), after column chromatography (hexane/EtOAc 5 : 1, Rf = 0.42) as a yellow 

solid, m. p. 91–92 °C. 1H NMR (300 MHz, CDCl3): δ 8.61 (s, 1 H, CH=N), 8.31 

(d, J = 7.9 Hz, 1 H, Ar-H), 7.56 (d, J = 3.4 Hz, 2 H, Ar-H), 7.44–7.37 (m, 1 H, Ar-H), 

3.453.36 (m, 1 H, CH), 1.87–1.26 (m, 10 H, CH2); 13C NMR (75.5 MHz, CDCl3, APT): 

δ 149.4 (CH), 144.9 (C), 143.5 (C), 131.7 (CH), 130.4 (CH), 129.0 (CH), 125.1 (CH), 

122.0 (C), 61.6 (CH), 32.3 (2 CH2), 25.8 (CH2), 22.0 ppm (2 CH2); MS (70 eV, EI) m/z 

(%): 244.1 (80) [M+], 211.1 (70), 162.0 (80), 129.1 (100); IR (KBr): 2927, 2854, 1591 

(C=S), 1554, 1444, 1362, 1268, 1068, 959, 936, 846, 763, 606 cm–1; elemental analysis 

calcd (%) for C14H16N2S: C 68.81, H 6.60, N 11.46; found: C 68.75, H 6.40, N 11.20. 
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Methyl 3,4-dihydro-4-oxo-3-phenylquinazoline-2-carboxylate (191j) 

 
The compound 191j (412 mg, 73%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol), phenyl 

isocyanate (238 mg, 2 mmol) and methyl chloroformate (208 

mg, 2 mmol) following GP7, after column chromatography 

(hexane/EtOAc 2 : 1, Rf = 0.32) as a colorless solid. 1H NMR (300 MHz, CDCl3): 

δ 7.577.36 (m, 9 H, Ar-H), 3.68 ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, APT): 

δ 168.5 (C), 168.2 (C), 154.2 (C), 137.0 (C), 134.6 (C), 130.8 (CH), 129.6 (CH), 129.4 

(C), 128.8 (CH), 128.3 (CH), 128.1 (CH), 126.7 (CH), 121.7 (C), 54.3 ppm (CH3); MS 

(EI) m/z (%): 280.2 (37) [M+], 130.2 (100), 119.1 (32), 102.1 (38); IR (KBr): 2126, 1753 

(C=O), 1693 (C=O), 1597, 1493, 1433, 1322, 1260, 1054, 771, 749, 693, 632 cm–1; 

HRMS (ESI) calcd for C16H12N2O3Na+ [M+Na+]: 303.07401; found: 303.07403. 

 

3-Phenyl-2-(phenylthio)quinazolin-4(3H)-one (191k) 

 
The compound 191k (505 mg, 77%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol), phenyl 

isocyanate (238 mg, 2 mmol) and diphenyl disulfide (436 mg, 2 

mmol) following GP7, after column chromatography 

(hexane/EtOAc 5 : 1, Rf = 0.26) as a colorless solid, m. p. 130–131 °C. 1H NMR 

(300 MHz, CDCl3): δ 8.21 (dd, J = 7.8, 1.6 Hz, 1 H), 7.64–7.52 (m, 6 H), 7.45–7.32 ppm 

(m, 7 H); 13C NMR (75.5 MHz, CDCl3, APT): δ 161.9 (C), 157.1 (C), 147.7 (C), 136.0 

(C), 135.7 (2 CH), 134.4 (CH), 130.0 (CH), 129.7 (2 CH), 129.5 (CH), 129.2 (2 CH), 

129.0 (2 CH), 128.5 (C), 127.1 (CH), 126.6 (CH), 126.0 (CH), 119.9 ppm (C); MS (EI) 

m/z (%): 330.3 (100) [M+], 221.2 (36), 77.1 (28), 44.1 (28); IR (KBr): 1696 (C=O), 1540, 

1467, 1296, 1260, 959, 764 cm–1; HRMS (ESI) calcd for C20H15N2OS+ [M+H+]: 

331.08996; found: 331.09010. 
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2-Cyano-3-(phenyl)quinazolin-4(3H)-one (191l) 

 
The compound 191l (123 mg, 54%) was obtained from 

2-bromophenyl isocyanide (159-Br) (182 mg, 1 mmol), phenyl 

isocyanate (119 mg, 1 mmol) and p-toluenesulfonyl cyanide (181 mg, 

1 mmol) following GP7, after column chromatography 

(hexane/EtOAc 4 : 1, Rf = 0.16) as a colorless solid, m. p. 195–196 °C.[lit.[194] 198 °C] 1H 

NMR (300 MHz, CDCl3): δ 7.69–7.45 ppm (m, 9 H); 13C NMR (75.5 MHz, CDCl3, APT): 

δ 170.7 (C), 165.0 (C), 134.2 (C), 132.9 (CH), 129.9 (2 CH), 129.7 (CH), 129.6 (CH), 

129.4 (C), 128.9 (C), 128.7 (CH), 127.7 (CH), 125.5 (2 CH), 120.0 ppm (C); MS (EI) m/z 

(%): 247.3 (32) [M+], 130.2 (100), 102.2 (42); IR (KBr): 2239 (CN), 2131, 1734 (C=O), 

1593, 1484, 1270, 1162, 1053, 754, 690 cm–1; elemental analysis calcd (%) for C15H9N3O: 

C 72.87, H 3.67, N 16.99; found: 72.79, H 3.66, N 16.75. 

 

3-Benzyl-2-iodoquinazolin-4(3H)-one (191m) 

 
The compound 191m (543 mg, 75%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol), benzyl 

isocyanate (266 mg, 2 mmol) and iodine (508 mg, 2 mmol) 

following GP7, after column chromatography (hexane/EtOAc 

2 : 1, Rf = 0.39) as a colorless solid, m. p. 151–152 °C. 1H NMR (300 MHz, CDCl3): 

δ 8.27 (dd, J = 8.9, 1.5 Hz, 1 H), 7.75 (dt, J = 7.8, 1.5 Hz, 1 H), 7.65 (d, J = 6.8 Hz 1 H), 

7.51 (dt, J = 7.6, 1.1 Hz, 1 H), 7.35–7.29 (m, 5 H), 5.56 ppm (s, 2 H, CH2); 13C NMR 

(75.5 MHz, CDCl3): δ 160.4 (C), 135.3 (C), 134.8 (CH), 128.7 (CH), 127.8 (2 CH), 127.3 

(CH), 127.2 (CH), 126.9 (CH), 121.0 (C), 112.9 (C), 55.6 ppm (CH2); MS (EI) m/z (%): 

362.2 (100) [M+], 235.2 (52), 91.1 (52); IR (KBr): 1671 (C=O), 1542, 1467, 1331, 1150, 

1075, 957, 771 cm–1; elemental analysis calcd (%) for C15H8N2O2: C. 49.75, H. 3.06, 

N 7.73; found: 49.44, H 3.25, N 7.99. 
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2,3-Dihydropyrrolo[2,1-b]quinazolin-9(1H)-one (desoxyvascinone, 191n) 

 
The compound 191n (268 mg, 72%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

3-iodopropyl isocyanate (422 mg, 2 mmol) following GP7, after 

column chromatography (EtOAc, Rf = 0.11) as a colorless solid, m. p. 

104–105 °C [lit.[195] 105107 °C]. 1H NMR (300 MHz, CDCl3): δ 8.27 (dd, J = 8.4, 1.6 

Hz, 1 H, Ar-H), 7.72 (t, J = 8.4 Hz, 1 H, Ar-H), 7.63 (d, J = 8.1 Hz 1 H, Ar-H), 7.44 

(t, J = 8.1 Hz, 1 H), 4.20 (dd, J = 7.5, 7.5 Hz, 2 H), 3.17 (dd, J = 7.8, 7.8 Hz, 2 H), 

2.342.23 (m, 2 H) ppm; 13C NMR (75.5 MHz, CDCl3, APT): δ 160.9 (C), 159.3 (C), 

149.0 (C), 134.0 (CH), 126.7 (CH), 126.2 (CH), 126.1 (CH), 120.3 (C), 46.4 (CH2), 32.4 

(CH2), 19.4 ppm (CH2); MS (DCI) m/z (%): 373.4 (40) [2M+H+], 204.2 (70) [M+NH4
+], 

187.2 (100) [M+H+]; IR (KBr): 2924, 1675 (C=O), 1621, 1465, 1384, 1336, 1268, 1022, 

771, 694 cm–1; elemental analysis calcd (%) for C11H10N2O: C 70.95, H 5.41, N 15.04; 

found: 71.13, H 5.09, N 14.80. 

 

Indolo[2,1-b]quinazoline-6,12-dione (trypthamine, 191o) 

 
The compound 191o (210 mg, 85%) was obtained from 

2-bromophenyl isocyanide (159-Br) (182 mg, 1 mmol) and 

methyl (2-isocyanato)benzoate (177 mg, 1 mmol) following 

GP7, after column chromatography (EtOAc, Rf = 0.55) as a 

yellow solid, m. p. 261–262 °C [lit.[196] 267–268 °C]. 1H NMR (300 MHz, DMSO[d6], 

100 °C): δ 8.46 (d, J = 8.3 Hz, 1 H, Ar-H), 8.29 (d, J = 7.9 Hz, 1 H, Ar-H), 7.90 (d, J = 3.8 

Hz, 2 H, Ar-H), 7.83 (t, J = 7.2 Hz, 2 H, Ar-H), 7.73–7.68 (m, 1 H, Ar-H), 7.46 ppm (t, 

J = 7.5 Hz, 1 H); 13C NMR (75.5 MHz, DMSO[d6], 100 °C): δ 181.6 (C), 157.1 (C), 146.0 

(C), 145.5 (C), 144.3 (C), 137.2 (CH), 134.4 (CH), 129.4 (CH), 129.3 (CH), 126.4 (CH), 

126.3 (CH), 124.1 (CH), 122.9 (C), 121.6 (C), 116.5 ppm (CH); MS (EI) m/z (%): 248.2 

(100) [M+], 220.2 (15); IR (KBr): 1725 (C=O), 1685 (C=O), 1594, 1458, 1353, 1312, 

1190, 1116, 1039, 925, 755, 690cm–1; elemental analysis calcd (%) for C15H8N2O2: C 

72.58, H 3.25, N 11.28; found: 72.29, H 3.13, N 10.97. 
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Experimental Procedures for the Compounds Described in Chapter 3 

″Reactions of ortho-Lithiophenyl (-Hetaryl) Isocyanides with Carbonyl 
Compounds − Rearrangements of 2-Metallated 4H-3,1-Benzoxazines″ 

 
N-(2-Bromopyridin-3-yl)formamide 

 
To a solution of 3-amino-2-bromopyridine (1.31 g, 7.57 mmol) and 

ethyl formate (3 mL) in anhydrous THF (50 mL) was added 

portionwise at r.t. a suspension of NaH (60% in mineral oil, 378 mg, 

9.46 mmol). The resulting mixture was stirred at r.t. for 24 h, and then the reaction was 

quenched with cold water (1 mL). The solvents were removed under reduced pressure, and 

the residue was dissolved in ethyl acetate/water (40/10 mL). The aqueous phase was 

extracted with ethyl acetate (2  30 mL), the combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated. The residue was washed thoroughly with hexane 

(3  20 mL) and dried in vacuo to give 1.38 g (91%) of the title compound as a colorless 

solid, m.p. 139−140 °C. Rf = 0.13 (hexane/EtOAc 2 : 1). 1H NMR (300 MHz, 

DMSO[d6]): δ 9.87 (br s, 1 H, NH), 8.41 (s, 1 H, CHO), 8.38 (d, J = 9.0 Hz, 1 H), 8.16 

(d, J = 4.1 Hz, 1 H), 7.45 ppm (dd, J = 8.1, 4.7 Hz, 1 H); 13C NMR (75.5 MHz, 

DMSO[d6]): δ 160.8 (CH), 145.4 (CH), 133.9 (C), 133.1 (C), 131.2 (CH), 123.6 ppm 

(CH); MS (70 eV, EI) m/z (%): 201.0 (2) [M+], 200.0 (20), 121.1 (100), 93.1 (50); IR 

(KBr): 3243 (br), 1664 (C=O), 1585, 1517, 1449, 1400, 1379, 1288, 1150, 1117, 1047, 

802, 735, 65 cm–1; Anal. Calcd for C6H5BrN2O: C 35.85, H 2.51, N 13.94; found: 

C 35.68, H 2.70, N 13.81. 

 

2-Bromo-3-isocyanopyridine 
 

To a solution of N-(2-bromopyridin-3-yl)formamide (1.35 g, 6.72 mmol) in 

anhydrous CH2Cl2 (45 mL) was added at 0 °C triethylamine (5.95 mL, 43 

mmol), then dropwise over a period of 10 min POCl3 (1.29 mL, 13.44 

mmol). The mixture was stirred at 0 °C for 15 min, then a saturated solution of Na2CO3 

(10 mL) was added slowly. The mixture was transferred into a separatory funnel, diluted 

with dichloromethane (50 mL), the organic phase washed with a half-saturated solution of 

Na2CO3 (100 mL) and brine (100 mL), then dried over anhydrous Na2SO4 and 

concentrated. The crude product was purified by column chromatography on silica gel 

N Br

NHCHO

N Br
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(hexane/ethyl acetate 2 : 1, Rf = 0.30) to give 1.01 g (82%) of 2-bromo-3-isocyanopyridine 

as a colorless solid, m.p. 98−99 °C. 1H NMR (300 MHz, CDCl3): δ 8.43 (dd, J = 4.9, 1.9 

Hz, 1 H), 7.76 (dd, J = 7.9, 1.9 Hz, 1 H), 7.39 ppm (dd, J = 7.9, 4.5 Hz, 1 H); 13C NMR 

(75.5 MHz, CDCl3): δ 172.8 (C), 149.6 (2 C),  139.3 (C), 135.6 (CH), 122.9 ppm (CH); 

MS (70eV, EI) m/z (%): 185.0 (6) [M+], 183.0 (12) [M+2+], 110.1 (100), 105.1(50); IR 

(KBr): 2134 (NC), 1555, 1408, 1199,1064, 805, 722, 654, 517 cm–1; Anal. Calcd for 

C6H3BrN2: C 39.38, H 1.65, N 15.31; found: C 39.30, H 1.71, N 15.02. 

 

N-(Thiophen-3-yl)formamide 

 

To a stirred solution of 3-aminothiophene[178] (4.65 g, 47 mmol) and 

ethyl formiate (10 mL) in anhydrous THF (200 mL) was added 

portionwise at r.t. a suspension of NaH (60% in mineral oil, 2.26 g, 56.4 

mmol). The resulting mixture was stirred at r.t. for 24 h, then the reaction was quenched 

with cold water (10 mL). The solvents were removed under reduced pressure, and the 

residue was dissolved in ethyl acetate/water (200/50 mL). The aqueous phase was 

extracted with ethyl acetate (2  50 mL), the combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated to give almost pure product (5.80 g, 97%), which was 

used in the next step without further purification. Rf = 0.13 (hexane/EtOAc 2 : 1). (2 

rotamers 0.8 : 0.2) 1H NMR (300 MHz, CDCl3): δ 7.35 (br s, 0.8 H, CHO), 7.14 (d, 

J = 10 Hz, 0.2 H, CHO), 6.53 (d, J = 11.6 Hz, 0.2 H, NH), 6.19 (d, J = 1.8 Hz, 0.8 H, NH), 

5.51 (dd, J = 3.1, 1.2 Hz, 0.8 H, Ar-CH), 5.23 (dd, J = 5.2, 3.1 Hz, 0.2 H, Ar-CH), 5.14 

(dd, J = 4.9, 3.1 Hz, 0.8 H, Ar-CH), 5.03 (dd, J = 5.2, 1.2 Hz, 0.8 H, Ar-CH), 4.85 (dd, 

J = 5.2, 1.2 Hz, 0.2 H, Ar-CH), 4.77 (dd, J = 3.1, 1.2 Hz, 0.2 H, Ar-CH); 13C NMR (62.5 

MHz, CDCl3): δ 163.1 (C), 159.0 (C), 135.2 (C), 134.4 (C), 126.5 (CH), 124.5 (CH), 

121.2 (CH), 120.5 (CH), 111.2 (CH), 109.5 (CH); MS (70 eV, EI) m/z (%): 127.1 (100) 

[M+], 99.1 (39), 72.0 (28); IR (KBr): 3279 (br), 3105, 1653 (C=O), 1539, 1418, 1388, 

1208, 773 cm–1; 

S
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N-(2-Bromothiophen-3-yl)formamide 

 

To a boiling solution of N-(thiophen-3-yl)formamide (2.54 g, 20 mmol) 

in anhydrous chloroform (60 mL) was added NBS (3.52g, 20 mmol) in 

one portion. After the initial reaction had ceased, the mixture was heated 

for 10 min, then cooled. The solvent was evaporated under reduced pressure, and the 

residue was purified by column chromatography on silica gel (hexane/EtOAc 2 : 1, 

Rf = 0.25) to give 3.27 g (79%) of the title product as a colorless solid, m.p. 92−93 °C. 1H 

NMR (300 MHz, CDCl3,) (2 rotamers 0.8 : 0.2): δ 8.61 (d, J = 11.3 Hz, 0.2 H, CHO), 8.37 

(d, J = 1.5 Hz, 0.2 H, CHO), 8.19 (br s, 0.2 H, NH), 8.04 (br s, 0.8 H, NH), 7.70 (d, J = 6.1 

Hz, 0.8 H, Ar-H), 7.32 (d, J = 5.8 Hz, 0.2 H, Ar-H), 7.27 (d, J = 5.8 Hz, 0.8 H, Ar-H), 

6.90 ppm (d, J = 6.1 Hz, 0.2 H, Ar-H); 13C NMR (75.5 MHz, CDCl3): δ 158.2 (CH), 157.1 

(CH), 134.7 (C), 134.0 (CH), 127.2 (C), 126.7 (C), 125.3 (CH), 122.6 (CH), 119.9 (C), 

113.9 (CH); MS (70eV, EI) m/z (%): 207.0 (51) [M+], 205.0 (57) [M+], 179.0 (29), 177.0 

(31), 126.1(100), 98.1 (43); IR (KBr): 3220 (br), 1661 (C=O), 1594, 1499, 1393, 1258, 

1211, 1001, 823, 708 cm–1; Anal. Calcd for C5H4BrNOS: C 29.14, H 1.96, N 6.80; found: 

C 28.91, H 1.60, N 6.51 

 

2-Bromo-3-isocyanothiophene (234) 
 

To a solution of N-(2-bromothiophen-3-yl)formamide (3.0 g, 14.6 mmol) in 

anhydrous CH2Cl2 (50 mL) was added at 0 °C triethylamine (8.4 mL, 60.6 

mmol), and then dropwise over a period of 10 min POCl3 (1.82 mL, 18.93 

mmol). The mixture was stirred at 0 °C for 15 min, then a saturated solution of Na2CO3 

(10 mL) was added slowly. The mixture was transferred into a separatory funnel, diluted 

with CH2Cl2 (100 mL), the organic phase washed with a half-saturated solution of Na2CO3 

(50 mL) and brine (50 mL), then dried over anhydrous Na2SO4 and concentrated. The 

crude product was purified by column chromatography on silica gel (hexane/EtOAc 10 : 1, 

Rf = 0.31) and subsequent recrystallization from hexane at −18 °C to give 2.33 g (85%) of 

2-bromo-3-isocyanothiophene (234) as a yellow-red oil. 1H NMR (300 MHz, CDCl3): 

δ 7.29 (d, J = 5.9 Hz, 1 H), 6.98 ppm (d, J = 5.9 Hz, 1 H); 13C NMR (125 MHz, CDCl3): 

δ 168.0 (C), 126.9 (C), 126.3 (CH), 124.6 (CH), 112.1 ppm (C); MS (70eV, EI) m/z (%): 

189.0 (100) [M+], 187.0 (98) [M+], 108.1 (45); IR (KBr): 3112, 2120 (NC), 1371, 1010, 
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950, 713 cm–1; Anal. Calcd for C5H2BrNS: C 31.94, H 1.07, N 7.45; found: C 32.06, 

H 1.02, N 7.36. 

 

General Procedure for the Reaction of ortho-Lithiophenyl (-Hetaryl) Isocyanides 

with Aldehydes and Ketones (GP8) 

 

To a solution of o-bromophenyl (-hetaryl) isocyanide (2 mmol) in anhydrous 

tetrahydrofuran (20 mL), kept in an oven-dried 25 mL-Schlenk flask under an atmosphere 

of dry nitrogen, was added dropwise with stirring a 2.5 M solution of n-BuLi in hexane 

(0.8 mL, 2 mmol) at –78 °C over a period of 10 min. The mixture was stirred at –78 °C for 

another 10 min, before the respective aldehyde (ketone) (2 mmol) in anhydrous THF 

(2 mL) was added dropwise. The mixture was stirred at –78 °C for 3 h and was then 

treated in three different ways (variants A−C) 

(A) The reaction was quenched with water (2 mL) at −78 °C.  

(B) The mixture was gradually warmed to 0 °C within 2 h, and then the reaction was 

quenched with water (2 mL) at 0 °C. 

(C) The mixture was treated with the solution of an electrophile in THF (2 mL) at −78 

°C, the resulting mixture stirred at the same temperature for 2 h and warmed to r.t. 

overnight.  

Then the mixture was diluted with diethyl ether (50 mL), washed with water (2  10 mL), 

brine (20 mL) and dried over anhydrous Na2SO4. The solvents were removed under 

reduced pressure to give a crude product, which was purified by column chromatography 

on silica gel or by Kugelrohr distillation. 

 

(2-Isocyanophenyl)(phenyl)methanol (204a) 

 

The isocyanide 204a (350 mg, 84%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and benzaldehyde (202a) 

(212 mg, 2 mmol) following GP8 (A) and after column chromatography 

(hexane/ethyl acetate 4 : 1, Rf = 0.27) as a yellow oil. 1H NMR 

(300 MHz, CDCl3): δ 7.74 (d, J = 7.9 Hz, 1 H, Ar-H), 7.47–7.25 

(m, 8 H, Ar-H), 6.18 (s, 1 H, CH), 2.51 ppm (s, 1 H, OH); 13C NMR (75.5 MHz, CDCl3, 

APT): δ 167.6 (C), 141.6 (C), 139.9 (C), 129.7 (CH), 128.7 (2 CH), 128.3 (CH), 128.2 

(CH), 127.0 (2 CH), 126.9 (2 CH), 124.4 (C), 71.9 ppm (CH); IR (film): 3393 (br, OH), 

NC

OH



 
 

118 

3064, 3031, 2896, 2120 (NC), 1483, 1453, 1188, 1035, 1024, 761, 699 cm–1; MS (EI) m/z 

(%): 209 (46) [M+], 180 (100), 77 (34) ; HRMS (EI): calcd for C14H11NO+ [M]+: 

209.0841; found: 209.0839. 

 

(2-Isocyanophenyl)(4-methoxyphenyl)methanol (204b) 

 

The isocyanide 204b (397 mg, 83%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 4-methoxybenzaldehyde 

(202b) (272 mg, 2 mmol) following GP8 (A) and after column 

chromatography (hexane/ethyl acetate 5 : 1, Rf = 0.20) as a colorless oil. 
1H NMR (300 MHz, CDCl3): δ 7.76 (d, J = 7.9 Hz, 1 H, Ar-H), 7.45 (td, 

J = 8.5, 2.3 Hz, 1 H, Ar-H), 7.34–7.25 (m, 4 H, Ar-H), 6.86 

(d, J = 8.7 Hz, 2 H, Ar-H), 6.11 (d, J = 1.9 Hz, 1 H, CH), 3.77 (s, 3 H, CH3), 2.47 

(d,  = 2.6 Hz, 1 H, OH); 13C NMR (75.5 MHz, CDCl3): δ 167.5 (C), 159.4 (C), 140.1 (C), 

133.7 (C), 129.6 (CH), 128.4 (2 CH), 128.1 (CH), 126.9 (CH), 126.7 (CH), 124.3 (C), 

114.0 (2 CH), 71.6 (CH), 55.2 (CH3); MS (70 eV, EI) m/z (%): 239.2 (100) [M+], 210.2 

(92); IR (KBr): 3404 (br, OH), 2933, 2837, 2120 (NC), 1611, 1585, 1511, 1482, 1451, 

1304, 1251, 1174, 1112, 1032, 811, 761 cm–1; elemental analysis calcd (%) for 

C15H13NO2: C 75.30, H. 5.48, N 5.85; found: C 74.98, H. 5.18, N 5.55. 

 
(4-Chlorophenyl)(2-isocyanophenyl)methanol (204c) 
 

The isocyanide 204c (433 mg, 89%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 4-chlorobenzaldehyde 

(202c) (281 mg, 2 mmol) following GP8 (A) and after column 

chromatography (hexane/ethyl acetate 5 : 1, Rf = 0.15) as a yellow oil. 
1H NMR (300 MHz, CDCl3): δ 7.68 (d, J = 7.8 Hz, 1 H, Ar-H), 7.45 

(td, J = 7.0, 2.2 Hz, 1 H, Ar-H), 7.38–7.29 (m, 6 H, Ar-H), 6.16 (d, 

J = 2.8 Hz, 1 H, CH), 2.48 (d, J = 3.4 Hz, 1 H, OH); 13C NMR (75.5 MHz, CDCl3, APT): 

δ 167.8 (C), 140.0 (C), 139.5 (C), 134.0 (C), 129.9 (CH), 128.8 (2 CH), 128.6 (CH), 128.3 

(2 CH), 127.1 (CH), 126.9 (CH), 124.4 (C), 71.2 ppm (CH); MS (70 eV, EI) m/z (%): 243 

(56) [M+], 214 (84), 180 (100), 77(74); IR (film): 3420 (br), 2361, 2339, 2120 (NC), 1491, 

1091, 1035, 1014, 761 cm–1; HRMS (EI): calcd for C14H11ClNO+ [M]+: 244.05237; found: 

244.05243. 
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(2-Isocyanophenyl)(pyridin-4-yl)methanol (204d) 

 
The isocyanide 204d (344 mg, 82%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 4-formylpyridine (202d) 

(214 mg, 2 mmol) following GP8 (A) and after column chromatography 

(dichloromethane/methanol 10 : 1, Rf = 0.18) as a colorless solid, m. p. 

139–140 °C. 1H NMR (300 MHz, CDCl3): δ 8.38 (dd, J = 4.5, 1.7 Hz, 

2 H), 7.60 (d, J = 7.8 Hz, 1 H), 7.43 (td, J = 7.8, 2.2 Hz, 1 H), 7.38–7.29 

(m, 4 H), 6.18 (s, 1 H), 5.42 (br s, 1 H); 13C NMR (75.5 MHz, CDCl3, APT): δ 167.8 (C), 

151.6 (2 C), 149.3 (2 CH), 139.2 (C), 130.1 (2 CH), 128.8 (CH), 127.5 (CH), 127.0 (CH), 

121.6 (2 CH), 69.8 (CH); MS (70 eV, EI) m/z (%): 210.2 (100) [M+], 181.2 (58), 132.1 

(34); IR (film): 3037 (br) (OH), 2850 (br), 2123 (NC), 1604, 1416, 1062, 1006, 798, 761 

cm–1; elemental analysis calcd (%) for C13H10N2O: C 74.27, H. 4.79, N 13.33; found: 

C 73.97, H 4.64, N 13.19. 

 

(2-Isocyanophenyl)(5-methylthiophen-2-yl)methanol (204e) 
 

Compound 204e (357 mg, 78%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 2-formyl-5-methyl-

thiophene (202e) (252 mg, 2 mmol) following GP8 (A) and after 

column chromatography (hexane/ethyl acetate 5 : 1, Rf = 0.24) as a 

yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.82 (d, J = 7.5 Hz, 1 H, 

Ar-H), 7.507.45 (m, 1 H, Ar-H), 7.36–7.32 (m, 2 H, Ar-H), 6.80 (d, J = 3.4 Hz, 1 H, 

thienyl-H), 6.60–6.57 (m, 1 H, thienyl-H), 6.31 (d, J = 3.1 Hz, 1 H, OCH), 2.53 (d, J = 3.4 

Hz, 1 H, OH), 2.42 ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, APT): δ 167.9 (C), 

142.8 (2 C), 141.0 (C), 140.3 (C), 139.4 (C), 129.8 (CH), 128.5 (CH), 126.9 (CH), 126.4 

(CH), 126.0 (CH), 124.8 (CH), 68.1 (CH), 15.4 ppm (CH3); MS (DCI) m/z (%): 247.3 (12) 

[M+NH4
+], 230.2 (100) [M+H+]; IR (KBr): 3403 (br), 2121, 1686, 1482, 1449, 1022, 757 

cm–1; HRMS (EI): calcd for C13H12NOS+ [M+H]+: 230.06396; found: 230.06382. 
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(2-Isocyanophenyl)(5-methylfuran-2-yl)methanol (204f) 

 

Compound 204f (377 mg, 88%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 5-methylfuran-2-carb-

aldehyde (202f) (220 mg, 2 mmol) following GP8 (A) and after column 

chromatography (hexane/ethyl acetate 5 : 1, Rf = 0.12) as a yellow oil. 
1H NMR (300 MHz, CDCl3): δ 7.78 (d, J = 7.9 Hz, 1 H), 7.50−7.44 

(m, 1 H), 7.37−7.31 (m, 2 H), 6.11 (d, J = 3.0 Hz, 1 H), 6.01 (d, J = 3.0 Hz, 1 H), 5.90 

(dd, J = 3.0, 0.8 Hz, 1 H), 2.63 (d, J = 3.8 Hz, 1 H, OH), 2.26 ppm (s, 3 H, CH3); 

13C NMR (75.5 MHz, CDCl3): δ 167.5 (C), 152.9 (C), 151.6 (C), 137.1 (C), 129.6 (CH), 

128.6 (CH), 127.4 (CH), 126.8 (CH), 109.15 (C), 109.20 (CH), 106.3 (CH), 65.9 (CH), 

13.6 ppm (CH3); MS (EI) m/z (%): 213.1 (52) [M+], 184.1 (38), 170.1 (100); IR (KBr): 

3411 (br) (OH), 2121 (NC), 1557, 1449, 1267, 1217, 1200, 1018, 761, 736 cm–1; 

HRMS (ESI) calcd for C13H12NO2
+ [M+H+]: 214.08626; found: 214.08644. 

 

1-(2-Isocyanophenyl)-2,2-dimethylpropan-1-ol (204g) 
 

Compound 204g (303 mg, 80%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 1,1,1-trimethylacetaldehyde 

(202g) (172 mg, 2 mmol) following GP8 (A), after column 

chromatography (hexane/ethyl acetate 5 : 1, Rf = 0.25) as a yellow oil. 
1H NMR (300 MHz, CDCl3): δ 7.60 (d, J = 7.9 Hz, 1 H, Ar-H), 7.41 (t, J = 7.5 Hz, 1 H, 

Ar-H), 7.367.29 (m, 2 H, Ar-H), 4.95 (d, J = 2.3 Hz, 1 H, CH), 2.03 (d, J = 2.6 Hz, 1 H, 

OH), 0.99 ppm (s, 9 H, tBu); 13C NMR (75.5 MHz, CDCl3, APT): δ 166.9 (C), 138.7 

(2 C), 128.9 (CH), 128.7 (CH), 128.0 (CH), 126.7 (CH), 76.2 (CH), 37.2 (C), 25.6 ppm 

(CH3); MS (DCI) m/z (%): 207 (100) [M+NH4
+], 190 (99) [M+H+]; IR (KBr): 3457 (br) 

(OH), 2963, 2121 (NC), 1478, 1051, 1006, 757 cm–1; HRMS (ESI) calcd for C12H16NO+ 

[M+H+]: 190.12264; found: 190.12267. 
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1-(2-Isocyanophenyl)-2-methylpropan-1-ol (204h) 

 
The isocyanide 204h (127 mg, 36%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and isobutyraldehyde (202h) 

(144 mg, 2 mmol) following GP8 (A), after column chromatography 

(hexane/ethyl acetate 5 : 1, Rf = 0.15) as a yellow oil. 1H NMR (300 

MHz, CDCl3): δ 7.57 (d, J = 7.9 Hz, 1 H, Ar-H), 7.43 (td, J = 7.5, 1.5 Hz, 1 H, Ar-H), 

7.37–7.27 (m, 2 H, Ar-H), 4.88 (dd, J = 6.2, 3.6 Hz, 1 H, Ar-H), 2.09–1.99 (m, 1 H, CH), 

1.99 (d, J = 3.8 Hz, 1 H, CHO), 0.99 (d, J = 6.8 Hz, 3 H, CH3), 0.94 (d, J = 6.8 Hz, 3 H, 

CH3); 13C NMR (75.5 MHz, CDCl3, APT): δ 166.9 (C), 140.2 (C), 129.5 (CH), 128.0 

(CH), 127.4 (CH), 126.7 (CH), 109.2 (C), 74.6 (CH), 34.6 (CH), 19.0 (CH3), 17.2 ppm 

(CH3); IR (film): 3432 (br, OH), 2963, 2119 (NC), 1450, 1030, 761; MS (EI) m/z (%): 

175.2 (5) [M+], 132.2 (100); HRMS (EI): m/z calcd for C11H14NO+ [M+H+]: 176.10699; 

found: 176.10709. 

 

1-(2-Isocyanophenyl)-3-methylbut-2-en-1-ol (204i) 

 

Compound 204i (260 mg, 70%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 3-methylbut-2-enal (202i) 

(168 mg, 2 mmol) following GP8 (A) (the aldehyde was added 

at 90 °C), after column chromatography (hexane/ethyl acetate 5 : 1, 

Rf  = 0.18) as a yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.68 (d, J = 7.9 Hz, 1 H, Ar-H), 

7.43 (dt, J = 7.2, 1.5 Hz, 1 H, Ar-H), 7.35–7.25 (m, 2 H, Ar-H), 5.81 (dd, J = 9.0, 2.6 Hz, 

1 H, OCH), 5.28 (d, J = 9.8, 1 H, CH), 1.96 (d, J = 2.6 Hz, 1 H, OH), 1.92 (s, 3 H, CH3), 

1.76 ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, APT): δ 167.0 (C), 140.8 (C), 138.0 

(C), 129.7 (CH), 127.9 (CH), 127.0 (CH), 126.6 (CH), 125.4 (CH), 124.0 (C), 66.9 (CH), 

25.8 (CH3), 18.8 ppm (CH3); MS (EI) m/z (%): 187.2 (4) [M+], 186.2 (25), 77.0 (28), 51.0 

(100); IR (KBr): 3389 (br) (OH), 2974, 2914, 2119 (NC), 1483, 1450, 1034, 1006, 762 

cm–1; HRMS (ESI) calcd for C12H13NONa+ [M+Na+]: 210.08894; found: 210.08907. 
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4,4-Diphenyl-4H-3,1-benzoxazine (201k) 

 
Compound 201k (274 mg, 48%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and benzophenone (202k) 

(364 mg, 2 mmol) following GP8 (A) and after column chromatography 

(hexane/ethyl acetate 4 : 1, Rf = 0.27) as a colorless solid, m. p. 139 °C. 1H NMR (300 

MHz, CDCl3): δ 7.36–7.24 (m, 9 H), 7.23–7.18 (m, 4 H), 7.14 (td, J = 7.5, 1.6 Hz, 1 H), 

6.69 (d, J = 7.8 Hz, 1 H); 13C NMR (75.5 MHz, CDCl3, APT): δ 150.7 (CH), 142.6 (2 C), 

137.7 (C), 129.2 (2 CH), 128.8 (C), 128.3 (2 CH), 128.2 (2 CH), 127.9 (4 CH), 127.1 

(2 CH), 126.6 (2 CH), 124.7 (CH), 85.2 (C); MS (EI) m/z (%): 285 (44) [M+], 256 (58), 84 

(100); IR (KBr): 1670, 1611, 1595, 1474, 1322, 1289, 1262, 769, 689 cm–1; elemental 

analysis calcd (%) for C20H15NO: C 84.19, H 5.30, N 4.91; found: C 83.95, H 5.07, 

N 5.12. 

 

4-(Trifluoromethyl)-4-phenyl-4H-3,1-benzoxazine (201l) 

 
Compound 201l (403 mg, 78%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 1,1,1-trifluoroacetophenone 

(202l) (348 mg, 2 mmol) following GP8 (A) after column 

chromatography (hexane/ethyl acetate 5 : 1, Rf = 0.46) and Kugelrohr 

distillation (0.4 Torr, 100–110 °C) as a colorless oil. 1H NMR (300 

MHz, CDCl3): δ 7.51–7.48 (m, 2 H, Ar-H), 7.36–7.34 (m, 4 H, Ar-H), 7.30–7.20 ppm 

(m, 4 H, Ar-H); 13C NMR (75.5 MHz, CDCl3): δ 147.5 (CH), 136.8 (C), 136.3 (C), 130.5 

(CH), 129.4 (CH), 128.4 (2 CH), 127.5 (CH), 127.3 (q, JCF = 1.6 Hz, 2 CH), 126.6 

(q, JCF = 2.2 Hz, CH), 126.0 (2 CH), 123.8 (q, J = 287 Hz, C), 121.9 (C), 81.2 ppm (q, 

J = 31 Hz, C); MS (EI) m/z (%): 277.1 (14) [M+], 208.1 (100); IR (KBr): 3067 (br), 2362, 

1632, 1603, 1478, 1458, 1279, 1221, 1101, 985, 943, 765 cm–1; elemental analysis calcd 

(%) for C15H10F3NO: C 64.78, H 3.64, N 5.05; found: C 64.98, H 3.57, N 5.39. 

 

4,4-Dimethyl-4H-3,1-benzoxazine (201m) 

 
Compound 201m (166 mg, 52%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and acetone (202m) (116 mg, 

2 mmol) following GP8 (A) and after column chromatography 

(hexane/ethyl acetate 5 : 1, Rf = 0.20) as a colorless oil. 1H NMR (300 MHz, CDCl3): 
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δ 7.28–7.13 (m, 4 H, Ar-H, CH=N), 7.07 (d, J = 7.5 Hz, 1 H, Ar-H), 1.64 (s, 6 H, CH3) 

ppm; 13C NMR (75.5 MHz, CDCl3, APT): δ 150.8 (CH), 136.5 (C), 131.7 (C), 128.4 

(CH), 127.1 (CH), 124.8 (CH), 122.5 (CH), 77.8 (C), 29.1 (CH3); MS (EI) m/z (%): 161.2 

(24), 146.2 (100); IR (film): 2980, 1621, 1485, 1452, 1366, 1227, 1133, 1105, 1080, 768 

cm–1; HRMS (EI): m/z calcd for C10H11NO+ [M+]: 161.0841; found: 161.0840. 

 

(2-Isocyanophenyl)(pyridin-4-yl)methyl methyl carbonate (205) 

 

Compound 205 (301 mg, 56%) was obtained from 

o-bromophenyl isocyanide (159-Br) (376 mg, 2 mmol), 

4-formylpyridine (202d) (214 mg, 2 mmol) and methyl 

chloroformate (189 mg, 2 mmol) following GP8 (C), and after 

column chromatography on silica gel (hexane/ethyl acetate 1 : 1, 

Rf = 0.33) as a yellow oil. 1H NMR (300 MHz, CDCl3): δ 8.62 (dd, J = 4.4, 1.6 Hz, 2 H, 

Ar-H), 7.52–7.39 (m, 4 H, Ar-H), 7.34 (dd, J = 4.4, 1.6 Hz, 2 H, Ar-H), 6.97 (s, 1 H, CH), 

3.83  ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3): δ 169.3 (C), 154.4 (C), 150.3 

(2 CH), 146.1 (C), 134.7 (C), 130.0 (CH), 129.7 (CH), 127.5 (2 CH), 124.7 (C), 121.4 

(2 CH), 74.9 (CH), 55.5 ppm (CH3); MS (EI) m/z (%): 268.2 (48) [M+], 209.1 (100); IR 

(KBr): 3032, 2958, 2120 (NC), 1751, 1599, 1441, 1259, 984, 950, 764 cm–1; HRMS (ESI) 

calcd for C15H13N2O3
+ [M+H+]: 269.09262; found: 269.09268. 

 

3-(Trifluoromethyl)-3-methylisobenzofuran-1(3H)-imine (210o) 
 

The compound 210o (250 mg, 58%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 1,1,1-trifluoroacetone (202o) 

(224 mg, 2 mmol) following GP8 (B) and after Kugelrohr distillation 

(0.1 Torr, 85−95 °C) as a colorless oil. 1H NMR (300 MHz, CDCl3): 

δ 7.39 (td, J = 7.2, 1.9 Hz, 1 H, Ar-H), 7.30–7.21 (m, 3 H, Ar-H), 7.15 (s, 1 H, NH), 1.87 

(s, 3 H, CH3); 13C NMR (125 MHz, CDCl3, APT): δ 148.4 (C), 136.7 (C), 130.7 (CH), 

127.9 (CH), 125.8 (CH), 125.3 (CH), 124.1 (q, JCF = 287 Hz, C), 121.4 (C), 77.2 

(q, J2
CF = 31 Hz, C), 22.0 ppm (CH3); MS (EI) m/z (%): 215.0 (39) [M+], 146.0 (100); IR 

(KBr): 3304 (br) (NH), 1676, 1636, 1456, 1295, 1225, 1179, 1096, 769 cm–1; elemental 

analysis calcd (%) for C10H8F3NO: C 55.82, H 3.75, N 6.51; found: C 55.74, H 3.51, 

N 6.30. 
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Methyl 4-(Trifluoromethyl)-4-phenyl-4H-3,1-benzoxazine-2-carboxylate 

(201l-CO2Me) 

 

Compound 201l-CO2Me (302 mg, 45%) was obtained from 

o-bromophenyl isocyanide (159-Br) (376 mg, 2 mmol), 

1,1,1-trifluoroacetophenone (202l) (348 mg, 2 mmol) and methyl 

chloroformate (189 mg, 2 mmol) following GP8 (C), and after column chromatography on 

silica gel (hexane/ethyl acetate 4 : 1, Rf = 0.26) as a yellow oil. 1H NMR (300 MHz, 

CDCl3): δ 7.50 (m, 4 H, Ar-H), 7.39 (m, 5 H, Ar-H), 3.98 ppm (s, 3 H, CH3); 13C NMR 

(125 MHz, CDCl3, APT): δ 159.3 (C), 145.6 (C), 137.0 (C), 135.0 (C), 130.7 (CH), 129.7 

(CH), 129.3 (CH), 128.4 (CH), 127.4 (CH), 127.3 (CH), 126.1 (q, J = 2.3 Hz, CH), 123.4 

(q, J = 285.4 Hz, C), 121.1 (C), 83.0 (q, J = 30.8 Hz, C), 53.8 ppm (CH3); MS (EI) m/z 

(%): 335 (16) [M+], 266 (88), 43 (100); IR (KBr): 2955, 1745, 1647, 1601, 1327, 1293, 

1211, 1180, 990, 767, 702 cm–1; HRMS (ESI) calcd for C17H12NF3O3Na+ [M+Na+]: 

358.0661; found: 358.0666. 

 
Ethyl 2-(4-(Trifluoromethyl)-4-phenyl-4H-3,1-benzoxazin-2-yl)acetate 

(201l-CH2CO2Et) 

 

Compound 201l-CH2CO2Et (338 mg, 47%) was obtained from 

o-bromophenyl isocyanide (159-Br) (376 mg, 2 mmol) and 

1,1,1-trifluoroacetophenone (202l) (348 mg, 2 mmol) 

following GP8 (C) and after column chromatography on silica gel (hexane/ethyl acetate 

5 : 1, Rf = 0.20) as a colorless solid, m.p. 56−57 °C. 1H NMR (300 MHz, CDCl3): 

δ 7.55−7.52 (m, 2 H, Ar-H), 7.43−7.36 (m, 5 H, Ar-H), 7.30−7.23 (m, 2 H, Ar-H), 

4.19−3.95 (m, 4 H, CH2), 1.73 ppm (s, 3 H, CH3); 13C NMR (125 MHz, CDCl3, APT): 

δ 157.0 (C), 137.7 (C), 136.2 (C), 130.5 (2 CH), 129.5 (CH), 128.4 (2 CH), 127.54 (CH), 

127.45 (CH), 126.5 (CH), 126.4 (CH), 123.9 (q, JCF = 287 Hz, C), 120.4 (C), 105.8 (C), 

82.0 (q, J2
CF = 31 Hz, C), 65.8 (CH2), 65.4 (CH2),  22.3 ppm (CH3); MS (EI) m/z (%): 

363.2 (16) [M+], 320.2 (44), 87.1 (100); IR (KBr): 2991, 2911, 1657, 1484, 1454, 1247, 

1181, 1165, 1119, 1028, 949, 777 cm–1; HRMS (ESI) calcd for C19H17F3NO3
+ [M+H+]: 

364.11550; found: 364.11561. 
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4-(Trifluoromethyl)-4-phenyl-1H-3,1-benzoxazin-2(4H)-one (206) 
 

Compound 206 (450 mg, 77%) was obtained from o-bromophenyl 

isocyanide (159-Br) (376 mg, 2 mmol), 1,1,1-trifluoroacetophenone 

(202l) (348 mg, 2 mmol) and iodine (508 mg, 2 mmol) following GP8 

(C) and after column chromatography on silica gel (hexane/ethyl 

acetate 5 : 1, Rf = 0.12) as a colorless solid, m.p. 158−159 °C. 1H NMR (300 MHz, 

CDCl3): δ 9.49 (s, 1 H, NH), 7.50–7.34 (m, 7 H, Ar-H), 7.19 (dt, J = 7.9, 1.1 Hz, 1H, 

Ar-H), 6.98 ppm (d, J = 8.3 Hz, 1 H, Ar-H); 13C NMR (75.5 MHz, CDCl3, APT): δ 150.7 

(C), 135.0 (C), 134.3 (C), 130.7 (CH), 129.9 (CH), 128.6 (2 CH), 127.4 (2 CH), 126.1 

(q, JCF = 2.8 Hz, CH), 123.7 (CH), 123.2 (q, JCF = 285 Hz, C), 116.8 (C), 115.7 (CH), 

85.5  ppm (q, J2
CF = 31.4 Hz, C); MS (DCI) m/z (%): 604.4 (60) [2M+Na+], 328.2 (88) 

[M+NH3+NH4
+], 311.2 (100) [M+NH4

+]; IR (KBr): 3100 (NH), 1724 (C=O), 1599, 1498, 

1365, 1283, 1174, 1057, 984, 790, 764, 722 cm–1; elemental analysis calcd (%) for 

C15H10F3NO2: C 61.44, H 3.44, N 4.78; found: C 61.16, H 3.17, N 5.02. 

 

4-(Trifluoromethyl)-2-morpholino-4-phenyl-4H-3,1-benzoxazine (207) 

 

Compound 207 (395 mg, 55%) was obtained from 

o-bromophenyl isocyanide (159-Br) (376 mg, 2 mmol), 

1,1,1-trifluoroacetophenone (202l) (348 mg, 2 mmol) and iodine 

(508 mg, 2 mmol) following GP8 (C) [morpholine (348 mg, 4 

mmol) was added, and the mixture was stirred at r.t. for 1 h 

before aqueous work up] and after column chromatography on 

silica gel (hexane/ethyl acetate 2 : 1, Rf = 0.30) as a colorless solid, m.p. 106−107 °C. 
1H NMR (300 MHz, CDCl3): δ 7.41–7.34 (m, 5 H, Ar-H), 7.32 (dt, J = 7.8, 1.6 Hz, 1H, 

Ar-H), 7.26–7.23 (m, 1 H, Ar-H), 7.05 (d, J = 7.8 Hz, 1 H, Ar-H), 7.04 (dt, J = 6.9, 1.3 

Hz, 1 H, Ar-H), 3.75–3.65 ppm (m, 8 H, CH2); 13C NMR (75.5 MHz, CDCl3, APT): 

δ 151.0 (C), 142.3 (C), 135.6 (C), 130.4 (CH), 129.5 (CH), 128.4 (2 CH), 127.5 (2 CH), 

125.9 (C), 125.5 (q, JCF = 2.3 Hz, CH), 123.3 (CH), 122.6 (CH), 122.1 (C), 118.7 (C), 

66.5 (CH2), 44.6 ppm(CH2); MS (DCI) m/z (%): 363.3 (100) [M+H+]; IR (KBr): 2862, 

1634, 1592, 1483, 1426, 1290, 1254, 1168, 1118, 1072, 1029, 988, 924, 862, 766, 719, 

653 cm–1; elemental analysis calcd (%) for C19H17F3N2O2: C 62.98, H 4.73, N 7.73; found: 

C 62.66, H 4.53, N 7.90 
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General Procedure for the Cu2O-Catalyzed Cyclization of 

(2-Isocyanophenyl)methanols 204 (GP9) 

 

To a solution of isocyanobenzylalcohol 204 (2 mmol) in benzene (10 mL) was added 

Cu2O (14.4 mg, 5 mol%), and the resulting mixture was heated under reflux for 1 h. Then, 

the mixture was cooled to r.t., the solvent was removed under reduced pressure, and the 

product was purified by column chromatography on silica gel.  

 

4-Phenyl-4H-3,1-benzoxazine (201a) 

 

Compound 201a (301 mg, 86%) was obtained from 

isocyanobenzylalcohol 204a (350 mg, 1.67 mmol) following GP9, and 

after column chromatography on silica gel (hexane/ethyl acetate/Et3N 

5 : 1 : 1, Rf = 0.38) as a slightly yellow solid, m.p. 62−63 °C. 1H NMR 

(300 MHz, CDCl3): δ 7.40–7.22 (m, 7 H, Ar-H), 7.19 (s, 1 H, CH=N), 7.12 (dt, J = 7.5, 

1.5 Hz, 1 H, Ar-H), 6.73 (d, J = 7.5 Hz, 1 H, Ar-H), 6.29  ppm (s, 1 H, CH); 13C NMR 

(75.5 MHz, CDCl3): δ 150.4 (CH), 139.8 (C), 137.1 (C), 129.1 (CH), 129.0 (CH), 128.7 

(CH), 127.8 (CH), 127.1 (CH), 125.5 (CH), 125.3 (C), 124.8 (CH), 77.4 ppm (CH); MS 

(EI) m/z (%): 209.0 (56) [M+], 180.0 (100); IR (KBr): 1612, 1601, 1489, 1455, 1219, 

1125, 1096, 773 cm–1; elemental analysis calcd (%) for C14H11NO: C 80.36, H 5.30, 

N 6.69; found: C 80.71, H 5.19, N 6.88. 

 

4-(4-Methoxyphenyl)-4H-3,1-benzoxazine (201b) 

 

Compound 201b (222 mg, 74%) was obtained from 

isocyanobenzylalcohol 204b (300 mg, 1.26 mmol) following GP9, and 

after column chromatography on silica gel (hexane/ethyl acetate/Et3N 

5 : 1 : 1, Rf = 0.29) as a yellow oil. 1H NMR (300 MHz, CDCl3): 

δ 7.327.22 (m, 4 H, Ar-H), 7.17 (s, 1 H, CH=N), 7.13 (dt, J = 7.5, 1.5 

Hz, 1 H, Ar-H), 6.90 (d, J = 8.7 Hz, 2 H, Ar-H), 6.73 (d, J = 7.5 Hz, 1 H, 

Ar-H), 6.26 (s, 1 H, CH), 3.80  ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3): δ 160.1 

(C), 150.5 (CH), 137.3 (C), 132.1 (C), 129.4 (2 CH), 129.0 (CH), 127.1 (CH), 125.5 (CH), 

125.5 (C), 124.7 (CH), 114.1 (2 CH), 77.1 (CH), 55.3 ppm (CH3); MS (EI) m/z (%): 239.0 

(100) [M+], 210.0 (99); IR (KBr): 2957, 2933, 1605, 1510, 1455, 1250, 1175, 1122, 1092, 
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1032, 827, 770 cm–1; HRMS (ESI) calcd for C15H14NO2
+ [M+H+]: 240.10191; found: 

240.10206. 

 

4-(4-Chlorophenyl)-4H-3,1-benzoxazine (201c) 

 

Compound 201c (331 mg, 75%) was obtained from 

isocyanobenzylalcohol 204c (443 mg, 1.82 mmol) following GP9, and 

after column chromatography on silica gel (hexane/ethyl acetate/Et3N 

5 : 1 : 1, Rf = 0.40) as a yellow oil. 1H NMR (300 MHz, CDCl3): 

7.377.22 (m, 6 H, Ar-H), 7.18 (s, 1 H, CH=N), 7.14 (dt, J = 7.5, 1.5 Hz, 

1 H, Ar-H), 6.72 (d, J = 7.5 Hz, 2 H, Ar-H), 6.27 ppm (s, 1 H, CH); 

13C NMR (75.5 MHz, CDCl3): δ 150.1 (CH), 138.2 (C), 137.0 (C), 135.0 (C), 129.3 (CH), 

129.2 (2 CH), 129.0 (2 CH), 127.3 (CH), 125.4 (CH), 125.0 (CH), 124.8 (C), 76.6 ppm 

(CH); MS (EI) m/z (%): 245 (17) [M++2], 243 (60) [M+], 216 (30), 214 (100), 180 (68%); 

IR (KBr): 3051, 1610, 1485, 1457, 1215, 1120, 1085, 1016, 832, 770 cm–1; HRMS (ESI) 

calcd for C14H11NOCl+ [M+H+]: 244.05237; found: 244.05252. 

 

4-(Pyridin-4-yl)-4H-3,1-benzoxazine (201d) 
 

Compound 201d (252 mg, 73%) was obtained from 

isocyanobenzylalcohol 204d (346 mg, 1.20 mmol) following GP9, and 

after column chromatography on silica gel (ethyl acetate/Et3N 20 : 1, 

Rf = 0.40) as a colorless solid, m.p. 76−77 °C 1H NMR (300 MHz, 

CDCl3): δ 8.64 (dd, J = 4.1, 1.5 Hz, 2 H, Ar-H), 7.34 (dt, J = 7.9, 1.5 Hz, 

1 H, Ar-H), 7.27−7.24 (m, 4 H, Ar-H, CH=N), 7.19 (dt, J = 7.5, 1.5 Hz, 1 H, Ar-H), 6.79 

(d, J = 7.5 Hz, 1 H, Ar-H), 6.27 ppm (s, 1 H, CH); 13C NMR (75.5 MHz, CDCl3): δ 150.3 

(2 CH), 149.8 (CH), 147.8 (C), 136.7 (C), 129.6 (CH), 127.4 (CH), 125.1 (CH), 123.6 (C), 

121.9 (2 CH), 75.6 ppm (CH); MS (EI) m/z (%): 210 (90) [M+], 181 (100), 132 (28); 

IR (KBr): 1612, 1557, 1485, 1452, 1411, 1393, 1326, 1268, 1220, 1130, 1098, 960, 918, 

834, 784, 650, 605 cm–1; elemental analysis calcd (%) for C13H10N2O: C 74.27, H 4.79; 

found: C 74.26, H 4.98. 
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4-tert-Butyl-4H-3,1-benzoxazine (201g) 

 
Compound 201g (152 mg, 83%) was obtained from 

isocyanobenzylalcohol 204g (184 mg, 0.97 mmol) following GP9, and 

after column chromatography on silica gel (hexane/Et3N 10 : 1, Rf = 0.36) 

as a colorless oil. Alternatively, 201g was obtained with KOtBu as a 

catalyst: To the solution of 204g (100 mg, 0.53 mmol) in dichloromethane (5 mL) was 

added at r.t. KOtBu (12 mg, 0.11 mmol). The mixture was stirred for 2 h, diluted with 

dichloromethane (20 mL), washed with water (2 × 5 mL), the organic phase was dried 

over Na2SO4, filtrated and concentrated under reduced pressure to give a crude product, 

which was purified by column chromatography on silica gel (hexane/Et3N 10 : 1, 

Rf = 0.36) to give 65 mg (65%) of 201g as a colorless oil. 1H NMR (300 MHz, CDCl3): 

δ 7.28 (dt, J = 7.5, 2.3 Hz, 1 H, Ar-H), 7.21 (s, 1 H, CH=N), 7.18–7.13 (m, 2 H, Ar-H), 

7.90 (d, J = 7.5 Hz, 1 H, Ar-H), 4.92 (s, 1 H, CH), 0.97 ppm (s, 9 H, tBu); 13C NMR (75.5 

MHz, CDCl3, APT): δ 151.5 (CH), 138.1 (C), 128.8 (CH), 126.7 (CH), 126.0 (CH), 124.5 

(CH), 122.8 (C), 83.7 (CH), 38.8 (C), 25.1 ppm (CH3); MS (DCI) m/z (%): 207.2 (4) 

[M+NH4
+], 189.2 (14) [M+], 132.1 (100), 122.1 (26); IR (KBr): 3281, 2957, 1695, 1621, 

1479, 1218, 1124, 1098, 767 cm–1; HRMS (ESI) calcd for C12H16NO+ [M+H+]: 

190.12264; found: 190.12263. 

 

3-(5-Methylfuran-2-yl)isobenzofuran-1(3H)-imine (210f) 

 

Compound 210f (165 mg, 66%) was obtained from 

isocyanobenzylalcohol 204f (250 mg, 1.17 mmol) following GP9 and 

after column chromatography (hexane/ethyl acetate/triethylamine 

5 : 1 : 1, Rf = 0.59) as a yellow oil. 1H NMR (300 MHz, CDCl3): 

δ 7.32 (dt, J = 7.9, 1.5 Hz, 1 H, Ar-H), 7.23 (d, J = 7.9, 1.1 Hz, 1 H, 

Ar-H), 7.18 (dt, J = 7.5, 1.5 Hz, 1 H, Ar-H), 7.14 (s, 1 H, NH), 6.92 (d, J = 7.5 Hz, 1 H, 

Ar-H), 6.29 (s, 1 H, CH), 6.03 (d, J = 3.4 Hz, 1 H, furyl-H), 5.92 (m, 1 H, furyl-H), 2.29 

ppm (s, 3 H, CH3); 13C NMR (125 MHz, CDCl3, APT): δ 153.7 (C), 150.3 (C), 149.9 (C), 

137.3 (C), 129.3 (CH), 126.9 (CH), 125.3 (CH), 124.9 (CH), 122.8 (C), 111.4 (CH), 106.4 

(CH), 70.1 (CH), 13.7 ppm (CH3); IR (film): 3423 (br, NH), 1621 (C=N), 1215, 1121, 

908, 729 cm−1; MS (EI) m/z (%): 213.0 (28) [M+], 184.0 (44), 170.0 (100); HRMS (ESI) 

calcd for C13H12NO2
+ [M+H+]: 214.08626; found: 214.08638. 
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3-Isopropylisobenzofuran-1(3H)-imine (210h) 

 
Compound 210h (68 mg, 68%) was obtained from 

isocyanobenzylalcohol 204h (100 mg, 0.57 mmol) following GP9 and 

after column chromatography (hexane/ethyl acetate/triethylamine 

5 : 1 : 0.5, Rf = 0.40) as a yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.24 

(dd, J = 7.5, 1.9 Hz, 1 H, Ar-H), 7.17 (s, 1 H, NH), 7.19–7.12 (m, 2 H, Ar-H), 6.89 

(d, J = 6.8 Hz, 1 H), 5.12 (d, J = 4.1 Hz, 1 H, C(3)-H), 2.15–2.02 (m, 1 H, iPr-CH), 1.03 

(d, J = 6.8 Hz, 3 H, CH3), 0.95 ppm (d, J = 6.8 Hz, 3 H, CH3); 13C NMR (125 MHz, 

CDCl3, APT): δ 151.0 (C), 137.4 (C), 128.6 (CH), 126.6 (CH), 125.0 (C), 124.7 (CH), 

124.5 (CH), 80.5 (CH), 35.3 (CH), 18.5 (CH3), 16.2 ppm (CH3); IR (film): 3422 (br, NH), 

2965, 1624, 1130, 765 cm–1; MS (EI) m/z (%): 175.1 (17) [M+], 132.0 (100); HRMS (EI): 

m/z calcd for C11H14NO+ [M+H+]: 176.10699; found: 176.10701. 

 

6-(Pyridin-4-yl)thieno[3,2-c]furan-4(6H)-imine (211d) 

 

The crude isocyanobenzylalcohol 212d was obtained from 

2-bromo-3-isocyanothiophene (234) (376 mg, 2 mmol) and 

pyridine-4-carbaldehyde (202d) (214 mg, 2 mmol) following GP8 

(A) as a yellow oil (TLC: hexane/ethyl acetate 5 : 1, Rf = 0.15). 

Compound 211d (320 mg, 74% over two steps) was obtained following GP2 and after 

column chromatography on silica gel (ethyl acetate/triethylamine 15 : 1, Rf = 0.38) as a 

colorless solid, m.p. 133−134 °C. 1H NMR (300 MHz, DMSO[d6]): δ 8.57 (dd, J = 4.1, 

1.5 Hz, 2 H), 7.59 (d, J = 5.3 Hz, 1 H), 7.39 (dd, J = 4.5, 1.9 Hz, 2 H), 7.19 (d, J = 5.3 Hz, 

1 H), 6.82 (d, J = 4.5 Hz, 1 H), 6.08 ppm (d, J = 4.1 Hz, 1 H); 13C NMR (125 MHz, 

DMSO[d6], APT): δ 166.5 (C), 150.7 (C), 149.6 (2 CH), 145.6 (C), 125.9 (CH), 124.7 

(CH), 120.9 (2 CH), 118.7 (C), 67.1 ppm (CH); MS (EI) m/z (%): 216.0 (100) [M+], 187.0 

(24); IR (KBr): 2824 (br) (NH), 2118, 1603, 1415, 1270, 1066, 1008, 966, 720, 695, 617 

cm–1; elemental analysis calcd (%) for C11H8N2OS: C 61.09, H 3.73, N 12.95; found: 

C 60.97, H 3.57, N 12.78. 
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3-(Pyridin-2-yl)indolin-2-one (215n) 

 
The compound 215n (330 mg, 79%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and pyridyl-2-carbaldehyde 

(202n) (214 mg, 2 mmol) following GP8 (A) and after column 

chromatography [hexane/ethyl acetate 1 : 1 to ethyl acetate, Rf = 0.10 

(1 : 1)] as a colorless solid, m. p. 98−99 °C. 1H NMR (300 MHz, 

CDCl3, 2 rotamers 0.4 : 0.6): δ 9.51 (m, 1 H), 8.52 (d, J = 5.0 Hz, 1 H), 8.40 

(d, J = 11.5 Hz, 0.4 H), 8.26 (d, J = 1.9 Hz, 0.6 H), 8.03 (d, J = 8.1 Hz, 0.6 H), 7.66 

(dt, J = 7.8, 1.9 Hz, 1 H), 7.45 (dd, J = 7.8, 1.9 Hz, 0.4 H), 7.37–7.11 (m, 5 H), 5.92 

(s, 0.4 H), 5.88 (s, 0.6 H), 4.64  ppm (br s, 1 H); 13C NMR (75.5 MHz, CDCl3, APT): 

δ 162.4 (CH), 160.7 (C), 160.4 (C), 159.1 (CH), 148.1 (CH), 147.7 (CH), 137.5 (CH), 

137.4 (CH), 135.5 (C), 135.2 (C), 133.4 (C), 131.7 (C), 129.0 (CH), 128.8 (CH), 128.3 

(CH), 128.1 (CH), 125.4 (CH), 124.8 (CH), 123.7 (CH), 122.8 (CH), 122.7 (CH), 120.7 

(CH), 120.5 (CH), 119.9 (CH), 74.0 (CH), 73.3 ppm (CH); MS (EI) m/z (%): 210.1 (74) 

[M+], 181.1 (100), 132.1 (68); IR (KBr): 3332 (br), 1682, 1590, 1520, 1453, 1437, 1300, 

1267, 1059, 757, 732 cm–1; HRMS (EI): m/z calcd for C13H11N2O+ [M+H+]: 211.08659; 

found: 211.08654. 

 

3,3-Diphenylindolin-2-one (215k)[197] 

 

Compound 215k (239 mg, 42%) was obtained from o-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and benzophenone (202k) 

(364 mg, 2 mmol) following GP8 (B) and after column chromatography 

on silica gel (hexane/ethyl acetate 4 : 1, Rf = 0.11) as a colorless solid, 

m. p. 224−225 °C (lit.[197] 227−228 °C). 1H NMR (300 MHz, CDCl3): δ 9.20 (br s, 1 H, 

NH), 7.30−7.19 (m, 12 H, Ar-H), 7.03 (t, J = 7.2 Hz, 1 H, Ar-H), 6.95 ppm (d, J = 7.2 Hz, 

1 H, Ar-H); 13C NMR (75.5 MHz, CDCl3): δ 180.3 (C), 141.6 (2 C), 140.3 (C), 133.5 (C), 

128.4 (8 CH), 128.2 (CH), 127.3 (2 CH), 126.2 (CH), 122.8 (CH), 110.5 (CH), 63.1 ppm 

(C); MS (EI) m/z (%): 285.1 (100) [M+], 256.1 (74); IR (KBr): 3250 (br) (NH), 1725, 

1683, 1472, 1322, 1204, 742, 698, 609 cm–1; elemental analysis calcd (%) for C20H15NO: 

C 84.19, H 5.30, N 4.91; found: C 84.40, H 5.46, N 5.07. 
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6,6-Diphenyl-4H-thieno[3,2-b]pyrrol-5(6H)-one (217k) 

 

Compound 217k (303 mg, 52%) was obtained from 

2-bromo-3-isocyanothiophene (234) (376 mg, 2 mmol) and 

benzophenone (202k) (364 mg, 2 mmol) following GP8 (B) and after 

column chromatography on silica gel (hexane/ethyl acetate 4 : 1, 

Rf = 0.13) as a colorless solid, m.p. 197−198 °C. 1H NMR (300 MHz, CDCl3): δ 9.38 

(br s, 1 H, NH), 7.36–7.22 (m, 11 H, Ar-H), 6.76  ppm (d, J = 5.1 Hz, 1 H, Ar-H); 

13C NMR (125 MHz, CDCl3, APT): δ 182.8 (C), 141.6 (2 C), 141.1 (C), 128.6 (4 CH), 

128.0 (CH), 128.1 (4 CH), 127.4 (2 CH), 125.6 (C), 112.8 (CH), 64.2 ppm (C); MS (EI) 

m/z (%): 291.2 (58) [M+], 262.2 (100); IR (KBr): 3023 (br) (NH), 1705 (C=O), 1493, 

1270, 1092, 836, 756, 696 cm–1; elemental analysis calcd (%) for C18H13NOS: C 74.20, 

H 4.50, N 4.81; found: C 74.05, H 4.32, N 4.77. 

 

6-(Trifluoromethyl)-6-phenylthieno[2,3-c]furan-4(6H)-imine (217l) 

 

Compound 217l (425 mg, 75%) was obtained from 

2-bromo-3-isocyanothiophene (234) (376 mg, 2 mmol) and 

1,1,1-trifluoroacetophenone (202l) (348 mg, 2 mmol) following GP8 (B) 

and after column chromatography on silica gel (hexane/ethyl acetate 

10 : 1, Rf = 0.13) as a yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.65–7.62 (m, 2 H), 

7.46–7.37 (m, 3 H), 7.32 (d, J = 5.3 Hz, 1 H), 7.26 (s, 1 H), 6.98 ppm (d, J = 5.3 Hz, 1 H); 

13C NMR (125 MHz, CDCl3, APT): δ 147.1 (C), 140.0 (C), 136.0 (C), 129.7 (2 CH), 

128.7 (2 CH), 126.4 (CH), 126.3 (CH), 124.5 (CH), 123.2 (q, JCF = 287 Hz, C), 116.3 (C), 

82.1 ppm (q, J2
CF = 33 Hz, C); MS (EI) m/z (%): 283.2 (16) [M+], 254.1 (58), 214.1 (100); 

IR (KBr): 3067, 1613, 1293, 1181, 1086, 955, 741 cm–1; HRMS (EI): m/z calcd for 

C13H9F3NOS+ [M+H+]: 284.03515; found: 284.03515. 
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7-(Trifluoromethyl)-7-phenylfuro[3,4-b]pyridin-5(7H)-imine (219l) 

 

Compound 219l (179 mg, 64%) was obtained from 2-bromo-

3-isocyanopyridine (183 mg, 1 mmol) and 1,1,1-trifluoroacetophenone 

(202l) (174 mg, 1 mmol) following GP8 (B) and after column 

chromatography on silica gel (hexane/ethyl acetate 5 : 1, Rf = 0.18) as a 

colorless solid, m. p. 82–83 °C. 1H NMR (300 MHz, CDCl3): δ 8.57 (dd, J = 4.8, 1.8 Hz, 

1 H), 7.69–7.66 (m, 2 H), 7.55 (dd, J = 7.7, 1.5 Hz, 1 H), 7.40–7.33 ppm (m, 5 H); 

13C NMR (125 MHz, CDCl3, APT): δ 148.31 (C), 148.25 (CH), 141.3 (C), 134.6 (C), 

133.4 (C), 132.9 (CH), 129.6 (2 CH), 128.4 (2 CH), 127.1 (CH), 125.4 (CH), 123.2 (q, 

JCF  = 287 Hz, C), 81.3 ppm (q, J2
CF = 30 Hz, C); MS (EI) m/z (%): 278.2 (54) [M+], 109.2 

(100), 181.2 (43), 105.1 (58); IR (KBr): 3435 (br) (NH), 1635, 1169 cm–1; elemental 

analysis calcd (%) for C14H9F3N2O: C 60.44, H 3.26, N 10.07; found: C 60.15, H 3.12, N 

9.89. 

 

General Procedure for the Synthesis of 4H-3,1-Benzoxazine-4-ones 199-Nu and  

Isatoic Anhydride (209) (GP10) 

 

To a solution of o-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) in anhydrous THF 

(20 mL), kept in an oven-dried 25 mL-Schlenk flask under an atmosphere of dry nitrogen, 

was added dropwise with stirring a 2.5 M solution of n-BuLi in hexane (0.8 mL, 2 mmol) 

at –78 °C over a period of 10 min. The mixture was stirred at –78 °C for 10 min, and CO2 

was bubbled through the mixture at –78 °C for 1 min. The mixture was stirred at –78 °C 

for 1h, then a solution of I2 (508 mg, 2 mmol) in anhydrous THF (2 mL) was added 

dropwise, and the temperature was allowed to rise to 20 °C over a period of 1 h. Water 

(for the synthesis of 209) or the solution of the corresponding amine (2 mmol) and 

triethylamine (2 mmo) in THF (2 mL) was added, and the mixture was stirred at r.t. for 2 h 

After addition of saturated NH4Cl solution (20 mL), the mixture was diluted with diethyl 

ether (50 mL), washed with Na2S2O5 solution (20 mL), water (10 mL), brine (20 mL) and 

dried over anhydrous Na2SO4. The solvents were removed under reduced pressure, and the 

crude product was purified by column chromatography on silica gel. 
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2-Morpholino-4H-3,1-benzoxazin-4-one (199-morph)[198] 

 

 Compound 199-morph (209 mg, 45%) was obtained following 

GP10 from o-bromophenyl isocyanide (159-Br) (364 mg, 

2 mmol) and morpholine (174 mg, 2 mmol) and after column 

chromatography on silica gel (hexane/ethyl acetate 2 : 1, 

Rf = 0.28) as a colorless solid, m. p. 150−151 °C [lit.[ 198 ] 

150.5−151.5]. 1H NMR (300 MHz, CDCl3): δ 8.01 (dd, J = 8.1, 1.3 Hz, 1 H, Ar-H), 7.66 

(ddd, J = 8.6, 7.2, 1.9 Hz, 1 H, Ar-H),  7.24 (d, J = 8.4 Hz, 1 H, Ar-H), 7.16 (ddd, J = 8.1, 

7.2, 1.3 Hz, 1 H, Ar-H), 3.80−3.72 ppm (m, 8 H, CH2); 13C NMR (75.5 MHz, CDCl3): 

δ 159.6 (C), 153.2 (C), 150.4 (C), 136.7 (CH), 128.7 (CH), 124.2 (CH), 123.6 (CH), 112.5 

(C), 66.3 (CH2), 44.3 ppm (CH2); MS (EI) m/z (%): 232.2 (60) [M+], 146.1 (100); IR 

(KBr): 2918, 2871, 1768, 1602, 1475, 1308, 1238, 1115, 991, 762, 687 cm–1; elemental 

analysis calcd (%) for C12H12N2O3: C 62.06, H 5.21, N 12.06; found: C 61.26, H 5.11, 

N 12.01. 

 

2-(Aziridin-1-yl)-4H-3,1-benzoxazin-4-one (199-azirid) 

 

Compound 199-azirid (188 mg, 50%) was obtained following GP10 

from o-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

aziridine (86 mg, 2 mmol) and after column chromatography on 

silica gel (ethyl acetate, Rf = 0.26) as a colorless solid, m. p. 

154−155 °C. 1H NMR (300 MHz, CDCl3): δ 8.15 (dd, J = 7.5, 1.3 Hz, 1 H, Ar-H), 7.66 

(ddd, J = 8.4, 7.2, 1.6 Hz, 1 H, Ar-H),  7.50 (d, J = 8.1 Hz, 1 H, Ar-H), 7.32 (ddd, J = 8.1, 

7.2, 1.3 Hz, 1 H, Ar-H), 4.76 (t, J = 8.4 Hz, 2 H, CH2), 4.37 ppm (t, J = 8.4 Hz, 2 H, CH2); 

13C NMR (75.5 MHz, CDCl3): δ 160.8 (C), 155.4 (C), 148.9 (C), 134.8 (CH), 126.5 (CH), 

126.1 (CH), 124.7 (CH), 118.3 (C), 65.8 (CH2), 42.2 ppm (CH2); MS (EI) m/z (%): 188.1 

(100) [M+], 146.1 (86); IR (KBr): 1696, 1640, 1609, 1562, 1473, 1418, 1263, 1135, 1015, 

980, 863, 769, 692 cm–1; elemental analysis calcd (%) for C10H8N2O2: C 63.82, H 4.28, 

N 14.89; found: C 63.62, H 4.21, N 14.67. 
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2H-3,1-Benzoxazine-2,4(1H)-dion (isatoic anhydride, 209)[199] 

 

Compound 209 (199 mg, 61%) was obtained employing the same 

procedure as for 199-morph, using water (1 mL) instead of morpholine, 

and after column chromatography on silica gel (hexane/ethyl acetate 

1 : 1, Rf = 0.12) as a colorless solid, m. p. 233−234 °C [lit.[199] 233 °C]. 
1H NMR (300 MHz, DMSO[d6]): δ 11.68 (br s, 1 H, NH), 7.91 (dd, J = 7.5, 1.1 Hz, 1 H, 

Ar-H), 7.73 (ddd, J = 7.9, 7.2, 1.5 Hz, 1 H, Ar-H), 7.25 (ddd, J = 8.3, 8.3, 1.1 Hz, 1 H, 

Ar-H), 7.16 ppm (d, J = 8.3 Hz, 1 H, Ar-H); 13C NMR (75.5 MHz, DMSO[d6]): δ 159.7 

(C), 147.0 (C), 141.3 (C), 136.8 (CH), 128.8 (CH), 123.4 (CH), 115.2 (CH), 110.1 ppm 

(C); MS (EI) m/z (%): 163.0 (48) [M+], 119.1 (100), 92.1 (54); IR (KBr): 3068 (br) (NH), 

1772 (C=O), 1616, 1488, 1364, 1261, 1009, 765, 680, 649 cm–1; elemental analysis calcd 

(%) for C8H5NO3: C 58.90, H 3.09, N 8.59; found: C 58.55, H 3.05, N 8.19. 
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Experimental Procedures for the Compounds Described in Chapter 4 

″Synthesis of 1-Substituted Benzimidazoles from o-Bromophenyl 
Isocyanide and Amines″ 

 

General Procedure for the Synthesis of 1-Substituted Benzimidazoles 232 and 

3-Substituted 3H-thieno[2,3-d]imidazoles 235 (G11) 

 

In a 10 mL Schlenk flask were placed 2-bromophenyl isocyanide (159-Br) (364 mg, 2 

mmol) or 2-bromo-3isocyanothiophene (234) (376 mg, 2 mmol), cesium carbonate (652 

mg, 4 mmol), CuBr (14.4 mg, 5 mol%), 1,10-phenanthroline (36 mg, 10 mol%) and the 

respective amine (if solid). The flask was sealed with a rubber septum, evacuated and 

refilled with dry nitrogen three times. Anhydrous degassed DMF (or a solution of a 

respective liquid amine in DMF) was introduced to the flask from a syringe. The septum 

was replaced with a glass stopper. The mixture was stirred at r.t. for 2 h, then warmed to 

90 °C for ca. 30 min and stirred at this temperature for 14 h. After this time, the mixture 

was cooled, and the solvent was removed in vacuo. The residue was dissolved in CH2Cl2 

and water (60 and 15 mL, respectively), the aqueous phase was extracted with CH2Cl2 

(2×20 mL), and the combined organic phases were washed with brine, dried over Na2SO4 

and concentrated to give a crude product, which was purified by flash chromatography on 

silica gel. 

 

2-(1-Methyl-1H-indol-3-yl)ethanamine (230d)[200] 

 

A solution of tryptamine (3.2 g, 20 mmol) in anhydrous DMF (40 

mL) was added dropwise at r.t. within 20 min to a 60% suspension 

of sodium hydride in mineral oil (0.88 g, 22 mmol) in anhydrous 

DMF (60 mL). The mixture was stirred at r.t. for 30 min, cooled to 0 

°C, and MeI (3.12 g, 1.37 mL, 22 mmol) was added dropwise. The 

resulting mixture was stirred at r.t. for 1 h, and the solvent was removed in vacuo. The 

residue was dissolved in water (300 mL) and extracted with EtOAc (3 × 50 mL). The 

combined organic phases were dried over Na2SO4, and the solvents were removed under 

reduced pressure to give a crude product, which was purified by column chromatography 

on silica gel (CH2Cl2/MeOH/Et3N 85 : 10 : 5, Rf = 0.37) to give 2.58 g (74%) of the title 

N

NH2
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compound as a yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.57 (d, J = 7.9 Hz, 1 H, Ar-H), 

7.29–7.18 (m, 2 H, Ar-H), 7.09 (t, J = 7.9 Hz, 1 H, Ar-H), 6.87 (s, 1 H, 2-H), 3.71 (s, 3 H, 

CH3), 3.00–2.96 (m, 2 H, CH2), 2.90–2.86 (m, 2 H, CH2), 2.16 ppm (br s, 2 H, NH2); 

13C NMR (75.5 MHz, CDCl3): δ 137.0 (C), 127.7 (C), 126.8 (CH), 121.5 (CH), 118.8 

(CH), 118.6 (CH), 111.9 (C), 109.1 (CH), 42.2 (CH3), 32.5 (CH2), 28.9 ppm (CH2); MS 

(70 eV, EI) m/z (%): 174 (16) [M+], 144 (100); IR (KBr): 3051, 2929. 1615, 1473, 1377, 

1327, 1250, 1131, 1012, 741 cm–1. 

 
N-Benzyl-N'-(2-bromophenyl)formamidine (231a) 

 
To a stirred solution of 2-bromophenyl isocyanide (159-Br) 

(364 mg, 2 mmol) and benzylamine (230a) (214 mg, 2 mmol) in 

DMF (2 mL) was added CuI (19.1 mg, 0.01 mmol), and the 

mixture was stirred at r.t. until no more isocyanide was detectable 

by TLC. The solvent was removed in vacuo, and the product (425 

mg, 74%) was isolated by column chromatography on silica gel (CH2Cl2/MeOH 30 : 1, 

Rf = 0.31) as a yellow solid, m.p. 89–90 °C. This product was identical with an authentic 

sample isolated from the reaction of 2-bromophenyl isocyanide (159-Br) and benzylamine 

(230a) with Et3N as a base (see Table 13, entry 6 of main part). 1H NMR (300 MHz, 

CDCl3): δ 7.59 (s, 1 H, N=CH), 7.53 (d, J = 7.9 Hz, 1 H, Ar-H), 7.45−7.23 (m, 5 H, Ar-H), 

7.19 (t, J = 7.5 Hz, 1 H, Ar-H), 6.88 (d, J = 7.2 Hz, 2 H, Ar-H), 5.04 (br s, 1 H, NH), 4.62 

ppm (br s, 2 H, CH2); 13C NMR (75.5 MHz, CDCl3): δ 150.0 (CH), 150.5 (CH), 138.4 (C), 

132.7 (CH), 128.5 (2 CH), 128.0 (2 CH), 127.3 (CH), 123.8 (CH), 121.0 (C), 118.5 (C), 

44.9 ppm (CH2); MS (ESI) m/z (%): 289.0/291.0 (100/95) [M+Na+]; IR (KBr): 3214, 3018, 

1698, 1493, 1469, 1449, 1369, 1201, 1024, 751, 719 cm–1; HRMS (ESI) calcd for 

C14H14N2Br+ [M+H+]: 289.0335; found: 289.0339. 

 

1-Benzyl-1H-benzo[d]imidazole (232a) [201] 

 

Compound 232a (283 mg, 68%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

benzylamine (230a) (214 mg, 2 mmol) following the GP11, after 

column chromatography (CH2Cl2/MeOH 20 : 1, Rf = 0.27) as a 

colorless solid, m. p. 115–116 °C. [lit. 116–117 °C] 1H NMR (300 MHz, CDCl3): δ 7.93 

(s, 1 H, N=CH), 7.83 (d, J = 7.2 Hz, 1 H, Ar-H), 7.35–7.21 (m, 6 H, Ar-H), 7.16 (m, 2 H, 
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Ar-H), 5.32 ppm (s, 2 H, CH2); 13C NMR (75.5 MHz, CDCl3): δ 144.2 (C), 135.4 (CH), 

128.9 (CH), 128.5 (C), 128.2 (CH), 127.4 (C), 127.0 (CH), 123.0 (CH), 122.0 (CH), 120.4 

(CH), 110.0 (CH), 48.7 ppm (CH2); MS (70 eV, EI) m/z (%): 208.1 (74) [M+], 91.1 (100); 

IR (KBr): 3010, 2943, 2154, 1609, 1466, 1184, 1076, 753, 720, 694 cm–1; HRMS (ESI) 

calcd for C14H13N2
+ [M+H+]: 209.10732; found: 209.10730. 

 

1-n-Propyl-1H-benzo[d]imidazole (232b)[202] 

 

Compound 232b (209 mg, 65%) was obtained from 2-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and n-propylamine (230b) 

(118 mg, 2 mmol) following the GP11, after column chromatography 

(CH2Cl2/MeOH 20 : 1, Rf = 0.38) as a yellow oil. 1H NMR (300 MHz, 

CDCl3): δ 7.87 (s, 1 H, NCH), 7.84–7.78 (m, 1 H, Ar-H), 7.40–7.37 (m, 1 H, Ar-H), 

7.327.24 (m, 2 H, Ar-H), 4.10 (t, J = 7.2 Hz, 2 H, CH2), 1.89 (m, 2 H, CH2), 0.93 ppm 

(t, J = 7.2 Hz, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, APT): δ 143.8 (C), 142.9 (CH), 

122.6 (CH), 121.8 (CH), 120.2 (CH), 109.6 (CH), 46.6 (CH2), 23.0 (CH2), 11.2 ppm 

(CH3); IR (KBr): 2966, 2933, 2876, 1635, 1496, 1459, 1384, 1367, 1331, 1288, 1259, 

1212, 745 cm–1; MS (70 eV, EI) m/z (%): 160.0 (58) [M+], 131.0 (100); HRMS (ESI) calcd 

for C10H13N2
+ [M+H+]: 161.10732; found: 161.10730.  

 

1-(3-(Benzyloxy)propyl)-1H-benzo[d]imidazole (232c) 

 

Compound 232c (350 mg, 66%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

3-(benzyloxy)propyl-1-amine (230c) (330 mg, 2 mmol) 

following the GP11, after column chromatography 

(CH2Cl2/MeOH 20 : 1, Rf = 0.34) as a yellow oil. 1H NMR 

(300 MHz, CDCl3): δ 7.82–7.79 (m, 2 H), 7.41–7.31 (m, 6 H), 7.29–7.24 (m, 2 H), 4.46 

(s, 2 H, PhCH2), 4.29 (t, J = 6.8 Hz, 2 H, OCH2), 3.38 (t, J = 5.6 Hz, 2 H, NCH2), 2.11 

ppm (hept, J = 5.6 Hz, 2 H, CH2); 13C NMR (75.5 MHz, CDCl3): δ 143.7 (C), 143.2 (C), 

137.8 (C), 128.4 (CH), 127.8 (CH), 127.7 (2 CH), 126.8 (CH), 122.8 (CH), 122.0 (2 CH), 

120.2 (CH), 109.6 (CH), 73.1 (CH2), 65.9 (CH2), 41.5 (CH2), 29.8 ppm (CH2); IR (KBr): 

3060, 2929, 2861, 1496, 1456, 1366, 1286, 1254, 1201, 1106, 748, 699 cm–1; MS (70 eV, 
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EI) m/z (%): 266.2 (16) [M+], 175.1 (16), 160.1 (80), 132.1 (100), 91.0 (52); HRMS (ESI) 

calcd for C17H19N2O+ [M+H+]: 267.1492; found: 267.1499. 

 

1-(2-(1-Methyl-1H-indol-3-yl)ethyl)-1H-benzo[d]imidazole (232d) 

 

Compound 232d (322 mg, 59%) was obtained from 2-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and 

2-(1-methyl-1H-indol-3-yl)ethylamine (230d) (348 mg, 2 mmol) 

following the GP11, after column chromatography (CH2Cl2/MeOH 

30 : 1, Rf = 0.23) as a colorless solid, m. p. 110–111°C. 1H NMR (300 

MHz, CDCl3): δ 7.83–7.78 (m, 1 H, Ar-H), 7.60 (s, 1 H, N=CH), 7.56 

(d, J = 7.9 Hz, 1 H, Ar-H), 7.43–7.37 (m, 1 H, Ar-H), 7.32–7.23 (m, 

4 H, Ar-H), 7.15 (ddd, J = 7.9, 6.8, 1.1 Hz, 1 H, Ar-H), 6.52 (s, 1 H, NCH), 4.44 (t, J = 6.8 

Hz, 2 H, CH2), 3.66 (s, 3 H, CH3), 3.28 ppm (t, J = 6.8 Hz, 2 H, CH2); 13C NMR (75.5 

MHz, CDCl3, APT): δ 143.9 (C), 143.2 (CH), 137.1 (C), 133.6 (C), 127.3 (CH), 127.2 (C), 

122.7 (CH), 121.94 (CH), 121.86 (CH), 120.4 (CH), 119.2 (CH), 118.2 (CH), 109.9 (C), 

109.54 (CH), 109.51 (CH), 45.7 (CH2), 32.6 (CH3), 26.0 ppm (CH2); IR 3053, 2923, 1636, 

1614, 1493, 1474, 1326, 1287, 1223, 1150, 1126, 1065, 1008, 925, 890, 861, 745, 731 

cm1; MS (ESI) m/z (%): 573.3 (8) [2M+Na+], 298.1 (23) [M+Na+], 276.1 (100) [M+H+]; 

HRMS (ESI) calcd for C18H18N3
+ [M+H+]: 276.1495; found: 276.1501. 

 

1-(2-(1H-Benzo[d]imidazol-1-yl)ethyl)-1H-benzo[d]imidazole (232e)[203] 

 

Compound 232e (220 mg, 42%) was obtained from 2-bromophenyl 

isocyanide (159-Br) (728 mg, 4 mmol) and ethylenediamine (230e) 

(120 mg, 2 mmol) following the GP11, after column chromatography 

(CH2Cl2/MeOH 10 : 1, Rf = 0.25) as a colorless solid, m. p. 223–224 °C. 
1H NMR (300 MHz, DMSO[D6]): δ 7.90 (s, 2 H, NCH), 7.62–7.59 

(m, 2 H, Ar-H), 7.43–7.40 (m, 2 H, Ar-H), 7.19–7.14 (m, 4 H, Ar-H), 

4.73 ppm (s, 4 H, CH2); 13C NMR (75.5 MHz, DMSO[d6]): δ 143.7 (C), 

143.2 (CH), 133.6 (C), 122.2 (CH), 121.5 (CH), 119.3 (CH), 109.9 (CH), 43.8 ppm (CH2); 

IR (KBr): 3091, 3052, 1609, 1489, 1458, 1361, 1328, 1288, 1261, 1201, 1170, 1149, 1119, 

883, 747 cm–1; MS (ESI) m/z (%): 547.2 (27) [2M+Na+], 285.1 (57) [M+Na+], 263.1 (100) 

[M+H+]; HRMS (ESI) calcd for C16H15N4
+ [M+H+]: 263.1291; found: 263.1290.  
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1-(2-Methoxybenzyl)-1H-benzo[d]imidazole (232f) 

 

Compound 232f (318 mg, 67%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

2-methoxybenzylamine (230f) (274 mg, 2 mmol) following the 

GP11, after column chromatography (CH2Cl2/MeOH 20 : 1, 

Rf = 0.33) as a colorless solid, m. p. 75–77 °C. 1H NMR (300 MHz, 

CDCl3): δ 7.97 (s, 1 H, N=CH), 7.83–7.77 (m, 1 H, Ar-H), 7.41–7.37 (m, 1 H, Ar-H), 

7.31–7.22 (m, 3 H, Ar-H), 7.03 (d, J = 7.5, 1.9 Hz, 1 H, Ar-H), 6.88 (m, 2 H, Ar-H), 5.33 

(s, 2 H, CH2), 3.85 ppm (s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, APT): δ 157.1 (C), 

129.7 (CH), 129.0 (CH), 123.7 (C), 123.1 (C), 122.7 (CH), 121.9 (CH), 120.6 (CH), 120.2 

(CH), 112.4 (C), 110.5 (CH), 110.0 (C), 55.3 (CH3), 44.2 ppm (CH2); IR (KBr): 3051, 

2934, 1600, 1495, 1457, 1286, 1249, 1024, 745 cm–1; MS (70 eV, EI) m/z (%): 238.1 (62) 

[M+], 121.1 (100), 91.1 (66); HRMS (ESI) calcd for C15H15N2O+ [M+H+]: 239.1179; 

found: 239.1169.  

 

1-(3,5-Dimethoxybenzyl)-1H-benzo[d]imidazole (232g) 

 

Compound 232g (350 mg, 65%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

3,5-dimethoxybenzylamine (230g) (401 mg, 2 mmol) 

following the GP11, after column chromatography 

(CH2Cl2/MeOH 20 : 1, Rf = 0.36) as a yellow oil. 1H NMR 

(300 MHz, CDCl3): δ 7.95 (s, 1 H, NCH), 7.84–7.81 (m, 1 H), 7.33–7.25 (m, 3 H), 

6.436.31 (m, 3 H), 5.28 (s, 2 H, CH2), 3.72 ppm (s, 6 H, OCH3); 13C NMR (75.5 MHz, 

CDCl3, APT): δ 161.3 (C), 144.0 (C), 143.2 (CH), 137.8 (C), 134.0 (C), 123.1 (CH), 122.3 

(CH), 120.4 (CH), 110.0 (CH), 105.2 (CH), 99.7 (CH), 55.3 (CH3), 48.9 ppm (CH2); IR 

(KBr): 1614, 1497, 1459, 1431, 1351, 1290, 1205, 1158, 1066, 832, 745 cm–1; MS (70 eV, 

EI) m/z (%): 268.2 (40) [M+], 194.1 (100), 151.1 (44), 121.1 (26); HRMS (ESI) calcd for 

C16H17N2O2
+ [M+H+]: 269.1285; found: 269.1286.   
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1-[(Fur-2-yl)methyl]-1H-benzo[d]imidazole (232h) 

 
Compound 232h (181 mg, 46%) was obtained from 2-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and furfurylamine (230h) 

(194 mg, 2 mmol) following the GP11, after column 

chromatography (CH2Cl2/MeOH 20 : 1, Rf = 0.30) as a yellow oil. 
1H NMR (300 MHz, CDCl3): δ 7.92 (s, 1 H, N=CH), 7.83–7.76 (m, 1 H, Ar-H), 7.47–7.41 

(m, 1 H, Ar-H), 7.37 (t, J = 1.1 Hz, 1 H, furyl-H), 7.33–7.24 (m, 2 H, Ar-H), 6.33 (m, 2 H, 

furyl-H), 5.28 ppm (s, 2 H, CH2); 13C NMR (75.5 MHz, CDCl3, APT): δ 152.6 (C), 148.4 

(C), 143.1 (CH), 123.1 (C), 123.1 (CH), 122.2 (CH), 120.4 (CH), 110.6 (CH), 110.3 (CH), 

109.7 (CH), 109.1 (CH), 41.7 ppm (CH2); IR (KBr): 1615, 1495, 1459, 1364, 1287, 1270, 

1238, 1200, 1167, 1147, 1012, 885, 746 cm–1; MS (70 eV, EI) m/z (%): 198.0 (38) [M+], 

81 (100), 53 (26); HRMS (ESI) calcd for C12H11N2O+ [M+H+]: 199.08659; found: 

199.08658.  

 

1-[4-(Trifluoromethyl)benzyl]-1H-benzo[d]imidazole (232i) 

 

Compound 232i (302 mg, 55%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

4-(trifluoromethyl)benzylamine (230i) (350 mg, 2 mmol) 

following the GP11, after column chromatography 

(CH2Cl2/MeOH 20 : 1, Rf = 0.34) as a colorless solid, m. p. 75–76 °C. 1H NMR (300 MHz, 

CDCl3): δ 7.96 (s, 1 H, N=CH), 7.84 (d, J = 6.8 Hz, 1 H, Ar-H), 7.58 (d, J = 7.9 Hz, 2 H, 

Ar-H), 7.33–7.21 (m, 5 H, Ar-H), 5.41 ppm (s, 2 H, CH2); 13C NMR (75.5 MHz, CDCl3, 

APT): δ 139.5 (q, J = 1.1 Hz, C), 130.8 (C), 130.3 (C), 127.5 (CH), 127.1 (CH), 126.0 

(q, J = 3.9 Hz, CH), 125.6 (C), 123.4 (CH), 122.5 (CH), 122.0 (CH), 120.6 (CH), 109.8 

(CH), 48.2 ppm (CH2); IR (KBr): 1617, 1496, 1420, 1326, 1162, 1109, 1066, 1015, 826, 

745 cm–1; MS (70 eV, EI) m/z (%): 276.2 (100) [M+], 159.0 (89); HRMS (ESI) calcd for 

C15H12N2F3
+ [M+H+]: 277.09471; found: 277.09482. 
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1-Cyclopropyl-1H-benzo[d]imidazole (232j)[204] 

 

Compound 232j (125 mg, 40%) was obtained from 2-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and cyclopropylamine (230j) 

(114 mg, 2 mmol) following the GP11, after column chromatography 

(CH2Cl2/MeOH 20 : 1, Rf = 0.26) as a yellow oil. 1H NMR (300 MHz, 

CDCl3): δ 7.91 (s, 1 H, NCH), 7.79–7.75 (m, 1 H, Ar-H), 7.57–7.53 (m, 1 H, Ar-H), 

7.337.24 (m, 2 H, Ar-H), 3.38–3.31 (m, 1 H, cPr-CH), 1.16–1.08 (m, 2 H, cPr-CH2), 

1.04–0.99  ppm (m, 2 H, cPr-CH); 13C NMR (75.5 MHz, CDCl3): δ 143.6 (C), 143.3 (CH), 

135.0 (C), 122.9 (CH), 122.2 (CH), 120.2 (CH), 110.2 (CH), 25.2 (CH), 5.6 ppm (CH2); 

IR (KBr): 3094, 1643, 1615, 1494, 1460, 1315, 1289, 1239, 1031, 746 cm–1; MS (70 eV, 

EI) m/z (%): 158.0 (74) [M+], 157 (100), 131 (47); HRMS (ESI) calcd for C10H11N2
+ 

[M+H+]: 159.09167; found: 159.09171.   

 

1-Cyclohexyl-1H-benzo[d]imidazole (232k)[205] 
 

Compound 232k (184 mg, 46%) was obtained from 2-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and cyclohexylamine (230k) 

198 mg, 2 mmol) following the GP11, after column chromatography 

(CH2Cl2/MeOH 40 : 1, Rf = 0.22) as a yellowish solid, m.p. 72–74 °C 

[lit. 74−75 °C]. 1H NMR (300 MHz, CDCl3): δ 7.98 (s, 1 H, N=CH), 

7.83–7.78 (m, 1 H, Ar-H), 7.45–7.40 (m, 1 H, Ar-H), 7.30–7.23 (m, 2 H, Ar-H), 4.18 

(s, 1 H, CH), 2.20 (d, J = 11.3 Hz, 2 H, CH2), 1.96 (d, J = 13.2 Hz, 2 H, CH2), 1.85–1.72 

(m, 3 H, CH2), 1.57–1.42 (m, 2 H, CH2), 1.38–1.27 ppm (m, 1 H, CH2); 13C NMR (75.5 

MHz, CDCl3, APT): δ 143.8 (C), 140.3 (CH), 133.3 (C), 122.4 (CH), 121.9 (CH), 120.3 

(CH), 110.0 (CH), 55.3 (CH), 33.2 (CH2), 25.6 (CH2), 25.3 ppm (CH2); IR (KBr): 3109, 

3052, 2933, 2855, 1634, 1490, 1456, 1287, 1216, 889, 744 cm–1; MS (70 eV, EI) m/z (%): 

200 (100) [M+], 157 (27), 118 (66); HRMS (ESI) calcd for C13H17N2
+ [M+H+]: 201.13862; 

found: 201.13863.  
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1-p-Tolyl-1H-benzo[d]imidazole (232l)[206] 

 

Compound 232l (172 mg, 41%) was obtained from 2-bromophenyl 

isocyanide (159-Br) (364 mg, 2 mmol) and p-toluidine (230l) (214 mg, 

2 mmol) following the GP11, after column chromatography 

(CH2Cl2/MeOH 40 : 1, Rf = 0.35) as a colorless solid, m. p. 51–52 °C 

[lit.[206] 50–54]. 1H NMR (300 MHz, CDCl3): δ 8.08 (s, 1 H, NCH), 

7.89–7.86 (m, 1 H, Ar-H), 7.52–7.49 (m, 1 H, Ar-H), 7.39–7.30 (m, 6 H, Ar-H), 2.44 ppm 

(s, 3 H, CH3); 13C NMR (75.5 MHz, CDCl3, APT): δ 143.9 (C), 138.0 (C), 134.1 (CH), 

133.8 (C), 133.7 (C), 130.5 (CH), 123.9 (CH), 123.5 (CH), 122.6 (CH), 120.4 (CH), 110.4 

(CH), 21.0 ppm (CH3); IR (KBr): 3055, 3062, 1692, 1611, 1518, 1490, 1456, 1289, 1231, 

1205, 822, 744 cm–1; MS (70 eV, EI) m/z (%): 208.0 (100) [M+]; HRMS (ESI) calcd for 

C14H13N2
+ [M+H+]: 209.10732; found: 209.10734.  

 
1-(2-Bromophenyl)-1H-benzo[d]imidazole (232n) 

 
The compound 232n (105 mg, 38%) was obtained from 

2-bromophenyl isocyanide (159-Br) (364 mg, 2 mmol) and 

tert-butylamine (230m) (146 mg, 2 mmol) following GP11, after 

column chromatography (CH2Cl2/MeOH 30 : 1, Rf = 0.32) as a red 

oil. An authentic sample of benzimidazole 232n prepared from 

159-Br and o-bromoaniline (230n) in 42% yield, was identical with the previous one. 
1H NMR (300 MHz, CDCl3): δ 8.04 (s, 1 H, NCH), 7.90 (dd, J = 6.4, 1.5 Hz, 1 H), 7.81 

(dd, J = 7.9, 1.1 Hz, 1 H), 7.53–7.26 (m, 5 H), 7.19 ppm (dd, J = 6.8, 1.9 Hz, 1 H); 

13C NMR (75.5 MHz, CDCl3, APT): δ 143.1 (C), 142.9 (CH), 135.1 (C), 134.2 (C), 134.1 

(CH), 130.5 (CH), 129.0 (CH), 128.6 (CH), 123.6 (CH), 122.7 (CH), 121.4 (C), 120.4 

(CH), 110.5 ppm (CH); IR (KBr): 1613, 1586, 1494, 1454, 1306, 1288, 1230, 1203, 1056, 

1030, 786, 744, 721 cm–1; MS (ESI) m/z (%): 567.0 (2M+Na+), 273.0 (100) [M+H+]; 

HRMS (ESI) calcd for C13H10BrN2
+ [M+H+]: 273.0022; found: 273.0030.  
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3-Benzyl-3H-thieno[2,3-d]imidazole (235a) 

 

Compound 235a (210 mg, 49%) was obtained from 

2-bromo-3isocyanothiophene (234) (376 mg, 2 mmol) and benzylamine 

(230a) (214 mg, 2 mmol) following the GP11, after column 

chromatography (CH2Cl2/MeOH 40 : 1, Rf = 0.30) as a colorless solid, m. p. 102–103 °C. 
1H NMR (300 MHz, CDCl3): δ 7.72 (s, 1 H, NCH), 7.36 (m, 3 H, Ph), 7.27 (m, 2 H, Ph), 

7.12 (d, J = 5.3, 1 H, thienyl-H), 6.92 (d, J = 5.3, 1 H, thienyl-H), 5.19 ppm (s, 2 H, CH2); 

13C NMR (75.5 MHz, CDCl3, APT): δ 148.7 (C), 141.8 (CH), 134.1 (C), 131.6 (C), 129.0 

(CH), 128.7 (CH), 128.1 (CH), 120.7 (CH), 116.6 (CH), 51.2 ppm (CH2); IR (KBr): 1635, 

1516, 1456, 1436, 1392, 1354, 1252, 1188, 1092, 1035, 907, 734 cm–1; MS (EI) m/z (%): 

214.2 (44) [M+], 91.1 (100); HRMS (ESI) calcd for C12H11N2S [M+H+]: 215.06375; found: 

215.06369. 

 
3-(3-(Benzyloxy)propyl)-3H-thieno[2,3-d]imidazole (235c) 

 
Compound 235c (242 mg, 44%) was obtained from 

2-bromo-3-isocyanothiophene (234) (376 mg, 2 mmol) and 

3-(benzyloxy)prop-1-yl-amine (230c) (330 mg, 2 mmol) following the 

GP11, after column chromatography (CH2Cl2/MeOH 40 : 1, Rf = 0.23) as 

a yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.55 (s, 1 H, NCH), 

7.397.28 (m, 5 H, Ph), 7.14 (d, J = 5.3, 1 H, thienyl-H), 6.98 (d, J = 5.3, 1 H, thienyl-H), 

4.48 (s, 2 H, OCH2), 4.21 (t, J = 6.8 Hz, 2 H, CH2), 3.42 (t, J = 6.0 Hz, 2 H, CH2), 2.14  

ppm (pent, J = 6.0 Hz, 2 H, CH2); 13C NMR (75.5 MHz, CDCl3, APT): δ 148.5 (C), 142.2 

(CH), 137.9 (C), 131.4 (C), 128.4 (CH), 127.7 (CH), 127.6 (CH), 120.2 (CH), 116.8 (CH), 

73.1 (CH2), 65.8 (CH2), 43.9 (CH2), 29.3 ppm (CH2); IR (KBr): 2926, 2862, 1634, 1517, 

1454, 1391, 1366, 1251, 1195, 1098, 733 cm–1; MS (EI) m/z (%): 272.3 (28) [M+], 206.1 

(100) 91.1 (94); HRMS (ESI) calcd for C15H17N2OS+ [M+H+]: 273.10561; found: 

273.10560. 

N

N

Ph

S

N

N

PhH2CO

S



 
 

144 

N

N

NS

3-(2-(1-Methyl-1H-indol-3-yl)ethyl)-3H-thieno[2,3-d]imidazole (235d) 

 

Compound 235d (250 mg, 44%) was obtained from 2-bromo-3-

isocyanothiophene (234) (376 mg, 2 mmol) and 2-(1-methyl-

1H-indol-3-yl)ethanamine (230d) (348 mg, 2 mmol) following 

the GP11, after column chromatography (CH2Cl2/MeOH 40 : 1, 

Rf = 0.23) as a yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.54 (d, J = 7.5, 1 H), 7.41 (s, 

1 H, NCH), 7.31–7.22 (m, 2 H), 7.16–7.11 (m, 2 H), 6.98 (dd, J = 5.3, 1.1 Hz, 1 H, 

thienyl-H), 6.59 (s, 1 H, indolyl-2H), 4.33 (t, J = 7.2 Hz, 2 H, CH2), 3.67 (s, 3 H, CH3), 

3.31  ppm (t, J = 7.2 Hz, 2 H, CH2); 13C NMR (75.5 MHz, CDCl3, APT): δ 148.5 (C), 

142.2 (CH), 137.0 (C), 131.3 (C), 127.8 (C), 127.2 (CH), 121.8 (CH), 120.2 (CH), 119.1 

(CH), 118.2 (CH), 116.8 (CH), 109.6 (C), 109.5 (CH), 48.0 (CH2), 32.6 (CH3), 25.4 ppm 

(CH2); IR (KBr): 3443, 1640, 1517, 1474, 1435, 1380, 1328, 1250, 1201, 903, 738 cm–1; 

MS (ESI) m/z (%): 585.2 (33) [2M+Na+], 304.1 (100) [M+Na+]; HRMS (ESI) calcd for 

C16H16N3S+ [M+H+]: 282.1059; found: 282.1061 
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D. Summary and Outlook 
 
A variety of transformations, which isocyanides can undergo en route to different 

N-heterocycles is almost as diverse and versatile, as organic chemistry itself. The 

examples shown in the Introduction of this thesis covered only cases, in which both C and 

N atoms of the isocyano group are integrated into newly formed N-heterocycles. In the 

major part of such catalyzed or base-induced processes two possible routes are realized: 

1) an initial deprotonation of the isocyanide is followed by its addition and (or) cyclization 

or 2) an addition to the isocyano group (or its insertion) is followed by a cyclization of the 

thus formed reactive intermediate. Base-induced anionic cyclizations are supplemented 

with some radical processes and transition metal-catalyzed (mediated) reactions as well as 

organocatalytic transformations. Some shown cyclizations have been found to proceed 

with high stereo- and enantioselectivities. The versatility and simplicity of such processes 

has found its reflection in syntheses of various natural products themelves as well as key 

precursors. Although much of isocyanide chemistry and particularly the syntheses of 

N-heterocycles, have been explored in last 30−40 years, we were convinced even before 

starting this work, that many methods still remained uncovered. Thus, the main objective 

of this doctoral thesis has been to find and explore new approaches to N-heterocycles from 

isocyanides.  

 

Two different new syntheses of substituted pyrroles from isocyanides and acetylenes have 

been developed (see Chapter 1). The formal cycloaddition of α-metallated methyl 

isocyanides 63 onto the triple bond of electron-deficient acetylenes 64 reported recently by 

de Meijere and Larionov represents a direct and convenient approach to 

2,3,4-trisubstituted pyrroles 65. The scope and limitations of this reaction were further 

elaborated in this study. Some new alkyl-, aryl- and hetarylpropiolates 168 were employed 

in the efficient synthesis of 2,3,4-trisubstituted pyrroles 173 (7 examples, 68−94%). The 

terminal acceptor-substituted acetylenes, such as methyl propiolate (168h) have been 

shown to provide the corresponding 2,4-disubstituted pyrroles in their reaction with 

substituted methyl isocyanides 63, albeit in lower yields (4 examples, 7−44%). Some test 

experiments towards optimization of the reaction conditions (solvent, temperature, catalyst) 

are presented herein along with the description of a plausible mechanism. Next, we tried to 

fathom the possibility of employing unactivated acetylenes in their reaction with 63. Thus, 

a novel Cu(I)-mediated synthesis of 2,3-disubstituted pyrroles 178 by reaction of copper 
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acetylides derived from unactivated terminal alkynes 167 with substituted methyl 

isocyanides 63 has been developed. After the optimization of reaction conditions, 11 

examples of such 2,3-disubstituted pyrroles 178 have been synthesized (5−88% yield). 

The proposed mechanism of this new transformation was confirmed by some additional 

experiments. 

 

Metallated isocyanides, as mentioned above, may be versatile precursors for various 

N-heterocycles. We envisaged, that ortho-metallated phenyl isocyanide 188-Li and related 

compounds (200) which have not been known before, might be versatile intermediates for 

the synthesis of particular heterocycles as well. In Chapter 2, the generation and further 

reactions of ortho-lithiophenyl isocyanide 188-Li, the first example of a ring- metallated 

aryl isocyanide known so far, are described. Thus, 188-Li conveniently obtained by 

halogen–lithium exchange on ortho-bromophenyl isocyanide (159-Br), was trapped with 

various electrophiles to provide corresponding 2-substituted phenyl isocyanides 192 

(5 examples, 55−88% yield). In the reaction of 188-Li with dimethylformamide, 

2-(formylamino)-benzaldehyde 196 was formed unexpectedly and isolated in 76% yield. 

The latter presumably arose by hydrolysis of the initially formed 1,3-benzoxazine 

derivative 194. The reactions of 188-Li with isocyanates and isothiocyanates afforded, 

after treatment of the reaction mixture with water, pharmaceutically relevant 3-substituted 

3H-quinazoline-4-ones and 3H-quinazolin-4-thiones 191 (9 examples, 69−91% yield). 

Treatment of the same mixtures after the reaction of ortho-lithiophenyl isocyanide 188-Li 

with an isocyanate containing lithiated intermediates 190-Li with a second electrophile, 

provided the corresponding 2,3-disubstituted 3H-quinazoline-4-ones 191 (6 examples, 

54−85% yield). In two cases, this trapping could proceed intramolecularly as an 

appropriate functional group was provided in the isocyanates themselves. Thus, the 

naturally occurring alkaloids deoxyvasicinone (191n) and tryptanthrine (191o) were 

synthesized in 72 and 85% yield, respectively, in a one-pot procedure following this 

strategy. 

 

In Chapter 3, the reactions of ortho-lithiophenyl isocyanide (188-Li) and some of its 

heteroanalogues (3-isocyano-2-thienyllithium 216 and 3-isocyano-2-pyridyllithium 218) 

with aldehydes, ketones and carbon dioxide are considered in detail. ortho-Lithiophenyl 

(-hetaryl) isocyanides of the general type 200 react at −78 °C with aldehydes to provide 

the corresponding isocyanobenzylalcohols 204 (36−89%, 9 examples), and with ketones 
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to form the respective 4H-3,1-benzoxazines 201 (48−78%, 3 examples), when the mixture 

was treated with water before work-up. Treatment of the same mixtures at −78 °C with 

other electrophiles provided in moderate to good yields 2-substituted 4H-3,1-benzoxazines 

201l-R, 206, 207 and in one case, the mixed carbonate 205 of the isocyanoalcohol 204d. 

2-Lithiated 4H-3,1-benzoxazines of type 198 (and their heteroanalogues generated from 

lithiated isocyanides of type 200) have been shown to undergo two types of unprecedented 

rearrangements providing isobenzofuran-1(3H)-imines (iminophthalanes) 210 (and its 

heteroanalogues 211, 219l) or indolin-2-ones 215 (and its heteroanalogue 217k), 

depending on the reaction conditions and substitution patterns. Proposed mechanisms of 

these novel rearrangements include pericyclic ring opening in 198 with destruction of 

benzene ring aromatic character followed by two types of recyclizations to give 

N-metallated oxoindoles 215 or isobenzofuran-1(3H)-imines 210. Isocyanoalcohols 204 in 

turn were converted to 4H-3,1-benzoxazines 201 or isobenzofuran-1(3H)-imines 210 (or 

its heteroanalogue 211d) under Cu(I) catalysis (66−86%, 8 examples). 4H-3,1-

Benzoxazin-4-ones 199-Nu and isatoic anhydride 209 were obtained by the reaction of 

188-Li with carbon dioxide followed by trapping of the lithiated intermediate with iodine 

and subsequent reactions with nucleophiles (45−60%, 3 examples).  

 

Transition-metal catalyzed processes have become one of the most important parts of 

modern organic chemistry in general and particularly in the synthesis of heterocycles. 

Therefore, the exploration of new such processes employing isocyanides is strongly 

required. In the last part of this thesis (Chapter 4), a novel copper-catalyzed synthesis of 

1-substituted benzimidazoles 232 from o-bromoaryl isocyanide (159-Br) and primary 

amines (230) is presented. The optimization of the reaction conditions revealed that the 

best yields of benzimidazoles are achieved, when the reaction is performed in DMF with 

Cs2CO3 as a base and CuBr/1,10-Phenanthroline as a catalyst. Importantly, the 

temperature of the reaction mixture should be gradually increased up to 90 °C to achieve 

highest yields. Under optimized conditions, 159-Br reacts with various primary amines in 

the presence of the Cu(I) catalyst to afford 1-substituted benzimidazoles 232 in moderate 

to good yields (38−70%, 13 examples). Analogously, 2-bromo-3-isocyanothiophene (234) 

furnishes 3-substituted 3H-thieno[2,3-d]imidazoles 235 (44−49%, 3 examples). 

Mechanistically, 1-substituted benzimidazoles 232 and their heteroanalogues 235 are 

believed to result from a sequential reaction consisting of a copper-catalyzed addition of 

an amine 230 onto an isocyano group of 159-Br followed by a copper-catalyzed 
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intramolecular N-arylation of the thus formed formamidine (231). Interestingly, the 

Cu(I)-catalyzed reaction of 159-Br with tert-butylamine did not provide the corresponding 

N-tert-butyl benzimidazoles (232m), but gave 1-(2-bromophenyl)benzimidazole 232n in 

38% yield. The supposed rationale for this fact involves the in situ formation of 

2-bromoaniline (230n) and subsequent reaction of 159-Br with it. This assumption was 

confirmed by independent reaction of 159-Br with 230n, which also provided 232n in 

42% yield. 
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R1 = CO2Me, R2 = pCF3C6H4 (173ae)
R1 = CO2Me, R2 = 2-pyridyl (173af)
R1 = CO2Me, R2 = 2-thienyl (173ag)
R1 = CO2Et, R2 = H (173bh)
R1 = SO2Tol, R2 = H (173ch)
R1 = Ph, R2 = H (173eh)
R1 = pC6H4NO2, R2 = H (173fh)

R1 N
H

R1

167 178

R2

H

N
H

O

O
179

R1 = nBu
        CH2OMe
        CH(OMe)Me
        Ph
        cPr
        tBu
        2-pyridyl
        secBu
        (CH2)2OH

R1 = nBu, R2 = CO2Et (178ba)
R1 = CH2OMe, R2 = CO2Et (178bb)
R1 = CH(OMe)Me, R2 = CO2Et (178bc)
R1 = Ph, R2 = CO2Et (178bd)
R1 = cPr, R2 = CO2Et (178be)
R1 = tBu, R2 = CO2Et (178bf)
R1 = 2-pyridyl, R2 = CO2Et (178bg)
R1 = secBu, R2 = CO2Et (178bh)
R1 = nBu, R2 = CO2Et (178bi)
R1 = nBu, R2 = CO2tBu (178ca)
R1 = nBu, R2 = pC6H4NO2 (178bi)

N
H

CO2Et

But

iso-178bf

EWG

R2

64
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Li

NC
188-Li

Li

NC
200

NC

E
192

E = I (159-I)
      CO2Me (192a)
      SPh (192b)
      CHO (192c)

NC

O CO2Me

192d

NHCHO

CHO
196

O

N

NMe2194

N

N

X
R

191

X = O, El = H, R = Ph (191a)
                              4-MeC6H4 (191b)
                              4-CF3C6H4 (191c)
                              4-FC6H4 (191d)
                              CH2Ph (191e)
                              iPr (191f)
                              cPr (191g)
X = S, El = H, R = cPr (191h)
                              cHex (191i)
X = O, El = CO2Me, R = Ph (191j)
X = O, El = SPh, R = Ph (191k)
X = O, El = CN, R = Ph (191l)
X = O, El = I, R = CH2Ph (191m)

El

191n

N

N

O

N

N

O

O

191o

N Li

NC

S

NC

Li

218216

NC

OH

R

204
R = Ph (204a)
       4-OMeC6H4 (204b)
       4-ClC6H4 (204c)
       4-pyridyl (204d)
       2-(5-methylthienyl) (204e)
       2-(5-methylfuryl) (204f)
       tBu (204g)
       iPr (204h)
      1-(2-methyl-
       2-butene-1-yl) (204i)

O

N

R1 R2

201

R1 = Ph, R2 = Ph (201k)
R1 = Ph, R2 = CF3 (201l)
R1 = Me, R2 = Me (201m)
R1 = H, R2 = Ph (201a)
                     4-OMeC6H4 (201b)
                     4-ClC6H4 (201c)
                     4-pyridyl (201d)
                     tBu (201g)

N

O

R

F3C Ph

201l-R

R = CO2Me (201l-CO2Me)
       CH2CO2Et 
       (201l-CH2CO2Et)
       N-morpholino (207)

NC O

N

CO2Me

205

N
H

O

F3C Ph

O

206

Br

NC
159-Br

N

N

X
R

190

Li
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O

210 NH

R2R1

N
H

R1
R2

O

215

N

O

O

Nu
199-Nu                 

Nu = N-morpholine 
(199-morph)
Nu = N-aziridine 
(199-azirid)

N
H

O

O

O
209

R1 = H, R2 = 2-(5-methyl-
furyl) (210f)
R1 = H, R2 = iPr (210h)
R1 = Me, R2 = CF3 (210o)

R1 = H, R2 = 2-pyridyl (215n)
R1 = Ph, R2 = Ph (215k)

S

N
H

Ph Ph

217k

O
S

O

NH

R1
R2

211

R1 = H, R2 = 4-pyridyl (211d)
R1 = Ph, R2 = CF3 (211l)

N
O

NH

Ph CF3

219l

N

N

R

R = Ph (232a)
       nPr (232b)
       (CH2)3OCH2Ph (232c)
       (CH2)2(3-N-methylindolyl) 
       (232d)
       CH2(2-MeOC6H4) (232f)
       CH2(3,5-MeOC6H3) (232g)
       CH2(2-furyl) (232h)
       CH2(4-CF3C6H4) (232i)
       cPr (232j)
       cHex (232k)
       4-MeC6H4 (232l)
       tBu (232m)
       2-BrC6H4 (232n)

232

RNH2

230

N

N

N

N

232eN

N

R
S

235
R = CH2Ph (235a)
      (CH2)3OCH2Ph (235c)
      (CH2)2(3-N-methylindolyl) 
      (232d)

NC

Br
234

S

Br

N NHR

131

N

O

R1 R2

Li
198
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F. Representative 1H and 13C Spectra of the prepared compounds 
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 Dimethyl 3-(Thiophen-2-yl)-1H-pyrrole-2,4-dicarboxylate (173ag) 
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Methyl 2-Phenyl-1H-pyrrole-4-carboxylate (173eh) 
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Methyl 2-(Ethoxycarbonyl)-1H-pyrrole-4-carboxylate (173bh) 
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Ethyl 3-(sec-Butyl)-1H-pyrrole-2-carboxylate (178bh) 
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Ethyl 3-Cyclopropyl-1H-pyrrole-2-carboxylate (178be) 
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4,5-Dihydro-1-H-pyrano[3,4-b]pyrrol-7-one (179) 
AL500H.esp

11 10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
or

m
al

iz
ed

 In
te

ns
ity

10
.6

8

7.
27

7.
08

6.
13

4.
56

2.
93

0.
00

 
AL500C.esp

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
or

m
al

iz
ed

 In
te

ns
ity

16
1.

16

13
0.

75 12
6.

35

11
7.

85

10
9.

70
10

7.
23

77
.0

0

69
.4

5

22
.9

7

 

N
H

O

O
300 MHz
CDCl3

N
H

O

O
75.5 MHz
CDCl3



 
 

177 

2-Isocyanobenzaldehyde (202c) 
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Methyl 2-isocyanobenzoate (202a) 
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