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GENERAL INTRODUCTION 

Domino transformations allow the generation of several new bonds in a single synthetic operation 

starting from simple substrates, wherein the subsequent reactions result as a consequence 

of the functionality generated in a previous step. The quality of the domino reaction can be 

correlated to the number of chemical bonds formed, considering the complexity and diversity 

that can be achieved in the process, e.g. the bond-forming efficiency index defined by Tietze.[1] A 

multicomponent reaction is a process wherein three or more starting materials are combined into 

one compound in a single chemical operation; thus, it is a domino process. The rapid and facile 

access to biologically relevant compounds and the scaffold diversity of multicomponent reactions 

have been recognized by the synthetic community in industry and academia as a preferred method 

to both design and discover biologically active compounds.[2,3] Ugi and Ugi-type multicomponent 

reactions, belonging to the most important transformations in the field, give access to biologically 

and pharmaceutically relevant compounds, with recent examples including boceprevir, retosiban, 

and mandipropamid.[4–6] Classical Ugi four-component,[7,8] Ugi four-component tetrazole,[9] 

Ugi lactam,[10] Ugi four component hydantoin,[11] Ugi five-center four-component,[12] Ugi three-

component,[13] and Ugi–Smiles[14] reactions are just a few examples that demonstrate the power of 

multicomponent reaction chemistry as a key set of domino transformations in organic synthesis. 

These kinds of reactions start with the formation of the corresponding imine and are followed by 

addition into the resulting C=N bond by the other reagents (e.g., isocyanide, acid), setting into 

motion additional events. Very recently, a facile and convenient synthesis of indole derivatives 

based on a multicomponent reaction was published.[15] Employing novel isocyanide 1, six different 

scaffolds 2–7 and 20 new compounds were described. In most of these reactions, the addition to 

the C=N bond is the initial reaction (Scheme 1).

Addition to C=N Bonds and the Pictet–Spengler Strategy 

Chemical diversity and complexity of scaffolds are the keys for the design and/or screening-based 

discovery of useful materials. Multicomponent reactions are often highly compatible with a 

range of unprotected orthogonal functional groups; thus, even more “secondary” scaffolds can 

be obtained based on bifunctional starting materials or some various subsequent reactions of 

the initial products. This two-layered strategy has been extremely fruitful in the past, leading to 

a great array of scaffolds now routinely used in combinatorial and medicinal chemistry for drug 

discovery purposes.[3] One characteristic strategy is the combination of the venerable Ugi and 

Pictet–Spengler reactions, a process which results in polycyclic scaffolds similar to many classes of 

natural products (Scheme 2). 
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Scheme 1. The Power of Multicomponent Reaction Chemistry: One Isocyanide, Six Different Scaffolds, 
and Twenty New Compounds[15]

Scheme 2. Ugi and Pictet–Spengler Reaction Strategy

In the first reported combination of the Ugi and Pictet–Spengler reactions, electron-rich 

2-(1H-indol-3-yl)ethan-1-amine-derived isocyanide 8 reacts in the Ugi reaction with a diversity of 
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bifunctional oxocarboxylic acid derivatives 10 and orthogonally protected aminoacetaldehyde 9, 

followed by a Pictet–Spengler reaction. This process yields structurally intriguing polycyclic indole 

alkaloid type compounds 12 (Scheme 3). The yields for the Ugi products 11 vary from 50–80% (Ugi) 

and those for the Pictet–Spengler reactions from 48–90%.[16]

Scheme 3. Ugi and Pictet–Spengler Reactions Affording Polycyclic Indole Alkaloid Type Compounds[16]

Furthermore, the reaction sequence has been extended to other isocyanides and the synthesis of a 

small focused library of polycyclic products 16 based on (2-phenylethyl)aminederived isocyanides 

has been described (Scheme 4). Both syntheses naturally yield different scaffolds with different 

substitution patterns and likely different biological activities, though these results remain to  

be reported.

The first step is an Ugi three-component reaction of a (2-phenylethyl)amine-derived isocyanide 

13 and aminoacetaldehyde dimethyl acetal (9) with a suitable bifunctional oxocarboxylic acid 

14. Both electron-neutral and electron-rich isocyanides can be employed, with the isocyanides 

being derived from the corresponding amines. The next step involves a Pictet–Spengler reaction 

of the dimethyl acetal protected Ugi intermediates 15 (Scheme 4). The conditions for this ring 

closure require formic acid or methanesulfonic acid and have been chosen according to previous 

optimizations of this reaction sequence, albeit using different isocyanide inputs. Using formic acid 

at room temperature for ring closure is good for the more reactive dimethoxyphenyl Ugi products 

but is ineffective for the less reactive monomethoxyphenyl or phenyl Ugi products; however, in 

these cases, anhydrous methanesulfonic acid at 70oC with a longer reaction time is effective. Yields 

range from moderate to very good, and in some cases high diastereomeric ratios are obtained.[17]
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Scheme 4. Ugi and Pictet–Spengler Reactions Affording Polycyclic Products Based on (2-Phenylethyl)
amine-Derived Isocyanides[17]

An efficient approach to access praziquantel (Scheme 5) has been described based on an 

Ugi four-component reaction followed by a Pictet–Spengler reaction.[17] Praziquantel, a 

tetrahydroisoquinoline derivative, is the only commercially available treatment of schistosomiasis, 

a high-volume neglected tropical disease affecting more than 200 million people worldwide, and 

is marketed by Bayer (Biltricide), Merck (Cysticide), and Shin Poong (Distocide), to name a few.

Scheme 5. Structure of Praziquantel[17]

This domino reaction approach comprises an Ugi four-component reaction as the key step, 

followed by a Pictet–Spengler ring closure. These events are carried out in a sequential one-

pot, two-step procedure with an overall yield of ~50%. Various isocyanides 17, aldehydes 18, 

and acids 19 have been used to define the scope and limitations of the reaction and thirty novel 

praziquantel derivatives 20 have been successfully synthesized (Scheme 6).[18] Novel tricyclic indole 

and isoquinoline derivatives have been synthesized based on a similar approach, thus extending 

the chemical space accessed even further. 
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Scheme 6. Ugi and Pictet–Spengler Reaction Affording Novel Praziquantel Derivatives[18]

Recently, Khoury and co-workers developed an extension of the Ugi reaction of α-amino acids by 

introducing primary or secondary amines as additional reactants, thus rendering the Ugi five-center 

four-component reaction into a truly four-component reaction with four highly variable starting 

materials.[12] Based on that advance, chiral imino dicarboxamides can be formed by variation of an 

α-amino acid, an oxo component, an isocyanide, and a primary or secondary amine as previously 

unprecedented components for this Ugi variation. Critically, the reaction is compatible with many 

functional groups and different fragments. A tryptophan amino acid derivative 23, a ketone 22, an 

isocyanide 21, and aminoacetaldehyde dimethyl acetal (9) react in methanol/water (4:1) at room 

temperature to form the novel Ugi five-center four-component reaction products 24 (Scheme 7). 

Afterward, by using concentrated formic acid at rt, the corresponding Pictet–Spengler cyclization 

product 25 is formed. The reaction sequence is also conveniently performed in one pot without 

loss of yield by direct evaporation of the crude Ugi five-center four-component reaction mixture 

followed by addition of formic acid.[19]

Scheme 7. Ugi and Pictet–Spengler Reaction Affording Novel Tricyclic Indole Derivatives[19]
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The advantage of the specific combination of Ugi and Pictet–Spengler reactions is the expedited 

and convergent access to polycyclic natural product like skeletons. The yields over two steps 

are acceptable to good. The stereochemistry of the amino acid is conserved and therefore 

stereochemically pure (using symmetrical ketones or formaldehyde) or diastereomeric (using 

aldehydes other than formaldehyde) compounds are obtained. Many variations in the oxo and 

isocyanide starting materials can lead to synthetic handles to further elaborate the primary 

structures.[19] 

Pyrazino[1’,2’:1,2]pyrido[3,4-b]indolediones 12; General Procedure:[16] 

Oxocarboxylic acid 10 (1 mmol) was dissolved in MeOH (1 mL) and isocyanide 8 (1 mmol) and 

aminoacetaldehyde dimethyl acetal (9; 1 mmol) were added. The solution was stirred at rt for 24 

h and then concentrated. The residue was purified by column chromatography (silica gel) to give 

the corresponding Ugi product 11. 

The Ugi product 11 (0.1 mmol) was dissolved in HCO
2
H (0.5 mL) and the solution was stirred at 

rt for 4 h. Concentration and purification by preparative TLC or column chromatography gave the 

corresponding polycyclic product. 

Pyrazino[2,1-a]isoquinolinediones 16; General Procedure:[17] 

Oxocarboxylic acid 14 (1 mmol) was dissolved in MeOH (1 mL), and isocyanide 13 (1 mmol) and 

aminoacetaldehyde dimethyl acetal (9; 1 mmol) were added. The solution was stirred at rt for 24 

h. The solvent was evaporated and the residue was purified by column chromatography (silica gel) 

to give the Ugi product 15.

The Ugi intermediate 15 (0.1 mmol) was dissolved in HCO
2
H (0.5 mL) and the solution was stirred 

at rt for 4 h. Excess HCO
2
H was evaporated and the residue was purified by preparative TLC or 

column chromatography to give the corresponding polycyclic product. Alternatively, the Ugi 

intermediate 15 was dissolved in MsOH (0.5 mL) and the solution was stirred at 70oC for 24 h. 

Neutralization with 1 M aq Na
2
CO3, extraction with EtOAc, and purification by preparative TLC or 

column chromatography gave the corresponding polycyclic product. 

Hexahydro-4H-pyrazino[2,1-a]isoquinolin-4-ones 20; General Procedure:[18] 

A mixture of aldehyde 18 (1.2 mmol), aminoacetaldehyde dimethyl acetal (9; 1.0 mmol), and 

carboxylic acid 19 (1.0 mmol) in anhyd MeOH was treated with isocyanide 17 (1.0 mmol) at 0oC. 

After the mixture had been stirred at rt overnight, it was concentrated under reduced pressure 

to give the Ugi four-component product, which was used directly in the next step without further 

purification. A mixture of the Ugi product (1.0 mmol) and anhyd MgSO4 (2.0 mmol) in anhyd 

1,2-dichloroethane was treated with MsOH (6.0 mmol) slowly under argon at rt. The mixture 

was then stirred at 80oC until the reaction was complete, as indicated by TLC. The reaction was 

quenched with cold aq NaHCO3 and the mixture was extracted with EtOAc. The combined organic 

layers were dried (Na
2
SO4) and concentrated under reduced pressure. The crude residue was 

purified by flash column chromatography. 

(Hexahydro-1H-1,5-epiminoazocino[5,4-b]indol-12-yl)carboxamides 25; General Procedure:[19]

 A mixture of L-amino acid 23 (0.5 mmol), ketone 22 (0.5 mmol), isocyanide 21 (0.5 mmol), and 
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aminoacetaldehyde dimethyl acetal (9; 0.5 mmol) in MeOH/H
2
O (4:1, 0.1 M) was stirred for 24–72 

h at rt. Solvents were evaporated under reduced pressure. The crude Ugi product 24 was dissolved 

in HCO
2
H (2 mL) and the solution was stirred for another 16 h at rt. The mixture was diluted with 

CH
2
Cl

2
 and solid K

2
CO3 was added in portions to neutralize the mixture. Excess K

2
CO3 was filtered 

off by using Celite and solvents were evaporated. The crude product was purified by supercritical 

fluid chromatography, flash column chromatography, or preparative TLC. 

Ugi Five-Center Four-Component Reaction Followed by Postcondensations 

In 1996, Ugi and co-workers described the scope and limitations of a novel variant of the original 

Ugi reaction.[20] The reaction was termed a five-center four-component reaction because of the 

use of bireactive α-amino acids, oxo components, isocyanides, and an alcohol both as solvent 

and reactant. However, this reaction only comprises a multicomponent reaction where three 

components show great variability: the α-amino acid, the oxo component, and the isocyanide. 

The variability of the alcohol component is rather restricted to low-molecular-weight alcohols such 

as methanol and ethanol. This restriction is likely a result of the poor solubility of the amino acids 

in other alcohols as well as the reduced nucleophilicity of the alcohols in general terms. The key 

reaction intermediate is the six-membered α-adduct 26 of the α-amino acid, the oxo component, 

and the isocyanide. This α-adduct undergoes nucleophilic attack by the solvent to give the linear 

product 27 (Scheme 8).

Scheme 8. The Five-Center Four-Component Reaction

Recently, a novel, stereoselective Ugi-type reaction of four highly variable starting materials has 

been described.[12] In this report, the authors envisioned that nitrogen-based nucleophiles, such as 

primary or secondary amines, could potentially work by successfully competing with the alcohol 

solvent to attack the six-membered adduct 26, thus leading to iminodicarboxamide derivatives 28 
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(Scheme 8). The optimal solvent for the reaction is a mixture of methanol/water (4:1), one that 

allows full solubilization of the starting materials. The reaction is performed at room temperature 

for 24–72 hours to circumvent the formation of unwanted side products that are formed when the 

reaction is carried out under microwave conditions instead. The scope of the reaction has been 

investigated by using representative starting materials of each class (Scheme 9). Not surprisingly, 

the identity of the starting materials and their specific combinations plays a role in the overall yield 

and selectivity of the reaction. Virtually all the natural α-amino acids 29 and some nonnatural 

ones can be used in the reaction; nevertheless, α-amino acids with reactive side chains (e.g., Ser, 

Glu, Asp, Lys) give lower yields with unprotected side chains and therefore are employed in their 

sidechain-protected form. As oxo components 30, symmetrical ketones are used to obtain only one 

stereoisomer; however, both aldehydes and ketones work equally well in the reaction. Isocyanides 

31 that can be used include (hetero)aromatic, aliphatic, and bulky examples, and primary and 

secondary amines 32 include functionalized, heterocyclic, and (hetero)aromatic amines (Scheme 

9). All reactions have been performed on a 0.5-mmol scale and the products 33 are separated into 

their component diastereomers by efficient and fast supercritical fluid carbon dioxide technology 

to afford 40–60% yield of the final products. The influence of the amine component was also 

investigated in relation to the integrity of the stereocenter, and it was found that primary amines 

lead to retention of stereochemistry, whereas secondary amines lead to partial racemization. The 

one-pot synthesis toward this scaffold constitutes a major advance and is superior to reported 

stepwise sequential or multicomponent reaction approaches.[12]

Scheme 9. A “Truly” Five-Center Four-Component Reaction[12]

In further elaboration of the Ugi four-component reaction, the synthesis of four heterocyclic 

scaffolds based on the Ugi four-component reaction of α-amino acids, oxo components, 

isocyanides, and primary or secondary amines has been described by suitably functionalizing the 

starting materials of the reaction.[21] Amongst the different strategies for the design of molecular 

complexity using multicomponent reaction chemistry,[22] post Ugi secondary cyclization has been 

a very fruitful strategy to accomplish novel scaffolds. Due to the well-known functional group 

compatibility of the Ugi starting materials, it was envisioned that the construction of heterocyclic 

scaffolds involving the unique and reactive secondary amine formed during the Ugi reaction 

variation was feasible. Several intramolecular lactamizations based on different Ugi scaffolds have 

been reported in the past;[23–26] however, the current synthesis differs from the rest because it yields 

a unique scaffold under much milder cyclization conditions. When methyl 2-formylbenzoates 37 

are used as an oxo component in the Ugi four-component reaction along with equivalent amounts 

of an amino acid 34, an isocyanide 35, and a primary or secondary amine 36 with heating (85οC, 

24–72 h), the expected isoindolinone scaffold 38 is formed in moderate yield (Scheme 10).[21] 
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Scheme 10. Cyclization toward Isoindolones[21]

When a -oxo ester 42 is employed as a bifunctional orthogonal building block along with an amino 

acid 39, an isocyanide 40, and a primary amine 41 under heating at 85οC, complete formation of 

the Ugi product is observed. This material is transformed to the corresponding pyrrolidinedione 

scaffold 43 upon treatment with 3 equivalents of cesium carbonate (Scheme 11).[21] Several 

analogous reactions yield pyrrolidinediones in satisfactory yields with exclusive formation of 

the cis-stereoisomer, as confirmed by X-ray analysis. The discovery of this reaction is remarkable 

because few other orthogonal methods exist to access a pyrrolidinedione scaffold by isocyanide-

based multicomponent reactions.[27]

Scheme 11. Cyclization toward Pyrrolidinediones[21]

In a final example, the use of electron-rich aromatic α-amino acids, such as phenylalanine (46), 

shows applicability in a new Ugi variation to produce compounds 47 in good to high yields using 

aminoacetaldehyde dimethyl acetal (9), ketones 44, and isocyanides 45 (Scheme 12).[21] In all 

cases, only the trans-diastereomer is observed, as confirmed by X-ray analysis of compound 47.

Scheme 12. Cyclization toward Bicyclic Tetrahydroimidazo[1,2-a]pyrazine- 2,6(3H,5H)-diones[21]
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The Ugi four-component reaction, along with its postcondensation modifications, can also 

serve as an excellent way to access diverse 1,4-benzodiazepine scaffolds.[28] Such scaffolds are 

of particular interest in drug design due to a balanced ensemble of beneficial physicochemical 

properties which includes a semi-rigid and compact diazepine ring with spatial placements of 

several substituents, combined with a low number of rotatable bonds, hydrogen-bond donors 

and acceptors, and intermediate lipophilicity. As an alternative to traditional multistep sequential 

syntheses of these materials, new routes have been designed employing one-pot multicomponent 

reactions to accelerate access to diverse 1,4-benzodiazepine scaffolds. Novel applications of [(tert-

butoxycarbonyl)amino]- acetaldehyde in the synthesis of 1,4-benzodiazepines utilizing the Ugi/

deprotection/cyclization strategy have been described.[29] 1,4-Benzodiazepine-5-ones 53 can be 

accessed using methyl 2-aminobenzoate (49) as a building block. This compound serves as an 

amine component for the Ugi four-component reaction together with an isocyanides 48, [(tert-

butoxycarbonyl)amino]acetaldehyde (50), and a carboxylic acid 51 to form the Ugi product 52, 

which is cyclized to the 1,4-diazepine scaffold (Scheme 13).[28] The Ugi/deprotection/cyclization 

strategy allows access to 1,4-benzodiazepine-5-ones 53 with different substitutions derived from 

the isocyanide and carboxylic acid starting materials.

Scheme 13. Ugi Four-Component Reaction Route to 1,4-Benzodiazepine-5-ones[28]

Because aminophenyl ketones show good reactivity in multicomponent reactions as an amine 

component,[30–32] they are employed in a new Ugi/deprotection/cyclization strategy for the 

rapid access to a second 1,4-benzodiazepine scaffold 58 (Scheme 14).[28] Initially, aminophenyl 

ketones 56 react with an isocyanide 54, [(tert-butoxycarbonyl)amino]acetaldehyde (50), and a 

carboxylic acid 55 to from the Ugi product 57. In the second step, the deprotected amino group 

is immediately cyclized with the ketone functionality to form 1,4-benzodiazepines 58 with four 

points of diversification.
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Scheme 14. Ugi Four-Component Reaction Route to 1,4-Benzodiazepines[28]

The Ugi/deprotection/cyclization strategy is further applied for the synthesis of a third 1,4- 

benzodiazepine scaffold 62. In this case, an aminophenyl ketone 60 reacts with an isocyanide 

59, [(tert-butoxycarbonyl)amino]acetaldehyde (50), and azidotrimethylsilane to obtain the Ugi 

tetrazole product 61, followed by deprotection/cyclization forming substituted 1,4-benzodiazepines 

62 with three points of diversification (Scheme 15).[28] The scaffolds 58 and 62 are unprecedented 

in the chemical literature, whereas scaffold 53 is accessed in a new and convenient way.

Scheme 15. Ugi Four-Component Reaction Route to 2-Tetrazole-Substituted 1,4- Benzodiazepines[28]

Further development of an alternative approach toward the 1,4-benzodiazepine scaffold with an 

additional point of diversification led to the introduction of an “anchor” fragment to the diazepine 

ring.[28] A technology, referred to as AnchorQuery, performs an exact pharmacophore search of 
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anchor-oriented virtual libraries of explicit conformations. The anchor-oriented libraries are based 

upon key amino acid residues in, for example, protein–protein interactions where the amino acid 

residue (e.g., phenylalanine) is used as the anchor.[33] An N-tert-butoxycarbonyl-protected amino 

acid is an ideal building block to introduce anchor fragments, which can then be incorporated 

into drug-like compounds via multicomponent reactions.[34,35] Hence, the Ugi/deprotection/

cyclization strategy is employed to assemble the orthogonal N-tert-butoxycarbonyl-protected 

amino acid building block for the synthesis of a 1,4-benzodiazepine scaffold. Aminophenyl ketones 

65, isocyanides 63, N-(tert-butoxycarbonyl)glycine (64), and aldehydes 66 are employed to give 

the crude Ugi products 67, which are not isolated but immediately treated with trifluoroacetic 

acid in 1,2-dichloroethane to produce 1,4-benzodiazepines 68 in a onepot procedure (Scheme 

16).[28] These 1,4-benzodiazepines with four points of diversification are isolated in reasonable  

to good yields.

Scheme 16. Ugi Four-Component Reaction Route to 1,4-Benzodiazepinones[28]

As a final example, the synthetic feasibility of “anchor”-biased compound libraries using N-tert-

butoxycarbonyl-protected amino acid derivatives have also been tested.[28] Phenylalanine, leucine, 

tryptophan, and tyrosine, amino acids which are abundant in the protein– protein interaction 

interface, were selected. As shown in Scheme 17, N-tert-butoxycarbonyl-protected amino acids 71 

were subjected to the same protocol as for the synthesis of 1,4-benzodiazepines 68 with variable 

aminophenyl ketones 70 and isocyanides 69. Compounds 72, with four points of diversification, 

were isolated in 22–69% overall yield. These examples further demonstrate the overall ease of 

synthesis and increase in molecular complexity during the two-step, one-pot procedure, features 

which are remarkable for the efficient synthesis of 1,4-benzodiazepines containing a variety of 

“anchor” residues.
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Scheme 17. Synthesis of Anchor-Directed 1,4-Benzodiazepines[28]

Diethyl {[2-({1-[(3,4-Dichlorobenzyl)amino]-3-(1H-indol-3-yl)-1-oxopropan-2-yl}amino)-2- 

methylpropanamido]methyl}phosphonate [33, R1 = (1H-indol-3-yl)methyl; R2 = R3 = Me; R4 = 

CH2P(O)(OEt)2; R
5 = 3,4-Cl2C6H3CH2]; Typical Procedure:[12] 

A mixture of tryptophan [29, R1 = (1H-indol-3-yl)methyl; 0.5 mmol), acetone (30, R2 = R3 = 

Me; 0.5 mmol), diethyl (isocyanomethyl)phosphonate [31, R4 = CH
2
PO(OEt)

2
; 0.5 mmol], and 

3,4-dichlorobenzylamine (32, R5 = 3,4-Cl
2
C6H3CH

2
; 0.5 mmol), in MeOH/H

2
O (4:1, 0.1 M) was stirred 

for 24–72 h at rt. Solvents were evaporated under reduced pressure and the residue was dissolved 

in CH
2
Cl

2
. The unreacted amino acid was filtered off and the filtrate was concentrated to give the 

crude product, which was purified by supercritical fluid chromatography (MeOH); yield: 52%. 

3-Oxoisoindoline-1-carboxamides 38; General Procedure:[21] 

A mixture of an L-amino acid 34 (0.5 mmol), a methyl 2-formylbenzoate 37 (0.5 mmol), an 

isocyanide 35 (0.5 mmol), and an amine 36 (0.5 mmol) in 2,2,2-trifluoroethanol (5 mL) was 

stirred at 85οC for 24–72 h. Supercritical fluid chromatography/MS showed both the Ugi product 

as well as the desired cyclized product 38. 2,2,2-Trifluoroethanol was evaporated under reduced 

pressure and the residue was dissolved in CH
2
Cl

2
. The unreacted amino acid 34 was filtered off 

and the filtrate was concentrated. The residue was dissolved in EtOH (1 mL) and let sit in an oil 

bath at 60οC for 24 h to allow for the remainder of the Ugi product to cyclize. The precipitate was  

collected by filtration.

Pyrrolidinediones 43; General Procedure:[21] 

A mixture of an L-amino acid 39 (0.5 mmol), a β-oxo ester 42 (0.5 mmol), an isocyanide 40 (0.5 

mmol), and an amine 41 (0.5 mmol) in 2,2,2-trifluoroethanol (5 mL) was stirred at 85οC for 24–72 

h. Solvents were removed under N
2
 to 0.5–1.0 mL and then Cs

2
CO3 was added to the mixture. The 

resultant mixture was heated at 85οC overnight, then diluted with CH
2
Cl

2
 and H

2
O, and extracted 
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with CH
2
Cl

2
. The organic layer was dried (MgSO4), filtered, and concentrated. The crude product 

was purified by supercritical fluid or flash chromatography. 

(5S,8aR)-5-Benzyltetrahydroimidazo[1,2-a]pyrazine-2,6(3H,5H)-diones 47; General Procedure:[21] 

A mixture of L-phenylalanine (46; 0.5 mmol), a ketone 44 (0.5 mmol), an isocyanide 45 (0.5 mmol), 

and aminoacetaldehyde dimethyl acetal (9; 0.5 mmol) in MeOH/H
2
O (4:1, 0.1 M) was stirred for 

24–72 h at rt. Solvents were evaporated under reduced pressure and the residue was dissolved 

in CH
2
Cl

2
. Unreacted L-phenylalanine (46) was filtered off and the filtrate was concentrated. The 

residue was dissolved in formic acid (2 mL) and stirred at rt for 16 h. The mixture was quenched 

with aq NaHCO3 and extracted with CH
2
Cl

2
. The extracts were dried (Na

2
SO4), filtered, and 

concentrated. The crude product was purified by supercritical fluid or flash chromatography. 

2,3,4,5-Tetrahydro-1H-benzo[e][1,4]diazepine-2-carboxamides 53; General Procedure:[28] 

A mixture of methyl 2-aminobenzoate (49; 0.2 mmol), [(tert-butoxycarbonyl)amino]acetaldehyde 

(50; 0.2 mmol), an isocyanide 48 (0.2 mmol), and a carboxylic acid 51 (0.2 mmol) in MeOH (0.5 mL) 

was stirred at rt for 2 d. The Ugi product 52 was isolated by chromatography (silica gel) and then 

treated with a 10% TFA soln in CH
2
Cl

2
 (0.5 mL), and the mixture was stirred at rt for 2 d. The solvent 

was evaporated and the residue was treated with Et3N (100 μL) and 1,3,4,6,7,8-hexahydro-2H-

pyrimido[1,2-a]pyrimidine (TBD; 10 mg) in THF (0.5 mL) and stirred overnight at 40oC. The product 

was purified by chromatography (silica gel). 

2,3-Dihydro-1H-benzo[e][1,4]diazepine-2-carboxamides 58; General Procedure:[28] 

A mixture of a 2-aminoaryl ketone 56 (0.2 mmol), [(tert-butoxycarbonyl)amino]acetaldehyde (50; 

0.2 mmol), an isocyanide 54 (0.2 mmol), and a carboxylic acid 55 (0.2 mmol) in MeOH (0.5 mL) 

was stirred at rt for 2 d. The Ugi product 57 was purified by chromatography (silica gel). A mixture 

of the isolated Ugi product 57 and a 10% TFA solution in 1,2-dichloroethane (0.5 mL) was stirred 

at 40oC overnight. The residue was treated with Et3N (100 μL) and the product was purified by 

chromatography (silica gel). 

2-(1-tert-Butyl-1H-tetrazol-5-yl)-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepine (62, R1 = t-Bu; 

R2 = H; R3 = Ph); Typical Procedure:[28] 

A mixture of 2-aminobenzophenone (60, R2 = H; R3 = Ph; 0.2 mmol), [(tert-butoxycarbonyl)- amino]

acetaldehyde (50; 0.2 mmol), tert-butyl isocyanide (59, R1 = t-Bu; 0.2 mmol), and TMSN3 (0.3 mmol) 

in MeOH (0.5 mL) was stirred at rt for 2 d. The Ugi product 61 was purified by chromatography 

(silica gel). A mixture of the Ugi product 61 (26 mg) and a 10% TFA solution in 1,2-dichloroethane 

(0.5 mL) was stirred at 40oC overnight. The residue was treated with Et3N (100 μL), and the product 

was purified by chromatography (silica gel, petroleum ether/EtOAc 3:1); yield: 20 mg (29%). 

2-(2-Oxo-2,3-dihydro-1H-benzo[e][1,4]diazepin-1-yl)acetamides 68 (R4 = H); General Procedure:[28] 

A mixture of a 2-aminoaryl ketone 65 (0.2 mmol), N-(tert-butoxycarbonyl)glycine (64; 0.2 mmol), 

an isocyanide 63 (0.2 mmol), and formaldehyde (66, R4 = H; 0.2 mmol) in MeOH (0.5 mL) was 

stirred at rt for 2 d. After evaporation of the solvent, the residue of the Ugi product 67 was treated 

with a 10% solution of TFA in 1,2-dichloroethane (0.75 mL) and stirred at 40οC overnight. Then it 

was treated with Et3N (150 μL), and the product was purified by chromatography (silica gel). 
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(S)-2-(2-Oxo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepin-1-yl)acetamides 72 (R2 = Ph); 

General Procedure:[28] 

A mixture of 2-aminobenzophenone (70, R2 = Ph; 0.2 mmol), an N-tert-butoxycarbonyl-protected 

(S)-amino acid 71 (0.2 mmol), an isocyanide 69 (0.2 mmol), and formaldehyde (0.2 mmol) in MeOH 

(0.5 mL) was stirred at rt for 2 d. After evaporation of the solvent, the residue was treated with 

a 10% TFA solution in 1,2-dichloroethane (0.75 mL) and stirred at 40οC overnight. Then it was 

treated with Et3N (150 μL), and the product was purified by chromatography (silica gel). 

Addition to Nitriles 

Cyanoacetic acid derivatives are key starting materials in a plethora of multicomponent 

reactions yielding carbocycles and their heterocyclic analogues.[36] For instance, in the Gewald 

multicomponent reaction, the α-acidic character of the cyanoacetic acid derivatives 73 is exploited 

in a Knoevenagel condensation with α-acidic carbonyl compounds 74 (aldehydes, ketones, or 

1,3-dicarbonyls) to form an acrylonitrile derivative 75. After sulfanylation with elemental sulfur, 

the cyano group in 76 is available for intramolecular attack by the sulfur atom, leading to the 

final Gewald scaffold (e.g., 77), which possesses an exocyclic amine moiety that can be utilized in 

subsequent chemistry (Scheme 18).[36–38] 

Scheme 18. The Gewald Multicomponent Reaction[36–38]

Unfortunately, only a select few cyanoacetic derivatives, including cyanoacetic acid and esters, 

malononitrile, and cyanomethyl ketones have been described in such multicomponent reactions, 

thereby limiting the scope of the reaction to the diversification of the activated carbonyl 

compounds. Recently, however, an inexpensive, mild, scalable, and simple parallel formation of 

cyanoacetamides 73 (X = CONR3
2
) as cyanoacetic acid derivatives in domino multicomponent 

reactions has been described.[39] With this new access to multigram quantities of a wide range of 

cyanoacetamides, the application in multicomponent reaction chemistry is described. The Gewald 

multicomponent reaction scaffold, 2-aminothiophene, is an important and versatile building block 

in several drugs (e.g., olanzapine) and other biologically active compounds. Moreover, the Gewald 

multicomponent reaction itself constitutes an elegant, convenient, and effective reaction compared 

to traditional methods for the preparation of such compounds.[40] Wang and co-workers have 

described the use of their parallel cyanoacetamides methodology in the Gewald multicomponent 
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reaction to broaden its scope. Reacting α-acidic carbonyl compounds 78, cyanoacetamides 79, and 

elemental sulfur in ethanol gives the corresponding 2-aminothiophenes 80 in yields ranging from 

9 to 95% (Scheme 19).[41] 

Acetaldehyde is, due to its low boiling point, not a suitable starting material. However, 

1,4-dithiane-2,5-diol 81 [the dimer of 2-sulfanylacetaldehyde (78, R1 = H; R2 = SH)] is an effective 

and commercially available acetaldehyde substitute in the Gewald multicomponent reaction 

with cyanoacetamides 82, and no elemental sulfur is required for formation of products 83. [41,42]
 

Other aldehydes show reasonable Gewald reactivity with a range of cyanoacetamides to give the 

thiophene products in good yields. 

Scheme 19. Gewald Reaction Employing Cyanoacetamides[41]

tert-Butoxycarbonyl-protected chiral β-amino aldehyde 84 reacts nicely with different 

cyanoacetamides in good to excellent yields (70–90%). Interestingly, when chiral aldehyde 84 and 

chiral cyanoacetamide 85 are used, only one diastereomer of 2-aminothiophene 86 is obtained 

without epimerization in the base-promoted Gewald multicomponent reaction. Nevertheless, 

when chiral valine methyl ester derived cyanoacetamide 87 reacts with the same aldehyde, the 

product 88 is generated as two diastereomers in a 2:1 ratio indicating strong epimerization at the 

valine isopropyl group (Scheme 20). Cyclohexanone and acetophenone give low yields, whereas 

other ketones do not react at all, presumably due to inferior reactivity compared to the aldehydes. 

Hence, the use of precondensed acrylonitrile derivatives is described in the literature for less 

reactive aryl alkyl ketones.[43,44]

Cyanoacetamides are useful reagents in the formation of 2-aminoindole-3-carboxamides 

(Scheme 21).[45] The 2-aminoindole fragment obtained is a key fragment in several biologically 

active compounds.[46,47] The reaction of 2-halonitrobenzenes or heterocyclic analogues 89 and 



Chapter 5

132

cyanoacetamide 90 in one-pot produces 2-aminoindole-3-carboxamides 91 in moderate to good 

yield (42–85%). Various functional groups, including alcohols, alkenes, and alkynes, are introduced 

into the 2-aminoindole scaffold without any protecting groups, allowing for direct follow-up 

chemistry to reach additional materials. In addition to 2-fluoronitrobenzene derivatives, some 

heterocyclic starting materials offer easy access to pyrrolopyridines, a result indicating that this 

one-pot procedure is quite general.

Scheme 20. Stereochemical Outcome in the Gewald Reaction[41]

Scheme 21. Synthesis of 2-Aminoindole-3-carboxamides Employing Cyanoacetamides[45]

Classical methods for the synthesis of quinoline derivatives include the Combes, Conrad– Limpach, 

Doebner–Miller, and Gould–Jacobs syntheses to name a few.[48] The Friedländer reaction is another 

named reaction for the general preparation of quinolines,[49] and the Friedländer annulation is 

used in the synthesis of 2-aminoquinoline-3-carboxamides 94 (Scheme 22).[50] 

Scheme 22. Synthesis of 2-Aminoquinoline-3-carboxamides Using Cyanoacetamides[50]



Applications of Domino Transformations in Organic Synthesis 2

133

5

Heating a mixture of a 2-aminobenzaldehyde 92 and a cyanoacetamide 93 with sodium hydroxide 

in ethanol (70 oC, 10 min) yields the corresponding 2-aminoquinoline-3-carboxamides 94, following 

a simple filtration step, in good to excellent yields (60–95%). For more expensive, or commercially 

limited 2-aminobenzaldehydes, the nitro analogue can be reduced (Fe/HCl) in situ.[51] Remarkably, 

the reaction of 2-cyano-N-(prop-2-ynyl)acetamide (95) with 2-amino-5-chlorobenzaldehyde (98) 

shows isomerization of the propargyl amide to the more thermodynamically stable prop-1-ynyl 

amide 99 under strong basic conditions. However, with a mild base (such as N-methylpiperidine) 

the corresponding 2-aminoquinoline-3-carboxamide 97 can be obtained in 97% yield from 

2-amino-3,6-dibromobenzaldehyde (96; Scheme 23).[50] 

Scheme 23. Isomerization of 2-Cyano-N-(prop-2-ynyl)acetamide under basic conditions[50]

2-Aminoquinoline-3-carboxamides (e.g., 100) can be further transformed into scaffold 103 by heating 

the carboxamide neat with 1,1-dimethoxy-N,N-dimethylmethanamine (101, dimethylformamide 

dimethyl acetal). The products are precipitated upon the addition of ethanol, thus simplifying the 

workup procedure. With bulky substituents [R3 = Cy or (1-naphthyl)ethyl], the expected product is 

not obtained; instead, the dimethylamino adduct 102 is isolated (Scheme 24).[50] 
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Scheme 24. Synthesis of Pyrimido[4,5-b]quinolin-4(3H)-ones from 2-Aminoquinoline-3- carboxamides[50]

2-Aminothiophenes 80; General Procedure:[41] 

A 20-mL vial equipped with a stirrer bar was charged with an aldehyde or a ketone 78 (5 mmol), 

a cyanoacetamide 79 (5 mmol), sulfur (5 mmol), and Et3N (505 mg, 5 mmol) in EtOH (5 mL, 1.0 M 

soln). The mixture was heated in an oil bath at 60 oC for 10 h. Then, the mixture was cooled to rt 

and a batch of ice water (50 mL) was poured into it to yield a precipitate which was collected by 

filtration and washed with cold EtOH. 

2-Aminothiophenes 83; General Procedure:[41] 

In a 20-mL glass vial was added a cyanoacetamide 82 (10 mmol), 1,4-dithiane-2,5-diol (81; 5 

mmol), Et3N (5 mmol), and EtOH (10 mL, 1.0 M solution). The mixture was heated at 50o
C for 12 

h. Then, ice water (50 mL) was added and the mixture was extracted with CH
2
Cl

2
 (3x20 mL). The 

combined organic phase was dried (Na
2
SO4) and concentrated. The crude product was purified by 

column chromatography (silica gel). 

2-Aminoindole-3-carboxamides 91; General Procedure:[45] 

A cyanoacetamide 90 (2.0 mmol) in anhyd DMF (0.5 M) and NaH (60% dispersion in mineral oil; 2.2 

mmol) were added to a 50 mL flask equipped with a stirrer bar. After 10 min, a 2-halonitrobenzene 

89 (2.0 mmol) was added, and the mixture was stirred at rt for 1 h. The mixture became deep 

purple. 1.0 M aq HCl (4.0 mmol) was added, followed by FeCl3 (6.0 mmol), and Zn dust (20 mmol). 

The mixture was heated to 100oC for 1 h and then cooled before H
2
O (20 mL) was added. The crude 

mixture was filtered and washed with EtOAc (25 mL). The solution was extracted with EtOAc (2x20 

mL). The combined organic phase was washed with sat. aq NaHCO3 (10 mL) and brine (10 mL). The 

organic phase was dried (Na
2
SO4) and the solvent was removed. The crude product was purified 

by chromatography on a short column (silica gel). 

2-Aminoquinoline-3-carboxamides 94; General Procedure:[50] 

A 2-aminobenzaldehyde 92 (1.0 mmol), a cyanoacetamide 93 (1.0 mmol), and NaOH (0.2 mmol) in 

EtOH (2 mL) were added to a 20 mL vial, and the resulting mixture was heated with stirring in an oil 

bath at 70 oC for 10 min. The mixture was cooled to 0 oC. The precipitate was collected by filtration 

and washed with cold EtOH. The title compounds were obtained as solids. 

Pyrimido[4,5-b]quinolin-4(3H)-ones 103; General Procedure:[50] 

A mixture of 1,1-dimethoxy-N,N-dimethylmethanamine (101; 0.5 mL) and a 2-aminoquinoline-3-

carboxamide 100 (0.2 mmol) was heated at 110oC for 10 min. The mixture was cooled to rt and 

EtOH (1 mL) was added. The precipitate was collected by filtration and washed with EtOH (1 mL). 

The title compounds were obtained as solids.
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