
The Curtius Rearrangement: Applications in Modern Drug 
Discovery and Medicinal Chemistry

Arun K. Ghosh, Margherita Brindisi, and Anindya Sarkar
Department of Chemistry and Department of Medicinal Chemistry and Molecular Pharmacology, 
Purdue University, West Lafayette, IN, 47907 (USA)

Abstract

The Curtius rearrangement is the thermal decomposition of an acyl azide derived from carboxylic 

acid to produce an isocyanate as the initial product. The isocyanate can undergo further reactions 

to provide amines and their derivatives. Due to its tolerance for a large variety of functional groups 

and complete retention of stereochemistry during rearrangement, the Curtius rearrangement has 

been used in the synthesis of a wide variety of medicinal agents with amines and amine-derived 

functional groups such as ureas and urethanes. The current review outlines various applications of 

the Curtius rearrangement in drug discovery and medicinal chemistry. In particular, the review 

highlights some widely used rearrangement methods, syntheses of some key agents for popular 

drug targets and FDA-approved drugs. In addition, the review highlights applications of the 

Curtius rearrangement in continuous-flow protocols for the scale-up of active pharmaceutical 

ingredients.

Graphical Abstract

Thanks to its tolerance for a wide range of functional groups and complete retention of 

stereochemistry, the Curtius rearrangement has been used in the synthesis of a variety of medicinal 

agents with amines and amine-derived functional groups such as ureas and urethanes. This review 

outlines various applications of the Curtius rearrangement in drug discovery and medicinal 
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chemistry and highlights some widely used rearrangement methods in the syntheses of key agents 

for popular drug targets and FDA-approved drugs.
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1. Introduction

Amines and amine derivatives such as amides, carbamates, and ureas are important 

structural units that are often found in bioactive molecules. The amines and amine-derived 

functionalities are also widely used in drug discovery and medicinal chemistry. They can be 

readily prepared from carboxylic acids using the Curtius rearrangement as the key reaction. 

The Curtius rearrangement was discovered by Julius Wilhelm Theodor Curtius in the 1890s. 

The rearrangement involves the decomposition of an acyl azide to produce an isocyanate.
[1–3] As shown in Scheme 1, an acyl azide (2), deriving from the corresponding carboxylic 

acid (1) is converted by heating into the corresponding isocyanate (4), through an acyl 

nitrene intermediate (3). During the thermolysis, molecular nitrogen is eliminated and at the 

same time a [1,2]-shift of the substituent attached to the carbonyl group takes place with 

retention of configuration. The resulting amine (5) has a carbon less, because the last step of 

the reaction entails the loss of a molecule of CO2. Isocyanates can also be transformed into 

urethanes (6) by alcoholysis after workup or in situ by performing the rearrangement in 

alcoholic solvents. Alternatively, reaction of isocyanates with an amine would provide the 

corresponding urea derivatives (7).[4,5]

Mechanistic studies on the Curtius rearrangement have been reviewed recently.[5] Pertinent 

features of the Curtius rearrangement are 1) it is a concerted intramolecular rearrangement; 

2) stereochemical configurations of the migrating groups are completely retained; 3) the 

kinetics are first order; and 4) free carbenium ions or radical intermediates are not involved.
[5] The importance of the Curtius rearrangement lies in its general application to acyl azides 

which are readily formed from a range of aliphatic, heterocyclic, and aromatic carboxylic 

acids and their subsequent conversion to amines involving a one carbon loss.[6,7] These 

primary amines are devoid of any contamination from secondary and tertiary amines, unlike 

other methods for amine preparation.[8,9] Furthermore, the rearrangement proceeds with the 

retention of stereochemistry of the migrating carbon center. The ready availability of 

carboxylic acids and their easy access through functional group transformation, make the 

Curtius rearrangement an ideal choice for the synthesis of achiral and chiral amines. The 

Curtius rearrangement has been extensively employed in the synthesis of a variety of natural 

products and numerous biomolecules. We recently reported the applications of Curtius 

rearrangement in the synthesis of natural products.[5] As shown in Figure 1, Curtius 

rearrangement was employed in the total synthesis of (+)-zampanolide (8) to install the N-

acyl hemiaminal moiety.[10] Due to the predominant role of amines and aminederived 

functional groups including ureas and urethanes in medicinal chemistry, the Curtius 

rearrangement is increasingly used in drug discovery and synthesis of drug candidates. In 

Ghosh et al. Page 2

ChemMedChem. Author manuscript; available in PMC 2019 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bioactive molecules, the amine and amine-derived functionalities often bind to a specific site 

of target receptors or proteins through intermolecular forces, particularly through hydrogen 

bonds.[6,7] Basic amines also display a wide range of physical properties including a very 

important role in solubilizing drugs as a free base or as water-soluble amine salts. In this 

context, the Curtius rearrangement has been used in a variety of applications. For example, a 

key Curtius rearrangement is involved for the establishment of the two neighboring nitrogen 

functionalities of Tamiflu (9), a potent and selective inhibitor of viral neuraminidases A and 

B for the treatment of influenza (H5N1 influenza virus).[11–13] The use of Curtius 

rearrangement is also represented in Sorafenib (10), a potent kinase inhibitor.[14,15] Here, a 

Curtius rearrangement was employed for the installation of the key urea moiety. In this 

review, we now provide an overview of the applications of the Curtius rearrangement in the 

development of a variety of medicinal agents and drug candidates.

2. Convenient Methods and Reagents

For the Curtius rearrangement, acyl azides are generally prepared starting from carboxylic 

acids or their activated derivatives such as acyl chlorides or anhydrides. A large number of 

mild methods and a variety of reagents have been developed over the years. These methods 

have been reviewed in detail.[5] In this section, we provide only a few selected convenient 

methods that have been used widely for medicinal chemistry applications.

One of the most employed methods is the direct conversion of carboxylic acids in a one pot 

procedure using diphenylphosphoryl azide (DPPA, 11).[16–18] This method displays the 

advantage of avoiding isolation of the generally explosive acyl azides. First, a mixed 

anhydride of carboxylic acid/phosphoric acid 12 is formed and azide is eliminated. 

Anhydride 12 then acylates the azide anion providing acyl azide 2 which undergoes 

rearrangement to the corresponding isocyanate 4 (Scheme 2).

A very recent application of this method was proposed by Liang and collaborators which 

reported a scale-up synthesis of azaindolyl-pyrimidine derivative 13, a potent inhibitor of 

human influenza virus replication (Scheme 3).[19] The synthesis employed the Curtius 

rearrangement in two key steps, both performed by using DPPA. In particular, in the first 

Curtius step performed on derivative 14, DPPA was used in the presence of triethylamine 

and benzyl alcohol as the solvent in order to provide the corresponding Cbz-protected amine 

which was subsequently converted to free amine 15 under catalytic hydrogenation 

conditions. In the second Curtius step, reaction of acid 16 with DPPA in THF followed by 

treatment with morpholine provided the desired urea functionality of inhibitor 13.

Treatment of carboxylic acid derivatives with oxalyl chloride followed by sodium azide is 

another widely employed method for the preparation of key acyl azide intermediates. An 

interesting example in this context can be found in the large-scale synthesis of oseltamivir 

(19) by Hayashi and co-workers.[20] The tert-butoxycarbonyl group in compound 17 was 

converted into the acyl azide 18 in a single pot operation (Scheme 4). Reaction with oxalyl 

chloride in the presence of catalytic dimethylformamide (DMF) followed by treatment with 

sodium azide led to acyl azide 18, a key intermediate for the oseltamivir (19) synthesis.
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The use of thionyl chloride and DMF followed by treatment with sodium azide is also 

widely applied for the preparation of medicinally relevant compounds. This is exemplified in 

the recent development of inhibitors of the protein-tyrosine phosphatase 4A3 (PTP4A3), 

such as compound 22.[21] Acid 20 was converted to the key acyl azide intermediate 21 
successfully employing this protocol (Scheme 5).

The combination of thionyl chloride and trimethylsilyl azide is another useful protocol that 

finds wide applications. This method is used in the synthesis of cisplatin analogues with 

antitumor activity (Scheme 6).[22] Derivative 23 was treated with thionyl chloride and 

catalytic DMF to provide acid chloride 24, which upon treatment with trimethylsilyl azide in 

dioxane provided the key intermediate 25. This was subsequently converted into the cisplatin 

analogue 26.

Another effective protocol is the formation of a mixed anhydride followed by treatment with 

sodium azide. This protocol was successfully used for the synthesis of dihydrexidine (29), a 

dopamine D1 agonist using Curtius rearrangement as the key step.[23] Enantiomerically pure 

acid 27 was reacted with ethyl chloroformate and the resulting mixed anhydride was 

subsequently reacted with sodium azide. Curtius rearrangement, followed by hydrolysis of 

isocyanate gave amine 28 which was then converted to dihydrexidine (Scheme 7).

There are other recent methods and protocols that have been covered in recent reviews.[5] In 

this review, we now highlight applications of the Curtius rearrangement in medicinal 

chemistry and drug development. In particular, we will provide key examples of application 

of the Curtius rearrangement for the synthesis of medicinally relevant compounds or key 

intermediates for their preparation. Also, we will showcase its importance for the synthesis 

of some approved drugs. For convenience, the applications of Curtius the rearrangement will 

be sub-grouped based on the medicinal chemistry fields of application.

3. Application of the Curtius Rearrangement in Medicinal Chemistry

3.1. Antibacterials

Over the years a variety of antibacterial agents have been developed by targeting bacterial 

DNA and its associated processes, attacking bacterial metabolic pathways including protein 

synthesis, or interfering with bacterial cell wall synthesis and function.[24]

Quinolones are potent, broad-spectrum antibiotics widely used in medicine since the late 

1980s.[25] The synthesis and biological activity of a series of quinolone antibacterials 

containing alkyl- and aryl-substituted pyrrolidines at C-7 was reported by Hagen and 

collaborators.[26] The synthesis of target quinolone derivative 33 was carried out using a 

Curtius rearrangement as the key step. As shown, the pyrrolidine acid 30 was converted to 

Boc-derivative 31 by treatment with DPPA and Et3N in tBuOH. Removal of Boc and N-

benzyl groups provided 3-phenyl-3-pyrrolidinamine moiety 32. This was converted to the 

key quinolone derivative 33 (Scheme 8). It showed a slightly improved activity against 

Gram-positive bacteria and retained activity against Gram-negative strains.[26]
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Later on, Domagala and co-workers employed similar chemistry to construct a variety of 

other quinolones to modulate activity.[27]

Kuramoto and co-workers also employed the Curtius rearrangement to explore structural 

modifications of the N-1 aryl moiety of the fluoroquinolones, tosufloxacin and 

trovafloxacin. Benzoic acid derivative 34 was converted to the nitrophenylcarbamate 

derivative 35 by nitration followed by Curtius rearrangement. It was converted to 

naphthyridones and quinolones incorporating the novel 5-amino-2,4-difluorophenyl group at 

the N-1 position (Scheme 9). Compound 36 showed interesting antibacterial activities 

against Gram-positive and Gram-negative bacteria with improved activity over clinically 

used compounds, including trovafloxacin.[28]

Linezolid (41) is an antibacterial agent that has been developed to inhibit protein synthesis.
[29] It is active against most Gram-positive organisms.[30] Linezolid was previously 

synthesized by using hazardous 3,4-difluoronitrobenzene.[31] McCarthy and co-workers 

envisioned an improved synthesis using benzoyl azide 37. Thus, compound 37 was refluxed 

in xylene with lithium bromide and tri-n-butylphosphine oxide, to provide isocyanate 38. 

Reaction of 38 with epoxide 39 provided the desired N-aryloxazolidone 40 in 71% yield. 

This was finally converted to linezolid (41) by an acid catalyzed hydrolysis of the Schiff 

base followed by acetylation with acetic anhydride (Scheme 10).[32]

3.2. Anticancer agents

With the increasing knowledge and understanding of cellular and molecular causes of 

cancers, anticancer drug development has become an exciting area of intense research.[33,34] 

Particular emphasis has been devoted to develop drugs that interfere and inhibit tumor 

growth by targeting specific proteins.[35] In addition, searching for new and effective ways to 

overcome resistance to anticancer drugs has been a subject of intense research.[36] In this 

section we will review application of the Curtius rearrangement in anticancer drug 

development.

3.2.1. Tubulin binding agents—Podophyllotoxin is known to bind to tubulin to a 

specific binding site different from those of vinblastine and paclitaxel.[37] Synthesis of 

podophyllotoxin analogues have attracted much attention to reduce toxicity and improve 

antitumor activity.[38,39] Hitotsuyanagi and collaborators synthesized (−)-4-aza-4-

deoxypodophyllotoxin (45) from (−)-podophyllotoxin (42) through C-ring cleavage, Curtius 

rearrangement and intramolecular N-alkylation as the key steps. Podophyllotoxin (42) was 

converted to carboxylic acid 43 in eight steps. Curtius rearrangement of the carboxylic acid, 

followed by intramolecular N-alkylation of the resulting amine afforded tetrahydroquinoline 

44 in 69% yield. This was converted to (−)-4-aza-4-deoxypodophyllotoxin 45, which 

showed a comparable IC50 to (−)-podophyllotoxin against P388/VCR leukemia cells 

(Scheme 11).[40]

Colchicine (46) is one of the first discovered tubulin-binding agents.[41] However, its 

significant toxicity limited its use in cancer therapy. Fedorov and co-workers recently 

reported a semi-synthetic pyrrolo-allocolchicine 49 derivative starting from naturally 

occurring (−)-(aR,7S)-colchicine 46.[42] The synthesis involved the Curtius rearrangement as 
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a key step. Bromination and base-catalyzed ring contraction provided 4-

bromoallocolchicinic acid 47. It was subjected to the Curtius rearrangement in the presence 

of sodium azide providing the corresponding aniline 48 in 45% yield. This was then 

converted to heterocyclic derivative 49 (Scheme 12). This derivative showed cytotoxic 

properties at sub-nanomolar concentration, efficiently arrested the cell cycle in the G2/M 

phase, and showed pronounced anti-cancer activity compared to colchicine.[42]

3.2.2. Epigenetic modulators—Drug discovery approaches targeting key epigenetic 

enzymes with small-molecule inhibitors have resulted in pre-clinical and clinical agents.[43] 

Histone deacetylases (HDAC) and lysine specific demethylase 1 (LSD1) are two of the 

major epigenetic targets in anticancer drug discovery. HDAC inhibitors can alter gene 

expression by inducing chromatin remodeling, and thus have the potential to reverse the 

epigenetic states related to cancer.[44] LSD1 can remove the methyl group from a mono- or 

di-methylated lysine residue of histone H3 lysine 4 (H3K4), H3K9 or a non-histone protein. 

Overexpression of LSD1 was found in a broad range of cancers, including leukemia, lung, 

prostate and breast cancers.[45]

Shah and collaborators used boswellic acids as an alternative cap group for HDAC 

inhibitors.[46] 11-Keto-β-boswellic acid 50 was converted to an acid chloride and subjected 

to a Curtius rearrangement to yield the corresponding isocyanate subsequently converted to 

amine 51. It was converted to hydroxamic acid derivative 52 (Scheme 13). Compound 52 
showed promising HDAC inhibitory activity, induced G1 cell-cycle arrest and showed loss of 

mitochondrial membrane potential at significantly low concentrations.[46]

Zhou and collaborators reported a series of cyclopropylamine-based potent LSD1 inhibitors. 

The synthesis involved a Curtius rearrangement to give the trans-cyclopropylamine template. 

Bromobenzaldehyde 53 was converted to cyclopropane carboxylic acid derivative 54. It was 

subjected to DPPA and Et3N in toluene in the presence of anhydrous tBuOH to provide 

cyclopropylamine 55 in 70% yield. Compound 55 is the key intermediate for the synthesis of 

all inhibitors. Alkylation of 55 with a piperazine moiety followed by Boc deprotection 

provided derivative 56 (Scheme 14). Compound 56 was one of the most potent LSD1 

inhibitors of the series (IC50=0.064 μm) also displaying high selectivity (>280-fold) towards 

related enzymes monoamine oxidase (MAO) A and B.[47]

3.2.3. Kinase and phosphatase inhibitors—Protein phosphorylation plays key roles 

in many physiological processes and is often deregulated in cancer. Protein kinases and 

phosphatases orchestrate the phosphorylation changes that control cellular functions thus 

rendering these enzymes potential drug targets for the treatment of cancer.[48]

Okaniwa and co-workers developed derivatives of sorafenib (10) as dual inhibitors of 

BRAF(V600E) and VEGFR2 kinases for the treatment of various human cancers.[49] The 

synthesis involved the hydrolysis of ethyl ester 57, followed by Curtius rearrangement of the 

carboxylic acid in the presence of tert-butanol to give the Boc-protected amine. The Boc 

group was then deprotected to afford the 2-aminoimidazo[1,2-b]pyridazine derivative 58, 

which was then acylated to afford 59 (Scheme 15). Compound 59 served as one of the lead 
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compounds for the structure-based design of novel RAF/VEGFR2 inhibitors bearing [5,6]-

fused bicyclic scaffolds.[49]

Routier and collaborators developed valmerins as a new family of Cyclin-Dependent Kinase 

(CDK) and Glycogen Synthase Kinase 3 (GSK3β) inhibitors. These compounds are 

characterized by a tetrahydropyrido[1,2-α]isoindolone core, which is functionalized by a 

terminal (het)arylurea moiety. For the synthesis of these compounds, the urea formation 

reactions using triphosgene or p-nitrophenylcarbamate resulted in complex mixtures. Thus, a 

“one-pot” Curtius rearrangement was developed to provide access to these ureas in good 

yields. For example, acid 60 was converted to isocyanate 61, which was immediately reacted 

with amine 62 to provide urea 63 in good yield. Compound 63 exhibited potent 

antiproliferative and antitumor activities in human tumor xenografts, inducing cell death by 

caspase 3 induction (Scheme 16).[50]

Helal et al. have identified novel cis-1,3-disubstituted cyclobutyl-4-aminoimidazole 

inhibitors that gave improved enzyme and cellular potency against CDK5/p25 with up to 30-

fold selectivity over CDK2/Cyclin E.[51] Later on, Helal proposed a novel synthesis for 

compound 66, employing a Curtius rearrangement for the conversion of key intermediate 64 
to 65 (Scheme 17).[52]

Wipf and collaborators reported the development of new small molecule inhibitors of the 

protein-tyrosine phosphatase 4A3 (PTP4A3).[21] One of the synthetic routes involved a key 

Curtius rearrangement step. Acid 20 was converted to acid chloride followed by acyl azide 

21 in 44% yield over two steps. Curtius rearrangement and concomitant cyclization required 

high temperatures which produced thienopyridone 67. Finally, nitration followed by 

hydrogenation provided 22 (Scheme 18).[21] Thienopyridone 22 is the most potent known 

inhibitor of PTP4A3 to date and was shown to be selective for the PTP4A family over 11 

other phosphatases.

3.2.4. Androgen receptor antagonists—Androgen deprivation employing androgen 

receptor (AR) antagonists is the mainstay therapy for metastatic prostate cancer.[53] A novel 

series of trans-N-aryl-2,5-dimethylpiperazine-1-carboxamide derivatives were developed by 

Kinoyama as orally potent and peripherally selective nonsteroidal AR antagonists.[54] Aryl 

isocyanate 70 was prepared by the Curtius rearrangement of acid 68. Reaction of 

arylpiperazine 71 with aryl isocyanate 70, provided urea derivative 72. The authors reported 

that sodium azide allowed the reaction to proceed more effectively than DPPA for isocyanate 

formation via acyl azide. The most potent compound 72 might be considered as a potential 

therapeutic for prostate cancer (Scheme 19).[54]

Balog and colleagues from Bristol-Myers Squibb discovered BMS-641988 (73) as a novel, 

nonsteroidal AR antagonist designed for the treatment of prostate cancer. The synthesis of 

73 involved a key Curtius rearrangement step leading to an amine functionality which 

offered a good handle for the functionalization of the oxa-bicyclic skeleton. As described in 

Scheme 20, Diels–Alder cycloaddition between maleimide 74 and the MEM ester of 2,5-

dimethyl-3-furoic acid 75 provided bicyclic derivative 76 in good yield. It was readily 

converted to acid 77. The Curtius rearrangement of 77 provided amine 78 in good yields. A 
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series of amides, sulfamides, carbamates, ureas, and sulfonamides were prepared from 

amine 78, leading to the discovery of lead compound 73 (Scheme 20).[55] Compound 73 was 

tested in the human prostate cancer xenograft model CWR22-BMSLD1 demonstrating 

superior efficacy compared to bicalutamide and robust pharmacokinetic and 

pharmacodynamic profiles.

3.2.5. DNA binding agents—A large number of anticancer chemotherapeutic drugs are 

DNA-damaging agents.[56] However, the clinical potential of DNA-damaging agents is 

limited by adverse side effects and unfavorable drug-like properties.

Witiak and co-workers synthesized diastereomeric cyclohexanediol diamines to serve as 

ligands in PtII complexes for new congeners of cisplatin.[22] It was envisioned that hydroxyl 

substitution on the cyclohexane ring may increase aqueous solubility of the organoplatinum 

complex. For the synthesis of diamine derivatives a Curtius rearrangement was used as the 

key step.

Treatment of anhydride 79 with trimethylsilyl azide provided isocyanate 23 which was 

converted to acid chloride 24.

The bis-isocyanate 25 was converted to amine 80 as the HCl salt in 62% yield. The amine 

was converted to cyclohexanediol diamines 26, 81, 82 (Scheme 21). A series of trans-amine 

derivatives were prepared using similar reactions. The antitumor activity of a number of 

compounds was attenuated relative to cisplatin in P-388 leukemia implanted CDF1 mice.[22]

3.3. Antiviral compounds

The advances of molecular biology and new technologies have a tremendous impact on the 

development of novel and effective antiviral therapies for the treatment of most viral 

infections.[57,58] The majority of today’s approved antiviral drugs specifically target proteins 

critical to viral replication.[59,60] Thus, protein structure-based drug design plays a very 

important role in developing many structural classes of effective antiviral drugs. 

Interestingly, amine and amine-derived functionalities are key features of these antiviral 

agents. In the context of synthesis and structure–activity relationships studies the Curtius 

rearrangement has been extensively employed. Here, we provide some of these applications.

3.3.1. Influenza virus—Tamiflu, a potent and selective inhibitor of viral neuraminidases 

A and B is widely used for the treatment of influenza (H5N1 influenza virus).[11] A concise 

synthesis of Tamiflu (9, oseltamivir phosphate is the orally active prodrug of Tamiflu) was 

reported by Shibasaki and collaborators using a Curtius rearrangement as a key step.[12] A 

novel barium-catalyzed asymmetric Diels–Alder reaction between compounds 83 and 84 
furnished the cyclohexene frame-work (85) of Tamiflu. The Curtius rearrangement carried 

on with DPPA in the presence of Et3N in dry THF subsequently established the two 

neighboring nitrogen functionalities of Tamiflu with an excellent 95% yield. Differentiation 

of the amino functionalities was thus successfully achieved. The cyclic carbamate 86 was 

then converted to Tamiflu through eight more steps (Scheme 22).[61] Previously, when the 

Curtius rearrangement was attempted with TBS as the alcohol protecting group, the desired 

product was not obtained.
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The corresponding hydroxyl diacyl azide of ester 85 was instead obtained in a 95% yield 

from compound 85 when the reaction was carried out at low temperatures (strictly 

maintained below 4°C). Products from the other isomer were not observed.[12]

Synthesis of (−)-oseltamivir (19) was also achieved by Hayashi and co-workers employing 

three one-pot operations with a 57% overall yield and using the Curtius rearrangement as the 

key step. This procedure was suitable for large-scale preparation of this important 

compound. The tert-butoxycarbonyl group in compound 17 was converted into the acyl 

azide 18 in a single pot, as shown in Scheme 23. When 18 was treated with acetic acid in 

acetic anhydride, a Curtius rearrangement took place, followed by acetamide formation. The 

Curtius rearrangement proceeded at room temperature. Reduction of the nitro group and a 

retro-Michael reaction were achieved in the same pot, leading to (−)-oseltamivir (19) 

(Scheme 23).[20]

Zutter and co-workers accomplished the synthesis of oseltamivir phosphate using a Curtius 

rearrangement as the key step to install the amine functionality.[62]

Liang and collaborators reported a scale-up synthesis of azaindole-pyrimidine derivative 91, 

which is a potent inhibitor of human influenza virus replication.[19] The synthesis employed 

the Curtius rearrangement in two key steps. Enzymatic desymmetrization of ester 87 using 

lipase AYS Amano selectively hydrolyzed the diester to its corresponding cis-cyclohexane 

monoacid. Initial efforts to convert this monoacid to amine 88 were not successful. 

Therefore, the intermediate isocyanate was trapped with benzyl alcohol, followed by 

hydrogenation to smoothly provide amine 88 as an HCl salt (85% yield). The SNAr 

displacement of sulfoxide 89 with amine 88 followed by ester hydrolysis and tosyl group 

deprotection using LiOH led to acid 90. A second Curtius rearrangement with DPPA/TEA, 

followed by the addition of morpholine furnished urea 91 in 67% yield (Scheme 24).[19]

3.3.2. HIV protease and integrase inhibitors—The HIV protease plays a critical 

role in viral replication and became a pivotal therapeutic target. Currently, there are ten HIV 

protease inhibitors approved by the FDA. A large number of solved HIV protease protein 

structures have greatly facilitated the design of new and improved inhibitors.[63,64] HIV-1 

integrase enzyme catalyzes the insertion of the viral DNA into the genome of host cells. 

Because of the lack of its homologue in human cells and its essential role in HIV-1 

replication, integrase inhibition represents an attractive therapeutic target for HIV-1 

treatment.[65] Since its identification as a promising therapeutic target three inhibitors 

(raltegravir, elvitegravir and dolutegravir) have been approved.[66]

Wittenberger and co-workers designed C2-symmetric and pseudo-C2-symmetric inhibitors 

based on the inherent symmetry of the HIV-1 protease homodimer.[67] A key Curtius 

rearrangement step was employed in the construction of the pseudo-C2-symmetric 1,3-

diamino-2-propanol core 94. As shown, hydrolysis of the imide 92 provided the N-Boc 

amino hydroxyl acid, which was protected with 2-methoxypropene to give the 

corresponding carboxylic acid. The acid was converted to the corresponding acyl azide, and 

subsequent Curtius rearrangement of the azide in the presence of DPPA produced the 

isocyanate, subsequently trapped with benzyl alcohol to give the differentially protected 
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amine 93. Amine 93 could easily be converted to the key diamino alcohol core unit 94 by 

sequential deprotection steps (Scheme 25). This has been converted to a range of HIV 

protease inhibitors.[67]

Ghosh and co-workers designed and synthesized the novel dipeptide mimic core 96 for HIV 

protease inhibitors by using a key Curtius rearrangement of acid 95 in the presence of benzyl 

alcohol. As shown, carboxylic acid derivative 95 was converted to differentially protected 

diamine derivative 96. It has been converted to potent HIV-1 protease inhibitors such as 97 
with nanomolar IC50 value (Scheme 26).[68]

Aminoalkyl epoxides 98 and 99 have been used in the synthesis of a range of potent HIV-1 

protease inhibitors. Ghosh and co-workers developed a stereocontrolled synthesis of 

aminoalkyl epoxide 98 using an asymmetric syn-aldol reaction and a Curtius rearrangement 

as the key steps. As shown, hydrolytic cleavage of oxazolidinone 100 provided β-hydroxy 

acid which was subjected to Curtius rearrangement to afford the oxazolidinone 101. 

Hydrolysis of the oxazolidinone and Boc protection resulted in intermediate 102. This was 

converted to the aminoalkyl epoxide 98 which is a key intermediate for the synthesis of 

hydroxyethylene and hydroxyethylamine isosteres for saquinavir and other potent HIV-1 

protease inhibitors. Diastereomeric epoxide 99 was also obtained using the same Curtius 

rearrangement as a key step (Scheme 27).[69,70]

Recently, Ghosh and co-workers reported a highly diastereoselective synthesis of fluorinated 

epoxide 106 as the key intermediate for the synthesis of novel HIV-1 protease and β-

secretase inhibitors. Saponification of syn-aldol product 103 with aqueous lithium 

hydroperoxide followed by Curtius rearrangement of the resulting acid with DPPA in the 

presence of Et3N in dry benzene at 90°C afforded oxazolidinone derivative 104 in 70% yield 

over 2-steps. The oxazolidinone was converted to Boc-derivative 105 in a two-step sequence 

involving hydrolysis of 104 with aqueous KOH followed by treatment with di-tert-butyl 

dicarbonate and catalytic hydrogenation. The diol 105 was then converted to epoxide 106 
(Scheme 28).[71]

Smith and co-workers designed a novel monopyrrolinone scaffold for HIV-1 protease 

inhibitors to improve cellular transport properties. Stereoselective synthesis of the 

tetrahydroiso-quinolyl P2 side chain 109 for the inhibitor was achieved employing an 

intramolecular Friedel–Crafts acylation performed on a key isocyanate intermediate. As 

shown, Curtius rearrangement on the carboxylic acid 107 furnished the required isocyanate 

108. Treatment of isocyanate with AlCl3 at 60°C afforded the required lactam 109, which 

was converted to the HIV-1 protease inhibitor 110 (Scheme 29).[72]

7-Benzyl-4-hydroxynaphthyridinone derivatives were prepared as HIV-integrase inhibitors 

by Boros and co-workers. The compounds displayed improved enzyme inhibitory activity, 

optimum cellular antiviral activity and reduced plasma protein binding. The best compound 

of the series was found to be 114, which demonstrated good oral bioavailability and in vivo 

clearance in rats.
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A key Curtius rearrangement step was employed for the synthesis of this compound. 

Accordingly, intermediate 111 was treated with DPPA in tert-butanol at 80°C providing the 

N-Boc pyridine derivative. The Boc group was deprotected to obtain the 

aminopyridinecarboxylic ester 112 in 50% yield over two steps. Treatment of 112 with 

ethylmalonyl chloride provided the malonylamide intermediate 113 which was cyclized to 

the corresponding naphthyridinone by addition of sodium ethoxide. Following conversion to 

the N1-methyl derivative by reaction with MeI in DMF and reaction with the requisite amine 

led to final inhibitor 114 (Scheme 30).[73]

3.3.3. Anti HCV agents—Hepatitis C virus (HCV) infection is a global health concern.
[74] An estimated 3% of the human population worldwide is infected with HCV.[75] Since 

identification of this virus, the NS3 serine protease contained within the N-terminal region 

of the NS3 protein has been widely studied.[76] After boceprevir, detailed investigations 

toward a second generation protease inhibitor led to the discovery of narlaprevir (118), with 

improved potency, pharmacokinetic profile and physicochemical characteristics. A key 

Curtius rearrangement step was employed for the synthesis of this compound. In particular, 

acid 115 was converted in isocyanate 116, by using DPPA in triethylamine and THF. 

Treatment of isocyanate 116 with L-tert-leucine, in a biphasic medium gave acid 117, a key 

intermediate for the synthesis of inhibitor 118 (Scheme 31).[77]

3.3.4. Nucleoside derivatives—Audran and collaborators designed 

methylenecyclopropane analogues of nucleosides and evaluated their potential as antiviral 

agents. The starting chiral methylenecyclopropane 119 was obtained by enzymatic 

desymmetrization of a meso-diol. The free alcohol was converted to acyl azide 120 using 

Jones oxidation followed by treatment with oxalyl chloride and sodium azide. The Curtius 

rearrangement gave an unstable isocyanate which was reacted with tert-butanol to provide 

carbamate 121 in 75% yield over two steps. Deprotection of carbamate and acetate 

functionalities and introduction of the heterocyclic base led to the required nucleoside 

derivative 122 (Scheme 32).[78]

Chu and co-workers synthesized 2′-hydroxyethylcyclopropyl carbocyclic nucleosides as 

potential antivirals.[79] The key alcohol intermediate 123 was oxidized to the carboxylic 

acid, converted to acyl azide and subjected to Curtius rearrangement to furnish urea 124. The 

urea was transformed to various nucleoside derivatives (e.g., 125, Scheme 33).[79]

3.4. Drugs for Cardiovascular Diseases: renin inhibitors, β-adrenoreceptor partial 
agonists and PDEIII inhibitors

The renin-angiotensin system (RAS) plays an important role in the development of 

cardiovascular diseases such as hypertension and heart failure. Inhibitors of renin block the 

RAS at its first and rate-limiting step and may therefore offer major potential benefits in 

blood pressure control.[80]

Plattner and collaborators prepared a series of dipeptide analogues of angiotensinogen as 

renin inhibitors and assessed their susceptibility to cleavage by chymotrypsin.[81] For 

preparation of the β, β -dimethyl Phe intermediate, Curtius rearrangement was used for the 
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introduction of the nitrogen atom. As shown, diester 126 was hydrolyzed and subjected to 

Curtius rearrangement in the presence of DPPA and Et3N. The intermediate isocyanate was 

trapped with morpholine to provide compound 127 displaying an N-terminal urea 

functionality in a satisfactory 69% yield after two steps. This modified Phe derivative was 

coupled to the histidyl intermediate 128 using standard DCC/HOBt procedure. Compound 

129 proved to be substantially stable against chymotrypsin degradation (Scheme 34).[81]

Patel and co-workers developed a 1,1,1-trifluoromethylketone as a transition-state analogue 

inhibitor of the aspartyl protease renin.[82] The activated ketone functionality was important 

for intrinsic potency since its hydrate form could nicely serve as a transition-state analogue. 

For the preparation of the key trifluoroamino alcohol 132, a Curtius rearrangement of 

carboxylic acid 130 with DPPA in the presence of triethylamine was efficiently carried out 

in 75% yield. Compound 131 was then fully deprotected providing amino alcohol 132, 

isolated as a tosylate salt and converted to the trifluoromethylketone inhibitor 133 in a 

couple of further steps (Scheme 35). The title inhibitor 133 showed an IC50 value of 250 nM 

against human renin.[82]

Prasad and collaborators synthesized the orally active non-peptidic renin inhibitor aliskiren 

(136) by using the Curtius rearrangement as the key step.[83] Carboxylic acid 134 was 

converted to acyl azide which rearranged to the isocyanate, then trapped with benzyl alcohol 

to produce the desired benzyl carbamate 135. It was converted to aliskiren (136) by lactone 

opening followed by cleavage of the carbamate functionality (Scheme 36).[83]

More recently a novel synthesis of aliskiren was proposed by Cini and co-workers based on 

an unprecedented C5-C6 disconnection, which was carried out on a multigram scale in nine 

steps. Also in this case a key Curtius rearrangement step was involved.[84]

Acid 137, bearing the adjacent OH functionality protected as acetyl derivative, possessed all 

of the features required for application of the Curtius rearrangement without the risk of a 

concurring lactonization reaction. It was reacted with DPPA in the presence of benzyl 

alcohol. The reaction provided the NHCbz derivative 138 in good yield. Acidic removal of 

the acetate followed by Cbz/Boc exchange (benzyl hydrogenolysis in the presence of 

Boc2O) led to known N-Boc lactone 139. Subsequent steps led to aliskiren (136) (Scheme 

37).

Kellam and collaborators recently reported the first β1-selective β-adrenoreceptor partial 

agonists for the treatment of patients with concomitant respiratory and cardiovascular 

diseases.[85] SAR studies suggested that an extended alkoxy side chain, alongside 

substituents at the meta- or para-positions of the phenylurea moiety, increases ligand affinity 

and β1-selectivity. For the synthesis of the desired hydroxyphenylureas, a key Curtius 

rearrangement was planned to provide the appropriate alkylisocyanates. Phthalimide 

derivative 140 was converted to the corresponding isocyanate. Addition of o-/m-

aminophenol to the isocyanate afforded the corresponding ureas 141a,b. These were 

converted to the β1-adrenoreceptor agonists 142a,b in two additional steps (Scheme 38). It 

was observed that substitution in the meta- and para-positions of the phenyl ring led to 
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higher β1-affinity (and therefore improved β1-selectivity) than substitutions at the ortho-

position.[85]

Singh and collaborators designed novel cAMP PDEIII inhibitors for the treatment of 

cardiovascular diseases.[86] A key Curtius rearrangement was used for the preparation of this 

novel class of compounds. As shown, treatment of the aminopyridinecarboxylic acid 143 
with DPPA and triethylamine resulted in the formation the acyl azide 144. Curtius 

rearrangement of 144 provided the isocyanate 145. Intramolecular cyclization of the 

isocyanate with the o-amino group afforded the cyclic urea 146 (Scheme 39). Compound 

146 was shown to be a very potent inhibitor of cAMP PDEIII with nanomolar range in vitro 

activity.[86] A series of other derivatives were prepared using the Curtius rearrangement as 

the key step.

3.5. Receptor ligands

3.5.1. Dopamine receptors—In order to probe the enantioselective mode of interaction 

of dopamine receptor(s) agonists, Kaiser and co-workers carried out the synthesis, resolution 

and determination of the absolute configuration of the two enantiomers of 3′,4′-
dihydroxynomifensine (149), a dopamine receptor agonist.[87]

Curtius rearrangement on racemic mixed anhydride obtained from carboxylic acid 147 
provided racemic amine 148, which was resolved and converted to the enantiomers of 3′,4′- 
dihydroxynomifensine (Scheme 40). The dopamine agonists were found to exhibit a high 

level of enantiospecificity in their interaction with the D1 receptor. Accordingly, it was 

observed that D1 dopaminergic activity was shown exclusively by the S-enantiomer.[87]

Tomioka and collaborators synthesized dihydrexidine (29, Scheme 7), a dopamine D1 

agonist using Curtius rearrangement as the key step.[23] The compound showed promising 

properties for the treatment of Parkinson’s disease.[88]

3.5.2. NMDA receptors—Bigge and co-workers synthesized a series of 

octahydrophenanthrenamine derivatives as noncompetitive antagonists of the N-methyl-D-

aspartate (NMDA) receptor complex, and evaluated their affinity at the phencyclidine (PCP) 

binding site.[89] A key Curtius rearrangement on compound 150 using DPPA afforded the 

angular isocyanate, which was trapped with methanol and provided the required carbamate. 

The isolated carbamate was hydrolyzed to provide the primary amine. It was also reduced 

with lithium aluminum hydride to give the methylamine derivative 151 (Scheme 41).

Bigge and collaborators also prepared a series of hexahydrofluorenamines as noncompetitive 

inhibitors of the NMDA receptor complex. As shown in Scheme 42, Curtius rearrangement 

of acid 152 furnished carbamate 153. The carbamate was then efficiently converted to 

compound 154, a rigid analogue of phencyclidine (155) behaving as a potent antagonist at 

the PCP site.[90]·

3.5.3. Benzodiazepine receptor—A series of 3-amino-β-carboline derivatives was 

prepared employing a Curtius-type reaction to modulate the benzodiazepine receptor.[91] 

Refluxing β-CCE (156) with hydrazine hydrate in ethanol gave the corresponding hydrazide, 
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which furnished the acyl azide on treatment with sodium nitrite. Refluxing of acyl azide in 

acetic acid led to rearrangement to the corresponding amine derivative in good yield. 

Alternatively, the azide when refluxed in anhydrous methanol furnished the methyl 

carbamate 157 (Scheme 43A). Compound 157 showed potent activity for the 

benzodiazepine receptor. 4-Amino-3-carboxy-β-carboline derivatives were also synthesized 

as benzodiazepine receptor antagonists. A DPPA-promoted Curtius rearrangement was used 

to convert carboxylic acid 158 to the required antagonist 159 (Scheme 43b).[91]

3.5.4. Melatonin receptor—Jellimann and co-workers synthesized phenalene and 

acenaphthene derivatives as conformationally restricted ligands for melatonin receptors.[92] 

Curtius rearrangement of the acid 160 led to the corresponding isocyanate, which was 

readily converted to the required amine 161 in good yield. It was reacted with the propionic 

anhydride to provide amide 162 (Scheme 44). Many derivatives were prepared using this 

general route. Many of this new class of melatoninergic naphthalene derivatives displayed 

higher potencies than melatonin (163, picomolar affinities).[92]

3.5.5. GABA receptor—Gavande and collaborators reported novel γ-aminobutyric acid 

(GABA) analogues based on a 3-(guanido)-1-oxo-1-hydroxyphospholane structure.[93] 

Compound 167 exhibited high potency and selectivity, thus unveiling phosphinic acids as 

templates for developing more potent and selective GABAC receptor antagonists. The title 

compound was prepared by a modified Curtius rearrangement of the acid 164 and hydrolysis 

of the intermediate isocyanate 165 with aqueous HCl to afford amine 166 in 48% yield over 

three steps. Compound 167 was obtained by guanylation of amine 166 using 

formamidinesulfinic acid in the presence of a base (Scheme 45).[93]

3.5.6. Glycine receptor—Johnson and co-workers synthesized a series of 

aminohydroxyoxazoles to investigate the potential of small, substituted heterocycles to act as 

potential glycine receptor agonists. Curtius rearrangement was used to synthesize one of 

those compounds (169) from acid 168, following the method of Poutler and Capson 

(Scheme 46). Although the calculated parameters were very similar when compared to 

glycine, considerable receptor-binding activity was not observed, highlighting the 

challenging nature of the glycine receptor.[94]

3.6. Carbohydrate-based compounds

Vasella and collaborators reported the synthesis of glucose-, mannose- and galactose-derived 

spirocyclic cyclopropylamines as potential glycosidase inhibitors. Curtius rearrangement of 

the O-benzylated cyclopropanecarboxylic acid 170 provided the Cbz-protected amine 172 
through acyl azide 171 in 68% yield over four steps. This latter was easily converted to the 

desired cyclopropaneammonium chloride 173 (Scheme 47).[95]

An efficient one-pot procedure for the synthesis of urea-linked peptidomimetics and 

neoglycopeptides was discovered by Sureshbabu and co-workers using Curtius 

rearrangement conditions (Scheme 48). The urea linkage is of special interest in 

peptidomimetic research and in drug discovery due to interesting hydrogen-bonding 

properties. The method circumvented the isolation of acyl azide and isocyanate 
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intermediates. The rearrangement of the in situ generated acyl azide via the acyl fluoride 

happened under ultrasonication to produce the isocyanate, which was captured by an amine 

to generate a urea (general structure 175). The protocol worked well with all the common N-

urethane-protected amino acids and also with galactose-6-acid. Common amino acid methyl 

esters worked well as the nucleophilic amine. The usefulness of the protocol was 

demonstrated by the synthesis of urea derivative 177, where a glycosylamine was used.[96]

Pseudo-sugar disaccharides were synthesized by Larsen and co-workers starting from the 

Diels–Alder cycloadduct 178 (Scheme 49). Acidic hydrolysis of the silyl enol ether, 

followed by reduction of the resulting ketone with sodium cyanoborohydride furnished the 

lactonic acid 179. The acid was converted to the acyl azide via the acid chloride, and Curtius 

rearrangement of the azide afforded the isocyanate 180 in 84% yield over three steps. 

Hydrolysis of the isocyanate produced the amine in low yields, due to competing hydrolysis 

of the lactone and the acetates. The best yields were obtained when an equimolar amount of 

triethylamine was used in aqueous THF. The amine was subsequently converted to the 

required monocarba-disaccharide 181 in two additional steps.[97]

3.7. Miscellaneous application of Curtius rearrangement in drug discovery

Edmondson and collaborators reported a series of dipeptidyl peptidase IV (DPP-4) inhibitors 

for the treatment of type 2 diabetes mellitus (T2DM).[98] Inhibitor 185 exhibited excellent 

intrinsic inhibition of DPP-4 (IC50=6.2 nm) and oral bioavailability. Synthesis of the target 

inhibitor employed a Curtius rearrangement as the key step. As shown, carboxylic acid 182 
upon treatment with DPPA and Et3N in the presence of tBuOH provided Boc-amine. Boc-

deprotection gave amine 183 which was converted to the iodo-substituted triazolopyridine 

184. Suzuki coupling of the corresponding boronate with the heterocyclic halide provided 

target DPP-4 inhibitor 185 (Scheme 50).[98]

Remaining in the field of potential T2DM therapeutics, Huard and co-workers proposed a 

series of inhibitors of Acetyl-CoA carboxylase (ACC) useful for rebalancing the alterations 

in lipid metabolism associated with the pathogenesis of insulin resistance.

Compound 186 underwent Curtius rearrangement with DPPA and Et3N to provide 

isocyanate 187, in 91% yield. Reaction of 187 with either sec-butyllithium or tert-
butyllithium at −78°C followed by Boc deprotection afforded the desired spirolactam core 

188. Final amide formation reaction led to inhibitor 189 which proved to be a potent ACC 

inhibitor with an IC50 value of 67 nm (Scheme 51).[99]

Marquis and collaborators described the design, synthesis, and pharmacological 

characterization of potent azepanonebased inhibitors of the osteoclast-specific cysteine 

protease cathepsin K.[100] Having established the importance of the C4 stereocenter of 

azepanone ring in determining inhibitor potency, a practical asymmetric route was developed 

involving a Curtius rearrangement as the key step. As shown, hydroxy acid 190 was treated 

with DPPA and Et3N to provide oxazolidinone 191 in 61% yield. It was then converted to 

the cathepsin K inhibitor 192 (Scheme 52).[101]
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Pettersson and co-workers reported a novel series of conformationally constrained g-

secretase modulators (GSMs).[102] Compound 196 exhibited improvement in Aβ-lowering 

activity, displayed very good potency and ADME profile. The synthesis used a key tandem 

Curtius rearrangement and Friedel–Crafts acylation. Carboxylic acid derivative 193 was 

converted to the acyl azide 194. Curtius rearrangement and intramolecular Friedel–Crafts 

cascade reactions on acyl azide 194 afforded the 5,6-disubstituted isoquinolone intermediate 

195. The arylimidazole final moiety was subsequently prepared in four additional steps 

(Scheme 53).

Grunewald and co-workers reported phenolic benzobicyclo[3.2.1]octylamines as 

conformationally defined analogues of tyramine as selective inhibitors for the epinephrine 

synthesizing enzyme phenylethanolamine N-methyltransferase (PNMT).[103] The 

compounds were prepared employing a Curtius rearrangement as the key step.

As shown, the bridgehead carboxylic acid 197 was converted to amine 198 by treatment 

with DPPA and tert-butyl alcohol, followed by hydrolysis of the mixture with hydrochloric 

acid. The amine was converted into the required inhibitor 199 in three additional steps 

(Scheme 54). It was observed that the analogues with the p-hydroxy moiety bind better to 

PNMT than their m-hydroxy counterparts.[103]

Kulkarni and co-workers reported a microwave-based one-pot tandem synthesis of 

unsymmetrical ureas via a Curtius rearrangement of commercially available 

(hetero)aromatic acids and amines in the presence of DPPA. The process is extremely rapid 

(1–5 min) and allows construction of an array of unsymmetrical ureas in good to excellent 

yields. The authors demonstrated the scope and utility of this method by performing a gram-

scale synthesis of key biologically active compounds targeting the cannabinoid 1 and α7 

nicotinic acetylcholine receptors, such as compound PSNCBAM-1 (202), an allosteric 

modulator of the CB1 receptor, obtained in 75% yield from acid 200 and aniline 201 
(Scheme 55).[104]

Bornmann et al. reported the synthesis of a macrocyclic compound using standard amino 

acids and Linked Amino Acid Mimetics (LAAMs). These macrocycles (e.g., 206) would 

contain a peptide targeting region and variable functional regions. They used a very effective 

Curtius rearrangement for the conversion of carboxylic acid LAAM-1 (203) to amine 

LAAM-2 (205) through PMB carbamate 204 (Scheme 56). The authors propose that 

varieties of LAAMs may be combined to generate macrocycle libraries for general screening 

or other uses such as development of protein-protein interaction inhibitors.[105]

Podlech and co-workers developed a procedure for ring-opening of α-amino acid derived β-

lactams (e.g., compound 207) with various O-, N- or S-nucleophiles, using catalytic sodium 

azide. When amino acid esters other than glycine (e.g., 208) were used as the nucleophile in 

presence of stoichiometric sodium azide, Curtius rearrangement was observed, leading to 

urea derivatives (e.g., 209) (Scheme 57). These compounds are of considerable interest on 

account of their possible use as peptidomimetics.[106,107]
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Reekie and co-workers recently proposed a convenient preparation of N-(indol-2-yl)amides 

and N-(indol-3-yl)amides which found many applications as pharmacophores, although 

unstable intermediates impeded previously reported syntheses. The authors employed cheap 

and readily available substrates in the Curtius rearrangement of indole-3-carboxazide to 

afford N- (indol-3-yl)amides without prior activation or modification. The reaction can be 

applied to alkyl and aryl carboxylic acid derivatives. Moreover, either N-substituted or 1H-

indole derivatives are tolerated. This approach was extended to the preparation of N-

(indol-2-yl)amides 212 from the corresponding indole-2-carboxazides 211 (Scheme 58).[108]

3.8. Continuous-flow Curtius rearrangement

The potential safety concerns associated with accumulation of acylazide and isocyanate 

intermediates during scale-up of active pharmaceutical ingredients (API) represent a relevant 

issue to be addressed. The employment of continuous-flow processes for scale-up offers 

several advantages over traditional batch protocols in terms of safety, efficiency, quality and 

cost.

Therefore, applications of continuous-flow protocols for Curtius rearrangement in the scale-

up of API have been steadily increasing over the past years. Also, the use of a continuous-

flow technology enables safer, scalable, high-yielding and environmentally friendly 

processes.

An efficient multistep method for the continuous-flow synthesis of thieno[2,3-

c]isoquinolin-5(4H)-one-A (TIQA, 217), an important building block for PARP-1 inhibitors, 

has been developed by Filipponi and co-workers.[109] After a Suzuki coupling reaction to 

generate 3-phenylthiophene-2-carboxylic acid 215, this is transformed into the 

corresponding acyl azide and readily cyclized by a thermal Curtius rearrangement. The 

authors also employed a statistical design of experiments to support the decision and enable 

the development of a robust and reliable protocol for large-scale preparation. The large-scale 

applicability of this protocol was tested by conducting the reactions on a multigram scale to 

produce the desired product in high yield and quality.

Accordingly, 3-bromothiophene-2-carboxylic acid (213, 10 g) was premixed with Pd(PPh3)4 

(1.45 mmol) in THF-PEG-400 (pump A) and reacted with phenylboronic acid (214) in the 

presence of aqueous sodium hydroxide and TBAB (24.1 mmol) (pump B).The outflow was 

finally collected into a separatory funnel, and the water layer was acidified with HCl 37%. 

The resulting solid was filtered off affording 3-phenylthiophene-2-carboxylic acid (215) in 

91% yield. Compound 215 was then dissolved in 1,2-dichlorobenzene in the presence of 

triethylamine and treated with DPPA. The formed acyl azide 216 was promptly reacted 

within the second coil reactor heated at 235°C. Silica gel purification provided TIQ-A (217) 

in 50% over-all yield (Scheme 59).

More recently, Marsini and co-workers proposed a concise and scalable synthesis of CCR1 

antagonist 221 using continuous-flow technology.[110] In particular, they achieved the first 

example of continuous Curtius rearrangement and semi-continuous acid-isocyanate coupling 

for the direct synthesis of an amide from two carboxylic acid partners. This safe, robust, and 

green methodology produced compound 221 in high yield and quality on large scale.
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In this semi-continuous-flow process, the isocyanate 219 (generated continuously at 135°C 

from acid 218) would flow into a mixture containing acid 220 in the presence of 

triethylamine and toluene, to finally provide desired amide 221 in 76% overall yield on a 

100 g scale (Scheme 60).

Ley and co-workers proposed a combination of flow and microwave chemistry methods to 

bromosporine (222) analogues as modulators of the histone reader BRD9. In particular, the 

authors implemented an automated Curtius rearrangement reaction and simplified the 

processing for the preparation of a large amount (40 mmol scale) of the key urethane 

building block 224 from acid 223 in a safer manner than the corresponding batch process 

(Scheme 61).[111]

4. Conclusions

Modern drug discovery requires reliable and efficient methods as tools for the synthesis of 

complex molecules. The introduction of nitrogen in complex organic molecules is often 

considered one of the most challenging aspects of synthesis and medicinal chemistry. The 

Curtius rearrangement represents an excellent strategy for the introduction of amine-derived 

functionalities. In particular, the stereochemical integrity of this rearrangement can be 

exploited for the generation of chiral centers containing amine derivatives. The abundance of 

carboxylic acids and their relatively simple conversion to acyl azides also contributes to the 

increasing scope of this reaction. Amine functionality, amide bonds and its bioisosteres are 

prevalent in numerous naturally occurring and synthetic medicinal agents. The Curtius 

rearrangement has been strategically applied to their synthesis over the years. Furthermore, 

structure–activity relationship studies often entail the swapping of the carboxylic acid and 

amine functionalities, and the Curtius rearrangement offers a straightforward way to this 

strategic conversion. This review provides an overview of the applications of Curtius 

rearrangement in the synthesis of medicinally relevant compounds in a variety of therapeutic 

fields. It also provides a brief outline of the modern flow methodologies which have adapted 

the Curtius rearrangement to large-scale processes. Although it has been more than a century 

since its discovery, the Curtius rearrangement continues to grow as a widely employed 

protocol for the synthesis of nitrogen-containing bioactive compounds. We hope that this 

review will stimulate further application of the Curtius rearrangement, particularly in the 

areas of drug discovery and process development.
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Scheme 1. 
The Curtius rearrangement and its applications for the synthesis of amines and amine 

derivatives.

Ghosh et al. Page 24

ChemMedChem. Author manuscript; available in PMC 2019 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 
Mechanism of acyl azide formation using DPPA.
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Scheme 3. 
Use of DPPA for the preparation of inhibitor 13.
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Scheme 4. 
Use of oxalyl chloride and sodium azide protocol for the Curtius rearrangement involved in 

the synthesis of oseltamivir (19).
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Scheme 5. 
Use of thionyl chloride and sodium azide protocol in the synthesis of PTP4A3 inhibitor 22.

Ghosh et al. Page 28

ChemMedChem. Author manuscript; available in PMC 2019 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 6. 
Use of trimethylsilyl azide in the Curtius rearrangement for the synthesis of cisplatin 

derivative 26.
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Scheme 7. 
Use of a mixed anhydride and sodium azide for the Curtius rearrangement in the synthesis of 

dihydrexidine (29).
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Scheme 8. 
Synthesis of fluoroquinolone compound 33.
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Scheme 9. 
Synthesis of fluoroquinolone derivative 36.
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Scheme 10. 
Synthesis of the antibacterial agent linezolid (41).
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Scheme 11. 
Synthesis of podophyllotoxin analogue 45.
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Scheme 12. 
Synthesis of novel colchicine derivative 49.
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Scheme 13. 
Synthesis of HDAC inhibitors.
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Scheme 14. 
Synthesis of LSD1 inhibitors.
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Scheme 15. 
Synthesis of sorafenib derivatives.
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Scheme 16. 
Synthesis of GSK3b inhibitor 63.
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Scheme 17. 
Synthesis of compound 66.
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Scheme 18. 
Synthesis of PTP4A3 inhibitor 22.
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Scheme 19. 
Synthesis of AR antagonist 72.
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Scheme 20. 
Synthesis of AR antagonist 73.
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Scheme 21. 
Synthesis of congeners of cisplatin.
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Scheme 22. 
Synthesis of Tamiflu (9).
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Scheme 23. 
Synthesis of oseltamivir (19).

Ghosh et al. Page 46

ChemMedChem. Author manuscript; available in PMC 2019 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 24. 
Synthesis of influenza virus replication inhibitor 87.
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Scheme 25. 
Synthesis of diamino alcohol core 94 for HIV protease inhibitors.
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Scheme 26. 
Synthesis of HIV protease inhibitor core 96.
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Scheme 27. 
Synthesis of key epoxides 98 and 99 for HIV protease inhibitors.
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Scheme 28. 
Synthesis of key difluoroepoxide 106.
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Scheme 29. 
Synthesis of HIV protease inhibitor 110.
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Scheme 30. 
Synthesis of HIV integrase inhibitor 114.
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Scheme 31. 
Synthesis of Narlaprevir (118).
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Scheme 32. 
Synthesis of nucleoside analogue 122.
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Scheme 33. 
Synthesis of nucleoside analogue 125.
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Scheme 34. 
Synthesis of renin inhibitor 129.
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Scheme 35. 
Synthesis of renin inhibitor 133.
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Scheme 36. 
Synthesis of aliskiren (136).
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Scheme 37. 
A recent route to aliskiren (136).
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Scheme 38. 
Synthesis of β1 partial agonists 142a,b.
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Scheme 39. 
Synthesis of PDEIII inhibitor 146.
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Scheme 40. 
Synthesis of dopamine receptor agonist 149.
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Scheme 41. 
Synthesis of NMDA antagonist 151.
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Scheme 42. 
Synthesis of noncompetitive inhibitor of NMDA receptor complex 154.
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Scheme 43. 
Synthesis of benzodiazepine receptor ligands.
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Scheme 44. 
Synthesis of melatonin receptor ligands.
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Scheme 45. 
Synthesis of GABA receptor ligand 167.
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Scheme 46. 
Synthesis of glycine agonist 169.
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Scheme 47. 
Synthesis of spirocyclic sugar derivatives.
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Scheme 48. 
Synthesis of glycopeptides.
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Scheme 49. 
Synthesis of pseudo-sugar disaccharides.
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Scheme 50. 
Synthesis of DPP-4 inhibitor 185.
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Scheme 51. 
Synthesis of ACC inhibitor 189.
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Scheme 52. 
Synthesis of cathepsin K inhibitor 192.
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Scheme 53. 
Synthesis of γ-secretase modulator 196.
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Scheme 54. 
Synthesis of PNMT inhibitors 199.
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Scheme 55. 
Synthesis of unsymmetrical ureas.
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Scheme 56. 
Synthesis of macrocyclic compounds.
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Scheme 57. 
Synthesis of peptidomimetics.
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Scheme 58. 
Synthesis of N-(indol-2-yl)amides.
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Scheme 59. 
Continuous-flow synthesis of thieno[2,3-c]isoquinolin-5(4H)-one-A (TIQA, 217).
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Scheme 60. 
Continuous-flow synthesis of CCR1 antagonist 221.
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Scheme 61. 
Continuous-flow synthesis of key building block 224.
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Figure 1. 
Examples of applications of Curtius rearrangement for the synthesis of medicinally relevant 

compounds. The pink frames highlight the functionalities built by using Curtius 

rearrangement.
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