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Dear Sir, 

 

We submit herewith a Representation under Section 25(1) of the Patents Act, 2005 along 

with Form 7A. 

 

The Controller is requested to take the documents on record and proceed further in the matter 

and keep the Petitioner advised of each and every step taken in the matter. 

 

We crave the leave of the Controller to submit additional documents or evidence or if 

necessary to support any of the averments in the representation as may be necessitated in the 

proceeding. 

 

Lastly, we request the Controller to grant an opportunity of being heard before the above 

representation is finally decided. 
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FORM 7A 

THE PATENTS ACT,  

1970 (39 OF 1970) 

AND 

THE PATENTS RULES, 2003 

REPRESENTATION FOR OPPOSITION TO GRANT OF PATENT 

[See Rule 55] 

 

We, SANKALP REHABILITATION TRUST, having it’s registered office at SS 

Bengali Municipal School, First Floor, Thakurdwar Road, Charni Road East, Mumbai 

– 400002, hereby give representation by way of opposition to the grant of patent in 

respect of application No: 8533/DELNP/2012 dated 18/03/2011 made by 

INSTITUT PASTEUR KOREA and INSTITUT NATIONAL DE LA SANTE ET 

DE LA RECHERCHE MEDICALE (INSERM) (EPST) on the grounds: 

 

(a) Section 25(1)( c): Prior claiming  

(b) Section 25(1)(e): Lack of inventive step 

(c) Section 25(1)(g): The complete specification does not sufficiently and 

clearly describe the invention or the method by which it is to be 

performed. 

(d) Section 25(1)(f): Invention is not patentable under 3 (d) 

 

(Detailed grounds are set out in the Opposition as attached) 

 

My address for service in India is: 

   

RAJESHWARI & ASSOCIATE                                  

S-357, First Floor, 

Near HDFC Bank, Panchseel Park, 

New Delhi-110017   

INDIA 

Tel +91-11-41038911 

Fax +91-11-43851067  

Mobile No: 9910206718 

 

Dated, this 29th day of June, 2020 

 
                                                                 RAJESHWARI H. 

                                                                  RAJESHWARI AND ASSOCIATES  

            AGENT FOR OPPONENT 

To  

The Controller of Patents, 

The Patent Office, New Delhi 
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BEFORE THE CONTROLER OF PATENTS, THE PATENT OFFICE, DELHI 

 

In the matter of Section 25(1) of The Patents Act,1970 as amended by The Patents 

(Amendment) Act 2005; 

And 

 

In the matter of Rule 55 of The Patents Rules 2003 as amended by thePatent (Amendment) 

Rules, 2006 

And 

 

IN THE MATTER of Indian Patent Application 8533/DELNP/2012 dated 28/09/2012 in the 

name of INSTITUT PASTEUR KOREA and INSTITUT NATIONAL DE LA SANTE ET 

DE LA RECHERCHE MEDICALE (INSERM) (EPST) 

 

REPRESENTATION BY: 

 

SANKALP REHABILITATION TRUST       

                  …….. OPPONENT 

VS. 

 

INSTITUT PASTEUR KOREA and INSTITUT NATIONAL DE LA SANTE ET DE 

LA RECHERCHE MEDICALE (INSERM) (EPST)  

      ……... APPLICANT                                                                       

 

REPRESENTATION BY WAY OF PRE-GRANT OPPOSITION UNDER SECTION 

25(1) OF THE PATENTS ACT, 1970 

 

We, SANKALP REHABILITATION TRUST, an Indian organization, hereby submit my 

representation by way of oppostion to the grant of patent in respect of application no. 

8533/DELNP/2012 filed on 28/09/2012 entitled“ANTI-INFECTIVE COMPOUNDS” on the 

following grounds. 

 

STATEMENT OF CASE OF OPPONENT 

 

1. The Opponent has learnt that the Applicant has filed an Indian Patent Application No. 

8533/DELNP/2012 (hereinafter “the Impugned Application”) on 28/09/2012. The 

Impugned application was published in the Official Journal of the patent office on 

22/01/2016, which is currently pending before the Patent Office. This Impugned 

application is the national phase entry of PCT (PCT/EP2011/001345), which was filed on 
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8.03.2011. The Impugned application takes the priority of 61/315,113 US (18.03.2010) 

and 61/440,937 US (09.02.2011). 

 

GENERAL BACKGROUND ON TUBERCULOSIS 

 

2. TB is a major health problem and its drug resistant forms in particular are an actual 

concern all over the world. Globally, out of the half-a-million people who develop DR-

TB (drug-resistant-tuberculosis) each year, India currently contributes over 25 per cent of 

the burden. On an annual basis, there are at over 100,000 new cases of DR-TB in India 

[see https://www.thehindubusinessline.com/specials/pulse/dr-tb-patients-need-access-to-

new-drugs/article31067811.ece] are annexed herewith as Annexure-1. Drug-resistant 

tuberculosis (DRTB) is common, and the extent of resistance rising, rendering cure and 

the interruption of transmission increasingly difficult. However, no new drugs have been 

approved for TB in the forty years prior to 2012. Recently newer TB therapeutics are 

being researched and under-going clinical trials, which is presumed to be effective 

therapy to DR-TB treatment. 

 

3. The present patent application no. 8533/DELNP/2012 is relating to the investigational 

drug telecebec. Telacebec (Q203) is one of the candidates getting close to forming new 

universal regimen. It is reported to show a synergy with another TB drugs indicating that 

the combination regimens will be a possibility for future treatment. It is reported that 

Telacebec (Q203) is an orally active small molecule drug candidate that blocks 

Mycobacterium tuberculosis growth by inhibiting cytochrome bc1 complex, leading to 

the depletion of adenosine triphosphate (ATP) synthesis of Mycobacterium tuberculosis. 

However, accessing these new medication remains a significant challenge. 

 

4. While treatment for DR-TB is provided free of cost by the Government through their TB 

Control Programme, the cost of the newer drugs and therapies are a significant 

consideration for introduction of these new drugs as well as scaling up their distribution 

to patients who need them. Looking at the extraordinary need for these new drugs to 

reduce treatment failure and death and to enable TB programme in India to ensure 

availability of new therapies, providing clinical benefits to DR-TB patients, there is 

increasing need for the Patent Office, another arm of the government, to examine and 

scrutinize the patent applications relating to TB drugs conscientiously to ensure better 

availability of affordable medicines. 
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ACCESS TO MEDICINES AND STRICT INTERPRETATION OF INDIAN 

PATENTABILITY STANDARDS  

 

5. The Indian Patents (Amendment) Act, 2005 was passed to bring India into compliance 

with its obligations under TRIPS, and introduced a 20-year product patent regime.  

However, India is also a signatory to the Doha Declaration on the TRIPS Agreement and 

Public Health (the Doha Declaration), which reaffirmed the right of WTO members to 

make use of the flexibilities of the TRIPS Agreement in a manner that is supportive of 

public health objectives. In this context, the patent offices play a very critical role in 

making use of such flexibilities to determine the patentability of a claim on a 

pharmaceutical product or process. Patent examination is a key element that can 

contribute to or undermine access to medicines. 

 

6. The Opponent respectfully submits that the obligation to promote access to medicines for 

all must be upheld and that the Patents Act, 1970 must be interpreted to give effect to this 

aim.  

 

7. The Opponent respectfully submits that the obligation to promote access to medicines for 

all must be upheld and that the Patents Act must be interpreted to give effect to this aim.  

The Doha Declaration should be the underlying value system that informs all patent 

examinations. 

 

8. Furthermore, the Opponent submits that the Doha Declaration has been incorporated into 

the Patents Act by Parliament through provisions that protect public health.  Patents are 

given to inventions in exchange for advances in science and technology.  Where drug 

companies are granted patents for only minor improvements of existing drugs, they are at 

liberty to set the prices of the drugs, and often fix prices well beyond the means of the 

average person in the developing world and in India.  Granting patents for such frivolous 

applications are thus injurious to both scientific advance and to public health.   

 

9. In 2005, while amending the Patents Act, 1970, the members of Parliament decided to 

deny patent protection to multiple patenting of the same substance or proliferation of 

patents of the same drug and rejected the practice of “evergreening”. In this regard 

section 3(d) is perhaps the most important provision, which prohibits patents for “a new 

form of a known substance which does not result in the enhancement of the known 
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efficacy of that substance” or for the mere discovery of a “new use of a known 

substance”. 

 

10. In this regard, the Supreme Court observed that “ ………….With regard to the genesis of 

section 3(d), and more particularly the circumstances in which section 3(d) was amended 

to make it even more constrictive than before, we have no doubt that the “therapeutic 

efficacy” of a medicine must be judged strictly and narrowly. Our inference that the test 

of enhanced efficacy in case of chemical substances, especially medicine, should receive 

a narrow and strict interpretation is based not only on external factors but there are 

sufficient internal evidence that leads to the same view. It may be noted that the text 

added to section 3(d) by the 2005 amendment lays down the condition of “enhancement 

of the known efficacy”. Further, the explanation requires the derivative to “differ 

significantly in properties with regard to efficacy”. What is evident, therefore, is that not 

all advantageous or beneficial properties are relevant, but only such properties that 

directly relate to efficacy, which in case of medicine, as seen above, is its therapeutic 

efficacy.” [para 180, Novartis AG vs Union of India, (2013)6SCC1] 

 

11. Apart from section 3(d), it is also important to implement sections 2(1)(j) and (ja) more 

diligently and strictly to avoid frivolous and unworthy patent applications from being 

granted a patent. In this regard, the amended provision for inventive step sets a higher two 

-step standard for determining the inventive step in a patent application. The applicant has 

an obligation to prove that the feature of the invention has a technical advance or 

economic significance and the feature is non-obvious to the person skilled in the art.  

Thus, it is imperative for the patent office to seek scientific evidence for the proving 

inventive step as well as seeking the applicant to disclose the inventive feature of 

invention. 

 

12. The Opponent states that the right to health guaranteed under Article 21 of the 

Constitution of India is of paramount importance and that medicines required for TB 

prevention and treatment be made available, so that maximum people can benefit from 

the treatment and many lives can be saved. Wrongfully granting patents to the Applicant 

would breach the right to health of a large number of patients living with TB and HIV-TB 

co-infection. It is submitted that the Hon’ble Patent Controller, may examine the Present 

Application with strict scrutiny, as its decision will have far reaching effect on the 

availability of affordable access to treatment for latent TB not only in India but also for 

countries with a high burden of TB.  
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The Impugned application is entitled“ANTI-INFECTIVE COMPOUNDS”. 

 

13. The impugned application 8533/DELNP/2012 has been examined by the Indian patent 

office. The first examination report was generated on 14/01/2019. The applicant has filed 

the response to the FER and has filed amended the claims. 

 

14. The opponent by way of this present pre-grant opposition submits that the claims 

currently pending on record are not patentable under the provisions provided in this Act. 

The claims as filed and currently on record are annexed herewith as Annexure-2. 

 

15. Impugned Patent Application: The present pre-grant opposition is against Indian Patent 

Application 8533/DELNP/2012, entitled “ANTI-INFECTIVE COMPOUNDS” and is 

drawn towards identifying the compounds effective against bacterial infections, in 

particular Tuberculosis Compoundshaving the general formula Ib (imidazopyridine 

amide) are disclosed: 

        

The impugned patent application further discloses few specific compounds which have 

been given below (few of them) 
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PRIOR ARTS:  

 

The opponent wishes to rely on the following prior art as evidence in support of the grounds 

of opposition. 

i. D1: IN 4917/DELNP/2012;  Published on 25/09/2015 

ii. D2: Article titled “Functionalized 3-amino-imidazo[1,2-a]pyridines: A novel 

class of drug-like Mycobacterium tuberculosis glutamine synthetase 

inhibitors” Bioorganic & medicinal chemistry letters 19(16):4790-3, July 

2009 

iii. D3: WO2008082490, Publication date: 10.07.2008 

iv. D4:  Article titled “Synthesis and Antituberculosis Activity of New Hydrazide 

Derivatives” Arch. Pharm. Chem. Life Sci. 2008, 341, 721 – 724. 

v. D5: Article titled “OPC-67683, a Nitro-Dihydro-Imidazooxazole Derivative 

with Promising Action against Tuberculosis In Vitro and In Mice, PLoS Med. 

2006 Nov; 3(11):, Published online 2006 Nov 28. 

vi. D6: Article titled “Fused Heterocycles: Synthesis of Some New 

Imidazopyridines as Anti-Mycobacterial Agents”Turk J Chem 31 (2007) , 

617 – 622. 

vii. D7: Article titled “Amide bond formation: beyond the myth of coupling 

reagents Valeur, E., & Bradley, M. (2009). Amide bond formation: beyond 

the myth of coupling reagents. Chem. Soc. Rev. 

 

Accordingly, the Opponent submits its opposition by way of representation under Section 

25(1) in respect of the said Indian Patent Application 8533/DELNP/2012 on the following 

grounds below, which are without prejudice and in the alternative to each other. 

 

i. It is submitted that all claims of the impugned patent application are liable to be 

refused on following grounds as below: 

 

(a) Section 25(1)( c): Prior claiming  

(b) Section 25(1)(e): Lack of inventive step 
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(c) Section 25(1)(g): The complete specification does not sufficiently and clearly 

describe the invention or the method by which it is to be performed. 

(d) Section 25(1)(f): Invention is not patentable under 3 (d) 

 

GROUND I: PRIOR CLAIMING UNDER SECTION 25(1)(c) 

 

1. It is submitted that the invention as claimed in the impugned patent application as set out 

in amended claims 1 to 6 liable to be refused for prior claiming under Section 25(1)(c) of 

the Act.  

 

PRIOR CLAIMING BY IN 4917/DELNP/2012 

 

2. The claims of the impugned Patent Application 4917/DELNP/2012 are prior claimed by 

herein reproduced as IN’4917. The IN’4917 (formerly was filed on 04/06/2012. It has a 

PCT application PCT/US2010/055728 that was filed on 05/11/2010. The conditions for 

prior claiming is fulfilled in IN’4917 because:- 

 

a) IN’4917 claims priority date 05/11/2009, which is prior to the priority date of 

the impugned patent application i.e. 18.03.2010.   

b) IN’4917 is published after the priority date 18.03.2010of the impugned patent 

application i.e. published on 25/09/2015 (publication date of the application 

IN’4917). Corresponding PCT application IN’4917 is also published after the 

priority date of the impugned patent application i.e. 12.05.2011 

 

It is submitted that IN’4917 fulfills all tenets of Section 25(1) (c) as set out hereinabove. 

 

Table 1: PRIOR CLAIMING BY IN’4917/WO’145 

 

 Priority data Publication date 

8533/DELNP/2012 61/315,113 US (18.03.2010) and 61/440,937 

US (09.02.2011) 

22/01/2016 

4917/DELNP/2012 61/258,549 US (05.11.2009) 25/09/2015 

 

3. From the table above, it is clear that IN ‘4917 – 

a) Has earlier priority date (05.11.2009) as compared to Impugned Patent 

Application No. 8533/DELNP/2012 (whose priority is 18.03.2010) 

b) Has been published after the priority date of impugned patent application i.e. 

published on 25/09/2015i.e. after 18.03.2010. 
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Further, a comparison of the claims of the impugned patent application with IN ‘4917 (Prior 

art) it can be clearly seen that imidazopyridine amide which is claimed in the impugned 

patent application is also covered and claimed by Claim 1 of (IN’4917)as illustrated here 

below. 

 

Impugned Patent Application No. 

8533/DELNP/2012 

Prior art 

4917/DELNP/2012 (IN’4917)  

 

Claim 1: 

1. A compound having the general formula Ib: 

 

wherein X, Y and Z are CH; o is1; n is 0; m is 

0, 1, 2, 3 or 4; A is C=O W is NH; 

 R2 is, at each occurrence, independently 

selected from the group consisting of 

hydrogen, halogen, C1-C10 alkyl, C3-C10 

cycloalkyl, C2-C10 alkenyl, C3-C10 

cycloalkenyl, C2-C10 alkynyl, C1-C10 

haloalkyl, -OH, -OR5 , C1-C10 alkoxy, C3-

C10 cycloalkoxy, C3-C15 cycloalkylalkoxy, 

C3-C15 cycloalkylalkyl, -CN, -NO2, -NH2, -

N(R5 )2, -C(O)R5 , -C(O)OR5 , -C(O)N(R5 

)2, -SR5 , - S(O)R5 , -S(O)2R 5 , -S(O)2N(R5 

)2, aryl, e.g. phenyl, benzyl, heteroaryl, and 

heterocyclyl;  

R3 is, at each occurrence, independently 

selected from the group consisting of 

hydrogen, halogen, C1-C10 alkyl, C3-C10 

cycloalkyl, hydroxyl, -OR6 , -CN, -NO2, -

NH2, -N(R6 )C(O)R6 , - C(O)R6 , -C(O)OR6 

1. A compound, having the following 

formula or a pharmaceutically acceptable 

salt thereof: 

 

wherein R1’ is independently alkyl, 

substituted alkyl, cycloalkyl, 

cycloheteroalkyl, aryl, substituted aryl, 

heteroaryl, substituted heteroaryl, or 

heterocycle, or halogen; and wherein R1 is 

halogen or methyl, and R2 is methyl or 

ethyl. 

 

In dependent claims it further discloses 

R1’ is methyl, and the heterocycle, 

heteroaryl, and aryl are substituted with 1-4 

substituents selected from the group 

consisting of halogen and Q15; wherein said 

Q15 is independently selected from the 

group consisting of H, alkyl, cycloalkyl, 

heteroaryl, phenyl, or naphthyl, each 

optionally substituted with 1-4 substituents 

independently selected from the group 
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, -C(O)N(R6 )2, -S(O)R6 , -S(O)2R 6 , -

S(O)2N(R6 )2, aryl, e.g. phenyl, benzyl, 

heteroaryl, heterocyclyl, any of which is 

optionally substituted, or two groups of R 3 

are connected to each other to make five or 

six membered cyclic and heterocyclic rings; R 

5 and R 6 are, at each occurrence, 

independently selected from the group 

consisting of hydrogen, C1-C10 alkyl, C3-

C10 cycloalkyl, C2-C10 alkenyl, C3-C10 

cycloalkenyl, C2-C10 alkynyl, C1-C10 

haloalkyl, aryl, e.g. phenyl, benzyl, heteroaryl, 

and heterocyclyl;  

R 10 is a moiety selected from the group 

consisting of 

 

consisting of F, Cl, Br, I, -OQ16, - SQ16, -

S(O)2Q16, -S(O)Q16, -OS(O)2Q16, -

C(=NQ16)Q16, -S(O)2-N=S(O)(Q16)2, -

S(O)2- N=S(Q16)2, -SC(O)Q16, -

NQ16Q16, -C(O)Q16, -C(S)Q16, -

C(O)OQ16, -OC(O)Q16, - C(S)NQ 16Q16, 

-C(O)C(Q16)2OC(O)Q16, -CN, -…………z 

 

4. A comparison of IN’4917 and the markush claims of impugned patent application would 

reveal that the compound claimed in the impugned patent application (claim 1) are 

encompassed and embraced by the Markush formula of claim 1 of IN’4917. The 

compound claimed in claim 1 of the impugned patent application is fully disclosed by the 

claim 1 of IN’4917.  Hence, the claims of IN’4917 and impugned patent application are 

overlapping. 

 

5. Further, below is the comparison of one of the specific compound disclosed in D1 and 

impugned patent application 

 

Compound of impugned application D1 
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Compound 32 (specification) 
 

 

Compound 13 (Claim 2) 

 

 

6. Both, the compound have same pharmacophore Further, compound 32 of impugned 

application and compound disclosed in IN‘4917 is same compound 13 of impugned 

application and compound disclosed in IN‘4917 have same pharmacophore. 

 

7. In view of the above, case of prior claiming is fully made out. Hence, the impugned 

patent application ought to be refused on this ground alone 

 

GROUND 2: LACK OF INVENTIVE STEP 

 

8. Claim 1 is drawn towards identifying the compounds effective against bacterial 

infections, imidazopyridine amide compounds with the below general formula Ib 

 

wherein X, Y and Z are CH; o is 1; n is 0; m is 0, 1, 2, 3 or 4; A is C=O W is NH; 

 

9. D2 relates to 3-amino-imidazo[1,2-a]pyridines have been identified as a novel class of 

Mycobacterium tuberculosis glutamine synthetase inhibitors. Moreover, these 

compounds represent the first drug-like inhibitors of this enzyme. A series of compounds 

exploring structural diversity in the pyridine and phenyl rings have been synthesized and 

biologically evaluated. Compound 4n was found to be the most potent inhibitor (IC50 = 
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0.38 ± 0.02 lM). This compound was significantly more potent than the known 

inhibitors, Lmethionine- SR-sulfoximine and phosphinothricin. 

 

10. Table 3 Synthesis and biological evaluation of 3-amino-imidazo[1,2-a]pyridines (4a–n) 

 

 

11. It further discloses three small series of trisubstituted 3-amino imidazo[1,2-a]pyridines 

have been investigated as MtGS inhibitors. 

 

12. Moreover, it discloses that “Given their drug-like nature, we anticipate they will serve as 

important lead compounds in the search for new anti-tuberculosis”. Hence, D2discloses 

the  imidazole pyridine as new anti-tuberculosis agent. 

 

13. D3 discloses substituted imidazo[1,2-a]pyridines, specifically discloses Compound 33, 

34 and 35 with amide linkage. 
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14. D4 discloses new hydrazide derivatives of imidazo[1,2- a]pyridine were synthesized and 

evaluated for antituberculosis activity. Further, it discloses that the inventors have chosen 

imidazo[1,2-a]pyridines, which have emerged as potentially interesting drugs, 

particularly with regard to their antituberculosis activityamong the various heterocycles 

that have attracted the attention as potential antitubercular agents as the basic 

heterocyclic moiety. It specifically discloses the below compound 

 

 

15. D5 discloses new nitro-dihydro-imidazooxazoles with anti-tubercular activity that had no 

mutagenicity by performing the bacterial reverse mutation (BRM) test. About 95% of the 

compounds we screened earlier that had mono- or di-alkyl substituents at 2-position were 

mutagenic. However, after introducing heteroatoms to the substituent, mutagenicity rate 

was successfully decreased to 16%. Among the non-mutagenic derivatives, OPC-67683 

was found to have potent anti-TB activity. OPC-67683 was further evaluated to 

determine as potential candidate for TB treatment. 

 

16. D6 discloses new anti-tubercular agents with new semicarbazones (IVa-f) and 4-

thiazolidinones (Va-d) incorporating an imidazo[1,2-a] pyridine moiety. It specifically 

discloses following compounds 

 

 

17. D7 discloses amide bond are present in huge array of molecules such as atorvastatin 

wherein phenyl ring and heterocyclic ring is linked through amide linkage 



14 
 

 

 

18. At the effective date, a skilled person would have envisagedimidazole pyridine which 

have emerged as potentially interesting drugs, particularly about their antituberculosis 

activity among the various heterocycles that have attracted the attention as potential 

antitubercular agents as the basic heterocyclic moiety. Various linkages were explored in 

between the heterocycle rings (IP) and phenyl group such asamine, hydrazine. Therefore, 

the person skilled in the art would have retained imidazole pyridine in view of D2, D4 

and D6. D3 discloses the amide linkage between the imidazole pyridine and phenyl ring. 

Also as disclosed in D7 that amide linkage is used in huge number of molecules. Hence, 

it is obvious for the person skilled to retain the imidazole pyridine pharmacophore and 

combine it with aromatic ring through amide linkage to get an alternate drug moiety. 

 

GROUND 2: INSUFFICIENCY OF DISCLOSUR 

 

19. The complete specification does not sufficiently and clearly describe the invention or the 

method by which it is to be performed. Claim 1discloses huge number of arbitrary 

compound. None of the compound claimed in claim 1have not been tested for efficacy. 

Few compounds were tested for in vivo activity only. Hence, these compounds are 

therefore prophetic. The person skilled in the art will have to do undue experimentation 

to reach at the claimed invention. 

 

The invention claimed by the impugned patent application is not sufficiently disclosed 

and does not provide enough motivation to a person skilled in the art to understand the 

invention and reproduce it.  

 

GROUND 3: Claims not patentable  under Section 25(1)(f) 

 

20. The Opponent states that the claimed invention clearly falls under the section 3 (d) 

which clearly states that the mere discovery of a new form of a known substance 

which does not result in the enhancement of known efficacy of that substance or the 

mere discovery of any new property or new use for a known substance or of the 
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mere use of a known process results in a new product or employs at least one new 

reactant is not patentable under this Act.  

 

21. The Opponent states that the compounds claimed in claim 1impugned application is 

the new form of the known compound disclosed in D1and D2which does not result 

in the enhancement of known efficacy and thus not patentable under section 3 (d). 

The pharmacophore of D1 and D2 are similar. Further, D1 has the similar linkage 

between heterocyclic ring and aromatic ring. Also, the specific compounds 

disclosed in D1 are overlapping with impugned patent application.  

 

Compound of impugned 

application 

D1 D2 

  

 

 

22. Complete specification of the impugned application does not provide any 

comparative data to demonstrate enhancement in the therapeutic efficacy with 

respect to the known efficacy of compound as disclosed in D1 and D2. The 

Opponent states that the applicant miserably failed to provide data demonstrating 

enhanced 'therapeutic' efficacy as there is no comparative data disclosed in the 

impugned application showing improved efficacy of pharmaceutical composition of 

impugned application over compound as disclosed in D1and D2. The Opponent thus 

sates that alleged invention claimed in the impugned application is a mere discovery 

of a new form of a known substance which does not result in the enhancement of 

the known efficacy of 'substances’ disclosed in D1 and D2and thus falls under 

section 3 (d) and ought to be rejected in to under this ground alone. 

 

CONCLUSION 

 

23. In view of the above, the claims are prior claimed, not inventive, insufficient and not 

patentable. The pre-grant opposition as filed may be allowed and the subject patent 

application may be refused. The pre-grant opposition as filed may be allowed and the 

subject patent application may be refused. 
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PRAYER 

 

In the fact and circumstances of the case, the Opponent prays as follows: 

i. that the Controller take the present Opposition on record; 

ii. that the Indian application 8533/DELNP/2012, be rejected under Section 25(1) 

of the Patents (Amendment) Act, 2005; 

iii. that the Opponent may be allowed to file further documents as evidence if 

necessary to support their averments; 

iv. that the Opponent may be granted an opportunity of being heard in the matter 

before any final orders are passed; 

v. that the Opponent may be allowed to make further submissions in case the 

Patentee makes any amendments in the claims; 

vi. any other reliefs considering the facts and circumstances may be granted in 

favour of the Opponent in the interest of justice. 

 

Dated this the 29thday of June, 2020 

 
RAJESHWARI H. 

AGENT FOR THE OPPONENT, 

RAJESHWARI AND ASSOCIATE  

 

To 

The Controller of Patents, 

Patent Office, New Delhi 
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FORM 2 
 

THE PATENTS ACT, 1970 
(39 of 1970) 

&  
THE PATENTS RULES, 2003  

 
COMPLETE SPECIFICATION 

(See section 10, rule 13) 
  
 
 
 

 
“ANTI-INFECTIVE COMPOUNDS” 

 
 
 
 
 
 
 

1) INSTITUT PASTEUR KOREA of 696 Sampyeong-dong, 
Bundang-gu, 463-400 Sungnam-si, Gyeonggi-do,  

Republic of Korea 
 

2) INSTITUT NATIONAL DE LA SANTE ET DE LA 
RECHERCHE MEDICALE (INSERM) of 101, rue de Tolbiac, 

 F-75013 Paris, France 
 
 
 
 
 
 
 
The following specification particularly describes the invention and the manner in 
which it is to be performed.  
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CLEAN CLAIMS 

We claim: 

 

1. A compound having the general formula Ib: 

 

 
       Ib 

 

wherein 

X, Y and Z are CH; 

o is 0; n is 0; m is 0, 1, 2, 3 or 4; 

A is C=O 

 

W is NH;  

 

R2 is, at each occurrence, independently selected from the group consisting of hydrogen, 

halogen, C1-C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, 

C1-C10 haloalkyl, -OH, -OR5, C1-C10 alkoxy, C3-C10 cycloalkoxy, C3-C15 cycloalkylalkoxy, 

C3-C15 cycloalkylalkyl, -CN, -NO2, -NH2, -N(R5)2, -C(O)R5, -C(O)OR5, -C(O)N(R5)2, -SR5, -

S(O)R5, -S(O)2R5, -S(O)2N(R5)2, aryl, e.g. phenyl, benzyl, heteroaryl, and heterocyclyl; 

 

R3 is, at each occurrence, independently selected from the group consisting of hydrogen, 

halogen, C1-C10 alkyl, C3-C10 cycloalkyl, hydroxyl, -OR6, -CN, -NO2, -NH2, -N(R6)C(O)R6, -

C(O)R6, -C(O)OR6, -C(O)N(R6)2, -S(O)R6, -S(O)2R6, -S(O)2N(R6)2, aryl, e.g. phenyl, benzyl, 

heteroaryl, heterocyclyl, any of which is optionally substituted, or two groups of R3 are 

connected to each other to make five or six membered cyclic and heterocyclic rings;  

 

R5 and R6 are, at each occurrence, independently selected from the group consisting of 

hydrogen, C1-C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 

alkynyl, C1-C10 haloalkyl, aryl, e.g. phenyl, benzyl, heteroaryl, and heterocyclyl; 

 

R10  is a moiety selected from the group consisting of 
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wherein m’ is 0, 1, 2, 3 or 4 and n’ is 0, 1, 2, or 3; 

 

R11 is, at each occurrence, independently selected from the group consisting of hydrogen, C1-

C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, C1-C10 

haloalkyl, -OH, -OR13, C1-C10 alkoxy, C3-C10 cycloalkoxy, C3-C15 cycloalkylalkoxy, C3-C15 

cycloalkylalkyl,  -NH2, -N(R13)2, -C(O)R13, -C(O)OR13, -C(O)N(R13)2, -S(O)R13, -S(O)2R13, -

S(O)2N(R13)2, aryl, e.g. phenyl, benzyl, heteroaryl, and heterocyclyl,; 

 

R12 is, at each occurrence, independently selected from the group consisting of hydrogen, C1-

C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, C1-C10 

haloalkyl, hydroxyl, -OR14, -C(O)R14, -C(O)OR14,  -CN, -NO2, -NH2, -N(R14)2, -C(O)N(R14)2,  

-S(O)R14, -S(O)2R14, -S(O)2N(R14)2, aryl, e.g. phenyl, benzyl, heteroaryl, and heterocyclyl; 

 

R13 is, at each occurrence, independently selected from the group consisting of hydrogen, C1-

C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, C1-C10 

haloalkyl, aryl, e.g. phenyl, benzyl, heteroaryl, and heterocyclyl; and 

 

R14 is, at each occurrence, independently selected from the group consisting of hydrogen, C1-

C8 alkyl optionally substituted with at least one hydroxyl or halogen; C3-C7 cycloalkyl, C2-C10 

alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, C1-C10 haloalkyl, aryl, e.g. phenyl, benzyl, 

heteroaryl and heterocyclyl. 
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2. The compound as claimed in claim 1, having one of the formulae 1-352, 
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preferably one of the formulae, 56, 66-69, 74, 77-80, 89-91, 110, 111, 113, 139, 140, 144, 

162-167, 171-182, 193, 209-218, 221-225, 267-269, 271-274, 280-293, 295-315, 317-318, 

320-321, and 324.  

 

3. A compound having one of the formulae 17, 56, 58, 59, 66-69, 74, 77-80, 89-91, 108-115, 

139, 140, 144, 162-181, 183, 193-195, 204-225, 265-329, and 331-352 as shown in claim 2,  

preferably one of the formulae 56, 66-69, 74, 77-80, 89-91, 110, 111, 113, 139, 140, 144, 162-

167, 171-181, 193, 209-218, 221-225, 267-269, 271-274, 280-293, 295-315, 317-318, 320-

321, and 324. 
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4.  The compound as claimed in claim 1, having formula 177.  

 

5. A compound having the general formula Ib: 

 

 
       Ib 

 

wherein 

X, Y and Z are CH; 

o is 1; n is 0; m is 1, 2, 3 or 4; 

A is C=O; 

W is NH;  

 

R2 is, at each occurrence, independently selected from the group consisting of hydrogen, 

halogen, C1-C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, 

C1-C10 haloalkyl, -OR5, C1-C10 alkoxy, C3-C10 cycloalkoxy, C3-C15 cycloalkylalkoxy, C3-C15 

cycloalkylalkyl, -CN, -NO2, -NH2, -N(R5)2, -C(O)R5, -C(O)OR5, -C(O)N(R5)2, -SR5, -S(O)R5, 

-S(O)2R5, -S(O)2N(R5)2, aryl, e.g. phenyl, benzyl, and heterocyclyl; 

 

R3 is, at each occurrence, independently selected from the group consisting of halogen, C1-C10 

alkyl, C3-C10 cycloalkyl, hydroxyl, -OR6, -CN, -NO2, -NH2, -N(R6)C(O)R6, -C(O)R6, -

C(O)N(R6)2, -S(O)R6, -S(O)2R6, -S(O)2N(R6)2, aryl, e.g. phenyl, benzyl, heteroaryl, 

heterocyclyl, or two groups of R3 are connected to each other to make five or six membered 

cyclic and heterocyclic rings,  

 

R5 and R6 are, at each occurrence, independently selected from the group consisting of 

hydrogen, C1-C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 

alkynyl, C1-C10 haloalkyl, aryl, e.g. phenyl, benzyl, heteroaryl, and heterocyclyl; 

 

R10 is a moiety selected from the group consisting of 
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wherein m’ is 0, 1, 2, 3 or 4 and n’ is 0, 1, 2, or 3; 

 

R11 is, at each occurrence, independently selected from the group consisting of hydrogen, C1-

C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, C1-C10 

haloalkyl, -OH, -OR13, C1-C10 alkoxy, C3-C10 cycloalkoxy, C3-C15 cycloalkylalkoxy, C3-C15 

cycloalkylalkyl,  -NH2, -N(R13)2, -C(O)R13, -C(O)OR13, -C(O)N(R13)2, -S(O)R13, -S(O)2R13, -

S(O)2N(R13)2, aryl, e.g. phenyl, benzyl, heteroaryl, and heterocyclyl; 

 

R12 is, at each occurrence, independently selected from the group consisting of hydrogen, C1-

C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, C1-C10 

haloalkyl, hydroxyl, -OR14, -C(O)R14, -CN, -NO2, -NH2, -N(R14)2, -C(O)N(R14)2, - -S(O)R14, -

S(O)2R14, -S(O)2N(R14)2, aryl, e.g. phenyl, benzyl, heteroaryl, and heterocyclyl; 

 

R13 is, at each occurrence, independently selected from the group consisting of hydrogen, C1-

C10 alkyl, C3-C10 cycloalkyl, C2-C10 alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, C1-C10 

haloalkyl, aryl, e.g. phenyl, benzyl, heteroaryl, and heterocyclyl, and 

 

R14 is, at each occurrence, independently selected from the group consisting of hydrogen, C1-

C8 alkyl optionally substituted with at least one hydroxyl or halogen; C3-C7 cycloalkyl, C2-C10 

alkenyl, C3-C10 cycloalkenyl, C2-C10 alkynyl, C1-C10 haloalkyl, aryl, e.g. phenyl, benzyl, 

heteroaryl and heterocyclyl.  
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6. A pharmaceutical composition comprising a compound as claimed in any of claims 1 –5, 

and a pharmaceutically acceptable carrier. 

 

 

Dated 10th day of July, 2019 

 
KAVITA ARORA 

                                                               OF K & S PARTNERS 
   AGENT FOR THE APPLICANT(S) 

IN/PA-2160 
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IMIDAZ0[1,2-a]PYRIDINE COMPOUNDS, SYNTHESIS THEREOF, 
AND METHODS OF USING SAME 

Government Interests 

[0001] This invention was made with Government support under Grant R01 Al 

054193 awarded by the National Institutes of Health. The Government has certain rights in 

the invention. 

Cross-Reference to Related Application 

[0002] The present application claims priority to U. S. Provisional Patent Application 

No. 61/258,549, filed November 5, 2009, entitled IMIDAZO[1,2-a] PYRIDINE 

COMPOUNDS, SYNTHESIS THEREOF, AND METHODS OF USING SAME, the 

disclosure of which is hereby incorporated by reference in Its entirety. 

Technical Field 

[0003] Embodiments herein relate to the field of chemistry and biochemistry, and, 

more specifically, to imidazo[1,2-a]pyridine compounds, synthesis thereof, and methods of 

using same. , 

Background 

[0004] Worldwide, over two billion people are infected with tuberculosis (TB), and an 

estimated 14,400,000 people have active cases of TB. Of these active cases, 83% are 

"ocated in Africa, South-East Asia and the Western Pacific region. The global impact of TB 

is enormous: each year, TB kills 1.5 million HIV-negative people and 0.2 million HIV-

positive people. New drug resistant strains emerge each year. 

[0005] The current treatment for active, drug-susceptible TB includes a carefully-

monitored regimen of a cocktail of rifampin, isoniazid, pyrazinamide and ethambutol for two 

months, followed by an additional four months of rifampin and isoniazid. Multi-drug 

resistant TB infection requires a lengthy course of therapy lasting two years or more with 

drugs that are expensive and poorly tolerated. Because of their length, complexity, and 

expense, these regimens represent inadequate therapies for most TB cases. New 

therapeutics are urgently needed to combat TB infection, yet no new drugs have been 

approved to treat TB in over 40 years. 
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[0006] In addition, in a different technical area, a large number of fungi are known to 

grow at the expense of commercially important plants that are essential to human survival. 

A number of fungicides have been developed for use in protecting both ornamental plants 

and food crops from pathogenic fungi. While many safe and effective fungicides are 

currently in use, the evolution of pathogenic fungi and the ever-increasing pressure to use 

lower levels of fungicides create the need for new fungicides. Effective antifungal 

treatments are urgently needed to treat damaging fungal infections in plant species. 

Brief Description of the Drawings 

[0007] Embodiments will be readily understood by the following detailed description 

in conjunction with the accompanying drawings. Embodiments are illustrated by way of 

Bxample and not by way of limitation in the figures of the accompanying drawings. 

[0008] Figure 1 illustrates the low cost of treatment with high- and low-dose 

imidazo[1,2-a]pyridine therapy for TB. 

[0009] Figure 2 shows the SAR of particular imidazo[1,2-a]pyridine agents and some 

trends observed from screening the compounds in an anti-TB assay. 

[0010] Figure 3 shows the SAR of particular imidazo[1,2-a]pyridine agents and some 

trends observed from screening the compounds in an antifungal assay. 

[0011] Figure 4 shows the structures of particular imidazo[1,2-a]pyridine agents 

screened in Figures 2 and 3. 

Detailed Description of Disclosed Embodiments 

^ 0̂012] In the following detailed description, reference is made to the accompanying 

drawings which form a part hereof, and in which are shown by way of illustration 

embodiments that may be practiced. It is to be understood that other embodiments may be 

utilized and structural or logical changes may be made without departing from the scope. 

Therefore, the following detailed description is not to be taken in a limiting sense, and the 

scope of embodiments is defined by the appended claims and their equivalents. 

[0013] Various operations may be described as multiple discrete operations in turn, 

in a manner that may be helpful in understanding embodiments; however, the order of 

description should not be construed to imply that these operations are order dependent. 

[0014] For the purposes of the description, a phrase in the form "A/B" or in the form 

"A and/or B" means (A), (B), or (A and B). For the purposes of the description, a phrase in 

the form "at least one of A, B, and C" means (A), (B), (C), (A and B), (A and C), (B and C), 
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or (A, B and C). For the purposes of the description, a phrase in the form "(A)B" means (B) 

or (AB) that is, A is an optional element. 

[0015] The description may use the terms "embodiment" or "embodiments," which 

may each refer to one or more of the same or different embodiments. Furthermore, the 

terms "comprising," "including," "having," and the like, as used with respect to 

embodiments, are synonymous. 

[0016] As used herein, the term "halogen" refers to fluoro, bromo, chloro, and iodo 

substituents. 

[0017] As used herein, the term "alkyl" refers to a cyclic, branched, or straight chain 

alkyl group containing only carbon and hydrogen, and unless othenA/ise mentioned contains 

one to twelve carbon atoms. This term may be further exemplified by groups such as 

nethyl, ethyl, n-propyl, isopropyl, isobutyl, t-butyl, pentyl, pivalyl, heptyl, adamantyl, and 

cyclopentyl. Alkyl groups can either be unsubstituted or substituted with one or more 

substituents, for instance, halogen, alkyl, alkoxy, alkylthio, trifluoromethyl, acyloxy, hydroxy, 

mercapto, carboxy, aryloxy, aryloxy, aryl, arylalkyi, heteroaryl, amino, alkylamino, 

dialkylamino, morpholino, piperidino, pyrrolidin-1-yl, piperazin-1-yl, or other functionality to 

form a "functionalized alkyl." 

[0018] As used herein, the tenn "substituted alkyl" refers to an alkyl moiety including 

1-4 substituents selected from halogen, het, cycloalkyi, cycloalkenyl, aryl, amino, cyano, 

nitro, -OQio, -SQio, -S(0)2Qio, -S(O)Q10, -OS(0)2Qio, -C(=NQio)Qio, -C(=NOQio)Qio, -

S(0)2-N=S(0)(Qio)2, -S(0)2-N=S(Qio)2, -NQ10Q10, -C(0)Qio, -C(S)Qio, -C(0)OQio, -

OC(0)Qio, -C(0)NQioQio, -C(S)NQioQio, -N(Qio)C(S)NQioQio, -C(0)NQioQio, -

3(S)NQioQio, -C(0)C(Qi6)20C(0)Qio, -CN, =S, -NQioC(0)Qio, -NQioC(0)NQioQio, -

S(0)2NQioQio, -NQioS(0)2Qio, -NQioS(0)Qio, -NQ10SQ10, and -SNQ10Q10. Each of the het, 

cycloalkyi, cycloalkenyl, and aryl being optionally substituted with 1-4 substituents 

independently selected from halogen and Q15. 

[0019] As used herein, the term "cycloalkyi" refers to a cyclic alkyl moiety. Unless 

otherwise stated, cycloalkyi moieties include between 3 and 8 carbon atoms. 

[0020] As used herein, the term "alkene" refers to a hydrocarbon molecule with the 

general formula CnH2nthat contains one or more double bonds. 

[0021] As used herein, the term "alkyne" refers to a moiety having the general 

formula C2H2n-2 corresponding to carbon chains with a triple carbon-carbon bond included. 
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[0022] As used herein, the term "alcohol" refers to any organic compound in which a 

hydroxyl group (-0H) is bound to a carbon atom of an alkyl or substituted alkyl group. The 

general formula for simple acyclic alcohols is CnH2n+iOH. 

[0023] As used herein, the term "epoxide" refers to any of a class of organic 

compound, cyclic ethers, having a three-member ring. 

[0024] As used herein, the term "ketone" refers to an organic compound containing 

the carbonyl group, >C=0, to which other carbon atoms are attached. 

[0025] As used herein, the term "ester" refers to the product of the reaction between 

a carboxylic acid and an alcohol. 

[0026] As used herein, the temn "ether" refers to an organic compound containing the 

functional group RO-R'. 

;0027] As used herein, the temi "aldehyde" refers to an organic compound containing 

a -CHO group. 

[0028] As used herein, the term "nitrile" refers to any of a class of organic 

compounds containing the cyano radical -CN. 

[0029] As used herein, the temri "thiol" refers to a molecular group that includes a 

bonded sulfur and hydrogen atom (-SH). 

[0030] As used herein, the terni "thioester" refers to a compound resulting from the 

bonding of sulfur with an acyl group with the general formula R-S-CO-R'. Thioesters are 

the product of esterification between a carboxylic acid and a thiol (as opposed to an alcohol 

in regular esters). 

[0031] As used herein, the term "sulfide" refers to an organic compound containing 

julfur bonded to carbon. The term "disulfide" refers to the structural unit composed of a 

linked pair of sulfur atoms. 

[0032] As used herein, the terni "sulfone" refers to a chemical compound containing 

a sulfonyl functional group attached to two carbon atoms. The central sulfur atom is twice 

double bonded to oxygen and has two further hydrocarbon substituents. The general 

structural formula is R-S(=0)(=0)-R' where R and R' are the organic groups. 

[0033] As used herein, the term "sulfoxide" refers to a chemical compound containing 

a sulfinyl functional group attached to two carbon atoms. Sulfoxides can be considered 

oxidized sulfides. 

[0034] As used herein, the terni "amine" refers to NH2, NHR, or NR2. Unless 

otherwise stated R can be alkyl, alkenyl, alkynyl, cycloalkyi, cycloalkenyl, het or aryl. 
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[0035] As used herein, the term "amide" refers to an organic compound containing 

the -CONH2- group. 

[0036] As used herein, the term "urea" refers to an organic compound with the 

chemical formula (NH2)2 CO or RNHCONHR'. 

[0037] As used herein, the term "carbamate" refers to any of a group of organic 

compounds sharing a common functional group with the general stmcture -NH(CO)0-. 

Carbamates are esters of carbamic acid, NH2COOH. Since carbamic acid contains 

nitrogen attached to a carboxyl group, it is also an amide. Therefore, carbamate esters 

may have alkyl or aryl groups substituted on the nitrogen, or the amide function. For 

example, ethyl carbamate is unsubstituted, whereas ethyl N-methylcarbamate has a methyl 

group attached to the nitrogen. 

;0038] As used herein, the tenn "nitro" refers to NO2. 

[0039] As used herein, the term "aryl" refers to phenyl, substituted phenyl, naphthyl, 

and substituted naphthyl. 

[0040] As used herein, the term "morpholine" refers to an organic chemical 

compound having the chemical formula 0(CH2CH2)2NH. This heterocycle features both 

amine and ether functional groups. Because of the amine, morpholine is a base; its 

conjugate acid is called morpholinium. For example, when morpholine is neutralized by 

hydrochloric acid, one obtains the salt morpholinium chloride. 

[0041] As used herein, the term "thiomorpholine" refers to C4H9NS, and is a 

heterocyclic compound containing nitrogen and sulfur. It may be considered a thio 

derivative of morpholine. 

]0042] As used herein, the term "piperazine" refers to an organic compound that 

consists of a six-member ring containing two opposing nitrogen atoms. 

[0043] As used herein, the tenn "piperidine" refers to an organic compound with the 

molecular formula (CH2)5NH. This heterocyclic amine consists of a six-member ring 

containing five methylene units and one nitrogen atom. 

[0044] As used herein, the term "acyl" refers to any of a group or radical of the form 

RCO- where R is an organic group. 

[0045] As used herein, the term "furan" refers to any of a class of aromatic 

heterocyclic compounds containing a ring of four carbon atoms and an oxygen atom; for 

instance, C4H4O. As used herein, the term "nitrofuran" refers to a furan ring with a nitro 

group. 
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[0046] As used herein, the term "thiophene" refers to the heterocyclic compound with 

the formula C4H4S. Consisting of a flat five-membered ring, it is aromatic as indicated by its 

extensive substitution reactions. Related to thiophene are benzothiophene and 

dibenzothiophene, containing the thiophene ring fused with one and two benzene rings, 

respectively. Compounds analogous to thiophene include furan (C4H4O) and pyn^ole 

(C4H4NH). 

[0047] As used herein, the term "imidazole" refers to an organic compound with the 

formula C3H4N2. This aromatic heterocyclic is classified as an alkaloid. Imidazole refers to 

the parent compound whereas imidazoles are a class of heterocycles with similar ring 

structure but varying substituents. A nitroimidazole is an imidazole derivative that contains 

a nitre group. 

"0048] As used herein, the term "oxazole" refers to a five-member heterocycle having 

three carbon atoms, one oxygen atom, one nitrogen atom and two double bonds; the 1,3-

isomer is aromatic. 

[0049] As used herein, the tem "oxazoline" refers to an unsaturated heterocyclic 

compound containing a five-member ring, two double bonds, one nitrogen and one oxygen 

atom; and any derivative of this compound. 

[0050] As used herein, the term "thiazole" refers to any of a class of unsaturated 

heterocyclic compounds containing a ring of three carbon atoms, a sulfur and an nitrogen 

atom; for instance the simplest one, C3H3SN. 

[0051] As used herein, the term "thiazoline" refers to an unsaturated heterocyclic 

compound containing a five-member ring, two double bonds, one nitrogen and one sulfur 

jtom; and any derivative of this compound. 

[0052] As used herein, the term "triazole" refers to either one of a pair of isomeric 

chemical compounds with molecular formula C2H3N3, having a five-member ring of two 

carbon atoms and three nitrogen atoms. 

[0053] As used herein, the term "pyridine" refers to any of a class of aromatic 

heterocyclic compounds containing a ring of five carbon atoms and a nitrogen atom; for 

instance the simplest one, C5H5N. 

[0054] As used herein, the tenn "pyrazine" refers to a diazine in which the two 

nitrogen atoms are in the para- position. 

[0055] As used herein, the tenn "naphthalene" refers to an aromatic, white, solid 

hydrocarbon with formula CioHs and the structure of two fused benzene rings. 
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[0056] As used herein, the term "diketopiperazine" refers to a class of cyclic organic 

compounds that result from peptide bonds between two amino acids to form a lactam. 

They are the smallest possible cyclic peptides. 

[0057] As used herein, the term "quinoline" refers to any of a class of aromatic 

heterocyclic compounds containing a benzene ring fused with a ring of five carbon atoms 

and a nitrogen atom; for instance the simplest one, C9H7N. Isoquinoline, also known as 

benzo[c]pyridine or 2-benzanine, is a heterocyclic aromatic organic compound. It is a 

structural isomer of quinoline. Isoquinoline and quinoline are benzopyridines, which are 

composed of a benzene ring fused to a pyridine ring. In a broader sense, the term 

isoquinoline is used to make reference to isoquinoline derivatives. 

[0058] As used herein, the term "oxazolidinone" refers to a class of heterocyclic 

organic compounds containing both nitrogen and oxygen in a 5-member ring. 

[0059] As used herein, the term "heterocyclic" refers to organic compounds 

containing at least one atom of carbon, and at least one element other than carbon, such as 

sulfur, oxygen or nitrogen within a ring structure. These structures may comprise either 

simple aromatic rings or non-aromatic rings. Each mono-cyclic ring may be aromatic, 

saturated or partially unsaturated. A bi-cyclic ring system may include a mono-cyclic ring 

containing one or more heteroatom fused with a cycloalkyi or aryl group. A bi-cyclic ring 

system may also include a mono-cyclic ring containing one or more heteroatom fused with 

another mono-cyclic ring system. 

[0060] Examples of "heterocyclics" include but are not limited to pyridine, thiophene, 

furan, pyrazoline, pyrimidine, 2-pyridyl, 3-pyridyl, 4-pyridyl, 2-pyrimidinyl, 4-pyrimidinyl, 5-

)yrimidinyl, 3-pyrazinyl, 3-pyridazinyl, 4-pyridazinyl, 4-oxo-2-imidazolyl, 1,2,4-oxadiazole, 

1,3,4-oxadiazole, 4-pyridazinyl, 3-pyrazinyl, 4-oxo-2-imidazolyl, 2-imidazolyl, 4-imidazolyl, 

3-isoxazolyl, 4-isoxazolyl, 5-isoxazolyl, 3-pyrazolyl, 4-pyrazolyl, 5-pyrazolyl, 2-oxazolyl, 4-

oxazolyl, 4-oxo-2-oxazolyl, 5-oxazolyl, 1,2,3-oxathiazole, 1,2,3-oxadiazole, 1,2,5-

oxadiazole, 2-thiazolyl, 5-thiazolyl, 3-isothiazole, 4-isothiazole, 5-isothiazole, 2-furanyl, 3-

furanyl, 2-thienyl, 3-thienyl, 2-pyrrolyl, 3-pyrrolyl, 3-isopyrrolyl, 4-isopyrrolyl, 5-isopyrrolyl, 

1,2,3-oxathiazole-1-oxide, 1,2,4-oxadiazol-3-yl, 1,2,4-oxadiazol-5-yl, 5-oxo-1,2,4-oxadiazol-

3-yl, 1,2,4-thiadiazol-3-yl, 1,2,4-thiadiazol-5-yl, 3-oxo-1,2,4-thiadiazol-5-yl, 1,3,4-thiadiazol-

5-yl, 2-0X0-1,3,4-thiadiazol-5-yl, 1,2,4-triazol-3-yl, 1,2,4-triazol-5-yl, 1,2,3,4-tetrazol-5-yl, 5-

oxazolyl, 3-isothiazolyl, 4-isothiazolyl, 5-isothiazolyl, 1,3,4-oxadiazole, 4-oxo-2-thiazolinyl, 

5-methyl-1,3,4-thiadiazol-2-yl, thiazoledione, 1,2,3,4-thiatriazole, 1,2,4-dithiazolone, 

phthalimide, quinolinyl, morpholinyl, benzimidazolyl, benzo[d]thiazolyl, benzo[d]oxazolyl, 
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diazinyl, triazinyl, quinolinyl, quinoxalinyl, naphthyridinyl, azetidinyl, pyrrolidinyl, hydantoinyl, 

oxathiolanyl, dioxolanyl, imidazolidinyl, azabicycio [2.2.1] heptyl, 2-methyl-1,4-dioxa-8-

azaspiro[4.5]decane, 2,3-dimethyl-1,4-dioxa-8-azaspiro[4.5]decane, 3-methyl-1,5-dioxa-9-

azaspiro[5.5]undecane, and 2,4-dimethyl-1,5-dioxa-9-azaspiro[5.5]undecane. 

[0061] As used herein, the term "heteroaryl" refers to a mono- or bicyclic het in which 

one or more cyclic ring is aromatic. 

[0062] As used herein, the term "substituted heteroaryl" refers to a heteroaryl moiety 

substituted with one or more functional groups selected from halogen, alkyl, hydroxyl, 

amino, alkoxy, cyano, and nitro. 

[0063] As used herein, the term "substituted aryl" refers to an aryl moiety having 1-3 

substituents selected from halogen, het, alkyl, substituted alkyl, alkenyl, alkynyl, alkoxy, 

:ycloalkyl, cycloalkenyl, aryl, cyano, nitro, -OQio, -SQio, -S(0)2Qio, -S(0)Qio, -OS(0)2Qio, -

C(=NQio)Qio. -C(=NOQio)Qio, -S(0)2-N=S(0)(Qio)2, -S(0)2-N=S(Qio)2, -NQ10Q10, -C(0)Qio, 

-C(S)Qio, -C(0)OQio, -OC(0)Qio, -C(0)NQioQio, -C(S)NQioQio, -C(0)C(Qi6)20C(0)Qio, -

NQioC(0)Qio, -N(Qio)C(S)NQioQio, -N(Qio)C(S)Qio, -NQioC(0)NQioQio, -S(0)2NQioQio, -

NQioS(0)2Qio, -NQioS(0)Qio, -NQ10SQ10, and -SNQioQio- The het, cycloalkyi, 

cycloalkenyl, alkenyl, alkynyl, and aryl being optionally substituted with 1-3 substituents 

selected from halogen and Q15. 

[0064] Each Q10 is independently selected from H, alkyl, cycloalkyi, het, cycloalkenyl, 

and aryl. The het, cycloalkyi, cycloalkenyl, and aryl being optionally substituted with 1-3 

substituents selected from halo and Q13. 

[0065] Each Qn is independently selected from H, halogen, alkyl, aryl, cycloalkyi, 

and het. The alkyl, aryl, cycloalkyi, and het being optionally substituted with 1-3 substituents 

independently selected from halogen, nitro, cyano, =S, =0, and Q14. 

[0066] Each Q13 is independently selected from Qn , -OQn, -SQn, -S(0)2Qii, 

-S(0)Qi i , -OS(0)2Qii, -C(=NQii)Qi i , -S(0)2-N=S(0)(Qii)2, -S(0)2-N=S(Qii)2, -SC(0)Qi i , -

NQ11Q11, -C(0)Qi i , -C(S)Qii, -C(0)OQi i , -OC(0)Qi i , -C(0)NQi iQi i , - (S)NQiiQi i , -

C(0)C(Qi6)20C(0)Qio, -CN, =0 , =S, -NQi iC(0)Qi i , -NQiiC(S)Qii , -NQi iC(0)NQi iQi i , -

NQi iC(S)NQi iQi i , -S(Q)2NQiiQii, -NQiiS(0)2Qii , -NQi iS(0)Qi i , -NQnSQn, -NO2, and -

SNQ11Q11. 

[0067] Each Q14 is independently selected from H, alkyl, cycloalkyi, phenyl, or 

naphthyl, each optionally substituted with 1-4 substituents independently selected from F, 

CI, Br, I, -OQ16, -SQ16, -S(0)2Qi6, -S(0)Qi6, -OS(0)2Qi6, -NQieQie, -C(0)Qi6, -C(S)Qi6, -

C(0)OQi6. -NO2, -C(0)NQi6Qi6, -C(S)NQi6Qi6, -CN, -NQi6C(0)Qi6, -NQi6C(S)Qi6, -
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NQi6C(0)NQi6Qi6, -NQi6C(S)NQi6Qi6, -S(0)2NQi6Qi6, and -NQi6S(0)2Qi6. The alkyl, 

cycloalkyi, and cycloalkenyl being further optionally substituted with = 0 or =S. 

[0068] Each Q15 is independently selected from H, alkyl, cycloalkyi, heteroaryl, 

phenyl, or naphthyl, each optionally substituted with 1-4 substituents independently 

selected from F, CI, Br, I, -OQie, -SQie, -S(0)2Qi6, -S(0)Qi6, -OS(0)2Qi6, -C(=NQi6)Qi6, -

S(0)2-N=S(0)(Qi6)2, -S(0)2-N=S(Qi6)2, -SC(0)Qi6, -NQieQie, -C(0)Qi6, -C(S)Qi6, -

C(0)0Qi6, -0C(0)Qi6, -C(S)NQi6Qi6, -C(0)C(Qi6)20C(0)Qi6, -CN, -NQi6C(0)Qi6, -

NQi6C(S)Qi6, -NQi6C(0)NQi6Qi6, -NQi6C(S)NQi6Qi6, -S(0)2NQi6Qi6, -NQi6S(0)2Qi6, -

NQi6S(0)Qi6, -NQ16SQ16, -NO2, and -SNQieQie- The alkyl, cycloalkyi, and cycloalkenyl 

being further optionally substituted with = 0 or =S. 

[0069] Each Q16 is independently selected from H, alkyl, and cycloalkyi. The alkyl 

ind cycloalkyi optionally including 1-3 halogens. 

[0070] Embodiments of the present disclosure provide novel imidazopyridines, for 

instance imidazo[1,2-a]pyridines. Certain embodiments are directed to compounds and 

methods for the treatment and prevention of tuberculosis (TB). Other embodiments are 

directed to compounds and methods for inhibiting fungal growth on plant species. In still 

other embodiments, methods are provided for the synthesis of the disclosed imidazo[1,2-

a]pyridine compounds. 

[0071] In embodiments, the imidazo[1,2-a]pyridine compounds of this disclosure may 

be useful in treating or preventing tuberculosis in a subject. The in vitro activity of disclosed 

compounds may be assessed by standard testing procedures, for instance in H37Rv TB 

screens. 

'0072] In embodiments, the imidazo[1,2-a]pyridine compounds described herein may 

be useful for treating (for instance, ameliorating or preventing) multi-drug resistant (MDR) 

and non-MDR TB in a subject. In an embodiment, a compound may be administered to a 

subject locally or systemically. In embodiments, an imidazo[1,2-a]pyridine compound may 

be administered parenterally, for instance subcutaneously, intravenously, or 

intramuscularly, or it may be administered orally or by inhalation. An imidazo[1,2-a]pyridine 

compound may be used alone or in combination with other anti-tuberculosis agents. In an 

embodiment, an imidazo[1,2-a]pyridine compound may be administered in varying 

concentrations depending upon the infection's susceptibility to the compound being 

administered, the extent of the disease, whether the infection is latent or active, whether the 

infection is drug-resistant, and the general health of the subject. 
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[0073] In an embodiment, imiclazo[1,2-a]pyridine compounds may be incorporated 

into a pharmaceutical composition. Embodiments of the present disclosure encompass any 

racemic, optically-active, polymorphic, tautomeric, or stereoisomeric form or mixture 

thereof, of a compound of the disclosure, which possesses the useful properties described 

herein. 

[0074] In cases where compounds are sufficiently basic or acidic to form stable 

nontoxic acid or base salts, use of the compounds as phannaceutically acceptable salts 

may be appropriate. Examples of pharmaceutically acceptable salts within the scope of 

embodiments herein include organic acid addition salts formed with acids which form a 

physiological acceptable anion and inorganic salts. 

[0075] Pharmaceutical compositions in accordance with embodiments of the 

iisclosure may be prepared by combining the disclosed compounds with a solid or liquid 

pharmaceutically acceptable carrier and, optionally, with pharmaceutically acceptable 

adjuvants and excipients employing standard and conventional techniques. Solid forni 

compositions include powders, tablets, dispersible granules, capsules, cachets and 

suppositories. A solid carrier may be at least one substance that may also function as a 

diluent, flavoring agent, solubilizer, lubricant, suspending agent, binder, tablet disintegrating 

agent, and encapsulating agent. Inert solid carriers include magnesium carbonate, 

magnesium stearate, talc, sugar, lactose, pectin, dextrin, starch, gelatin, cellulosic 

materials, low melting wax, cocoa butter, and the like. Liquid form compositions include 

solutions, suspensions and emulsions. For example, there may be provided solutions of 

the compounds disclosed herein dissolved in water and water-propylene glycol systems, 

:)ptionally containing suitable conventional coloring agents, flavoring agents, stabilizers, 

and/or thickening agents. 

[0076] In an embodiment, a pharmaceutical composition may be provided employing 

conventional techniques in unit dosage form containing effective or appropriate amounts of 

one or more active component. In embodiments, the quantity of active component 

(compound) in a pharmaceutical composition and unit dosage form thereof may be varied 

or adjusted widely depending upon the particular application, the potency of the particular 

compound and the desired concentration. In an embodiment, the quantity of active 

component may range from 0.5% to 90% by weight of the composition. 

[0077] In embodiments, in therapeutic use for treating, ameliorating, preventing, or 

combating TB in subjects, the compounds or pharmaceutical compositions thereof may be 

administered orally, parenterally, and/or by inhalation at a dosage to obtain and maintain a 
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concentration or blood-level of active component in the animal undergoing treatment that is 

therapeutically effective. In an embodiment, such a therapeutically effective 

amount/dosage of active component may be in the range of from about 0.1 to about 100 

mg/kg, for instance, from about 0.1 to about 10 mg/kg, of body weight/day. It is to be 

understood that the dosages may vary depending upon the requirements of the patient, the 

severity of the infection, the particular mycobacterial species, whether the infection is latent 

or active, the drug resistance of the strain, the duration of the infection being treated, and 

the particular compound being used. Also, it is to be understood that the initial dosage 

administered may be increased beyond the above upper level in order to rapidly achieve 

the desired blood-level or the initial dosage may be smaller than the optimum and the daily 

dosage may be progressively increased during the course of treatment depending on the 

particular situation. If desired, the daily dose also may be divided into multiple doses for 

administration, for instance, two to four times per day. 

[0078] In an embodiment, an initial imidazo[1,2-a]pyridine compound was provided 

and tested as an exemplary member of the new imidazo[1,2-a]pyridine class of anti

tuberculosis agents disclosed herein. Such compound is identified below as compound 

ND-8454, and the compound's stmcture is shown in Table 1. lmidazo[1,2-a]pyridine is a 

simple bicyclic compound with a bridgehead nitrogen atom. This class of molecules is 

unrepresented within the TB literature, and the scaffold is very attractive because of the low 

cost of starting materials and the ease with which potent (<1 pg/mL) anti-TB compounds 

are synthesized therefrom. 

[0079] Many of the existing clinical candidates for TB therapeutics are derivatives of 

"jxisting scaffolds (for instance, moxifloxacin and gatifloxacin, see Table 1), which results in 

drugs that are much more prone to emerging resistance. Other clinical candidates are 

complex compounds that are difficult and costly to manufacture (for example anti-TB 

candidates TMC207, PA-824, OPC-67683, and LL-3858, see Table 1). 

[0080] In contrast, ND-8454, A/-benzyl-2,7-dimethylimidazo[1,2-a]pyridine-3-

carboxamide, the initial "hit" based on the imidazo[1,2-a]pyridine scaffold, has an in vitro 

activity against H37Rv TB comparable to the current clinical candidates (MIC = 0.08 pg/mL 

or 286 nM) and no observed toxicity to VERO or HeLa cells (>128 and >50 pM, 

respectively). 
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Table 1. Current TB clinical candidates and ND-8454 

(initial imidazo[1,2-a]pyridine hit) 

o o 0 0 fnr°'''' 

H N ^ / O ^ < ^ / O ^ N ^ O ^ 

Gatifloxacin (OFLOTUB Consortium) Moxifloxacin (Bayer) M^r^^/l,^Ic ^nlT *̂̂ ®^ / i 
MIC = 0.03 -1.56 ng/mL H37Rv TB MIC = 0.04 - 0.5 MQ/mL H37Rv TB ^ ' H V y p f "H M D R TR 
MIC = 3.12 ^.g/mLMDR-TB MIC = 0.5 .̂g/rnL MDR-TB vs. H37Rv and MDR-TB 
LD99 = 0.5 ng/mL LD99 = 0.8 ng/mL ^ ^ 

^ ° Y^ O sA 
N * ^ 0 ^̂ ^̂ ^̂ ^N OMe ^M-^ 

OPC-67683 (Otsuka) ' j ' 
MIC of 0.006 - 0.024 pglmL ' 
vs. H37RV and MDR-TB TMC207 (Diarylqulnollne, J&J) 

MIC = 0.06 (jg/mL vs. H37Rv and MDR-TB 

N J ^ > ^ h';;^®^^^^f "'^^^T^'"-""'"^ > = ^ ^ N ND.8454 (Notre Dame) 
- ^ f 1 MIC = 0.06 Mg/mL MIC = 0.08 Mg/mL H37Rv TB 

W : ^ MIC = 0.02 Mg/mL MDR-TB 
VERO >128 (JM 

[0081] In accordance with various embodiments, Table 2 illustrates the potency of 

several exemplary compounds against several individual strains of single drug resistant TB. 
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Table 2. TB Potency against single drug resistant strains (IVIICQO in î lVI) 

Resistance to (MM) I rRMP I rINH I rKM I rSM 
ND-8454 0.28 0.33 107 1.02 
ND-9652 1.49 2.03 5,83 5.84 
ND-9758 <0.002 0.003 0.01 0.01 
ND-9872 0.23 0.28 0.89 0.87 
ND-9902 0.74 1.10 2.96 2.95 
ND-9903 0.24 0.25 059 0.63 
ND-9965 0.54 0.57 198 2.31 

RMP > j 001 O02 0.02 
INH 023 >8 043 0.23 
MOX I O10 I 0.12 I 0.24 | 0.15 

RMP = Rifampicin; INH - Isoniazid; KM = Kanamycin; SM = Streptomycin 

,.0082] In accordance with various embodiments, Table 3 illustrates the potency of 

several exemplary compounds against several strains of multi-drug resistant (MDR) TB. 

Table 3. MDR-TB Potency (MIC90 in ug/mL) 
Resistance] I I I 1 I I [ 

HRESP HREZSP HCPTh HREKP HRERb* HREZSKPTh HRERb* HRERb* HREZRbTh 
to (Mg/mL): 

ND-8454 0.625 0.3125 0.313 0.078 0.039 0.019 0.039 0.078 0.039 

ND-8667 0.3125 0.019 0.039 0.039c <=0.0098 <=0.0098 001 0.019 0.019 

ND-9361 0.078 0.019 NT 0.078 0.039 0.019 001 0.078 0.019 

Abbreviations: H=lsoniazid, R=Rifampicin, E=Ethambutol, Z=Pyrazinamide, 
S=StreptomycJn, C=Cycloserine, K=Kanamycin, P=p-aminosalicylic acid, Rb=rifabutin, 
Th=thioacetazone, * genetically different strains. 

^0083] In embodiments, the exemplary compounds described above may be 

synthesized according to the following general procedures. ND-8454, for example, can be 

made in four synthetic steps from readily available, inexpensive reagents. To evaluate the 

potential availability and affordability of making this compound on a kilogram scale, the cost 

to scale up ND-8454 using the following exemplary procedure was evaluated (see Scheme 

1, below). 
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Scheme 1. Synthesis of ND-8454 

Reagents: (a) 1,2-climethoxyethane, reflux, 48 hours; (b) 1 N LiOH, EtOH, reflux, 36 hours; 

(c) oxalyl chloride, CH2CI2, DMF (cat.), room temperature, 4 hours; (d) benzylamine, EtaN, 

CH2CI2, reflux, 14 hours 

[0084] In this specific example of synthesis of ND-8454, a solution of 2-amino-4-

picoline (10.0 g, 91.5 mmol) and ethyl-2-chloroacetoacetate (7.93 g, 45.8 mmol) were 

dissolved in 92 mL of 1,2-dimethoxyethane (DME) and heated for 36 h at reflux. The 

reaction mixture was filtered and solids (2-amino-4-picoline hydrochloride salt) was 

collected and washed with hexanes. The filtrate liquor was concentrated in vacuo and 

residue was dissolved in CH2CI2 and washed with 5% acetic acid solution (2x) and brine. 

The organic phase was collected, dried over sodium sulfate (Na2S04), filtered and then 

concentrated in vacuo. Crude material obtained was purified by silica gel column 

chromatography with a 20% ethyl acetate : CH2CI2 solvent system to give 7.8 g (78%) of 

ethyl 2,7-dimethylimidazo[1,2-a]pyridine-3-carboxylate as a tan solid.mp 59-61°C; ^H NMR 

(300 MHz, CDCl3)9.14 5(d, J = 7.1 Hz, 1H), 7.34 (s. lH), 6.78 (dd, J = 7.1, 1.7 Hz, 1H), 

4.40 (q, J = 7.1, 7.1, 7.1 Hz, 2H), 2.66 (s, 3H), 2.42 (s, 3H), 1.42 (t, J = 7.1, 7.1 Hz, 3H). 

HRMS(EI), M+1 calcd. for C12H15N2O2, 219.1155; found 219.1128. Retention time = 1.4 

minutes (mobile phase: 60% water: acetonitrile). 

The ethyl 2,7-dimethylimidazo[1,2-a]pyridine-3-carboxylate (6.4 g, 29.3 mmol) was 

dissolved in 75 mL of ethanol (95%), 1M LiOH (60 mL, 60 mmol) was added and reaction 

was heated to reflux for 36 hours. The resulting solution was concentrated to dryness and 

then made acidic (pH~2-3) with the addition of 4 N HCI; resulting solids were collected by 

filtration and rigorously dried to give 4.6 grams (82%) of 2,7-dimethylimidazo[1,2-a]pyridine-

3-carboxylic acid, an off-white solid, mp 180- 183°C; ^H NMR (300 MHz, CD3OD) 5 9.52 (d, 

J = 7.1 Hz, 1H), 7.73 (td, J = 1.8, 0.9, 0.9 Hz, 1H), 7.48 (dd, J = 7.1, 1.3 Hz, 1H), 2.81 (s, 

3H), 2.63 (s, 3H). HRMS (El), M+1 calcd. for C10H11N2O2, 191.0815; found 191.0837. 

Retention time = 0.6 - 0.7 minutes (mobile phase: 60% water: acetonitrile). 
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[0085] The 2,7-dimethylimidazo[1,2-a]pyridine-3-carboxylic acid (2.8 grams, 14 

mmol) was partly dissolved in 35 mL anhydrous CH2CI2 and oxalyl chloride (3.3 mL, 39 

mmol) was added followed by catalytic (20 |JL) N'N-dimethylforamide (DMF). 

[0086] The reaction was stirred under argon at room temperature for 4 hours. The 

clear, orange solution was concentrated to dryness and the resulting acid chloride (3.6 

grams, 14 mmol, yellow solid) was dissolved in 35 mL anhydrous CH2CI2. Triethylamine 

(5.9 mL, 41.9 mmol) and benzylamine (1.8 mL, 16.7 mmol) were added slowly. The 

reaction was heated to 50°C under argon for 16 hours. The reaction was then concentrated 

to dryness and the resulting solid was dissolved in ethyl acetate (EtOAc) and washed with 

saturated sodium bicarbonate solution (2x) and brine washed. 

[0087] The organlcs were collected and dried over Na2S04, the drying agent was 

iltered off, and the organics were concentrated down to an oil which crystallized upon 

standing. The solid was purified through a silica gel column eluting with a gradient of 1:10 

(EtOAc : CH2CI2) to 10:1 (EtOAc : CH2CI2). 2.75 grams of A/-benzyl-2,7-

dimethylimidazo[1,2-a]pyridine-3-carboxamide (ND-8454, 70%) was obtained as an off-

white solid, mp 166 - 167°C; ^H NMR (500 MHz, CDCI3) 5 9.30 (d, J = 7.1 Hz, 1H), 7.39-

7.28 (m, 5H), 7.25 (s, 1H), 6.75 (dd, J = 7.2, 1.8 Hz, 1H), 6.05 (bs, 1H, NH), 4.69 (d, J = 5.7 

Hz, 2H), 2.65 (s, 3H), 2.41 (s, 3H). ""̂ C NMR (126 MHz, CDCI3) 6 161.52, 146.54, 145.36, 

138.30, 128.84, 127.67, 127.61, 127.35, 127.31, 115.72, 115.05, 43.42, 21.34, 16.83. 

HRMS (El), M+1 calcd. for C17H18N3O, 280.1444; found 280.1480. Retention time = 0.8 -

1.1 minutes (mobile phase: 60% water: acetonitrile). 

[0088] In another embodiment, imidazo[1,2-a]pyridine compounds may be 

synthesized according to the general procedures shown in Scheme 2, below. 
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Scheme 2: lmidazo[1,2-a]pyridine Chemistry 
0 0 g 0 0 

R.-^^--^0^ R.^V^O'^ y j " VOH 

Y^NH2 b S ^ N c S ^ N 
1 2 3 

Analog generation: Where: 

O^ O^ ^ R Y ^ C H o r N ; 
y o n y ^ H n Z = Br.CI, l : 

Y ^ ^ N - ^ ^ Y ^ ^ N ^ X = 0 , NH; 
•^1T i V f ^ 2 e o r f R i ^ 7 V R 2 n = 0 , 1 - 4 ; 

^ Y N ^ Y N R1 = alkyl, alkoxy, halogen, etc. 
R2 = alkyl, aryl, CF3, etc. 

(-COOH) 3 ^ jj ^ R3 = aryl, heteroaryl, heterocycle, etc. 

( - C l ) 4 ^ R e 

agents: (a) N-Z-succinimide, DMSO, room temperature, 4 hours, where Z=Bromo, Chloro, 
)r lodo; (b) 1,2-dimethoxyethane, reflux, 48 hours; (c) 1 N LiOH, EtOH, reflux, 36 hours; (d) 
oxalyl chloride, CH2CI2, DMF (cat.), room temperature, 4 hours; (e) R-NH2 or R-OH, EDC-
HCI, DMAP, CH3CN, 16 hours; when chloride (f) R-NH2 or R-OH, EtaN, CH2CI2, 16 hours. 

[0089] Figure 1 shows that ND-8454 may be made from readily available materials 

using the process described above. The active pharmaceutical ingredient may be obtained 

at a $300-1000/kg price range on commercial scale. This translates to a remarkably low 

cost of only $0.03-$0.1/day at a 100 mg daily dose. Therefore, ND-8454 and similar 

imidazo[1,2-a]pyridine agents are very inexpensive to manufacture and may be made 

readily accessible to populations in need. 

[0090] Embodiments of the present disclosure also provide methods for treating or 

preventing TB infection in a subject using compounds described herein. As used herein, 

+he terms "tuberculosis" and "TB" refer to mycobacterial infection, a common and often 

deadly infectious disease usually caused by Mycobacterium tuberculosis. Tuberculosis 

usually attacks the lungs (as pulmonary TB), but can also affect the central nervous system, 

the lymphatic system, the circulatory system, the genitourinary system, the gastrointestinal 

system, bones, joints, and even the skin. Other mycobacteria such as Mycobacterium 

bovis, Mycobacterium africanum, Mycobacterium canetti, and Mycobacterium microti also 

cause tuberculosis, but these species are less common in humans. 

[0091] The classic symptoms of tuberculosis are a chronic cough with blood-tinged 

sputum, fever, night sweats, and weight loss. Infection of other organs causes a wide 

range of symptoms. In some embodiments, a tuberculosis diagnosis may be made by 

radiology (commonly chest X-rays), a tuberculin skin test, and blood tests, as well as 

microscopic examination and microbiological culture of bodily fluids. Tuberculosis 
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treatment is difficult and normally requires long courses of multiple antibiotics, and antibiotic 

resistance is a growing problem. 

[0092] Approximately one third of the world's population is infected with M. 

tuberculosis. However, most of these cases will not develop the full-blown disease; 

asymptomatic, latent infection is most common. About one in ten of these latent infections 

will eventually progress to active disease, which, if left untreated, kills more than half of its 

victims. In 2004, mortality and morbidity statistics included 14.6 million chronic active 

cases, 8.9 million new cases, and 1.6 million deaths, mostly in developing countries. In 

addition, a rising number of people in the developed world are contracting tuberculosis 

because of compromised immune systems from immunosuppressive drugs, substance 

abuse, or AIDS. The distribution of tuberculosis is not uniform worldwide, with about 80% 

)f the population in many Asian and African countries testing positive in tuberculin tests, 

while only 5-10% of the US population tests positive. It is estimated that the US has 25,000 

new cases of tuberculosis each year, 40% of which occur in immigrants from countries 

where tuberculosis is endemic. 

[0093] An estimated 75% of active TB cases involve pulmonary TB. Symptoms 

include chest pain, coughing up blood, a productive, prolonged cough for more than three 

weeks, fever, chills, night sweats, appetite loss, weight loss, pallor, and often a tendency to 

fatigue very easily. In the other 25% of active cases, the infection moves from the lungs, 

causing extrapulmonary tuberculosis. This occurs more commonly in immunosuppressed 

persons and young children. Extrapulmonary infection sites include the pleura in 

tuberculosis pleurisy, the central nervous system in meningitis, the lymphatic system in 

icrofula of the neck, the genitourinary system in urogenital tuberculosis, and bones and 

joints in Pott's disease of the spine. An especially serious form is disseminated TB, more 

commonly known as miliary tuberculosis. Although extrapulmonary TB is not contagious, it 

may co-exist with pulmonary TB, which is contagious. 

[0094] The primary cause of TB, Mycobacterium tuberculosis, is an aerobic. Gram-

positive bacterium. In addition, the A/f. tuberculosis complex includes three other TB-

causing mycobacteria: M. bovis, M. africanum and M. microti. M. africanum is not 

widespread, but in parts of Africa it is a significant cause of tuberculosis. M. bovis was 

once a common cause of tuberculosis, but the introduction of milk pasteurization has 

largely eliminated this as a public health problem in developed countries. M. microti is 

mostly seen in immunodeficient people, although it is possible that the prevalence of this 

pathogen has been underestimated. 
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[0095] Other known pathogenic mycobacteria include Mycobacterium leprae, 

Mycobacterium avium and M. /cansas/7. The last two are part of the non-tuberculous 

mycobacteria (NTM) group. Nontuberculous mycobacteria cause neither TB nor leprosy, 

but they do cause pulmonary diseases resembling TB. 

[0096] Specific gene polymorphisms in IL12B have been linked to tuberculosis 

susceptibility. Additionally, patients with diabetes mellitus are at increased risk of 

contracting tuberculosis, and they have a poorer response to treatment, possibly due to 

poorer drug absorption. Other conditions that increase risk include IV drug abuse; recent 

TB infection or a history of inadequately treated TB; chest X-ray suggestive of previous TB, 

showing fibrotic lesions and nodules; silicosis; prolonged corticosteroid therapy and other 

immunosuppressive therapy; head and neck cancers; hematologic and reticuloendothelial 

Jiseases, such as leukemia and Hodgkin's disease; end-stage kidney disease; intestinal 

bypass or gastrectomy; chronic malabsorption syndromes; vitamin D deficiency; and low 

body weight. Furthermore, some drugs, including rheumatoid arthritis drugs that work by 

blocking tumor necrosis factor-alpha, raise the risk of activating a latent infection due to the 

importance of this cytokine in the immune defense against TB. In embodiments, a subject 

having one or more of these risk factors may be a suitable candidate for effective therapies 

that treat or prevent TB. 

[0097] As discussed above, compounds in accordance with embodiments of the 

present disclosure are designed to exhibit anti-TB activity. Methods are provided, in some 

embodiments, for treating or preventing tuberculosis in a subject. Briefly, the method 

includes selecting a subject in need of treatment and administering to the subject a 

herapeutically effective amount of at least one compound having the fonnula: 

8 

or a pharmaceutically acceptable salt thereof. According to embodiments, Ri = alkyl, 

substituted alkyl, cycloalkyi, functionalized alkyl, cycloheteroalkyi, aryl, substituted aryl, 

heteroaryl, substituted heteroaryl, or heterocylic, wherein Ri is mono or polysubstituted; R2 

= alkyl, substituted alkyl, cycloalkyi, functionalized alkyl, cycloheteroalkyi, aryl, substituted 

aryl, heteroaryl, substituted heteroaryl, or heterocylic, wherein R2 is mono or 

polysubstituted; R3 = H, alkyl, substituted alkyl, cycloalkyi, functionalized alkyl, 

cycloheteroalkyi, acyl, substituted acyl, haloacyl, aryl, substituted aryl, heteroaryl, 
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substituted heteroaryl, or heterocylic, wherein R3 is mono or polysubstituted, wherein R3 is 

not a methyl ester, ethyl ester, t-butyl ester, or thiazoline; and Y = CH or N anywhere on 

positions 5, 6, 7 or 8. 

[0098] In an embodiment, a further compound may have the formula: 

8 

or a pharmaceutically acceptable salt thereof. According to embodiments, Ri = alkyl, 

substituted alkyl, cycloalkyi, functionallzed alkyl, cycloheteroalkyi, aryl, substituted aryl, 

heteroaryl, substituted heteroaryl, or heterocylic, wherein Ri is mono or polysubstituted; R2 

= alkyl, substituted alkyl, cycloalkyi, functionallzed alkyl, cycloheteroalkyi, alkoxy, aryl, 

substituted aryl, heteroaryl, substituted heteroaryl, wherein R2 is mono or polysubstituted; Y 

= CH or N anywhere on positions 5, 6, 7 or 8; and R4=0Ri, NHRi, NR1R2, NHNR1, or 

NHOR1. 

[0099] In specific, non-limiting examples, the compounds may have the formula: 

5 V^̂  

8 

wherein: 

(a) Ri = 7-CH3, R2 = CH3, R4 = (3-chloro-5-(trifluoromethyl)pyridin-2-

yl)methanamine (ND-9902); 

(b) Ri = 7-CH3, R2 = CH3, R4 = 4-(4-(trifluoromethyl)phenoxy)aniline (ND-9903); 

(c) Ri = 7-CH3, R2 = CH3, R4 = 4-(4-fluorophenoxy)benzylamino (ND-9758); 

(d) Ri = 7-CH3, R2 = CH3, R4 = (3-ethoxy)benzylamino (ND-9906); 

(e) Ri = 7-CH3, R2 = CH3, R4 = (3- isopropoxy)benzylamino (ND-9872); or 

(f) Ri = 6-CH3, R2 = CH3, R4 = (4-methylsulfonyl)benzylamino (ND-9965). 

[00100] In embodiments, when screened in vitro, it was apparent that the imidazo[1,2-

ajpyridines had advantages over the other anti-TB heterocycles evaluated previously. For 

instance, while levels of potency of the ester analogs (notably, benzyl and ethyl) were good 

in various heterocyclic series (oxazolines, oxazoles, thiazolines, thiazoles and imidazo[1,2-

a]pyridines), these esters were metabolically labile. While the corresponding amides were 

anticipated to be more stable, their anti-TB activity was dramatically decreased, except for 

the imidazo[1,2-a]pyridine benzyl amides (NHCH2Ph), which were more potent. In addition, 
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the stability of the imidazo[1,2-a]pyridine analogs in rat, dog and human microsomes were 

vastly improved (>80% remained after a 15 minute incubation). Furthermore, unlike the 

other heterocyclic scaffolds, the imidazo[1,2-a]pyridines were remarkably metabolically 

stable in a simulated gastric juice assay (>90% remaining after a 15-minute incubation). 

[00101] In other embodiments, Jmidazo[1,2-a]pyridine analogs were generated and 

optimized using in vitro SAR studies to Improve potency, metabolism, organism selectivity 

and formulation. Briefly, a set of imJdazo[1,2-a]pyridine analogs were prepared and 

subjected to metabolism and organism selectivity profiling. Figure 2 shows the SAR of 

particular imidazo[1,2-a]pyridine agents and some trends observed from screening the 

compounds. (See Figure 4 for the structures of the compounds referenced in Figure 2.) 

The VERO assay is a toxicity assay that measures the viability of African Green Monkey 

3pithelial kidney cells when treated with the compounds being studied. The other assays 

include three H37Rv TB screens that differ only in the media used: GAS for glycerol-

alanine-salts with ferric ammonium citrate, GAST for glycerol-alanine-salts with Tween 80 

instead of ferric ammonium citrate, and 7H12, which is a non-glycerol containing medium. 

The microsomes were derived from male Sprague-Dawley rats and contained drug-

metabolizing enzymes, such as cytochrome P450, flavin monooxygenases, and UDP 

glucuronyl transferases. The simulated gastric juices assay contained pepsins, and was 

runatpH~1.2. 

[00102] In embodiments, compounds ND-8448, ND-8451 and ND-8454 were all 

screened against a panel of diverse organisms which included four Gram-positive strains 

{Bacillus subtilis. Staphylococcus aureus, MRSA Staphylococcus aureus, VRE 

Interococcus Faecalis), two Gram-negative strains (E coli, Pseudomonas aeruginosa), a 

yeast {Sporobolomyces salmonicolor) and fungi {Candida albicans and Penicillium 

notatum), as well as five cancer cell lines (Huvec, K-562, HeLa, PC-3 and MCF-7) and the 

VERO cell line to check for mammalian toxicity. Remarkably, these three compounds were 

inactive against all of the control organisms studied. 

[00103] In an embodiment, an evaluation may involve screening of the imidazo[1,2-

ajpyridines against H37Rv TB in at least two different assay media, for instance, the GAST 

(glycerol-alanine-salts with Tween 80) and 7H12 (non-glycerol containing medium), to 

ensure that potency is not adversely affected by either glycerol or Tween and is not carbon 

source dependant. Compounds that have MIC's less than 5 pM are then screened in the 

VERO cellular toxicity and LORA TB recovery assay (an assay designed to simulate the 

latent TB state). The most impressive compounds that have outstanding potency (MIC <1 
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|JM) and a large therapeutic window (IC50 >128 pM in tine VERO assay) are then evaluated 

in rat nriicrosomes and simulated gastric juices. 

[00104] In an embodiment, compounds ND-8454, ND-8667, and ND-9361 were all 

screened against a panel of extreme drug-resistant TB strains HRESPOCTh, HREPKOTh, 

HRESPO, and then cross screened against M. smegmatis. As illustrated below in Table 4, 

all three drugs were effective against the extreme drug-resistant (XDR) strains. 

Table 4: XDR-TB activity of imidazopyridine agents (MIC90 values in i^g/mL) 

Resistance to HRESPOCTh HREPKOTh HRESPO '^- .. 
(Hg/mL): smegmatis 
ND-8454 002 002 0.039 >=5 
ND-8667 O01 0.0049 0.0049 >=5 
ND-9361 I 0.02 | O01 | 0.01 | >=5 

Abbreviations: H=lsoniazid, R=Rifampicin, E=Ethambutol, Z=Pyrazinamide, 
S=Streptomycin, C=Cycloserine, Th=Ethionamide, K=Kanamycin, P=p-aminosalicylic acid, 
Rb=Rifabutin, Th=Thioacetazone, 0=Ofloxacin. 

[00105] In another embodiment, compounds ND-8454, ND-9652, ND-9758, ND-9872, 

ND-9902, ND-9903, and ND-9965 were screened against several non-tubercular 

mycobacteria (NTM). As illustrated below in Table 5, all seven drugs were effective against 

M. avium, M. bovis BCG and M. kansasii and other non-tubercular mycobacterial strains to 

a lesser extent, indicating that the imidazo[1,2-a]pyridines are selective anti-mycobacterial 

agents. 

Table 5: NTM activity of imidazopyridine agents (MIC90 in îM) 

M. chelonae M. marinum M. avium M. kansasii M. bovis BCG 
ND-8454 > 50 >50 1̂ 32 1̂ 32 0.33 
ND-9652 > 50 >^0 12.00 12.00 2.78 
ND-9758 6.07 5,21 <0195 <0195 < 0.195 
ND-9872 > 50 >^0 071 071 <0195 
ND-9902 > 50 >^0 4,42 4,42 0.75 
ND-9903 > 50 >50 O30 O30 < 0.195 
ND-9965 > 50 >50 O03 O03 0.23 

INH >500 > 500 > 500 5,82 < 1.953 
EMB I >2000 I 965.56 | > 2000 | < 7.813 | < 7.813 

[00106] As discussed above, embodiments provide a method for treating or 

preventing TB. The method includes selecting a subject in need of treatment and 
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administering to the subject a therapeutically effective amount of at least one compound 

disclosed herein. As used herein, the term "therapeutically effective amount" includes a 

quantity of a specified compound (such as one of the imidazo[1,2-a]pyridine compounds 

disclosed herein, for instance compound ND-8454) required to achieve a desired effect in a 

subject being treated. For instance, this may be the amount necessary to treat a 

mycobacterial infection, such as a Mycobacterium tuberculosis, M. bovis, M. africanum or 

M. microti infection in a subject, or a dose sufficient to prevent advancement, or to cause 

regression of a disease (such as TB), or that is capable of relieving symptoms caused by a 

disease, pulmonary or extrapulmonary symptoms. In some embodiments, a therapeutically 

effective amount of an imidazo[1,2-a]pyridine compound is a dose that is sufficient to inhibit 

the progression from latent TB to active TB, or to prevent re-activation of a TB infection. 

J00107] Various dosage ranges and administration schedules may be adopted for 

therapeutic treatment of TB in animal and human subjects with the anti-TB agents disclosed 

herein. In an embodiment, such a therapeutically effective amount of active component 

may be in the range of about 0.1 to about 100 mg/kg, or more preferably about 0.1 to about 

10 mg/kg, of body weight/day. Such dosages may vary depending upon the requirements 

of the patient, the severity of the disease, the duration of the disease, whether the infection 

is latent or active, the mycobacterial strain, whether the mycobacterium exhibits drug-

resistance, or the particular symptoms (for instance, pulmonary or extrapulmonary) of the 

TB being treated, and the particular compound being used. In some embodiments, the 

anti-TB agent may be administered in conjunction with one or more other anti-TB agents, 

such as rifampin, isoniazid, pyrazinamide, ethambutol, streptomycin, ethionamide, 

canamycin, cycloserine, thioacetazone, p-aminosalicylic acid, or ciprofloxacin. 

[00108] In some embodiments, the anti-TB agent (for instance, ND-8454) may be 

administered systemically, whereas in other embodiments the anti-TB agent may be 

administered locally. An effective dose of a disclosed anti-TB agent may be administered 

systemically in a variety of ways. For instance, systemic administration may be by oral 

administration or by injection, for instance intravenous, intramuscular, or subcutaneous 

injection. Local (for instance pulmonary) administration may include inhalational 

administration. By way of example, one method of administration to the lungs of an 

individual may be by inhalation through the use of a nebulizer or inhaler. For example, the 

anti-TB agent may be formulated in an aerosol or particulate and drawn into the lungs using 

a standard nebulizer well known to those skilled in the art. 
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[00109] An effective amount of an anti-TB compound may be administered in a single 

dose, or in multiple doses, for example daily, or every four, eight, or twelve hours, during a 

course of treatment. In one embodiment, a therapeutically effective amount of an anti-TB 

compound may be administered as a single pulse dose, as a bolus dose, or as pulse doses 

administered over time. In specific, non-limiting examples, pulse doses of an anti-TB 

compound may be administered during the course of a day, during the course of a week, 

during the course of a month, or over the course of years. 

[00110] In other embodiments, the imidazo[1,2-a]pyridine compounds disclosed 

herein are used to inhibit fungal growth on plant species. In embodiments, the imidazo[1,2-

a]pyridine compound may have the fomnula: 

5 R3 

7 Y N 
8 

or a pharmaceutically acceptable salt thereof, wherein Ri = alkyl, substituted alkyl, 

cycloalkyi, functionalized alkyl, cycloheteroalkyi, aryl, substituted aryl, heteroaryl, 

substituted heteroaryl, or heterocylic, wherein Ri is mono or polysubstituted; R2 = alkyl, 

substituted alkyl, cycloalkyi, functionalized alkyl, cycloheteroalkyi, alkoxy, aryl, substituted 

aryl, heteroaryl, substituted heteroaryl, , wherein R2 is mono or polysubstituted; R3 = H, 

alkyl, substituted alkyl, cycloalkyi, functionalized alkyl, cycloheteroalkyi, acyl, substituted 

acyl, haloacyl, aryl, substituted aryl, heteroaryl, substituted heteroaryl, or heterocylic, 

wherein R2 is mono or polysubstituted and wherein R3 is not a methyl ester; and Y = CH or 

N anywhere on positions 5, 6, 7 or 8. Other embodiments are fungicidal compositions 

comprising at least one imidazo[1,2-a]pyridine compound and a phytologically acceptable 

carrier. Still other embodiments are antifungal formulations that further include at least one 

additional compound selected from the group consisting of insecticides, and herbicides. 

[00111] Other embodiments are methods for controlling a fungal infestation. The 

methods may include, for instance, the steps of providing at least one imidazo[1,2-

a]pyridine compound as described above and applying the compound to a surface having 

or adjacent to a fungal infection or infestation. In embodiments, the composition may 

include at least one additional compound selected from the group consisting of: 

insecticides, fungicides, and herbicides. Also disclosed are methods of controlling a fungal 

infestation. In embodiments, the methods may include the steps of: providing at least one 
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imidazo[1,2-a]pyridine compound as described herein and applying the compound to a 

surface having or adjacent to a fungal infection or infestation. 

[00112] In embodiments, the imidazo[1,2-a]pyridine compounds described herein may 

have a significant fungicidal effect, particularly in agricultural applications, for instance, for 

use with agricultural crops and horticultural plants. In various embodiments, the 

imidazo[1,2-a]pyridine compounds described herein may be used to effectively control a 

variety of undesirable fungi that infect useful plant crops. In specific, non-limiting examples, 

antifungal activity has been demonstrated, for example against the following representative 

fungi species: brown rust of wheat {Puccinia recondita tritici - PUCCRT) and septoria blotch 

of wheat {Septoria tritici - SEPTTR). 

[00113] Referring to Figure 3, exemplary imidazo[1,2-a]pyridine compounds were 

ested in order to measure their ability to prevent fungal infections. (Figure 4 illustrates the 

structures of the compounds referenced in Figure 3.) In embodiments, each exemplary 

compound's preventative properties were determined by treating a susceptible test plant 

with the exemplary imidazo[1,2-a]pyridine compound and then exposing the plant to fungal 

spores. The antifungal activity of the imidazo[1,2-a]pyridine compounds was determined by 

determining the extent to which the fungal disease was controlled. The compounds were 

formulated at rates of 200 ppm in 10 vol.% acetone plus 90 vol.% Triton X water (deionized 

water 99.99 wt% + 0.01 wt% Triton XI00), giving a "formulated test compound." 

Formulated test compounds were applied to plants using a turntable sprayer fitted with two 

opposing air atomization nozzles that delivered approximately 1500 L/ha of spray volume. 

[00114] All test plants were inoculated with spores of the fungus (for example, 

^UCCRT or SEPTTR) the day after treatment with the putative fungicide. Next, the plants 

were incubated in an environment conducive to disease development. Disease severity 

was evaluated 7 to 25 days later, depending on the speed of disease development. 

[00115] In a specific, non-limiting example, wheat plants (variety 'Yuma') were grown 

from seed in a soil-less peat-based potting mixture (Metromix) until the seedlings had a fully 

expanded first leaf. Each pot contained 3-8 seedlings. These plants were sprayed until wet 

with the formulated test compounds. On the following day, the leaves were inoculated with 

an aqueous spore suspension of Puccinia recondita tritici and the plants were kept in high 

humidity overnight to permit the spores to germinate and to infect the leaf. The plants were 

then transferred to a greenhouse until disease developed on untreated control plants. 

These tests were carried out at a level of 200 ppm, see, e.g.. Figure 3. 
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[00116] In another specific, non-limiting example, wheat plants (variety 'Yuma') were 

grown from seed in a 50% pasteurized soil/50% soil-less mix until the seedlings had a fully 

expanded first leaf. Each pot contained 3-10 seedlings. These plants were sprayed until 

wet with the formulated test compound. On the following day, the leaves were inoculated 

with an aqueous spore suspension of Septoria tritici and the plants were kept in high 

humidity (one day in a dark dew chamber followed by three days in a lighted dew chamber) 

to permit the spores to germinate and to infect the leaf. The plants were then transferred to 

a greenhouse until disease developed on untreated control plants. These tests were 

carried out at a level of 200 ppm, see, e.g.. Figure 3. 

[00117] In embodiments, disease control was determined by visually estimating the 

percent disease severity in treated and untreated pots 7 to 24 days after inoculation, 

Jepending on speed of disease development. Evaluations were typically made 7 or 8 days 

after inoculation for PUCCRT and 18 to 22 days after inoculation for SEPTTR. Percent 

disease control (%DC) was calculated by: %DC = (1-%Disease severity treated/%disease 

severity untreated)*100. 

[00118] In various embodiments, the imidazo[1,2-a]pyridine compounds described 

herein may be applied in the form of a composition comprising one or more imidazo[1,2-

ajpyridine compounds with a phytologically-acceptable carrier. The compositions may 

include, for example, concentrated formulations that are dispersed in water or another liquid 

for application, or dust or granular fomnulations that are applied without further treatment. 

The compositions may be prepared according to procedures which are conventional in the 

agricultural chemical art. 

^00119] The dispersions in which the imidazo[1,2-a]pyridine compounds are applied 

may be, in some examples, aqueous suspensions or emulsions prepared from 

concentrated formulations of the compounds. Such water-soluble, water suspendable, or 

emulsifiable formulations are either solids, usually known as wettable powers, or liquids, 

usually known as emulsifiable concentrates, or aqueous suspensions. In embodiments, 

any material to which the imidazo[1,2-a]pyridine compounds can be added may be used, 

provided it yields the desired utility without significantly interfering with the fungicidal activity 

of the imidazo[1,2-a]pyridine compounds. 

[00120] In embodiments, wettable powders, which may be compacted to form water 

dispersible granules, may include an intimate mixture of the active imidazo[1,2-a]pyridine 

compound, an inert carrier, and one or more surfactants. The concentration of the 

imidazo[1,2-a]pyridine compound may be, for example, from about 10 percent 
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weight/weight (%w/w) to about 90% %w/w, and may be from about 25% to about 75% w/w 

in particular examples. In the preparation of exemplary wettable powder compositions, the 

active ingredients can be compounded with any finely divided solid, such as pyrophyllite, 

talc, chalk, gypsum. Fuller's earth, bentonite, attapulgite, starch, casein, gluten, 

montmorillonite clays, diatomaceous earth, purified silicate, or the like. In such examples, 

the finely divided carrier may be ground or mixed with the toxicant in a volatile organic 

solvent. Specific, non-limiting examples of effective surfactants, for instance, comprising 

from about 0.5% to about 10% of the wettable powder, that can be used in combination with 

the inventive compounds, include sulfonated lignins, naphthalenesulfonates, 

alkylbenzenesulfonates, alyl sulfates, and non-ionic surfactants such as ethylene oxide 

adducts of alky! phenols. 

;00121] In various embodiments, emulsifiable concentrates of the imldazo[1,2-

ajpyridine compounds disclosed herein may comprise a convenient concentration, such as 

from about 10% to about 50% w/w, in a suitable liquid. Briefly, one exemplary method for 

creating these emulsions includes the step of dissolving the compound in an inert carrier 

(for instance, either a water miscible solvent or a mixture of water-immiscible organic 

solvents and emulsifiers). In specific embodiments, the concentrates may be diluted with 

water and oil to form spray mixtures in the form of oil-in-water emulsions. Specific, non-

limiting examples of organic solvents that may be used include aromatics, especially the 

high-boiling naphthalenic and olefinic portions of petroleum such as heavy aromatic 

naphtha and the like. In other embodiments, other organic solvents may be used, such as 

terpenic solvents, for instance rosin derivatives, aliphatic ketones, such as cyclohexanone, 

ind complex alcohols such as 1-ethoxyethanol. 

[00122] In some embodiments, emulsifiers may be used, for instance various non-

ionic, anionic, cationic, and amphoteric emulsifiers, or a blend of two or more emulsifiers. 

Specific, non-limiting examples of non-ionic emulsifiers useful in preparing the emulsifiable 

concentrates include the polyalkylene glycol ethers and condensation products of alkyl and 

aryl phenols, aliphatic alcohols, aliphatic amines, or fatty acids with ethylene oxide, 

propylene oxides such as the ethoxylated alkyl phenols, and carboxylic esters solubilised 

with polyol or polyoxyalkylene. Specific, non-limiting examples of cationic emulsifiers 

include quaternary ammonium compounds and fatty amine salts. Specific, non-limiting 

examples of nionic emulsifiers include the oil-soluble salts (e.g., calcium) of alkylaryl 

sulfonic acids, oil-soluble salts of sulphated polyglycol ethers, and appropriate salts of 

phosphated polyglycol ether. 
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[00123] Specific, non-limiting examples of organic liquids that may be employed in 

preparing the emulsifiable concentrates include aromatic liquids such as xylene, propyl 

benzene fractions or mixed naphtlalene fractions, mineral oils, substituted aromatic organic 

liquids such as dioctyl phthalate, kerosene, and dialkyi amides of various fatty acids; 

particularly the dimethyl amides of fatty glycols and glycol derivatives such as the n-butyl 

ether, ethyl ether, or methyl ether of triethylene glycol. In some embodiments, mixtures of 

two or more organic liquids may be employed in the preparation of the emulsifiable 

concentrate. Specific, non-limiting examples organic liquids that may be used include 

xylene and propyl benzene fractions. In specific, non-limiting examples, surface active 

dispersing agents may be used in liquid compositions in the amount of from about 0.1 

weight % (wt. %) to about 20 (wt. %) of the combined weight of the dispersing agent and 

ictive compound. In embodiments, the imidazo[1,2-a]pyridine compositions may also 

contain other compatible additives, for example, plant growth regulators and other 

biologically active compounds used in agriculture. 

[00124] According to various embodiments, aqueous suspensions may include 

suspensions of water-insoluble imidazo[1,2-a]pyridine compounds, dispersed in an 

aqueous vehicle at a concentration in the range of from about 5% to about 50% w/w. In 

one specific, non-limiting example, a suspension may be prepared by finely grinding the 

compound and vigorously mixing it into a vehicle including water and surfactants as 

discussed above. In embodiments, inert ingredients, such as inorganic salts and synthetic 

or natural gums, may also be added, for instance to increase the density and viscosity of 

the aqueous vehicle. In particular embodiments, it is effective to grind and mix the 

jompound at the same time by preparing the aqueous mixture and homogenizing it in an 

implement such as a sand mill, ball mill, or piston-type homogenizer. 

[00125] In other embodiments, the imidazo[1,2-a]pyridine compounds may be applied 

as granular compositions, which are particularly useful when applying the composition to 

the soil. Specific, non-limiting examples of granular compositions may include from about 

0.5% w/w of to about 10% w/w of the compound dispersed in an inert carrier that includes 

entirely or in large part a coarsely divided attapulgite, bentonite, diatomite, clay, or a similar 

inexpensive substance. Such compositions may be prepared, for example, by dissolving 

the compound in a suitable solvent and applying it to a granular carrier which has been 

preformed to the appropriate particle size, for instance, in the range of from about 0.5 to 

about 3 mm. In various embodiments, such compositions may also be formulated by 
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making a dough or paste of the carrier and compound, and crushing, and drying to obtain 

the desired granular particle. 

[00126] In other embodiments, dusts that include the imidazo[1,2-a]pyridine 

compounds may be prepared by intimately mixing the compound in powdered form with a 

suitable dusty agricultural carrier such as, for example, kaolin clay, ground volcanic rock, 

and the like. In specific, non-limiting examples, such dusts may include from about 1% w/w 

to about 10% w/w of the compound. 

[00127] According to various embodiments, the imidazo[1,2-a]pyridine compositions 

may contain adjuvant surfactants to enhance properties such as deposition, wetting, and 

penetration of the compositions onto the target crop and organism. In embodiments, these 

adjuvant surfactants may be employed as a component of the formulation or as part of a 

ank mix. The amount of adjuvant surfactant may vary, in specific, non-limiting examples, 

from about 0.01 percent to about 1.0% volume/volume based on a spray-volume of water. 

In particular embodiments, the amount of adjuvant surfactant may be, for example, from 

about 0.05% to about 0.5% volume/volume. Specific, non-limiting examples of adjuvant 

surfactants include ethoxylated nonyl phenols, ethoxylated synthetic or natural alcohols, 

salts of the esters of sulphosuccinic acids, ethoxylated organosilicones, ethoxylated fatty 

amines, and blends of surfactants with mineral or vegetable oils. 

[00128] In embodiments, the imidazo[1,2-a]pyridine compositions may include 

combinations that include, for instance, at least 1 % of one or more imidazo[1,2-a]pyridine 

compounds with another agriculturally active ingredient (Al). Such additional Al may 

include, for example, fungicides, insecticides, nematocides, miticides, arthropodicides, 

jactericides, herbicidal, or combinations thereof that are compatible with the imidazo[1,2-

ajpyridine compounds in the medium selected for application. Accordingly, in such 

embodiments, the other Al is employed as a supplemental Al for the same or for a different 

use with plants than the inventive compounds. In specific, non-limiting examples, the 

compounds in combination may generally be present in a ratio of from about 1:10 to about 

100:1. 

[00129] Other embodiments are methods for the control or prevention of fungal 

infection. These methods may include applying the active imidazo[1,2-a]pyridine 

compounds to the locus of the fungus, or to a locus in which the infestation is to be 

prevented (for example applying it to a cereal or grape plant). In embodiments, the 

imidazo[1,2-a]pyridine compounds may be used for treatment of various plants at fungicidal 

levels while exhibiting low phytotoxicity. In addition, in embodiments, the compounds may 
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be used as a protectant or eradicant. In embodiments, such compounds may be applied by 

any of a variety of known techniques, either as the compounds or as compositions including 

the compounds. For example, the compounds may be applied to the roots, seeds, or 

foliage of plants for the control of various fungi without damaging the commercial value of 

the plants. In embodiments, the materials are applied in the form of any of the generally 

used formulation types, for example, as solutions, dusts, wettable powders, flowable 

concentrates, or emulsifiable concentrates. 

[00130] As described above, in embodiments, the imldazo[1,2-a]pyridine compounds 

may have significant fungicidal effects, particularly for agricultural use. In particular 

embodiments, the imidazo[1,2-a]pyridine compounds are effective for use with agricultural 

crops and horticultural plants, or for the prevention or treatment of fungal growth in other 

naterials, such as wood, paint, leather, or carpet backing. 

[00131] In particular embodiments, the imidazo[1,2-a]pyridine compounds may 

effectively control a variety of undesirable fungi which infect useful plant crops. In specific 

embodiments, the imidazo[1,2-a]pyridine compounds may have activity against a variety of 

fungi, including, for example, the following representative fungi species: downy mildew of 

grape {Plasmopara viticola - PLASVI), late blight of tomato {Phytophthora infestants -

PHYTIN), apple scab {Venturia inaequalis - VENTIN), brown rust of wheat {Puccinia 

recondita tritici - PUCCRT), stripe rust of wheat {Puccinia striiformis - PUCCST), rice blast 

{Pyricularia oryzae - PYRIOR), Cercospora leaf spot of beet {Cercospora beticola -

CERCBE), powdery mildew of wheat {Erysiplie graminis - ERYSGT), leaf blotch of wheat 

(Septoria tritici - SEPTTR), sheath blight of rice (Rliizoctonia so/an/- RHIZSO), eyespot of 

yvheat {Pseudocercosporella herpotriciioides - PSDCHE), brown rot of peach {Monilinia 

fructicola - MONIFC), and glume blotch of wheat {Leptospfiaeria nodorum - LEPTNO). 

[00132] In embodiments, the amount of imidazo[1,2-a]pyridine compound applied for a 

particular use may depend not only on the specific active material being applied, but also 

on the particular action desired, the fungal species to be controlled, and the stage of growth 

thereof, as well as the part of the plant or other product to be contacted with the active 

ingredient. 

[00133] Although certain embodiments have been illustrated and described herein, it 

will be appreciated by those of ordinary skill in the art that a wide variety of alternate and/or 

equivalent embodiments or implementations calculated to achieve the same purposes may 

be substituted for the embodiments shown and described without departing from the scope. 

Those with skill in the art will readily appreciate that embodiments may be implemented in a 
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very wide variety of ways. Tliis application is intended to cover any adaptations or 

variations of the embodiments discussed lierein. Therefore, it is manifestly intended that 

embodiments be limited only by the claims and the equivalents thereof. 
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Claims 

We Claim: 

What is claimed is: 

1. A compound having the formula: 

5 R3 

8 

or a pharmaceutically acceptable salt thereof, wherein 

Ri = alkyl, substituted alkyl, cycloalkyi, functionalized alkyl, cycloheteroalkyi, 

halogen, aryl, substituted aryl, heteroaryl, substituted heteroaryl, or heterocylic, wherein Ri 

is mono or polysubstituted; 

R2 = alkyl, substituted alkyl, cycloalkyi, functionalized alkyl, cycloheteroalkyi, alkoxy, 

aryl, substituted aryl, heteroaryl, or substituted heteroaryl, wherein R2 is mono or 

polysubstituted; 

R3 = alkyl, substituted alkyl, cycloalkyi, functionalized alkyl, cycloheteroalkyi, acyl, 

substituted acyl, haloacyl, aryl, substituted aryl, heteroaryl, substituted heteroaryl, or 

heterocylic, wherein R3 is mono or polysubstituted, and wherein R3 is not a methyl ester, 

ethyl ester, t-butyl ester, pyrazoline, pyrrole or a thiazole; and 

Y = OH or N. 

2. The compound of claim 1, wherein Ri comprises a functionalized alkyl, and 

lA/herein the functionalized alkyl comprises an alkene, an alkyne, an alcohol, an epoxide, a 

ketone, an ester, an ether, an aldehyde, a nitrile, a nitro, a thiol, a sulfide, a disulfide, a 

sulfone, a sulfoxide, a sulfonamide, an amine, an amide, a urea, a carbamate, SF3, SOF3, 

or SO2F3. 

3. The compound of claim 1, wherein Ri comprises a cycloheteroalkyi, and 

wherein the cycloheteroalkyi comprises a morpholine, a thiomorpholine, a piperazine, a 

piperidine, 2-methyl-1,4-dioxa-8-azaspiro[4.5]decane, 2,3-dimethyl-1,4-dioxa-8-

azaspiro[4.5]decane, 3-methyl-1,5-dioxa-9-azaspiro[5.5]undecane, or 2,4-dimethyl-1,5-

dioxa-9-azaspiro[5.5]undecane. 
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4. The compound of claim 1, wherein Ri comprises a heterocyllc, and wherein 

the heterocylic comprises a furan, a thiophene, an imidazole, an oxazole, an oxazoline, an 

oxadiazole, a thiadiazole, a thiazole, a thiazoline, a triazole, a pyridine, a pyrazine, a 

naphthalene, a diketopiperazine, a quinoline, an isoquinoline, an imidazopyridine, an 

oxazolindinone, or a substituted furan, thiophene, imidazole, oxazole, oxazoline, an 

oxadiazole, a thiadiazole, thiazole, thiazoline, triazole, pyridine, pyrazine, naphthalene, 

diketopiperazine, quinoline, isoquinoline, imidazopyridine, or oxazolindinone. 

5. The compound of claim 1, wherein R2 comprises a functionalized alkyl, and 

wherein the functionalized alkyl comprises an alkene, an alkyne, an alcohol, an epoxide, an 

ester, an ether, an aldehyde, a nitrile, a nitro, a thiol, a sulfide, a disulfide, a sulfone, a 

sulfoxide, a sulfonamide or an amine. 

6. The compound of claim 1, wherein R2 comprises a cycloheteroalkyi, and 

wherein the cycloheteroalkyi comprises a morpholine, a thiomorpholine, a piperazine, or a 

piperidine. 

7. The compound of claim 1, wherein R2 is alkyl, alkoxy, or aryloxy. 

8. The compound of claim 1, wherein R2 is CH3 or CF3. 

9. The compound of claim 1, wherein R3 comprises a functionalized alkyl, and 

/vherein the functionalized alkyl comprises an alkene, an alkyne, an alcohol, an epoxide, a 

ketone, an ester, an ether, an aldehyde, a nitrile, a nitro, a thiol, a sulfide, a disulfide, a 

sulfone, a sulfoxide, a sulfonamide, an amine, an amide, a urea, or a carbamate. 

10. The compound of claim 1, wherein R3 comprises a heterocylic, and wherein 

the heterocylic comprises a furan, a thiophene, an imidazole, an oxazole, an oxazoline, an 

oxadiazole, a thiadiazole, a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a 

diketopiperazine, a quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a 

substituted furan, thiophene, imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole 

thiazoline, triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, 

isoquinoline, imidazopyridine, or oxazolindinone. 
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11. The compound of claim 1, wherein R3 has the formula: 

O 

O 

wherein R4 is: 

(a) OR1 or NHRi, wherein R4 is not NR1R2; 

(b) 

H Wv^ 
\ \ In 

wherein Re is CF3, OCF3, a halogen, a alkyl-sulfone, a sulfonamide, an alkoxy, an amine or 

a nitrile; wherein Re is mono or polysubstituted; wherein Y is CH or N at any position, and 

wherein n=0 or 1 -4; 

(c) 

/ - ^ R7 

^ \ In 

wherein R7 comprises a heterocylic, wherein the heterocylic comprises a furan, a 

thiophene, an imidazole, , an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a 

thiazole, a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, isoquinoline, 

imidazopyridine, or oxazolindinone, and wherein n=0 or 1-4; 

(d) 

A \ R 8 

\ \ In 

wherein Rs comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

morpholine, a thiomorpholine, a piperazine, or a piperidine; CF3, OCF3, a halogen, a alkyl-
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sulfone, a sulfaminde, an amine, an alkoxy, or a nitrile; wherein Rs is mono or 

polysubstituted; wherein Y is CH or N at any position, and wherein n=0 or 1-4; 

(e) 

I T ^ V ^ 
s H A II T-Rg 

^ Hn ^ 

wherein A comprises a heterocylic, and wherein the heterocylic comprises a furan, a 

thiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thiazole, 

a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, isoquinoline, 

imidazopyridine, or oxazolindinone; and wherein Rg comprises CF3, OCF3, a halogen, a 

alkyl-sulfone, a sulfonamide, an amine, an alkoxy, or a nitrile; wherein Rg is mono or 

polysubstituted ; wherein Y is CH or N at any position; and wherein n=0 or 1-4; or 

(f) 
RQ 

wherein B comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

piperazine, or a piperidine; wherein Rg comprises CF3, 0CF3, a halogen, a alkyl-sulfone, a 

sulfonamide, an amine, an alkoxy, or a nitrile; wherein Rg is mono or polysubstituted; 

wherein Y is CH or N at any position; and wherein n=0 or 1-4. 

12. The compound of claim 1, wherein R3 has the formula: 

R5 ^N 

0 

wherein R4 is: 

(a)ORi,NHRi,orNRiR2; 

(b) 
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H Wv^ 
\ \ In 

wherein Re is CF3, OCF3, a halogen, a all<yl-sulfone, an alkoxy, a sulfonamide, an amine, or 

a nitrile; wherein Re is mono or polysubstituted; wherein Y is CH or N at any position; and 

wherein n=0 or 1-4; 

(c) 

\ \ In 

wherein R7 comprises a heterocylic, wherein the heterocylic comprises a furan, a 

thiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thiazole, 

a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, isoquinoline, 

imidazopyridine, or oxazolindinone, and wherein n=0 or 1-4; 

(d) 

H Ww/ 
\ V /n 

wherein Ra comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

morpholine, a thiomorpholine, a piperazine, or a piperidine; CF3, OCF3, a halogen, a alkyl-

sulfone, an alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rs is mono or 

polysubstituted; wherein Y is CH or N at any position; and wherein n=0 or 1-4; 

(e) 

wherein A comprises a heterocylic, and wherein the heterocylic comprises a furan, a 

thiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thiazole, 
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a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, isoquinoline, 

imidazopyridine, or oxazolindinone; and wherein Rg comprises CF3, OCF3, a halogen, a 

alkyl-sulfone, an alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rg is mono or 

polysubstituted; wherein Y is CH or N at any position; and wherein n=0 or 1-4; or 

(f) 

wherein B comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

piperazine, or a piperidine; wherein Rg comprises CF3, 0CF3, a halogen, a alkyl-sulfone, an 

alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rg is mono or polysubstituted; wherein 

Y is CH or N at any position; and wherein n=0 or 1-4; and 

wherein R5 is an alkyl, a substituted alkyl, a cycloalkyi, a functionalized alkyl, a 

cycloheteroalkyi, an aryl, a substituted aryl, a heteroaryl, a substituted heteroaryl, or a 

heterocylic, wherein Ri is mono or polysubstituted; and wherein oximine comprises an E or 

Z stereoisomer. 
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13. The compound of claim -1, wherein R3 has the formula: 

o 
wherein R4 is: 

(a) OR1 or NHRi, wherein R4 is not NR1R2; 

(b) 

H Wv^ 
\ In 

wherein Re is CF3, OCF3, a halogen, a alkyl-sulfone, an alkoxy, a sulfonamide, an amine, or 

a nitrile; wherein Re is mono or polysubstituted; wherein Y is CH or N at any position; and 

wherein n=0 or 1-4; 

(c) 

\ \ In 

wherein R7 comprises a heterocylic, wherein the heterocylic comprises a furan, a 

thiophene, an imidazole,, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a 

thiazole, a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, isoquinoline, 

imidazopyridine, or oxazolindinone, and wherein n=0 or 1-4; 

(d) 

\ V In 

wherein Rs comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

morpholine, a thiomorpholine, a piperazine, or a piperidine; CF3, OCF3, a halogen, a alkyl-
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sulfone, an alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rs is mono or 

polysubstituted; wherein Y is CH or N at any position; and wherein n=0 or 1-4; 

(e) 

I ^ ° > - ^ 

wherein A comprises a heterocylic, and wherein the heterocylic comprises a furan, a 

thiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thiazole, 

a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, isoquinoline, 

imidazopyridine, or oxazolindinone; and wherein Rg comprises CF3, OCF3, a halogen, a 

alkyl-sulfone, an alkoxy, a sulfonamide, an amine, or a nitrile; wherein R9 is mono or 

polysubstituted; wherein Y is CH or N at any position; and wherein n=0 or 1-4; or 

(f) 

wherein B comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

piperazine, or a piperidine; wherein Rg comprises CF3, 0CF3, a halogen, a alkyl-sulfone, an 

alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rg is mono or polysubstituted; wherein 

Y is CH or N at any position; and wherein n=0 or 1-4. 

14. The compound of claim 1, wherein R3 comprises has the formula: 

H 
/ N R4 

O 

wherein R4 is: 

(a) OR1 or NHRi, wherein R4 is not NR1R2; 
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(b) 

H W-./ 
\ V /n 

wherein Re is CF3, OCF3, a halogen, a alkyl-sulfone, an alkoxy, a sulfonamide, an amine, or 

a nitrile; wherein Re is mono or polysubstituted; wherein Y is CH or N at any position; and 

wherein n=0 or 1-4; 

(c) 

z \ In 

wherein R7 comprises a heterocylic, wherein the heterocylic comprises a furan, a 

thiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thiazole, 

a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, oxadiazole, thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, a isoquinoline, 

imidazopyridine, or oxazolindinone; and wherein n=0 or 1-4; 

(d) 

H Wy/ 

\ V /n 

wherein Rs comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

morpholine, a thiomorpholine, a piperazine, or a piperidine; CF3, OCF3, a halogen, a alkyl-

sulfone, an alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rs is mono or 

polysubstituted; wherein Y is CH or N at any position; and wherein n=0 or 1-4; 

(e) 

f T ^ ^ - - ^ 
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wherein A comprises a heterocylic, and wlierein the heterocylic connprises a furan, a 

thiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thiazole, 

a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a dil<etopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, isoquinoline, 

imidazopyridine, or oxazolindinone; and wherein Rg comprises CF3, OCF3, a halogen, a 

alkyl-sulfone, an alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rg is mono or 

polysubstituted; wherein Y is CH or N at any position; and wherein n=0 or 1-4; or 

(f) 

H B ^ ^ Y - ^ 

wherein B comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

piperazine, or a piperidine; wherein Rg comprises CF3, 0CF3, a halogen, a alkyl-sulfone, an 

alkoxy,a sulfonamide, an amine, or a nitrile; wherein Rg is mono or polysubstituted; wherein 

Y is CH or N at any position; and wherein n=0 or 1 -4. 

15. The compound of claim 1, wherein the compound has the formula: 

< X V̂^ 
8 

or a pharmaceutically acceptable salt thereof, wherein 

Ri = alkyl, substituted alkyl, cycloalkyi, functionalized alkyl, cycloheteroalkyi, 

halogen, aryl, substituted aryl, heteroaryl, substituted heteroaryl, or heterocylic, wherein Ri 

is mono or polysubstituted; 

R2 = alkyl, substituted alkyl, cycloalkyi, functionalized alkyl, cycloheteroalkyi, alkoxy, 

aryl, substituted aryl, heteroaryl, or substituted heteroaryl, wherein R2 is mono or 

polysubstituted; wherein Y = CH or N, and wherein W is selected from the group consisting 

of: 

41 

257



(a)ORi,NHRi,orNRiR2; 

(b) 

o 

wherein R4 is: 

i. OR1 or NHRi, wherein R4 is not NR1R2; 

il. 

H Ww/ 

wherein Re is CF3, OCF3, a halogen, a alkyl-suifone, an all<oxy, a sulfonamide, an amine, or 

a nitrile; wherein Re is mono or polysubstituted; wherein Y is CH or N at any position; and 

wherein n=0 or 1-4; 

iii. 

\ \ In 

wherein R7 comprises a heterocylic, wherein the heterocylic comprises a furan, a 

'hiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thiazole, 

a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, oxadiazole, thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, a isoquinoline, 

imidazopyridine, or oxazolindinone; and wherein n=0 or 1-4; 

iv. 

f\Rs 
H W y / 

\ V /n 
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wherein Rs comprises a cycloheteroalkyi, and wlierein tlie cyclolieteroalkyi comprises a 

morpiioiine, a thiomorplioline, a piperazine, or a piperidine; CF3, OCF3, a halogen, a alkyl-

sulfone, an alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rs is mono or 

polysubstituted; wherein Y is CH or N at any position; and wherein n=0 or 1-4; 

V. 

I T°V% 

wherein A comprises a heterocylic, and wherein the heterocyllc comprises a furan, a 

thiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thlazole, 

a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazlne, a 

quinoline, an Isoquinollne, an imidazopyridine, an oxazollndinone, or a substituted furan, 

thiophene, Imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazlne, quinoline, Isoquinollne, 

imidazopyridine, or oxazollndinone; and wherein Rg comprises CF3, OCF3, a halogen, a 

alkyl-sulfone, an alkoxy, or a nitrile; wherein Rg is mono or polysubstituted; wherein Y is CH 

or N at any position; and wherein n=0 or 1-4; or 

vl. 

wherein B comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

piperazine, or a piperidine; wherein Rg comprises CF3, OCF3, a halogen, a alkyl-sulfone, an 

alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rg is mono or polysubstituted; wherein 

Y is CH or N at any position; and wherein n=0 or 1-4; 

(c) 

Of' 
H >: ;v^ 

\ V ;n 
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wherein Re is CF3, OCF3, a halogen, a all^yl-sulfone, an alkoxy, a sulfonamide, an amine, or 

a nitrile; wherein Re is mono or polysubstituted; wherein Y is CH or N at any position; and 

wherein n=0 or 1-4; 

(d) 

, R7 

Of 
wherein R7 comprises a heterocylic, wherein the heterocylic comprises a furan, a 

thiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thiazole, 

a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, oxadiazole, thiadiazole, thiazole, thiazoline, 

triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, a isoquinoline, 

imidazopyridine, or oxazolindinone; and wherein n=0 or 1-4; 

(e) 

wherein Rs comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

morpholine, a thiomorpholine, a piperazine, a piperidine, CF3, OCF3, a halogen, a alkyl-

sulfone, an alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rs is mono or 

polysubstituted; wherein Y is CH or N at any position; and wherein n=0 or 1-4; 

(f) 

s H A J J-R9 

wherein A comprises a heterocylic, and wherein the heterocylic comprises a furan, a 

thiophene, an imidazole, an oxazole, an oxazoline, an oxadiazole, a thiadiazole, a thiazole, 

a thiazoline, a triazole, a pyridine, a pyrazine, a naphthalene, a diketopiperazine, a 

quinoline, an isoquinoline, an imidazopyridine, an oxazolindinone, or a substituted furan, 

thiophene, imidazole, oxazole, oxazoline, an oxadiazole, a thiadiazole, thiazole, thiazoline, 

44 

260



triazole, pyridine, pyrazine, naphthalene, diketopiperazine, quinoline, isoquinoline, 

imidazopyridine, or oxazolindinone; wherein Rg comprises CF3, OCF3, a halogen, a alkyl-

sulfone, an alkoxy, a sulfonamide, an amine, or a nitrile; wherein Rg is mono or 

polysubstituted; wherein Y is CH or N at any position; and wherein n=0 or 1-4; or 

(g) 

wherein B comprises a cycloheteroalkyi, and wherein the cycloheteroalkyi comprises a 

piperazine or a piperidine; wherein Rg comprises CF3, OCF3, a halogen, a alkyl-sulfone, an 

alkoxy, a sulfonamide, an amine, or nitrile; wherein Rg Is mono or polysubstituted; wherein 

Y is CH or N at any position; and wherein n=0 or 1-4. 

16. The compound of claim 15, wherein R2 Is alkyl or alkoxy. 

17. The compound of claim 15, wherein R2 Is CH3 or CF3. 

18. The compound of claim 1, wherein the compound is an imldazo[1,2-a]pyridine 

benzyl amide analog. 

19. The compound of claim 18, wherein the compound is A/-benzyl-2,7-

dimethylimidazo[1,2-a]pyridlne-3-carboxamlde (ND-8454). 

20. The compound of claim 1, wherein the compound Is a benzyl ester derivative. 

21. The compound of claim 1, wherein Ri = 7-CH3, R2 = CH3, R3 = (2,4-

methyl)benzyloxy (ND-8448). 

22. The compound of claim 1, wherein Ri = 7-CH3, R2 = CH3, R3 = (3-

trlfluoromethyl) benzyloxy (ND-8451). 
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23. The compound of claim 1, wherein Ri = 8-CH3; R2 = CH3, and R3 = (4-

methoxy)benzoxy (ND-9432). 

24. The compound of claim 1, wherein Ri = 8-CH3; R2 = CH3, and R3 = (2-

ethyl)benzyloxy (ND-9433). 

25. The compound of claim 1, wherein the compound is a benzyl imidazo[1,2-

a]pyridine-3-carboxylate (ester) derivative. 

26. The compound of claim 1, wherein the compound is a substituted alkoxy 

benzyl analog. 

27. The compound of claim 26, wherein Ri = 7-CH3, R2 = CH3, R3 = (4-

methoxy)benzylamino (ND-8668). 

28. The compound of claim 26, wherein Ri = 7-CH3, R2 = CH3, R3 = (3-

ethoxy)benzylamino (ND-9906). 

29. The compound of claim 26, wherein Ri = 7-CH3, R2 = CH3, R3 = (3-

isopropoxy)benzylamino (ND-9872). 

30. The compound of claim 1, wherein the compound is a substituted 2-pyridyl 

analog. 

31. The compound of claim 30, wherein Ri = 7-CH3, R2 = CH3, R3 = (3-chloro-5-

(trifluoromethyl)pyridin-2-yl)methanamine (ND-9902). 

32. The compound of claim 1, wherein the compound is a substituted benzyl 

sulfone analog. 

33. The compound of claim 32, wherein Ri = 6-CH3, R2 = CH3, R3 = (4-

(methylsulfonyl)benzylamino (ND-9965). 
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34. The compound of claim 1, wherein the compound is a substituted bi-aryl ether 

aniline analog. 

35. The compound of claim 34, wherein Ri = 7-CH3, R2 = CH3, R3 = 4-(4-

(trifluoromethyl)phenoxy)aniline(ND-9903). 

36. The compound of claim 1, wherein the compound is a substituted bi-aryl ether 

benzyl analog. 

37. The compound of claim 36, wherein Ri = 7-CH3, R2 = CH3, R3 = 4-(4-

fluorophenoxy)benzylamino (ND-9758). 

38. A pharmaceutical composition comprising the compound of claim 1 and a 

pharmaceutically acceptable carrier. 

39. The compound of claim 1, wherein the compound has antifungal activity. 

40. A fungicidal composition, comprising at least one compound according to 

claim 1, and a phytologically acceptable carrier. 

41. The composition according to claim 40, further including at least one 

additional compound selected from the group consisting of: insecticides, fungicides, and 

Herbicides. 

42. A method of preventing or controlling a fungal infection, comprising the steps 

of: 

providing at least one compound according to claim 1; and 

applying the compound to an object or surface having or adjacent to a fungal 

infection. 

Dated this 04*" day of June, 2012 ^Cpf! ^^^ ^ 

B. Naveen Kumar Varma 
^ IN/PA- 873 

Agent for the Applicant 
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Embodiments relate to the field of chemistry and biochemistry, and, 

more specifically, to imidazopyridine compounds, synthesis thereof, and methods of using 

same. Disclosed herein are various imidazo[1,2-a]pyridine compounds and methods of 

using the novel compounds to treat or prevent tuberculosis in a subject or to inhibit fungal 

growth on plant species. Other embodiments include methods of synthesizing imidazo[1,2-

ijpyridine compounds, such as the disclosed imidazo[1,2-a]pyridine compounds. 
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a b s t r a c t

3-Amino-imidazo[1,2-a]pyridines have been identified as a novel class of Mycobacterium tuberculosis glu-
tamine synthetase inhibitors. Moreover, these compounds represent the first drug-like inhibitors of this
enzyme. A series of compounds exploring structural diversity in the pyridine and phenyl rings have been
synthesized and biologically evaluated. Compound 4n was found to be the most potent inhibitor
(IC50 = 0.38 ± 0.02 lM). This compound was significantly more potent than the known inhibitors, L-
methionine-SR-sulfoximine and phosphinothricin.

� 2009 Elsevier Ltd. All rights reserved.

Tuberculosis (TB) is one of the world’s major public health prob-
lems and has been declared a global health emergency by the
World Health Organization.1 In 2006, there were approximately 9
million new cases of TB, resulting in an estimated 1.7 million
deaths.2 In addition, the emergence of multi-drug resistant Myco-
bacterium tuberculosis strains (causing MDR-TB), the growing rate
of TB incidence, the lethal combination represented by HIV co-
infection and the lack of any new antituberculosis agent in the last
40 years, all indicate an urgent need for the development of novel
TB therapies. In particular, new lead structures are required with
novel modes of action.3,4 In the last decade M. tuberculosis gluta-
mine synthetase (MtGS), a key enzyme required for nitrogen
metabolism and mycobacterial cell-wall biosynthesis, has emerged
as a potential target for antibiotics against TB.1,4–6 Exposure of M.
tuberculosis to the known GS inhibitor L-methionine-SR-sulfoxim-
ine 1 (MSO) (Fig. 1) has been shown to inhibit both cell wall forma-
tion and mycobacterial growth.1,6 Thus, the development of new
MtGS inhibitors could be useful in developing an effective treat-
ment for MDR-TB. The majority of known GS inhibitors are simple
glutamate analogues and of these, MSO and phosphinothricin 2
(PPT) are the most widely investigated.7 These inhibitors have been
used as lead compounds in several studies,5,7–12 albeit they are po-
lar, flexible, non-selective13 and not particularly drug-like. Accord-
ingly, we were interested in the identification and development of
more drug-like non-amino acid derived MtGS inhibitors.

During the course of a high-throughput compound screen and a
subsequent lead validation process, 3-amino-imidazo[1,2-a]pyri-
dines were identified as a novel class of MtGS inhibitors (Fig. 2).
It was quickly recognized that this would provide a scaffold ame-
nable to the rapid exploration of structure–activity relationships.
Indeed, a diverse range of analogues can be readily obtained, in
one step, via an Ugi-type cyclization.14–19 Herein, we describe the
high-speed synthesis and MtGS inhibitory activity of two libraries
of differentially substituted 3-amino-imidazo[1,2-a]pyridines, 3
and 4.

We decided to focus our initial investigations on evaluating
the effect of altering the pyridine ring substituent. Accordingly,
3-amino-imidazo[1,2-a]pyridines (3a–m) were prepared by a
microwave-assisted multicomponent reaction (MCR) between
cyclopentylisonitrile, 3-hydroxy-4-methoxy benzaldehyde and an
appropriately substituted 2-aminopyridine.19 All 2-aminopyri-
dines were commercially available with the exception of 5-meth-
oxy-2-aminopyridine, which was prepared by the treatment of
5-iodo-2-aminopyridine with MeOH and CuI under Buchwald’s

0960-894X/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2009.06.045
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Bioorganic & Medicinal Chemistry Letters 19 (2009) 4790–4793

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier .com/ locate/bmcl

265D2



modified Ullman reaction conditions (1,10-phenanthroline,
Cs2CO3, 110 �C)20 providing 3c. The MCR reactions were typically
irradiated, in a sealed vessel, for 20–30 min at 160 �C in the pres-
ence of MgCl2 and the products were isolated either by simple fil-
tration, recrystallization or flash chromatography.21 The potency of
the compounds 3a–m from this first series against MtGS was eval-
uated22 and these results are reported in Table 1.

From Table 1 it is clear that a pyridine ring substituent is ben-
eficial for MtGS inhibition and that a number of synthesized ana-
logues were significantly more active than MSO (i.e., 3c, 3e–g,
3k, 3m). The most active compounds contained large halogen
atoms (Cl, Br or I) in the 6-position (i.e., 3f, IC50 = 8.8 ± 0.4 lM
and 3g IC50 = 4.8 ± 0.5 lM). Interestingly, the 6-fluorine, 6-trifluo-
romethyl and 6-nitrile containing compounds were essentially
inactive (3d, 3h and 3i IC50 >50 lM), suggesting that the potency
of 3e, 3f and 3g is not related purely to their electron withdrawing
nature. The corresponding 5- and 8-bromine substituted analogues
displayed considerably weaker inhibitory activity (3j, IC50 >50 lM
and 3k, IC50 = 21.3 ± 1.6 lM) compared to 3f, indicating that there
may be some specific hydrophobic or van der Waals interactions
accessible only by a substituent in the 6-position. The introduction
of an additional 8-bromine or 8-methyl substituent did not im-
prove compound potency (3l, IC50 >50 lM and 3m, IC50 = 12.7 ±
0.7 lM, respectively).

R1 N

N

NH

R1 N

NH2 R2

OH

N

3 and 4

C

R2

Figure 2. 3-Amino-imidazo[1,2-a]pyridines and retrosynthetic analysis showing assembly via a one-pot three-component condensation reaction.

Table 1
Synthesis and biological evaluation of 3-amino-imidazo[1,2-a]pyridines (3a–m)

O

OMe

HO

H

N

N

NH2

MgCl2

EtOH, 160 °C
MW, 20 or 30 min

3a-m

6

R1

C

5

7
8

N

N

NH

OMe

OH

R1

2'
3'

4'
5'6'

2

Entry Producta R1 IC50
b (lM)

1 3a H >50
2 3b 6-Me >50
3 3c 6-OMe 31.3 ± 0.7
4 3d 6-F >50
5 3e 6-Cl 11.2 ± 1.5
6 3f 6-Br 8.8 ± 0.4
7 3g 6-I 4.8 ± 0.5
8 3h 6-CF3 >50
9 3i 6-CN >50
10 3j 5-Br >50
11 3k 8-Br 21.3 ± 1.6
12 3l 6-Br, 8-Br >50
13 3m 6-Br, 8-Me 12.7 ± 0.7
MSO — — 51 ± 6c

PPT — — 1.9 ± 0.4c

a Purity >95% by HPLC or 1H NMR.
b Values are means of three experiments ± standard error.
c See Ref. 10.

Table 2
Synthesis and biological evaluation of 6-substituted 3-amino-imidazo[1,2-a]pyridines (3n–s)

N

N

NH

OMe

OH

X [Pd]
N

N

NH

OMe

OH

R1

3n-s

I,II or III

Entry Starting material (X) Method Producta R1 IC50
b (lM)

1 Br– I 3n >50

2 Br– I 3o
N

>50

3 B
O

O
II 3p >50

4 — As per 3c 3q
O

>50

5 Br– I 3r >50

6 3r III 3s >50

a Purity >95% by HPLC or 1H NMR.
b Values are means of three experiments. I; Boronic acid (3 equiv), Pd(PPh3)4 (7%), Cs2CO3 (3.5 equiv), DMF, MW, 120 �C, 20 min. II; benzyl bromide (0.8 equiv), Pd(dppf)Cl2

(10%), K2CO3 (3 equiv), EtOH, H2O, MW, 130 �C, 30 min. III; 3r 10% Pd/C (10%), H2 (1 atm.), DMF, 25 �C, 18 h.
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To further explore the effect of large hydrophobic groups in the
6-position, we decided to prepare a series of compounds where the
halogen was exchanged for various aryl moieties. The target com-
pounds were designed to explore the available chemical space and,
in the case of 3o increase solubility and H-bond potential. These
molecules were smoothly prepared via microwave-assisted Suzuki
cross-coupling reactions23–25 utilizing either aryl bromide 3f or the
corresponding 6-boronic acid pinacol ester derivative, which was
prepared from 2-aminopyridine-5-boronic acid pinacol ester
according to Table 1. Compound 3q was synthesized as per 3c,
however MeOH was replaced by phenol in the Ullman reaction.
In addition, treatment of 3r under catalytic hydrogenation condi-
tions (Pd/C, H2) afforded the saturated phenylethylene derivative
3s. These compounds were then assessed for their ability to inhibit
MtGS and the results are reported in Table 2.

Unfortunately, the compounds in this series (3n–s) failed to
show any significant MtGS inhibitory activity, highlighting a lack
of tolerance towards the introduction of large aryl substituents in
the 6-position of the 3-amino-imidazo[1,2-a]pyridines.

Finally, utilizing compound 3f as the lead structure, we decided
to investigate the effect of altering the C-2 aryl substituent (R) on
MtGS inhibition. Thus, a series of compounds were synthesized
from cyclopentylisonitrile, 5-bromo-2-aminopyridine and an
appropriately substituted aldehyde as per Table 1. Compounds
4a–n were evaluated for their MtGS inhibitory activity and the re-
sults are presented in Table 3.

Table 3 shows that a C-2 phenyl ring with a hydrogen bond do-
nor in the 30-position (i.e., 4e, OH or 4l, NH2) is a clear requisite for
enzyme inhibition. Placement of the –OH in the 20- or 40-positions
(4f and 4b, respectively) results in complete loss in activity. Re-
moval of the hydrogen bond donor capacity through the introduc-
tion of a methoxy group rendered the inactive compound 4g.
Interestingly, 4e displays a twofold increase in activity compared
to 3f suggesting that the 40-methoxy group is not required for inhi-
bition. The introduction of electron withdrawing substituents (4i
and 4j) was also detrimental to activity. However, these substitu-
ents may also disrupt the orientation of the phenyl ring (4i) or
intramolecularly bind the 30-OH (4j) giving rise to the loss in po-
tency. The corresponding 30-aniline (4l) and 3-methylalcohol

(4m) compounds were twofold less potent than 4e (IC50 = 10.1 ±
1.1 lM and 13.2 ± 1.5 lM vs 3.3 ± 0.6 lM, respectively) demon-
strating a preference for a phenol group in the 30-position. Rewar-
dingly, the introduction of a carboxylic acid rendered the
nanomolar potent inhibitor, 4n (IC50 = 0.38 ± 0.02 lM).

In summary, three small series of trisubstituted 3-amino-imi-
dazo[1,2-a]pyridines have been investigated as MtGS inhibitors.
The compounds represent the first non-amino acid derived inhibi-
tors of this enzyme. The most effective compounds possessed low
micromolar (3f, IC50 = 8.8 ± 0.4 lM, 3g, IC50 = 4.8 ± 0.5 lM, 4e,
IC50 = 3.3 ± 0.6 lM) or nanomolar potency (4n IC50 = 0.38 ±
0.02 lM). Compound 4n was significantly more active than both
MSO (IC50 = 51 ± 6 lM) and PPT (IC50 = 1.9 ± 0.4 lM) the most po-
tent knownMtGS inhibitors. Given their drug-like nature, we antic-
ipate they will serve as important lead compounds in the search for
new anti-tuberculosis agents. The chemistry established can easily
beused to smoothlyproduceadditional inhibitors.Work is currently
underwaywithin our laboratoryutilizing these structures to expand
the SAR developed herein.

Acknowledgments

Our tuberculosis-related work is supported by funding from the
Foundation for Strategic Research (SSF), the Swedish Research
Council (VR), the EU Sixth Framework Program NM4TB
CT:018923, Knut and Alice Wallenberg’s Foundation and Uppsala
University. We also thank Professor Sherry L. Mowbray, Dr. Wojci-
ech W. Krajewski and Dr. Francesco Russo for useful discussions
regarding this Letter.

References and notes

1. Harth, G.; Horwitz, M. A. Infect. Immun. 2003, 71, 456.
2. Global Tuberculosis Control: Surveillance, Planning, Financing. WHO Report

2009. Geneva, World Health Organization (WHO/HTM/TB/2009.411).
3. Janin, Y. L. Bioorg. Med. Chem. 2007, 15, 2479.
4. Duncan, K. Curr. Pharm. Des. 2004, 10, 3185.
5. Berlicki, L.; Obojska, A.; Forlani, G.; Kafarski, P. J. Med. Chem. 2005, 48, 6340.
6. Harth, G.; Horwitz, M. A. J. Exp. Med. 1999, 189, 1425.
7. Berlicki, L.; Kafarski, P. Bioorg. Med. Chem. 2006, 14, 4578.
8. Logusch, E. W.; Walker, D. M.; McDonald, J. F.; Franz, J. E. Biochemistry 1989, 28,

3043.
9. Forlani, G.; Obojska, A.; Berlicki, L.; Kafarski, P. J. Agric. Food Chem. 2006, 54,

796.
10. Nordqvist, A.; Nilsson, M. T.; Röttger, S.; Odell, L. R.; Krajewski, W. W.;

Andersson, E.-L.; Larhed, M.; Mowbray, S. L.; Karlén, A. Bioorg. Med. Chem. 2008,
16, 5501.

11. Lagerlund, O.; Odell, L. R.; Mowbray, S. L.; Nilsson, M. T.; Krajewski, W. W.;
Nordqvist, A.; Karlén, A.; Larhed, M. Comb. Chem. High Throughput Screening
2007, 10, 783.

12. Selvam, C.; Goudet, C.; Oueslati, N.; Pin, J. P.; Acher, F. C. J. Med. Chem. 2007, 50,
4656.

13. Griffith, O. W.; Horwitz, M.; Harth, G. WO045539, 2004.
14. DiMauro, E. F.; Kennedy, J. M. J. Org. Chem. 2007, 72, 1013.
15. Blackburn, C.; Guan, B.; Fleming, P.; Shiosaki, K.; Tsai, S. Tetrahedron Lett. 1998,

39, 3635.
16. Blackburn, C. Tetrahedron Lett. 1998, 39, 5469.
17. Groebke, K.; Weber, L.; Mehlin, F. Synlett 1998, 661.
18. Blackburn, C.; Guan, B. Tetrahedron Lett. 2000, 41, 1495.
19. Yimin Lu, W. Z. QSAR Comb. Sci. 2004, 23, 827.
20. Wolter, M.; Nordmann, G.; Job, G. E.; Buchwald, S. L. Org. Lett. 2002, 4, 973.
21. Example synthesis: Compound 3f. To a microwave transparent vial (2–5 mL)

with a teflon coated stirring bar was added cyclopentylisonitrile (0.192 g,
2 mmol), 3-hydroxy-4-methoxybenzaldehyde (0.304 g, 2 mmol), 2-amino-5-
bromopyridine (0.346 g, 2 mmol), MgCl2 (0.019 g, 0.1 mmol) and EtOH (2 mL).
The vial was then sealed under air and heated at 160 �C by microwave
irradiation for 20 min using a fixed hold time. After cooling, the mixture was
diluted with ethyl acetate and brine (20 mL each) and the two layers separated.
The aqueous layer was washed twice with ethyl acetate (20 mL) and the
combined organic phases were concentrated in vacuo. The crude product was
thereafter purified by recrystallization from ethyl acetate. Yield: 0.530 g, 66%;
1H NMR (400 MHz, CDCl3): d 1.39–1.48 (m, 2H), 1.53–1.58 (m, 2H), 1.67–1.77
(m, 4H), 3.05 (d, J = 4.4 Hz, 1H), 3.61–3.66 (m, 1H), 3.92 (s, 3H), 6.02 (br s, 1H),
6.93 (d, J = 8.4 Hz, 1H), 7.15 (dd, J = 2.0, 9.2 Hz, 1H), 7.40 (d, J = 9.2 Hz, 1H), 7.50
(dd, J = 2.0, 8.4 Hz, 1H), 7.60 (d, J = 2.0 Hz, 1H), 8.22 (d, J = 2.0 Hz, 1H). 13C NMR
(100 MHz, CDCl3): d 23.8, 33.7, 56.2, 59.3, 106.6, 111.0, 113.8, 118.2, 119.6,

Table 3
Synthesis and biological evaluation of 3-amino-imidazo[1,2-a]pyridines (4a–n)

R

O

H N

N

NH2

MgCl2 N

N

NH

R
EtOH , 160 °C
MW, 20 or 30 min

4a-nC

Br Br

Entry Producta R IC50
b (lM)

1 4a H >50
2 4b 30-OMe,40-OHC6H3 >50
3 4c C6H5 >50
4 4d 40-OHC6H4 ndc

5 4e 30-OHC6H4 3.3 ± 0.6
6 4f 20-OHC6H4 >50
7 4g 30-OMeC6H4 >50
8 4h 20 ,30-DiOMeC6H3 >50
9 4i 20-Cl,30-OHC6H3 >50

10 4j 30-OH,40-NO2C6H3 >50
11 4k 30-NO2C6H4 >50
12 4l 30-NH2C6H4 10.1 ± 1.1
13 4m 30-(CH2OH)C6H4 13.2 ± 1.5
14 4n 30-(COOH)C6H4 0.38 ± 0.02

a Purity >95% by HPLC or 1H NMR.
b Values are means of three experiments ± standard error.
c IC50 could not be determined due to poor solubility.

4792 L. R. Odell et al. / Bioorg. Med. Chem. Lett. 19 (2009) 4790–4793

267



122.9, 125.5, 127.3, 127.7, 137.9, 140.0, 146.0, 146.6. LC–ESI-MS: m/z 402
(M+1). Calcd for C19H20BrN3O2: C, 56.73; H, 5.01; N, 10.45. Found: C, 56.44; H,
5.01; N, 10.27.

22. The assay was performed essentially as previously described.10 However,
25 mM of MgCl2, 1 mM of ATP and 30 mM of monosodium L-glutamate were
used and stock solutions of the compounds (10 mM) were prepared in DMSO. A
concentration of 50 lM was chosen as the upper limit for IC50 determinations
due to solubility problems encountered with some compounds at higher
concentrations.

23. Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457.
24. (a) Alonso, F.; Beletskaya, I. P.; Yus, M. Tetrahedron 2008, 64, 3047; (b) Larhed,

M.; Moberg, C.; Hallberg, A. Acc. Chem. Res. 2002, 35, 717.
25. Example synthesis: Compound 3r. To a microwave transparent vial (2–5 mL)

with a teflon coated stirring bar was added 3f (0.080 g, 0.2 mmol), trans-2-
phenylvinylboronic acid (0.088 g, 0.6 mmol), Cs2CO3 (0.234 g, 0.7 mmol),
Pd(PPh3)4 (0.016 g, 0.013 mmol) and DMF (2 mL). The vial was then sealed

under air and heated at 120 �C by microwave irradiation for 30 min using a
fixed hold time. After cooling, the mixture was diluted with ethyl acetate and
brine (20 mL each) and the two layers separated. The aqueous layer was
washed twice with ethyl acetate (20 mL) and the combined organic phases
were concentrated in vacuo. The crude product was thereafter purified by flash
chromatography eluting with ethyl acetate/hexane (3:2). Yield: 0.064 g, 65%;
1H NMR (400 MHz, DMSO-d6) d 1.45–1.50 (m, 4H), 1.58–1.62 (m, 2H), 1.70–
1.74 (m, 2H), 3.55–3.58 (m, 1H), 3.80 (s, 3H), 4.26 (d, J = 4.6 Hz, 1H), 6.85 (d,
J = 8.5 Hz, 1H), 7.04 (d, J = 16.4 Hz, 1H), 7.18 (d, J = 16.4 Hz, 1H), 7.19–7.22 (m,
1H), 7.28–7.37 (m, 3H), 7.45 (dd, J = 1.7, 9.5 Hz, 1H) 7.51 (d, J = 7.5, 2H) 7.55
(dd, J = 2.2, 8.2 Hz, 1H), 7.65 (d, J = 2.4 Hz, 1H), 8.25 (br s, 1H), 8.69 (s, 1H). 13C
NMR (100 MHz, CDCl3): d 24.0, 33.5, 56.2, 59.0, 112.7, 114.9, 117.0, 118.6,
121.5, 122.3, 122.3, 125.7, 126.3, 126.8, 128.0, 128.2, 128.4, 129.1, 136.5, 137.5,
140.5, 146.7, 147.4. LC–ESI-MS: m/z 426 (M+1) Calcd for C27H27N3O2: C, 76.21;
H, 6.40; N, 9.87. Found: C, 76.02; H, 6.39; N, 9.79.

L. R. Odell et al. / Bioorg. Med. Chem. Lett. 19 (2009) 4790–4793 4793

268



269D3



270



271



272



273



274



275



276



277



278



279



280



281



282



283



284



285



286



287



288



289



290



291



292



293



294



295



296



297



298



299



300



301



302



303



304



305



306



307



308



309



310



311



312



313



314



315



316



317



318



319



320



321



322



323



324



325



326



327



328



329



330



331



332



333



334



335



336



337



338



339



340



341



342



343



344



345



346



347



348



349



350



351



352



353



354



355



356



357



358



359



360



361



362



363



364



365



366



367



368



369



370



371



372



373



374



375



376



377



378



379



380



381



382



383



384



385



386



387



388



389



390



391



392



393



394



395



396



397



398



399



400



401



402



403



404



405



406



407



408



409



410



411



412



413



414



415



416



417



418



419



420



421



422



423



424



425



426



427



428



429



430



431



432



433



434



435



436



437



438



439



440



441



442



443



444



445



446



447



448



449



450



451



452



453



454



455



456



457



458



459



460



461



462



463



464



465



466



467



468



469



470



471



472



473



474



475



476



477



478



479



480



481



482



483



484



485



486



487



488



489



490



491



492



493



494



495



496



497



498



499



500



501



502



503



504



505



506



507



508



509



510



511



512



513



514



515



516



517



518



519



520



521



522



523



524



525



526



527



528



529



530



531



532



533



534



535



536



537



538



539



540



541



542



543



544



545



546



547



548



549



550



551



552



553



554



555



556



557



558



559



560



561



562



563



564



565



566



567



568



569



570



571



572



573



574



575



576



577



578



579



580



581



582



583



584



585



586



587



588



589



590



591



592



593



594



595



596



597



598



599



600



601



602



603



604



605



606



607



608



609



610



611



612



613



614



615



616



617



618



619



620



621



622



623



624



625



626



627



628



629



630



Arch. Pharm. Chem. Life Sci. 2008, 341, 721–724 Z. A. Kaplancikli et al. 721

Full Paper

Synthesis and Antituberculosis Activity of NewHydrazide
Derivatives

Zafer A. Kaplancikli1, Gulhan Turan-Zitouni1, Ahmet Ozdemir1, Jean-Claude Teulade2

1 Anadolu University, Faculty of Pharmacy, Department of Pharmaceutical Chemistry, Eskisehir, Turkey
2 Univ Clermont 1, UFR Pharmacie, Laboratoire de Chimie Organique, Clermont-Ferrand, France

The increasing clinical importance of drug-resistant mycobacterial pathogens, especially Myco-
bacterium tuberculosis, has lent additional urgency to microbiological research and new antimy-
cobacterial compound development. For this purpose, new hydrazide derivatives of imidazo[1,2-
a]pyridine were synthesized and evaluated for antituberculosis activity. The reaction of 2-[(2-car-
boxyimidazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid hydrazide with various benzaldehydes gave
N-(arylidene)-2-[(2-carboxyimidazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid hydrazide derivatives.
The chemical structures of the compounds were elucidated by IR, 1H-NMR, FAB-MS spectral data
and elemental analysis. Antituberculosis activities of the synthesized compounds were deter-
mined by broth microdilution assay, the Microplate Alamar Blue Assay in BACTEC 12B medium.
The results were screened in vitro, using the BACTEC 460 Radiometric System against Mycobacte-
rium tuberculosis H37Rv (ATCC 27294) at 6.25 lg/mL; the tested compounds showed significant
inhibition.
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Introduction

Tuberculosis (TB) has re-emerged both in industrial and
developing countries [1–3]. Further contributing to the
increased morbidity is the emergence of new strains of
Mycobacterium tuberculosis resistant to some or all cur-
rently used antitubercular drugs [4, 5]. Particularly mul-
tidrug-resistant TB (MDR-TB) is alarming. The standard TB
therapy is non-effective in controlling MDR-TB in high
MDR-TB incidence areas [6]. There is great fear that the TB
situation may get even worse with the spread of HIV
worldwide [1] and this is one among other reasons for an
urgent need to develop new TB drugs. The Alliance aims
to get improved TB drugs to those who need them, drugs,

which shorten or simplify treatment of TB or provide a
more effective treatment of multidrug-resistant TB; or
improve the treatment of latent TB infection or some
combination of these [7]. As medicinal chemists, we may
handle the problem of obtaining new TB drugs for a fast
and better treatment, in two approaches: (i) synthesis of
analogues, obtained by modifying or derivating existing
chemical structures; (ii) and in case of the multidrug-
resistant TB treatment, building the anti-TB strategy on
the novelty of the chemical structure for the benefical
advantage that the TB organism has not the chance to
develop resistant [7, 8].
The heterocyclic hydrazones constitute an important

class of biologically active drug molecules, which have
attractive attention of medicinal chemists due to their
antituberculosis activities [9–12]. On the other hand, a
lot of studies were carried out on heterocyclic systems
bearing an alkylsulfanyl group as a pharmacophore for
antituberculosis activity. QSAR calculations carried out
on various types of heterocycles proved that the activity
is enhanced with electron-withdrawing substituents. An
alkylsulfanyl group bound to an electron-deficient car-

Correspondence: Gulhan Turan-Zitouni, Anadolu University, Faculty of
Pharmacy, Department of Pharmaceutical Chemistry, 26470 Eskisehir,
Turkey.
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bon atom in various heterocycles is responsible for anti-
mycobacterial activity [13–16].
In view of these data, we aimed at the synthesis and

antituberculosis evaluations of new N-(benzylidene)-2-[(2-
carboxyimidazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid
hydrazide derivatives. We have chosen imidazo[1,2-a]pyr-
idines, which have emerged as potentially interesting
drugs, particularly with regard to their antituberculosis
activity [17] among the various heterocycles that have
attracted the attention as potential antitubercular
agents as the basic heterocyclic moiety.

Results and discussion

In this present work, a series of nine new compounds
were synthesized. Scheme 1 illustrates the way used for
the preparation of target compounds. As starting materi-
als, ethyl 3-nitroimidazo[1,2-a]pyridine-2-yl carboxylates
were used to produce ethyl 2-[(2-carboxyimidazo[1,2-
a]pyridine-3-yl)sulfanyl]acetates. The 2-[(2-carboxyimi-
dazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid hydrazides II
were prepared by reacting ethyl 2-[(2-carboxyimidazo[1,2-
a]pyridine-3-yl)sulfanyl]acetates I with hydrazine
hydrate. The condensation of the acid hydrazides with
appropriate benzaldehydes resulted in the formation of
N-(arylidene)-2-[(2-carboxyimidazo[1,2-a]pyridine-3-yl)sul-
fanyl]acetic acid hydrazide derivatives IIIa– i. Some char-
acteristics of the synthesized compounds are shown in
Table 1.
The structures of the obtained compounds were eluci-

dated by spectral data. In the IR spectra, some significant
stretching bands due the N-H, C=O, C=N and C-O-C were
at about 3220–3195 cm–1, 1670–1645 cm–1, 1605–
1545 cm–1and 1250–1210 cm–1, respectively.
In the 1H-NMR spectra, the signal due to S-CH2 protons

and N=CH proton present in all compounds, appeared at
3.75–3.90 ppm and 8.40–8.60 ppm as singlet, respec-
tively. The NH proton was observed at 12.00–12.40 ppm

as a doublet. All the other aromatic and aliphatic protons
were observed at the expected regions. All compounds
gave satisfactory elemental analyses. Mass spectra (MS
(FAB)) of the compounds showed a [M+1] peaks in agree-
ment with their molecular weight.
The antituberculosis activities of the synthesized com-

pounds were screened in vitro using a BACTEC 460 radio-
metric system against Mycobacterium tuberculosis H37Rv
(ATCC 27294) at 6.25 lg/mL. Rifampicin was used as the
test standard. All of the tested compounds showed signif-
icant antituberculosis activity as can be inferred from
Table 2. The compounds IIId and IIIg which the 4-nitro-
benzylidene derivatives showed the highest inhibitions
with 68%. Other compounds showed varying inhibition
values between 45–53%.
SAR observation showed that 4-nitro substitution on

benzylidene affects the activity.

i 2008WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.archpharm.com

Table 1. Some characteristics of the compounds.

Compound R1 R2 R3 Yield (%) Mp. (8C) M.W. Formula

IIIa H H Cl 75 192–193 388 C17H13ClN4O3S
IIIb H H CH3 72 138–140 368 C18H16N4O3S
IIIc H H OCH3 68 160–162 384 C18H16N4O4S
IIId H H NO2 75 186–188 399 C17H13N5O5S
IIIe CH3 H Cl 68 210–212 402 C18H15ClN4O3S
IIIf CH3 H CH3 73 190–191 382 C19H18N4O3S
IIIg CH3 H NO2 70 226–227 413 C18H15N5O5S
IIIh H CH3 Cl 74 148–150 402 C18H15ClN4O3S
IIIi H CH3 CH3 69 136–137 382 C19H18N4O3S

Scheme 1. Synthesis of the N-(arylidene)-2-[(2-carboxyimi-
dazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid hydrazide
derivatives IIIa– i.
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Experimental

Chemistry
All reagents were purchased from commercial suppliers and
were used without further purification. Melting points were
determined by using an Electrothermal 9100 digital melting
point apparatus (Barnstead International, Dubuque, IA, USA)
and were uncorrected. The compounds were checked for purity
by TLC on silica gel 60 F254 (Merck, Darmstadt, Germany). Spectro-
scopic data were recorded on the following instruments: Ele-
mental analyses were performed on a Perkin Elmer EAL 240 ele-
mental analyser (Perkin Elmer, Wellesley, MA, USA), IR (m, cm– 1),
Shimadzu 435 IR spectrophotometer (Shimadzu, Tokyo, Japan);
1H-NMR spectra (d, ppm, Hz) were recorded on a Bruker 250 MHz
spectrometer (Bruker, Billerica, MA, USA) in DMSO-d6 with TMS
as an internal standard. MS-FAB+ was recorded on VG Quattro
mass spectrometer (Agilent Technologies, Santa Clara, CA, USA).

General procedure for synthesis of the compounds Ethyl
2-[(2-carboxyimidazo[1,2-a]pyridine-3-
yl)sulfanyl]acetates I
These compounds were prepared as starting materials in accord-
ance with themethod described in the literature [18].

2-[(2-Carboxyimidazo[1,2-a]pyridine-3-yl)sulfanyl]acetic
acid hydrazides II
These compounds were prepared according to the literature, by
reacting ethyl 2-[(2-carboxyimidazo[1,2-a]pyridine-3-yl)sulfanyl]a-
cetates Iwith hydrazine hydrate [19].

N-(arylidene)-2-[(2-carboxyimidazo[1,2-a]pyridine-3-
yl)sulfanyl]acetic acid hydrazides IIIa– i
Equimolar quantities of acid hydrazides II (30 mmol) and appro-
priate benzaldehydes in 25 mL of absolute ethanol were
refluxed for 3-5 h. The resulting solid was filtered and recrystal-
lized from ethanol. IIIa– i: IR (KBr, cm– 1): 3195–3220 (NH),
1645–1670 (CO), 1605–1545 (C=N) and (C=C), 1250–1210 (C-O-
C).

N-(4-chlorobenzylidene)-2-[(2-carboxyimidazo[1,2-
a]pyridine-3-yl)sulfanyl]acetic acid hydrazide IIIa
1H-NMR (250 MHz, DMSO-d6, d ppm): 3.85 (s, 2H, S-CH2), 7.15–
7.80 (m, 7H, aromatic protons), 8.60 (s, 1H, N=CH), 8.70–8.85 (m,

1H, aromatic proton), 12.10 (s, 1H, NH). MS (FAB) [M+1]: m/z 389.
Anal. Calc. for C17H13ClN4O3S:C, 52.51; H, 3.37; N, 14.41. Found:
C, 52.53; H, 3.39; N, 14.43.

N-(4-methylbenzylidene)-2-[(2-carboxyimidazo[1,2-
a]pyridine-3-yl)sulfanyl]acetic acid hydrazide IIIb
1H-NMR (250 MHz, DMSO-d6, d ppm): 2.35 (s, 3H, CH3), 3.80 (s, 2H,
S-CH2), 7.10–7.85 (m, 7H, aromatic protons), 8.55 (s, 1H, N=CH),
8.60–8.80 (m, 1H, aromatic proton), 12.00 (s, 1H, NH). MS (FAB)
[M+1]: m/z 369. Anal. Calc. for C18H16N4O3S:C, 58.68; H, 4.38; N,
15.21. Found: C, 58.73; H, 4.39; N, 15.20.

N-(4-methoxybenzylidene)-2-[(2-carboxyimidazo[1,2-
a]pyridine-3-yl)sulfanyl]acetic acid hydrazide IIIc
1H-NMR (250 MHz, DMSO-d6, d ppm): 3.80 (s, 2H, S-CH2), 3.90 (s,
3H, OCH3), 7.05–7.75 (m, 7H, aromatic protons), 8.45 (s, 1H,
N=CH), 8.60–8.70 (m, 1H, aromatic proton), 12.15 (s, 1H, NH). MS
(FAB) [M+1]:m/z 385. Anal. Calc. for C18H16N4O4S:C, 56.24; H, 4.20;
N, 14.57. Found: C, 56.21; H, 4.25; N, 14.60.

N-(4-nitrobenzylidene)-2-[(2-carboxyimidazo[1,2-
a]pyridine-3-yl)sulfanyl]acetic acid hydrazide IIId
1H-NMR (250 MHz, DMSO-d6, d ppm): 3.85 (s, 2H, S-CH2), 7.10–
7.80 (m, 3H, imidazopyridine protons), 8.00 (d, J = 8.76 Hz, 2H,
aromatic protons), 8.35 (d, J = 8.78 Hz, 2H, aromatic protons),
8.70–8.85 (m, 2H, N=CH and imidazopyridine proton), 12.40 (s,
1H, NH). MS (FAB) [M+1]: m/z 400. Anal. Calc. for C17H13N5O5S:C,
51.13; H, 3.28; N, 17.54. Found: C, 51.15; H, 3.34; N, 17.51.

N-(4-chlorobenzylidene)-2-[(2-carboxy-8-
methylimidazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid
hydrazide IIIe
1H-NMR (250 MHz, DMSO-d6, d ppm): 2.65 (s, 3H, CH3), 3.95 (s, 2H,
S-CH2), 7.05–7.65 (m, 6H, aromatic protons), 8.50 (s, 1H, N=CH),
8.60–8.75 (m, 1H, aromatic proton), 12.00 (s, 1H, NH). MS (FAB)
[M+1]: m/z 403. Anal. Calc. for C18H15ClN4O3S:C, 53.73; H, 3.73; N,
13.93. Found: C, 53.74; H, 3.72; N, 13.95.

N-(4-methylbenzylidene)-2-[(2-carboxy-8-
methylimidazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid
hydrazide IIIf
1H-NMR (250 MHz, DMSO-d6, d ppm): 2.35 (s, 3H, phenyl-CH3),
2.60 (s, 3H, CH3), 3.75 (s, 2H, S-CH2), 7.10–7.65 (m, 6H, aromatic
protons), 8.45 (s, 1H, N=CH), 8.50–8.60 (m, 1H, aromatic proton),
12.05 (s, 1H, NH). MS (FAB) [M+1]: m/z 383. Anal. Calc. for
C19H18N4O3S:C, 59.67; H, 4.74; N, 14.65. Found: C, 59.70; H, 4.72;
N, 14.65.

i 2008WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.archpharm.com

Table 2. Antituberculosis activity of the compounds.

Compound IIIa IIIb IIIc IIId IIIe IIIf IIIg IIIh IIIi Rifampicin

MIC (lg/mL) A6.25 A6.25 A6.25 A6.25 A6.25 A6.25 A6.25 A6.25 A6.25 0.25
Inhibition (%) 45 50 48 68 52 47 68 53 49 98
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N-(4-nitrobenzylidene)-2-[(2-carboxy-8-
methylimidazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid
hydrazide IIIg
1H-NMR (250 MHz, DMSO-d6, d ppm): 2.55 (s, 3H, CH3), 3.75 (s, 2H,
S-CH2), 7.00–8.20 (m, 6H, aromatic protons), 8.50–8.65 (m, 2H,
N=CH and imidazopyridine proton), 12.10 (s, 1H, NH). MS (FAB)
[M+1]: m/z 414. Anal. Calc. for C18H15N5O5S:C, 52.30; H, 3.66; N,
16.94. Found: C, 52.34; H, 3.69; N, 16.91.

N-(4-chlorobenzylidene)-2-[(2-carboxy-5-
methylimidazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid
hydrazide IIIh
1H-NMR (250 MHz, DMSO-d6, d ppm): 2.75 (s, 3H, CH3), 3.90 (s, 2H,
S-CH2), 7.00–7.70 (m, 6H, aromatic protons), 8.45 (s, 1H, N=CH),
8.50–8.70 (m, 1H, aromatic proton), 12.10 (s, 1H, NH). MS (FAB)
[M+1]: m/z 403. Anal. Calc. for C18H15ClN4O3S:C, 53.73; H, 3.73; N,
13.93. Found: C, 53.65; H, 3.69; N, 13.94.

N-(4-methylbenzylidene)-2-[(2-carboxy-5-
methylimidazo[1,2-a]pyridine-3-yl)sulfanyl]acetic acid
hydrazide IIIi
1H-NMR (250 MHz, DMSO-d6, d ppm): 2.30 (s, 3H, phenyl-CH3),
2.75 (s, 3H, CH3), 3.85 (s, 2H, S-CH2), 7.15–7.65 (m, 6H, aromatic
protons), 8.40 (s, 1H, N=CH), 8.45–8.65 (m, 1H, aromatic proton),
12.15 (s, 1H, NH). MS (FAB) [M+1]: m/z 383. Anal. Calc. for
C19H18N4O3S:C, 59.67; H, 4.74; N, 14.65. Found: C, 59.65; H, 4.70;
N, 14.60.

Microbiology

In-vitro evaluation of antimycobacterial activity against
Mycobacterium tuberculosis H37Rv
Antituberculotic activities of the compounds were tested at the
center of Tuberculosis Antimicrobial Acquisiton & Coordinating
Facility (TAACF). Compounds were tested for in-vitro antitubercu-
losis activity against Mycobacterium tuberculosis H37Rv (ATCC
27294) at 6.25 lg/mL, in BACTEC 12B medium using a broth
microdilution assay, the Microplate Alamar Blue Assay (MABA).
Compounds exhibiting fluorescence are tested in the BACTEC
460 Radiometric System [20].

BACTEC radiometric method of susceptibility testing
Inocula for susceptibility testing were either from a positive
BACTEC isolation vial with a growth index (GI) of 500 and more,
or suspension of organism isolated earlier on conventional
medium. The culture was well mixed with a syringe and 0.1 mL
of a positive BACTEC culture was added to each of the vials con-
taining the test drugs. The drug vials contained rifampicin
(0.25 lg/mL). A control vial was inoculated with a 1 : 100 micro-
dilution of the culture. A suspension equivalent to a Mc-Farland
No.1 standard was prepared in the same manner as a BACTEC
positive vial, when growth from a solid medium was used. Each
vial was tested immediately on a BACTEC instrument to provide
CO2 in the headspace. The vials were incubated at 378C and
tested daily with a BACTEC instrument. When the GI in the con-
trol read at least 30, the increase in GI (DGI) from the previous

day in the control was compare with that in the drug vial. The
following formula was used to interpret results:

DGI control A DGI drug = Susceptible

DGI control a DGI drug = Resistant

If a clear susceptibility pattern (the difference of DGI of con-
trol and the drug bottle) was not seen at the time, the control
DGI is 30, the vials were read for one or two additional days to
establish a definite pattern ofDGI differences.
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A B S T R A C T

Background

Tuberculosis (TB) is still a leading cause of death worldwide. Almost a third of the world’s
population is infected with TB bacilli, and each year approximately 8 million people develop
active TB and 2 million die as a result. Today’s TB treatment, which dates back to the 1970s, is
long and burdensome, requiring at least 6 mo of multidrug chemotherapy. The situation is
further compounded by the emergence of multidrug-resistant TB (MDR-TB) and by the
infection’s lethal synergy with HIV/AIDS. Global health and philanthropic organizations are now
pleading for new drug interventions that can address these unmet needs in TB treatment.

Methods and Findings

Here we report OPC-67683, a nitro-dihydro-imidazooxazole derivative that was screened to
help combat the unmet needs in TB treatment. The compound is a mycolic acid biosynthesis
inhibitor found to be free of mutagenicity and to possess highly potent activity against TB,
including MDR-TB, as shown by its exceptionally low minimum inhibitory concentration (MIC)
range of 0.006–0.024 lg/ml in vitro and highly effective therapeutic activity at low doses in
vivo. Additionally, the results of the post-antibiotic effect of OPC-67683 on intracellular
Mycobacterium tuberculosis showed the agent to be highly and dose-dependently active also
against intracellular M. tuberculosis H37Rv after a 4-h pulsed exposure, and this activity at a
concentration of 0.1 lg/ml was similar to that of the first-line drug rifampicin (RFP) at a
concentration of 3 lg/ml. The combination of OPC-67683 with RFP and pyrazinamide (PZA)
exhibited a remarkably quicker eradication (by at least 2 mo) of viable TB bacilli in the lung in
comparison with the standard regimen consisting of RFP, isoniazid (INH), ethambutol (EB), and
PZA. Furthermore, OPC-67683 was not affected by nor did it affect the activity of liver
microsome enzymes, suggesting the possibility for OPC-67683 to be used in combination with
drugs, including anti-retrovirals, that induce or are metabolized by cytochrome P450 enzymes.

Conclusions

We concluded that based on these properties OPC-67683 has the potential to be used as a
TB drug to help combat the unmet needs in TB treatment.

The Editors’ Summary of this article follows the references.
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Introduction

Tuberculosis (TB) is still a leading cause of death worldwide
[1]. Almost a third of the world’s population is infected with
TB bacilli, and each year approximately 8 million people
develop active TB and 2 million die as a result [2]. Today’s TB
treatment, which dates back to the 1970s, is long and
burdensome, requiring at least 6 mo of multidrug chemo-
therapy, typically consisting of rifampicin (RFP), isoniazid
(INH), ethambutol (EB), and pyrazinamide (PZA) given under
clinically observed conditions. The situation is further
complicated by the emergence of multidrug-resistant TB
(MDR-TB) and by the infection’s lethal synergy with HIV/
AIDS [3–6]. Patients with MDR-TB must be treated with a
combination containing second-line drugs that are less
effective, more expensive, and more toxic. TB’s lethal synergy
with HIV/AIDS puts HIV-positive individuals with latent
tubercle bacilli infection (LTBI) at a 303 to 503greater risk of
developing active TB, giving rise to TB as the number one
killer among patients with AIDS [6].

The pharmaceutical industry, however, has generally shown
little interest in developing new, more effective drugs to
address these needs, and, as a result, no new anti-TB agent
with a novel mechanism of action has been launched since the
introduction of RFP in 1966. Consequently, global health and
philanthropic organizations are now pleading for new
chemotherapy interventions that can shorten the total
duration of therapy, provide improved efficacy against
MDR-TB, safely treat patients co-infected with HIV/AIDS,
and target LTBI [6,7].

We initiated a program to screen for potent anti-TB agents
that have a new structure and mechanism able to inhibit the
biosynthesis of mycolic acid, and found nitro-dihydro-
imidazooxazole derivatives to exhibit such activity. Nitro-
heterocyclic compounds, including various 5- and 2-nitro-
imidazoles and 5-nitrofurans, are known to be effective
against a variety of protozoan and bacterial infections in
humans and animals [8]. These compounds, however, are also
known to commonly possess mutagenicity. CGI-17341 (Figure
1), a nitroimidazooxazole derivative, has been reported to
have anti-tubercular activity [9,10], but the compound was
not developed because of its mutagenic properties. We
focused our search on new nitro-dihydro-imidazooxazoles
with anti-tubercular activity that had no mutagenicity by
performing the bacterial reverse mutation (BRM) test [11].
About 95% of the compounds we screened earlier that had
mono- or di-alkyl substituents at 2-position were mutagenic.
However, after introducing heteroatoms to the substituent,
we were able to successfully decrease the mutagenicity rate to
16%. Among the non-mutagenic derivatives, we found OPC-
67683 to have potent anti-TB activity. We then further
evaluated OPC-67683 to determine whether the compound
could help address the unmet needs of TB treatment.

Methods

Culture Medium
Cultures of Mycobacterium tuberculosis and M. bovis BCG were

grown in Middlebrook 7H9 broth (BBL, http://www.bd.com)
and Middlebrook 7H11 agar medium (BBL), respectively.
Both types of media were prepared according to the
manufacturer’s directions.

Drug Preparation for In Vitro Studies
OPC-67683, PA-824, and CGI-17341 were synthesized at

Otsuka Pharmaceutical (http://www.otsuka.global.com); RFP,
INH, EB, streptomycin (SM), and PZA were purchased from
Sigma (http://www.sigmaaldrich.com). OPC-67683, RFP, INH,
PZA, and PA-824 were each dissolved in dimethylsulfoxide
(DMSO), and the solutions were diluted serially with DMSO in
2-fold dilutions to desired concentrations. EB and SM were
dissolved in distilled water, and the solutions were serially
diluted with distilled water in 2-fold dilutions to desired
concentrations.

Drug Preparation for In Vivo Studies
OPC-67683, PA-824, RFP, INH, EB, and PZA were each

pestled in a mortar and dissolved or suspended in 5% gum
arabic solution using an ultrasonic generator. Two-fold
dilutions were then conducted using 5% gum arabic solution
to adjust to the desired concentrations.

Strains
M. tuberculosis ATCC 25618 (H37Rv), M. tuberculosis ATCC

35838 (H37Rv-R-R), M. tuberculosis ATCC 35822 (H37Rv-H-R),
M. tuberculosis ATCC 35837 (H37Rv-E-R), M. tuberculosis ATCC
35820 (H37Rv-S-R), M. tuberculosis ATCC 35801 (Erdman), and
M. tuberculosis ATCC 35812 (Kurono) were purchased from
American Type Culture Collection (http://www.atcc.org). M.
bovis IID 982 (BCG Tokyo) was purchased from the Institute
of Medical Science, University of Tokyo. A total of 67 M.
tuberculosis strains used in this study were isolated in Japan,
Myanmar, Thailand, Cambodia, Indonesia, Vietnam, and
China.

BRM Test
The BRM test was performed in accordance with OECD

Guideline 471 using Salmonella tyiphimurium TA98, TA100,
TA1535, and TA1537, and Escherichia coli WP2 uvrA [11]. Each
bacterial strain was pre-cultured at 37 8C for 18 h using a
nutrient broth (Nissui Pharmaceutical; http://www.
nissui-pharm.co.jp/index_e.html). After adjustment to 2.4
at OD660 nm, each bacterial suspension was added to a test
tube containing the designated compound in the absence or
presence of rat liver microsome (S9) mix. After a 20-min
incubation at 37 8C, top agar was added to each test tube and
the contents were poured into minimum essential medium
(Oriental Yeast; http://www.oyc.co.jp/e/index.htm). The num-
ber of revertants was counted 48 h after incubation at 37 8C.

Susceptibility Testing
Susceptibility testing was performed using a procedure

previously reported [12,13]. Bacteria stocks preserved in a
deep freezer were each dissolved and adjusted to approx-
imately 106 colony-forming units (CFU)/ml. Drug-containing
plates were inoculated with the designated bacterial suspen-
sion to approximately 106 CFU/ml using a multipoint
inoculator (Sakuma Seisakusho; http://homepage1.nifty.com/
sakuma2000). Each plate was incubated at 37 8C for 14 d and
analyzed to determine the minimum inhibitory concentra-
tion (MIC). The MIC was expressed as the lowest concen-
tration that inhibited visible growth of organism on the agar
medium after incubation.
For the evaluation of susceptibility against clinically

isolated strains, resistance was determined based on the
following criteria recommended by the National Committee
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for Clinical Laboratory Standards [14]: 1.0 lg/ml for RFP, 1.0
lg/ml for INH, 7.5 lg/ml for EB, and 10 lg/ml for SM. We
calculated the concentrations at which 90% of the susceptible
strains were inhibited (MIC90) and the 95% confidence
intervals using the probit method.

Inhibitory Activity against Mycolic Acid Biosynthesis
M. bovis BCG cell culture was apportioned to each assay

tube at a volume of 0.98 ml, and then 0.01 ml of the test
sample solution or DMSO (vehicle control) was added. Then,
0.01 ml of 2-14C acetic acid sodium salt was added to each
tube at 1 mCi/tube (37 Bq/tube), followed by incubation at 37
8C for 60 min. The 14C-labeled cells were harvested by
centrifugation at 2,0003 g for 10 min and hydrolyzed by 2 ml
of 10% potassium hydroxide/methanol (20% potassium
hydroxide:methanol ¼ 1:1, vol/vol) at 37 8C for 1 h. After
incubation, 1 ml of 6 M hydrochloric acid was added and
mixed gently. Then, 5 ml of n-hexane was added, followed by
extraction by shaking for 20 min. Separating upper-phase
centrifugation (1,0003 g for 5 min) was then performed, and
4 ml of the upper hexane phase was removed and transferred
to another tube and dried at 100 8C. For methyl esterization,
1 ml of benzene-methanol-concentrated sulfuric acid
(10:20:1, vol/vol/vol) was added and incubated at 100 8C for
1 h for drying. Then, 0.2 ml of n-hexane was added and mixed
to extract 14C-labeled fatty acid and mycolic acid. The
extracted fatty acid and the mycolic acid subclasses were
separated onto a thin-layer plate of Silicagel 60 F254 (thin-
layer chromatography plate, Merck Japan; http://www.merck.
co.jp/eng/index.html). 0.01 ml of extracted hexane phase was
applied to the plate and allowed to develop to a diameter of 4
cm in the first solvent (heptan–diethylether–acetic acid
[94:5:1, vol/vol/vol]) and 8 cm in the second solvent (petroleum
ether–acetic acid [98:2, vol/vol]). Three thin-layer chromatog-
raphy plates were fixed with an imaging plate (BAS-SR,
Fujifilm; http://www.fujifilm.com) and analyzed by the follow-
ing procedures: 14C-labeled fatty acid and mycolic acid were
detected using a BAS-2500 imaging system (Fujifilm). The
radioactivity of each mycolic acid subclass was calculated as
photo-stimulated luminescence using Image Gauge software
(Version 2.54).

Statistical analysis was conducted, using SAS software
(R.8.1, SAS Institute; http://www.sas.com), on the values of
percent of control that were calculated automatically using
Image Gauge software (Version 2.54) based on the result of
each photo-stimulated luminescence. The significance level of
the test was set at 5%. IC50 values (concentration required to
inhibit by 50%) and 95% confidence intervals were calculated
by linear regression analysis with logarithmic transformed
concentrations.

Analysis of Metabolites Produced after Mixing OPC-67683
and M. bovis BCG Tokyo
15 ll of 14C OPC-67683 (0.5 mg/ml:1 lCi/ll) was added to

585 ll of 7H9/TN-ADC broth or bacterial culture and
incubated for 48 h. After incubation, a 2-fold volume of
acetonitrile was added and mixed well. The lysate was
centrifuged for 5 min at 15,000 rpm, and the supernatant
was analyzed using high-performance liquid chromatography
(HPLC) with flow scintillation analyzer to determine the
metabolite pattern. In a parallel experiment, 0.1 ml of the
supernatant was added to the vial containing 5 ml of
Scintillation Cocktail (Ultima Gold, Perkin Elmer; http://
www.perkinelmer.com). The pellet was suspended in 600 ll of
2 M sodium hydroxide and incubated for 1 h at 60 8C, and 0.1
ml of the suspension was added to the vial containing the
Scintillation Cocktail. These samples were measured using a
Scintillation Counter (LS5000CE, Beckman; http:/www.beck-
mancoulter.com) to confirm the existence of covalently
binding radioactive molecules.

Determination of the Structure of Metabolite Produced
after Mixing OPC-67683 and M. bovis BCG Tokyo
75 ll of OPC-67683 (0.5 mg/ml) was added to 2,925 ll of

7H9/TN-ADC broth or M. bovis BCG Tokyo bacterial culture
and incubated for 72 h. After incubation, a 2-fold volume of
acetonitrile was added and mixed well. The lysate was
centrifuged for 5 min at 15,000 rpm, and the supernatant
was then analyzed using LC-MS/MS to determine the
structure of the detected metabolite produced by mixing
OPC-67683 with M. bovis BCG Tokyo. The identified
metabolite was synthesized at Otsuka Pharmaceutical, and
the fragment pattern of the metabolite was then compared
with that of another compound newly synthesized based on
the predicted structure.

Activity against Intracellular Mycobacteria
Human THP-1 monocytic cells were differentiated into

macrophages by treatment with 100 ng/ml phorbol 12-
myristae 13-acetate (PMA) in RPMI-1640 medium and were
distributed at a portion of 13 106/ml after a 2-d incubation.
The differentiated macrophages were then inoculated with
6.88 log10 CFU of M. tuberculosis H37Rv for 4 h, washed twice
with the medium to roughly remove the non-infecting
bacteria, and then treated with 20 lg/ml SM for 20 h to kill
the remaining viable extracellular bacteria. The starting CFU
count in the cells was 6.42 log10 CFU. The cells were
subsequently treated with the designated test compound for
4 h and were then washed twice with fresh medium to remove
the added test compound. After an additional 68-h culture,
the cells were lysed using 0.1% SDS, and the viable bacteria
were counted in 7H11 agar plates to determine the potency
against intracellular mycobacteria.

Figure 1. Structure of CGI-17341, PA-824, and OPC-67683

OPC-67683: (R)-2-methyl-6-nitro-2-f4-[4-(4-trifluoromethoxyphenoxy)pi-
peridin-1-yl]phenoxymethylg-2,3-dihydroimidazo[2,1-b]oxazole.
doi:10.1371/journal.pmed.0030466.g001
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Plasma Levels in an Experimental Mouse Model of TB
Mice were anesthetized by an intramuscular administration

with a 0.05-ml solution containing ketamine and xylazine
(Ketalar 50 [Sankyo; http://www.sankyo.co.jp/english]/
Serakutaru 2% [Bayer; http://www.bayer.com])/sterile physio-
logical saline solution ¼ 8:3:9), infected by an intratracheal
inoculation with a 0.05-ml cell suspension (1,010 CFU) of M.
tuberculosis Kurono using feeding needle and micro-syringe,
and housed for 28 d prior to the initiation of administration.
The designated compound dissolved or suspended in 5% gum
arabic was then administered orally. Blood samples (approx-
imately 1 ml) at each time-point were collected into a
heparinized syringe from the abdominal post cava under
ether anesthesia. The blood samples were then centrifuged
(3,000 rpm, at 5 8C) to extract the plasma. The plasma (0.1 ml)
was mixed with acetonitrile (0.2 ml) for RFP and with ethanol
(0.3 ml) for INH, EB, and PZA. For OPC-67683, the plasma
obtained was filtered through a 0.22-lm filter, and then 0.1 ml
of the filtered plasma was mixed with 0.5 ml of 0.5 M
carbonate buffer (pH 10) and 5 ml of diethyl ether. After
shaking for 10 min, the organic layer (4 ml) was dried using
nitrogen gas at 40 8C and dissolved with 0.2 ml of methanol/
water/formic acid (50/50/0.1). The samples were analyzed
using HPLC and high-performance liquid chromatography–
electrospray ionization–tandem mass spectrometry (LC-ESI-
MS/MS).

Therapeutic Efficacy
For evaluation of the therapeutic efficacy of OPC-67683,

we designed three experiments that used various mouse
models of TB, as described below. In each experiment, the
designated compound dissolved or suspended in 5% gum
arabic was administered orally once daily. At the end of the
treatment period, the mice were euthanized (exsanguination
through the abdominal inferior vena cava) under ether
anesthesia, and the lung was aseptically excised. A lung
homogenate for each mouse was prepared by pestling the
lung evenly with a glass homogenizer after adding sterile
distilled water to the excised lungs, and the homogenate was
then diluted further with distilled water. A smear plate for
each lung homogenate was then prepared by spreading 0.1 ml
of each diluted solution on a 7H11 agar plate using a
spreader. After spreading the homogenate solution, all plates
were incubated at 37 8C and counted for formed colonies
after 14 d.

Therapeutic efficacy in an experimental mouse model of
chronic TB. In order to examine the therapeutic efficacy of
OPC-67683 and to determine the therapeutic dose range, an
experimental mouse model of chronic TB was established by
inoculating Institute of Cancer Research (ICR) mice with M.
tuberculosis Kurono through the caudal vein and allowing the
infection to develop for 28 d. OPC-67683, RFP, INH, EB, SM,
or PZA was then administered once daily for 28 d to examine
the change in viable bacterial count in the lung. ICR mice
were inoculated intravenously with 8.6 3 104 CFU of M.
tuberculosis Kurono. After a 28-d period, the mice were
assigned to groups (n ¼ 5/group) using a stratified random-
ization method based on the body weight of each infected
mouse. The test compounds were then administered orally
once daily for 28 d (OPC-67683: 40 to 0.156 mg/kg, RFP: 20 to
1.25 mg/kg, INH: 20 to 1.25 mg/kg, EB: 160 to 20 mg/kg, SM:
160 to 20 mg/kg, PZA: 320 to 40 mg/kg, and PA-824: 40 to 1.25

mg/kg [2-fold dilutions]). CFU counts were performed as
described above. All lungs were homogenized with 5 ml of
sterile distilled water.
Statistical analysis was conducted using SAS software

(R.8.1) on the number of viable bacteria in the lung of mice
surviving until necropsy on the 57th day after inoculation,
and on the number at the start of the treatment, which was on
the 29th day after inoculation. The significance level of the
test was set at 5%. A test for dose dependency was performed
using linear regression analysis based on log-transformed
values of the viable bacterial counts in the lung. When dose
dependency was confirmed, the Williams’ test (lower-tailed)
was subsequently performed, and when dose dependency was
not confirmed, the Dunnett’s test (two-tailed) was subse-
quently performed against each of the control groups.
Therapeutic efficacy in an experimental TB model using

immunocompromised mice. To examine whether immunity
relates to the mechanism of action in vivo, we performed
experiments using BALB/c nude mice, which lack both
conventional CD4þ and CD8þ T cells. The anti-tubercular
activity of OPC-67683 in nude mice was compared with that
in immunocompetent mice. BALB/c nude mice and BALB/c
mice were inoculated intravenously with 2.043104 CFU ofM.
tuberculosis Kurono. 1 d after inoculation, the mice were
assigned to groups (n ¼ 5/group) using a stratified random-
ization method based on the body weight of each infected
mouse. OPC-67683 was then administered orally once daily
for 10 d (OPC-67683: 10 to 0.313 mg/kg [2-fold dilutions]).
CFU counts were performed as described above. All lungs
were homogenized with 5 ml of sterile distilled water.
Therapeutic efficacy in combination with conventionally

used drugs. A new regimen that included OPC-67683 was
evaluated and compared with a global standard regimen to
determine the best regimen for reducing the treatment
duration in an experimental mouse model of chronic TB. ICR
mice were inoculated intratracheally under anesthesia with
855 CFU of M. tuberculosis Kurono, and left for 28 d to allow
the animals to develop chronic TB. Grouping (n ¼ 6/group)
was conducted by a stratified randomization method based
on the body weight of each infected mouse. The test regimens
were then administered orally for 2 mo in the combination of
OPC-67683, RFP, and PZA, or RFP, INH, EB, and PZA as an
intensive treatment, and for an additional 2 mo in the
combination of OPC-67683 and RFP or 4 mo in the
combination of RFP and INH as a maintenance treatment.
The doses used in this experiment provided plasma levels in
mice similar to those seen at the standard doses used in
humans: for RFP, we used 5 mg/kg; for INH, 10 mg/kg; for EB,
100 mg/kg; and for PZA, 100 mg/kg. We set the dose for OPC-
67683 at 2.5 mg/kg.
Necropsy was performed on days 29, 57, 85, 113, 141, 169,

and 177 relative to the inoculation for the standard regimen
and vehicle control groups and on days 29, 57, 85, 113, and
141 for the new-regimen groups. A lung homogenate for each
mouse from a drug-treated group was prepared by pestling
the lung evenly with a glass homogenizer after adding to the
excised lungs 5 ml of sterilized distilled water on day 29 and 2
ml of sterilized distilled water on the day of necropsy. Lung
homogenates for all vehicle control groups were prepared by
pestling the lung evenly with a glass homogenizer after adding
5 ml of sterilized distilled water to the excised lungs. Smear
plates of lung homogenate samples from the groups after 2–6
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mo of treatment were prepared by spreading all of the lung
homogenate on 7H11 agar plates.

Statistical analysis was conducted using SAS software
(R.8.1) on the viable bacteria number in the lungs of mice
surviving until necropsy after the inoculation. The signifi-
cance level of the test was set at 5%. The viable bacterial
count in the lungs of mice anatomized at days 57, 85, 113, and
141 were log-transformed for comparing the new regimen
with the standard regimen using the two-tailed Dunnett’s test.
The mean values and 95% confidence intervals were
calculated for evaluating the new regimen.

In Vitro Metabolism of OPC-67683 in Human and Animal
Liver Microsomes

The study was undertaken to investigate the metabolites
produced by the metabolic reactions of OPC-67683 using
human, rat, mouse, dog, rabbit, and monkey liver micro-
somes. Pooled human liver microsomes (20 mg/ml) from ten
donors were prepared at the Biomedical Research Institute,
Human and Animal Bridge Discussion Group (Chiba, Japan)
[15]. Human liver samples were legally procured from the
National Disease Research Interchange (http://www.
ndriresource.org/) through the international partnership with
the Human and Animal Bridge Discussion Group. The study
was conducted in accordance with the Declaration of
Helsinki.

The incubation mixtures contained 100 mM phosphate
buffer (pH 7.4), 100 lM OPC-67683, 2.5 mM b-NADPH, 2.5
mM b-NADH, and 1 mg/ml microsomal protein in a final
incubation volume of 0.5 ml. OPC-67683 was dissolved in
DMSO, and the concentration of the organic solvent was 1%
(v/v) in the reaction system. The reactions were performed in
duplicate in a shaking water bath at 37 8C for 2 h. The
incubation mixtures were extracted with acetonitrile and
ethyl acetate, and the samples were analyzed by HPLC and
LC-ESI-MS/MS.

Effect of OPC-67683 on Cytochrome P450–Mediated
Reactions in Human Liver Microsomes

7-ethoxyresorufin O-deethylase activity by CYP1A1/2, cou-
marin 7-hydroxylase activity by CYP2A6, 7-benzyloxyresor-
ufin O-debenzylase activity by CYP2B6, tolbutamide
methylhydroxylase activity by CYP2C8/9, S-mephenytoin 49 -

hydroxylase activity by CYP2C19, bufuralol 19 -hydroxylase
activity by CYP2D6, chlorzoxazone 6-hydroxylase activity by
CYP2E1, and testosterone 6b-hydroxylase and nifedipine
oxidized activities by CYP3A4 were determined as previously
reported [16].
Standard incubation mixtures of 0.5 ml contained micro-

somal protein (0.1–0.5 mg), 0.1 M potassium phosphate buffer
(pH 7.4), 0.1 mM EDTA, NADPH-generating system (2.5 mM
b-NADP, 25 mM glucose-6-phosphate, 2 units of glucose-6-
phosphate dehydrogenase, and 10 mM magnesium chloride),
and substrates with or without OPC-67683. OPC-67683 was
dissolved in DMSO and added to incubations at a volume of 5
ll. Substrates were dissolved in the following solvents: 7-
ethoxyresorufin and 7-benzyloxyresorufin in DMSO; coumar-
in, bufuralol, and nifedipine in ethanol; tolbutamide, S-
mephenytoin and testosterone in methanol; and chlorzox-
azone in 1% (w/v) aqueous solution. The substrate solutions
were added to incubations at a volume of 5 ll. The enzyme
incubations were carried out in duplicate, and formations of
metabolites were determined by HPLC.
Assay methods were validated in this study. The calibration

curves were established for resorufin (0.2–200 nM, r¼ 0.9996),
7-hydroxycoumarin (0.05–5 lM, r ¼ 0.9998), 4-hydroxytolbu-
tamide (0.05–10 lM, r ¼ 0.9998), 4-hydroxymephenytoin
(0.025–5 lM, r ¼ 0.9996), 19 -hydroxybufuralol (0.025–5 lM,
r ¼ 0.9995), 6-hydroxychlorzoxazone (0.25–100 lM, r ¼
0.9994), 6b-hydroxytestosterone (0.03–30 lM, r ¼ 0.9994),
and oxidized nifedipine (0.1–25 lM, r ¼ 0.9998).
7-ethoxyresorufin (0.5 lM), coumarin (2 lM), 7-benzylox-

yresorufin (1.5 lM), tolbutamide (400 lM), S-mephenytoin
(100 lM), bufuralol (20 lM), chlorzoxazone (100 lM),
testosterone (100 lM), and nifedipine (50 lM) were selected
as the concentrations of the substrates for the determination
of residual activity in the presence of OPC-67683 (1–100 lM).
The concentrations of the substrates were approximately the
Km values for the enzymes as previously reported [17].
Selective Cytochrome P450 inhibitors were used in this study
to confirm the validity of the assays. 7,8-benzoflavone [18],
furafylline [19], orphenadrine [20], quercetin [21], sulfaphe-
nazole [22], tranylcypromine [23], quinidine [24], diethyldi-
thiocarbamate [25], and ketoconazole [26], which are
inhibitors of CYP1A1, 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1,
and 3A4, respectively, inhibited the respective enzyme

Table 1. Bacterial Reverse Mutation Test for OPC-67683

Bacterial Strain S9 mix Compound Revertants/Plate

5,000 2,500 1,250 625 312.5 0 lg/plate

S. typhimurium TA98 � OPC-67683 AF-2(0.1 lg/plate) 31 37 34 29 29 29 473

þ OPC-67683 2AA(0.5 lg/plate) 35 31 30 31 31 36 92

S. typhimurium TA100 � OPC-67683 AF-2(0.01 lg/plate) 94 90 87 77 85 98 547

þ OPC-67683 2AA(1 lg/plate) 119 112 107 108 116 108 1103

S. typhimurium TA1535 � OPC-67683 NaN3(0.5 lg/plate) 6 7 6 9 6 6 174

þ OPC-67683 2AA(2 lg/plate) 9 8 5 6 5 6 188

S. typhimurium TA1537 � OPC-67683 ACR(80 lg/plate) 63 61 54 62 60 64 953

þ OPC-67683 2AA(2 lg/plate) 74 63 66 72 73 81 238

E. coli WP2 uvr A � OPC-67683 AF-2(0.01 lg/plate) 24 24 20 25 23 30 225

þ OPC-67683 2AA(10 lg/plate) 29 23 25 20 23 33 1122

AF-2, 2-(2-furyl)-3-(5-nitro-2-furyl)acrylamide; 2AA, 2-aminoanthracene; NaN3, sodium azide; ACR, 9-aminoacridine.
doi:10.1371/journal.pmed.0030466.t001
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activities. Diethyldithiocarbamate is also known to be a
specific inhibitor of CYP2A6 [18], and the present study
confirmed the potent inhibitory capability of this compound
on CYP2A6-mediated metabolism.

Other Information
The care and handling of the animals was in accordance

with ‘‘Guidelines for Animal Care and Use in Otsuka
Pharmaceutical Co., Ltd.’’ The aspects of experiments related
to biosafety were performed according to standards set forth
in ‘‘Biosafety manuals in Microbiological Research Institute
and 3rd Institute of New Drug Discovery, Otsuka Pharma-
ceutical Co., Ltd.’’

Results

BRM Test
The mutagenic potential of OPC-67683 was evaluated in

the absence and presence of S9 mix using the BRM test in
accordance with OECD Guideline 471. As shown in Table 1,
OPC-67683 did not show mutagenicity.

Susceptibility Testing
The MICs against standard strains are shown in Table 2. At

concentrations ranging from 0.006 to 0.012 lg/ml, OPC-67683

inhibited the growth of both drug-susceptible and drug-
resistant M. tuberculosis. The MICs of OPC-67683 were,
respectively, four to 64, two to 32, 128 to 256, 64 to 512,
eight to 16, and four to 16 times lower than those of RFP,
INH, EB, SM, CGI-17341, and PA-824. These results indicate
that OPC-67683 possesses the most potent anti-mycobacterial
activity against both drug-susceptible and drug-resistant
strains.
The anti-tubercular activity was also evaluated on 67

clinically isolated strains. The MIC90 values (range) of OPC-
67683, RFP, INH, EB, and SM were, respectively, 0.012 lg/ml
(0.006–0.024 lg/ml), 0.288 lg/ml (0.05–0.78 lg/ml), 0.099 lg/ml
(0.05–0.78 lg/ml), 3.636 lg/ml (0.78–6.25 lg/ml), and 2.938 lg/
ml (0.39–6.25 lg/ml). Based on these results, the MIC90 values
of OPC-67683 were about 24, eight, 303, and 244 times lower
than those of RFP, INH, EB, and SM, respectively. The results
of our evaluation indicated that OPC-67683 inhibited the
growth of the clinically isolated drug-susceptible M. tuber-
culosis at the same range as on standard strains, and also
showed activity against the clinically isolated strains resistant
to the currently used anti-TB drugs RFP, INH, EB, or SM.
These results indicate that OPC-67683 exhibits anti-myco-
bacterial activity on both drug-susceptible and drug-resistant
strains and that it has no cross-resistance with any of the
currently used anti-TB drugs. These data are shown in Table 3.
In addition, the efficacy of OPC-67683 in combination with

currently used anti-TB drugs RFP, INH, EB, and SM was
examined in vitro using the checkerboard method. These
results are shown in Table 4. The results showed OPC-676783
to have no antagonistic activity in combination with any of
the drugs tested.

Inhibitory Activity against Mycolic Acid Biosynthesis
14C-labeled fatty acid and mycolic acid were detected using

the BAS-2500 imaging system (unpublished data). The
percent with respect to the control of each mycolic acid
subclass was calculated automatically, and IC50 was calculated
using SAS software. The results indicated that both OPC-
67683 and INH inhibited mycolic acid synthesis, but the
manner of action differed between the two compounds: OPC-
67683 inhibited the synthesis of methoxy- and keto-mycolic
acid, with IC50 values of 0.021 to 0.036 lg/ml, but not the
synthesis of a-mycolic acid at concentrations up to 0.25 lg/ml,
while INH inhibited all mycolic acid subclasses, with IC50

values of 0.630 to 1.851 lg/ml. The IC50 and 95% confidence
interval values are shown in Table 5.

Table 2. In Vitro Anti-Mycobacterial Activity of OPC-67683 Compared with RFP, INH, EB, SM, CGI-17341, and PA-824

Type Strain MIC (lg/ml)

OPC-67683 RFP INH EB SM CGI-17341 PA-824

M. tuberculosis ATCC 25618 (H37Rv) 0.012 0.78 0.1 1.56 1.56 0.2 0.2

M. tuberculosis ATCC 35838 (H37Rv-R-R) 0.006 .100 0.1 1.56 0.78 0.05 0.1

M. tuberculosis ATCC 35822 (H37Rv-H-R) 0.012 0.39 .100 3.13 0.78 0.2 0.05

M. tuberculosis ATCC 35837 (H37Rv-E-R) 0.012 0.2 0.2 50 0.78 0.2 0.2

M. tuberculosis ATCC 35820 (H37Rv-S-R) 0.012 0.78 0.1 3.13 .100 0.2 0.2

M. tuberculosis ATCC 35812 (Kurono) 0.012 0.39 0.1 3.13 0.78 0.2 0.2

Susceptibility of OPC-67683 against standard M. tuberculosis.
doi:10.1371/journal.pmed.0030466.t002

Table 3. MIC90 of OPC-67683 against Drug-Susceptible and
Drug-Resistant M. tuberculosis

Organism Group

(Number of Strains)

MIC (lg/ml)

MIC90 95% Confidence

Intervals

RFP-susceptible M. tuberculosis (31) 0.01248 0.01097–0.01535

RFP-resistant M. tuberculosis (36) 0.01221 0.01050–0.01583

INH-susceptible M. tuberculosis (31) 0.01194 0.01054–0.01452

INH-resistant M. tuberculosis (36) 0.01279 0.01094–0.01679

EB-susceptible M. tuberculosis (56) 0.01213 0.01081–0.01440

EB-resistant M. tuberculosis (11) 0.01341 0.01073–0.02450

SM-susceptible M. tuberculosis (49) 0.01203 0.01077–0.01416

SM-resistant M. tuberculosis (18) 0.0134 0.01068–0.02298

Susceptibility of OPC-67683 against 67 strains of clinically isolated M. tuberculosis:
Resistant strains were selected based on the recommendations of the National
Committee For Clinical Laboratory Standards [14] using the following criteria: 1.0 lg/ml
for RFP, 1.0 lg/ml for INH, 7.5 lg/ml for EB, and 10 lg/ml for SM. We calculated the
concentrations at which 90% (MIC90) of the susceptible strains are inhibited. MIC90 and
95% confidence intervals were calculated using the actual data obtained by the probit
method.
doi:10.1371/journal.pmed.0030466.t003
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Analysis of Metabolites Produced after Mixing OPC-67683

and M. bovis BCG
After mixing OPC-67683 with M. bovis BCG Tokyo, we

identified only one main metabolite, and this metabolite
eluted faster than OPC-67683. No metabolites, however, were
observed after mixing OPC-67683 with an experimentally
obtained OPC-67683-resistant M. bovis BCG Tokyo strain.
These results are shown in Figure 2A. The supernatant was
analyzed using LC-MS/MS to determine the structure of the
identified metabolite. We found the mass number of the
identified metabolite to be 490 and predicted this structure
to be a desnitro-imidazooxazole. We then synthesized a
desnitro-imidazooxazole and performed a product ion scan
with the identified metabolite and the newly synthesized
compound. We observed product ions in 200, 352, 378, and
406 m/z in each experiment. Structural analysis of the main
metabolite indicated that the structure was a desnitro-

imidazooxazole possessing the same substituent as that of
OPC-67683. The MS spectrum is displayed in Figure 2B.
In addition, when we treated the drug-susceptible strain

with the radioactive OPC-67683, none of the radioactivity was
recovered after the addition of acetonitrile. About 20% of
the total radioactivity was distributed to the cell components,
and this phenomenon was not observed with an OPC-67683-
resistant strain. These data are shown in Table 6.

Activity against Intracellular Mycobacteria in Human
Macrophages
A study was conducted to confirm the post-antibiotic effect

of OPC-67683 on intracellular M. tuberculosis in THP-1 cells,
and the results were compared with RFP, INH, and PA-824.
OPC-67683 was shown to be highly active against intracellular
M. tuberculosis H37Rv after 4-h pulsed exposures in a dose-
dependent manner. The data are shown in Figure 3. The
intracellular activity of OPC-67683 at a concentration of 0.1
lg/ml was similar to that of RFP of 3 lg/ml, but was superior to
INH and PA-824, which both showed poor activity during the
4-h pulsed exposure. These results indicated that even with
limited contact with the bacteria within the cells, OPC-67683
might be able to effectively kill the intracellular mycobacteria.

Plasma Levels in an Experimental Mouse Model of TB
As shown in Table 7, OPC-67683 exhibited the lowest

plasma concentration but longest half-life among the tested
reference drugs. The Cmax and AUCt values for RFP, EB, and
PZA in mouse plasma at the tested dose were similar to those
in human at clinical doses. The Cmax value for INH in mouse
plasma was also similar to that in humans, but the AUCt in the
mouse was lower than that in humans. A comparison of these
parameters between mouse and human plasma is summarized
in Figure 4C [27–29].

Therapeutic Efficacy
Therapeutic efficacy in an experimental mouse model of

chronic TB. The viable bacterial count in the OPC-67683-
treated groups decreased dose-dependently, and the ther-
apeutic effects of the compound were observed and com-
pared with those of the reference drugs. The results are
shown in Figure 4A and Table S1. The dose groups that
showed a significant decrease in pulmonary viable bacterial
count when compared with the vehicle control group were

Table 4. In Vitro Synergistic Activity of OPC-67683 and Existing
TB Drugs against Clinically Isolated M. tuberculosis

Drug

Combination

Number of Test Strains for which FIC Index Is:

Synergistic Partially

Synergistic

Additive Indifferent

OPC-67683

and RFP

1 (3.7%) 24 (88.9%) 2 (7.4%) —

OPC-67683

and INH

— 12 (44.4%) 5 (18.5%) 10 (37.0%)

OPC-67683

and EB

3 (11.1%) 21 (77.8%) 3 (11.1%) —

OPC-67683

and SM

— 7 (25.9%) 10 (37.0%) 10 (37.0%)

In vitro synergistic activity of OPC-67683 and existing TB drugs against clinically isolated
M. tuberculosis: The checkerboard procedure was performed based on the MIC values of
27 test strains of clinically isolatedM. tuberculosis established by the agar dilution method.
The level of synergy was determined by calculating the fractional inhibitory concentration
(FIC) index based on the following formula: FIC of drug A¼MIC of drug A in combination
4 MIC of drug A alone; FIC of drug B¼MIC of drug B in combination 4 MIC of drug B
alone; and FIC index¼ FIC of drug Aþ FIC of drug B. Results of FIC index were interpreted
as follows: �0.5: synergy, .0.5 to 0.75: partial synergy, .0.75 to 1.0: additive effect, .1.0
to 4.0: indifference, and .4.0: antagonism. We calculated the FIC index value for each
concentration of two-drug combination and the minimum value was adopted.
doi:10.1371/journal.pmed.0030466.t004

Table 5. IC50 of OPC-67683 and INH against Mycolic Acid Synthesis

Compound Subclass Mycolic Acid and Fatty Acid IC50 (lg/ml) 95% Confidence Interval (lg/ml)

OPC-67683 Fatty acid .0.25 —

a-Mycolic acid .0.25 —

Methoxy-mycolic acid 0.036 0.020–0.068

Keto-mycolic acid 0.021 0.009–0.059

INH Fatty acid .4 —

a-Mycolic acid 1.851 1.109–3.090

Methoxy-mycolic acid 0.63 0.537–0.738

Keto-mycolic acid 0.69 0.422–1.129

The IC50 (concentration required to inhibit activity by 50%) of OPC-67683 against mycolic acid synthesis in M. bovis BCG was determined and compared with that of INH, a well-known
inhibitor of mycolic acid synthesis. 14C-labeled acetic acid was incorporated to mycolic acid by incubation with M. bovis BCG cell cultures in the presence of OPC-67683 or INH as a
reference. 14C-labeled fatty acid and mycolic acid subclasses were detected using thin-layer chromatography (TLC, n¼ 3), and analyzed by BAS-2500 (Fujifilm). The radioactivity of each
fatty acid and mycolic acid subclasses was calculated using photo-stimulated luminescence, expressed as the percentage of incorporation in untreated controls, and statistical analysis was
conducted by linear regression analysis to calculate IC50 values and 95% confidence intervals (significance level: 5%).
doi:10.1371/journal.pmed.0030466.t005
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0.313, 0.625, 1.25, 2.5, 5, 10, 20, and 40 mg/kg for OPC-67683;
3.5, 5, 10, and 20 mg/kg for RFP; 2.5, 5, 10, and 20 mg/kg for
INH; 160 mg/kg for EB, 20, 40, 80, and 160 mg/kg for SM; and
80, 160, and 320 mg/kg for PZA.

The doses of OPC-67683, RFP, INH, EB, SM, and PZA that
could produce a CFU reduction of at least 95% in this

experimental mouse model were 0.625, 3.5, 5, .160, 40, and
160 mg/kg, respectively.
Therapeutic efficacy in an experimental TB model using

immunocompromised mice. These results are shown in
Figure 4B.
The pulmonary CFU counts of the OPC-67683-treated

Figure 2. Analysis of Metabolites Produced after Mixing OPC-67683 and M. bovis BCG

(A) 15 ll of 14C OPC-67683 (0.5mg/ml: 0.056 lCi/ll) was added to 585 ll of 7H9/TN-ADC broth or bacterial culture and incubated for 48 h. After
incubation, a 2-fold volume of acetonitrile was added and mixed well. The lysate was centrifuged for 5 min at 15,000 rpm. The supernatant was
analyzed using HPLC with flow scintillation analyzer to determine the metabolite pattern.
(B) The identified metabolite (desnitro-imidazooxazole) was synthesized at Otsuka Pharmaceutical, and the fragment pattern of the metabolite by
electrospray ionization mass spectroscopy was then compared with that of another compound newly synthesized based on the predicted structure.
doi:10.1371/journal.pmed.0030466.g002
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BALB/c nude mice and immunocompetent mice were
reduced dose-dependently, and significant decreases were
observed at doses of 0.313, 0.625, 1.25, and 2.5 mg/kg. The
efficacy profiles of OPC-67683 were similarly excellent in
both types of mice.

Therapeutic efficacy in combination with conventionally
used drugs. The eradication rate of a new regimen containing
OPC-67683 was compared with that of the standard regimen.
The OPC-67683-containing regimen exerted a rapid and
consistent reduction during the first 3 mo (Figure 4D). At 3
mo after the start of treatment, only one colony was detected
in one of the six animals; at 4 mo, no colonies were detected
in any of the six animals. In contrast, at 6 mo for the standard
regimen, colonies were detected in four out of five mice.
These results suggest that a new regimen containing OPC-

67683 could dramatically reduce the treatment duration by at
least 2 mo.

In Vitro Metabolism in Human and Animal Liver
Microsomes
The current study was conducted to investigate the

metabolites produced by in vitro metabolism of OPC-67683
using human and animal liver microsomes and to investigate
the in vitro ability of OPC-67683 to affect the metabolism of
substrates for CYP1A1/2, CYP2A6, CYP2B6, CYP2C8/9,
CYP2C19, CYP2D6, CYP2E1, and CYP3A4. The results are
shown in Table 8.
The HPLC and LC-ESI-MS/MS data demonstrated that the

major metabolites were hardly detected in the incubation
mixture OPC-67683 with human, rat, mouse, dog, rabbit, and
monkey liver microsomes. OPC-67683 was stable in the in
vitro metabolism of human and animal liver microsomes.
These results suggest that OPC-67683 is not metabolized by
the CYP enzymes.
OPC-67683 had neither stimulatory nor inhibitory effects

on CYP1A1/2, CYP2A6, CYP2B6, CYP2C8/9, CYP2C19,
CYP2D6, CYP2E1, and CYP3A4 activities at concentrations
up to 100 lM, indicating that OPC-67683, at the expected
therapeutic concentrations, would not be predicted to cause
clinically significant interactions with other CYP-metabolized
drugs.

Discussion

With the several disadvantages to the current TB drug
regimen, there are a number of expectations for a new anti-
TB drug. An ideal new drug should be safe and able to
shorten the treatment duration, be effective against MDR-TB,
treat TB patients co-infected with HIV, and effectively
address LTBI. We have performed our TB research program
with these expectations in mind.
To shorten the duration of treatment, we focused our

search on finding more powerful anti-TB agents, as history
has shown that the introduction of more potent drugs can
effectively reduce the required duration of treatment, as was
the case with RFP and PZA. For improved efficacy against
MDR-TB, we screened for compounds with a new structure
and mechanism of action. Furthermore, to target LTBI, we

Table 6. Analysis of OPC-67683-Susceptible and -Resistant M. bovis BCG Using Radio-Labelled OPC-67683

Sample Total DPM Percent

Supernatant Pellet Sample DPM (Supernatant)/

Control DMP (Supernatant)

Sample DPM (Pellet)/

Control DMP (Supernatant)

Control 823295.30 24558.06 100 3

M. bovis BCG

Tokyo

678566.21 182886.84 82 22

M. bovis BCG Tokyo

OPC-resistant

862893.41 43158.12 105 5

15 ll of 14C OPC-67683 (0.5mg/ml:0.056 lCi/ll) was added to 585 ll of 7H9/TN-ADC broth or bacterial culture and incubated for 48 h. After incubation, a 2-fold volume of acetonitrile was
added and mixed well. The lysate was centrifuged for 5 min at 15,000 rpm and 0.1 ml of the supernatant was added to the vial containing 5 ml of Scintillation Cocktail (Ultima Gold,
PerkinElmer). The pellet was suspended in 600 ll of 2 M NaOH and incubated for 1 h at 60 8C, and 0.1 ml of the suspension was added to the vial containing 5 ml Scintillation Cocktail.
These samples were measured using a Scintillation Counter (LS5000CE, Beckman).
doi:10.1371/journal.pmed.0030466.t006

Figure 3. Effect of Pulsed Exposures to OPC-67683, RFP, INH, and PA-824

on the Intracellular Growth of M. tuberculosis H37Rv within THP-1 Cells

Infected cells were incubated with the test compound for 4 h, washed,
cultured until 68 h at 37 8C, plated on 7H11 agar, and counted for colonies
after 16 d of growth at 37 8C. Values represent mean 6 S.D (n¼ 3).
doi:10.1371/journal.pmed.0030466.g003
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focused on compounds with activity against intracellular M.
tuberculosis.

Mycobacteria are well known to be wax-rich bacteria, and a
main component of the wax is mycolic acid, which is detected
only in mycobacteria and not in gram-positive or gram-
negative bacteria or in mammalian cells. Genome research of
tubercle bacilli has verified this lipid richness, showing there
to be almost 250 distinct enzymes involved in the lipid
metabolism of tubercle bacilli [30]. In view of the important
role of mycolic acid in mycobacteria, we searched for a
compound that could inhibit mycolic acid synthesis and
demonstrate potent anti-TB activity in vitro. We found OPC-
67683 to have both inhibitory activity on mycolic acid
biosynthesis and potent in vitro activity against M. tuberculosis,
as indicated by its low MIC range across many strains,
including MDR-TB. The IC50 values of OPC-67683 for
mycolic acid subclasses were lower than those of INH, and
these results correlated well with the in vitro anti-tubercular
activity of OPC-67683 and INH. The anti-tubercular activity
of nitro-imidazooxazole derivatives correlated well with their
inhibitory activity against mycolic acid biosynthesis [11]. We
therefore concluded that the inhibitory activity of OPC-
67683 against mycolic acid synthesis was a mechanism of
action attributable to killing mycobacteria at least as potently
as INH.

As M. tuberculosis can grow not only facultatively but also as
intracellular organisms that survive and multiply in macro-
phages of the infected host, we consider it important that a
compound is also able to kill intracellular TB and that such
activity should correlate with a shortened treatment duration
and could be an important factor in the treatment of LTBI.
We therefore examined the killing activity against intra-
cellular TB in macrophage-derived THP-1 cells. Among the
tested compounds, OPC-67683 demonstrated the most
potent killing activity. The killing activity of OPC-67683 at
0.1 lg/ml was similar to that of RFP at 3 lg/ml and was
superior to that of INH and PA-824. The intracellular
potency of antibiotics is commonly evaluated in vitro using
continuous exposure rather than in animal models due to
their often-rapid elimination, depending on the plasma half-

life. OPC-67683 was able to demonstrate potent in vitro
killing ability even at short exposure times. These results
indicate that OPC-67683 would likely exert strong antibiotic
activity against intracellular TB in patients even at short
exposure times, which could be an advantage in intermittent
treatment.
PA-824 has been reported to be a prodrug metabolized to

its active form by mycobacterium [31]. Recently, Manjunatha
et al reported that Rv3547 acts as the catalytic enzyme for PA-
824, but the role of Rv3547 within mycobacterium is not yet
clear [32]. Similarly, OPC-67683 also requires metabolic
activation by M. tuberculosis in order for the anti-TB activity
to be exerted. Experimentally isolated OPC-67683-resistant
mycobacterium did not metabolize the compound. We
confirmed a mutation in the Rv3547 gene among the resistant
organisms, indicating Rv3547 to be a key enzyme involved in
activating OPC-67683, as it was for PA-824 (unpublished
data). According to Manjunatha et al, the metabolites of PA-
824 have not yet been identified. With OPC-67683, however,
the main metabolite produced in the presence of M.
tuberculosis was identified as a non-active desnitro-imidazoox-
azole. This result suggests that Rv3547 possesses a reduction
potency of the nitro residue and that an intermediate
between OPC-67683 and the desnitro-imidazooxazole could
be the active form. After mixing radioactive OPC-67683 with
viable mycobacterium, nearly 20% of the radioactive sub-
stances were not recovered. In contrast, after treating OPC-
67683-resistant mycobacterium, nearly 100% of radioactivity
was recovered. The action mechanism of metronidazole
derivatives against H. pylori has been reported to be due to
the production of a radical intermediate [33]. This informa-
tion suggests the possibility that a radical intermediate that
appears as the intermediate for the metabolism of a nitro
residue covalently binds to the target molecule. If this
hypothesis is correct, it could well explain the strong post-
antibiotic effect seen with OPC-67683 against intracellular
mycobacterium, a property considered necessary to kill latent
TB.
The therapeutic efficacy of OPC-67683 was evaluated in

vivo in an experimental chronic TB mouse model. In this

Table 7. Plasma Concentration of OPC-67683, RFP, INH, EB, and PZA after Oral Administration in Mice Infected with M. tuberculosis
Kurono

Compound

(Dose;

mg/kg)

Concentration (lg/ml) Cmax

(lg/ml)

AUCt
(lg � h/ml)

tmax

(h)

t1/2
(h)

0.083 h 0.25 h 0.5 h 1 h 2 h 4 h 6 h 8 h 12 h 16 h 24 h

OPC-67683

(2.5)

N.T. N.T. N.T. 0.133

60.030

0.193

60.040

0.220

60.020

0.297

60.083

0.167

60.028

0.166

60.049

N.T. 0.049

60.012

0.297 4.13 6 7.6

RFP (5) N.T. N.T. 3.33

60.87

4.49

61.04

4.52

61.90

3.82

60.70

5.10

61.63

3.18

60.68

N.T. 0.660

60.260

N.T. 5.10 48.2 6 3.4

INH (10) 2.17

60.435

3.06

60.779

2.28

60.390

1.92

60.478

0.740

60.202

0.253

60.057

N.T. N.D. N.T. N.T. N.T. 3.06 4.55 0.25 1.0

EB (100) 0.055

60.049

1.30

60.939

3.17

60.392

3.51

61.13

2.51

61.01

1.02

60.202

N.T. 0.612

60.325

N.T. N.T. N.T. 3.51 12.2 1 2.8

PZA (100) 49.6

611.2

59.1

614.1

63.2

628.9

60.2

618.7

35.5

66.45

18.4

63.09

N.T. 0.815

60.580

N.T. N.T. N.T. 63.2 197 0.5 1.1

Each value represents mean 6 SD (n ¼ 3).
Each pharmacokinetic parameter was calculated by WINNONLIN (Version 4.1).
N.D., not detected (,0.05 lg/ml for INH); N.T., not tested.
doi:10.1371/journal.pmed.0030466.t007
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model, OPC-67683 exhibited the most potent anti-tubercular
activity in comparison with the reference compounds. The
viable bacterial counts in the lung were markedly reduced
dose-dependently by OPC-67683 at 0.313 mg/kg and higher. A
95% reduction in bacterial load was achieved at 0.625 mg/kg.
Furthermore, the efficacy of OPC-67683 in a TB model
established using immunodeficient mice was similar to that
seen using standard mice.

Treatment of TB requires combination therapy not only to
shorten the treatment duration but also to prevent the
development of resistance. The effects of OPC-67683 in
combination with currently used TB drugs were therefore
evaluated both in vitro and in vivo. OPC-67683 did not exert
antagonistic effects in any of the tested combinations, and
produced partial synergistic or synergistic effects when

combined with RFP or EB in vitro. A combination regimen
containing OPC-67683, RFP, and PZA produced a steady
rapid reduction in bacterial load over the first 3 mo. These
results suggest that a new regimen containing OPC-67683
could possibly be effective in shortening the clinical treat-
ment duration.
Multiple-drug therapy is a common clinical practice,

particularly in patients with concomitant diseases or con-
ditions. However, whenever two or more drugs are adminis-
tered concurrently, the possibility of drug interactions exists.
Many drug interactions are clinically caused by inhibition of
drug-metabolizing enzymes, such as CYPs, leading to de-
creased metabolic clearance and increased exposure to the
inhibited drug [34–36]. Rifamycin derivatives such as RFP
usually induce CYP3A4 enzymes, remarkably reducing the

Figure 4. Effects of OPC-67683 in an Experimental Mouse Model of TB

(A) ICR mice were inoculated intravenously with M. tuberculosis Kurono. After 28 d, test compounds were administered orally once daily for 28 d (OPC-
67683: 40–0.156 mg/kg, RFP: 20–1.25 mg/kg, INH: 20–1.25 mg/kg, EB: 160–20 mg/kg, SM: 160–20 mg/kg, PZA: 320–40 mg/kg, and PA-824: 40–1.25 mg/
kg; 2-fold dilution). Mean value (n¼ 5) of log10 CFU was plotted.
(B) BALB/c standard and nude mice were inoculated intravenously with M. tuberculosis Kurono. From the following day, OPC-67683 was administered
orally once daily for 10 d (OPC-67683: 10–0.313 mg/kg, 2-fold dilution). The bar was expressed as mean value and SD (n¼ 5) of log10 CFU.
(C) The doses of conventional drugs used for evaluating regimen are summarized in this table. The doses set up for using the plasma Cmax achieved in
mice TB model is equivalent to that achieved in humans at the clinical dose.
(D) ICR mice were inoculated intratracheally with M. tuberculosis Kurono. After 28 d, mice were treated for 2 mo with a combination of OPC-67683, RFP,
and PZA (ORZ), or RFP, INH, EB, and PZA (RHEZ) (intensive treatment), and for an additional 2 mo with OPC-67683 and RFP or 4 mo with RFP and INH
(maintenance treatment) (OPC-67683: 2.5 mg/kg, RFP: 5 mg/kg, INH: 10 mg/kg, EB: 100 mg/kg, and PZA: 100 mg/kg). Mean value and SD bar (n¼ 6) of
log10 CFU was plotted. The fraction refers to the number of mice in which at least one colony was detected of the total number of surviving mice.
doi:10.1371/journal.pmed.0030466.g004
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bioavailability of the drug itself as well as other CYP-
intermediated drugs, including protease inhibitors, which
are indispensable in the treatment of HIV/AIDS [37]. It is
therefore important that a new TB drug does not induce nor
is affected by metabolic enzymes. With this in mind, we
studied the interactions between OPC-67683 and metabolic
enzymes. Our results showed that OPC-67683 was hardly
metabolized when exposed to human and animal liver
microsomes and did not have inductive, stimulatory, or
inhibitory effects on CYP enzyme activities at concentrations
up to 100 lM, indicating that OPC-67683, at the expected
therapeutic concentrations, would not be expected to cause
clinically significant interactions with other CYP-metabolized
drugs, such as rifamycin derivatives. These results, together
with data supporting non-compromised anti-TB activity in
immunodeficient animals, suggest that OPC-67683 could be
useful in treating TB patients who are also co-infected with
HIV/AIDS.

We conclude that OPC-67683 possesses qualities that could
help address the unmet needs in TB chemotherapy, i.e., the
need for shortened treatment duration, effectiveness against
MDR-TB, ability to be used safely in HIV/AIDS patients, and
the treatment of LTBI. An early Phase II clinical study to
confirm the efficacy in patients is now ongoing.

Furthermore, the Global Alliance for TB Drug Develop-
ment is aiming to establish an entirely new regimen
containing the best combination of new drugs [38]. Develop-
ment and integration of these drugs into the regimen
individually would normally be done in series, taking at least
six years for each drug. We therefore attach importance to
including an evaluation of the effects of OPC-67683 in
combination with not only conventional drugs but also new

drugs as early as possible in order to contribute data
necessary for establishing the best regimen needed to address
the unmet needs in TB treatment.

Supporting Information

Table S1. Viable Count in Lung of Each Group of OPC-67683, RFP,
INH, EB, SM, PZA, and PA-824 after 4 wk of Treatments on the
Experimental Chronic TB Model in Mice

Found at doi:10.1371/journal.pmed.0030466.st001 (43 KB DOC).
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Table 8. Effect of OPC-67683 on CYP1A1/2, CYP2A6, CYP2B6, CYP2C8/9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4 Mediated Reactions
in Human Liver

CYP Reaction OPC-67683 or In hibitor Percent of Control

Concentration (lM)

10 30 100

CYP1A1/2 7-Ethoxyresorufin O-deethylation OPC-67683 98.4 102.5 98.6

Furafylline 32.3

7,8-Benzoflavone 3.8

CYP2A6 Coumarin 7-hydroxylation OPC-67683 103.1 97.8 100.8

Diethyldithiocarbamate 38.2

CYP2B6 7-Benzyloxyresorufin O-debenzylation OPC-67683 118.3 112.8 122.3

Orphenadrine 118.8

CYP2C8/9 Tolubutamide methylhydroxylation OPC-67683 107.2 107.8 108.5

Sulfaphenazole 25.5

Quercetin 30.6

CYP2C19 S-mephenytoin 49 -hydroxylation OPC-67683 113.3 106.5 107.6

Tranylcypromine 16.6

CYP2D6 Bufuralol 19 -hydroxylation OPC-67683 99.1 103.3 97.8

Quinidine 0.0

CYP2E1 Chlorzoxazone 6-hydroxylation OPC-67683 110.8 112.4 112.5

Diethyldithiocarbamate 55.0

CYP3A4 Testosterone 6~b-hydroxylation OPC-67683 117.7 117.7 115.6

Ketoconazole 0.5

CYP3A4 Nifedipine oxidation OPC-67683 101.3 99.9 100.3

Ketoconazole 3.4

The substrate concentrations used for each assay were 0.5 lM 7-ethoxyresorufin, 2 lM coumarin, 1.5 lM 7-benzyloxyresorufin, 400 lM tolbutamide, 100 lM S-mephenytoin, 20 lM
bufuralol, 100 lM chlorzoxazone, 100 lM testosterone, and 50 lM nifedipine. Enzyme incubations and metabolite analysis were carried out in triplicate. Each value represents the mean.
doi:10.1371/journal.pmed.0030466.t008
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novel derivatives for selecting potent antituberculosis agents, and,
together with H. Sasaki, synthesized and supplied the derivatives used
for in vitro and in vivo evaluations. They also established the facile
and practical synthesis method for the intermediates to synthesize
many target compounds and supplied derivatives for the screening
toxicity test in animals in large scale. H. Sasaki assumed a main role in
synthesising various compounds, including OPC-67683. Y. Shimoka-
wa was in charge of the drug interaction studies.
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Editors’ Summary

Background. One-third of the world’s population is infected with
Mycobacterium tuberculosis, the bacterium that causes tuberculosis (TB).
Most infected people are healthy—the bacteria can remain latent for
years, hidden within cells in the body. However, every year 8 million
people develop active TB, a chronic disease that usually affects the lungs,
and 2 million people die. For most of the second half of the 20th century,
TB was in decline because of the powerful antibiotics that were
developed from the 1940s onwards. The standard treatment for TB—four
antibiotics that have to be taken several times a week for at least six
months to flush out any latent M. tuberculosis bacteria—was introduced
in the late 1970s and saved many lives. Recently, however, efforts to
eradicate TB have been set back by the HIV/AIDS epidemic—people with
damaged immune systems are very susceptible to TB—and the
emergence of multi-drug resistant (MDR) bacteria.

Why Was This Study Done? The treatment for TB is long and
unpleasant, and patients who develop MDR-TB have to be treated with
second-line drugs that are less effective, more expensive, and more toxic.
In addition, for people infected with both HIV and TB, some antiretroviral
and anti-TB drugs cannot be used at the same time. Many drugs are
either activated or removed by enzymes in the liver, so combinations of
these two classes of drugs sometimes alter liver function in a way that
causes clinical problems. There is, therefore, an urgent need for new,
effective anti-TB drugs that attack M. tuberculosis in a different way than
do existing drugs. Such drugs should ideally be active against MDR M.
tuberculosis, work quickly at low doses, be active against latent bacteria,
and have minimal effects on the liver so that they can be used in patients
co-infected with HIV. In this study, the researchers investigated a
chemical called OPC-67683.

What Did the Researchers Do and Find? The researchers identified a
compound that inhibited the production of mycolic acid—an essential
component of the cell wall of M. tuberculosis—and they tested its ability
to kill the organism. They then tested in detail its ability to inhibit
bacterial growth in dishes of antibiotic-sensitive and MDR M. tuberculosis
and isolates from patients. OPC-67683 inhibited the growth of all these
bugs at lower concentrations than the four antibiotics used in the
standard TB treatment. It also killed bacteria hidden within human cells
as well as or better than these drugs. Next, the researchers treated mice
infected with M. tuberculosis with OPC-67683. They found that it reduced

the number of bacteria in the lungs of both normal and immunocom-
promised mice at lower concentrations than the standard drugs.
Furthermore, when combined with two of the standard drugs, it
reduced the time taken to clear bacteria from the lungs by the standard
drug regimen by two months. Finally, the researchers showed that OPC-
67683 had no effects on the liver enzymes that metabolize antire-
trovirals, and, conversely, that the activity of OPC-67683 was not affected
by liver enzymes. Thus, this agent is unlikely to cause clinical problems or
lose its efficacy in HIV patients who are receiving antiretroviral drugs.

What Do These Findings Mean? These results from laboratory and
animal experiments suggest that OPC-67683 could possibly fulfill the
criteria for a new anti-TB drug. OPC-67683 is active against MDR-TB. It is
also active against intracellular TB, which the authors postulate could be
a positive link with the effective treatment of latent TB, and it works
quickly in animals when combined with existing anti-TB drugs.
Importantly, it also disables M. tuberculosis in a unique way and does
not appear to have any major effects on the liver that might stop it from
being used in combination with antiretrovirals. All these preclinical
characteristics now need to be checked in people—many drugs do well
in preclinical studies but fail in patients. These clinical studies need to be
expedited given the upsurge in TB, and, write the researchers, OPC-
67683 needs to be tested in combination with both conventional drugs
and other new drugs so that the best regimen of new drugs for the
treatment of TB can be found as soon as possible.

Additional Information. Please access these Web sites via the online
version of this summary at http://dx.doi.org/10.1371/journal.pmed.
0030466.
� US National Institute of Allergy and Infectious Diseases patient fact
sheet on tuberculosis

� US Centers for Disease Control and Prevention information on
tuberculosis

� MedlinePlus encyclopedia entry on tuberculosis
� NHS Direct Online patient information on tuberculosis from the UK
National Health Service

� World Health Organization information on the global elimination of
tuberculosis

� Global Alliance for TB Drug Development information on why new TB
drugs are needed
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The reaction of semicarbazones bearing an imidazo[1,2-a]pyridine ring system with mercaptoacetic

acid was investigated. The anti-mycobacterial activity of the compounds thus obtained were evaluated

against Mycobacterium tuberculosis H37Rv, using rifampin as the standard. Only IVe showed activity

at 6.25 µg mL−1.

Key Words: Imidazo[1,2-a]pyridine, semicarbazones, 4-thiazolidinone, antituberculous activity.

Introduction

Tuberculosis (TB) remains a major cause of death worldwide. The emergence of multi-drug resistant TB
(MDR-TB) is most alarming. Up to 4% of all TB cases worldwide are resistant to more than one anti-
tubercular drug because of incomplete or partial therapy.1,2 Isonicotinic acid hydrazide (INH) is one of
the primary drugs, in combination with ethambutol, rifampin and streptomycin, for treating TB, but the
treatment of the disease is still a major health problem due to multi-drug resistant bacterial strains. New
anti-mycobacterial agents, different from currently available first-line drugs, are urgently needed. This is an
additional reason why many laboratories are seeking new anti-tubercular agents that could confer greater
selectivity and lower toxicity.3We recently reported the synthesis of some imidazo[1,2-a]pyridine-3-carboxylic
acid hydrazides as structural analogues of INH, related compounds, and their anti-mycobacterial activity.4,5

Continuing our search for new anti-tubercular agents we have now synthesized some new semicarbazones
(IVa-f ) and 4-thiazolidinones (Va-d) incorporating an imidazo[1,2-a] pyridine moiety. These compounds
were characterized by their elemental and spectral analyses (IR, 1H-NMR, and mass spectra).

∗Corresponding author
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Experimental

Melting points were determined with an Electrothermal 9200 apparatus in open capillary tubes and are
uncorrected. IR spectra were recorded on KBr disks, using a Perkin Elmer 1600 FT-IR spectrophotometer.
1H-NMR spectra were obtained in DMSO-d6, with Bruker AC 200 and Inova (500 MHz) spectrophotometers
using TMS as the internal standard. EI and APCI mass spectra were determined with VG Zab Spec and
LC/MSD Diod-Array instruments. Elemental analyses were performed on a Leco 932 CHNS-O elemental
analyzer. The starting materials were either commercially available or synthesized according to the references
cited.
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Ar= C6H5 (Va), p-C6H4Cl (Vb), p-C6H4CH3 (Vc), p-C6H4OCH3 (Vd)

Ar= C6H5 (IVa), p-C6H4Cl (IVb), p-C6H4CH3 (IVc), p-C6H4OCH3 (IVd), p-C6H4NO2 (IVe), 5-nitro-2-furyl (IVf)

Method A

Scheme. Synthetic pathway for the preparation of I-V.

2-Methylimidazo[1,2-a]pyridine-3-carbonyl azide (I)

In 80 mL of cold water were dissolved 0.02 mol of 2-methylimidazo[1,2-a]pyridine-3-carbohydrazide4 and
0.02 mol of NaNO2. Dropwise, 20 mL of HCl (25%) was added, maintaining the temperature below 15 ◦C.
The solution was stirred for 15 min, neutralized with Na2CO3, and then the solid thus obtained was filtered,
and dried and recrystallized from CHCl3.

Yield: 85.67%, m.p.: 102-5 ◦C. IR νmax (cm−1): 2149 (N≡N), 1646 (C=O). 1H-NMR (200 MHz) δ

(ppm): 2.50 (3H, s, CH3); 7.27 (1H, dd, J5,6=J6,7= 7 Hz, C6-H); 7.68 (1H, dd, J6,7= 7 Hz, J7,8= 9 Hz,
C7-H); 7.74 (1H, d, J7,8= 9 Hz, C8-H); 9.34 (1H, d, J5,6= 7 Hz, C5-H). EIMS (%): 201 (M+., 21.01), 144
(base peak). Anal. for C9H7N5O: Calc. C: 53.73, H: 3.51, N: 34.81. Found C: 53.48, H: 3.98, N: 34.37.
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Ethyl (2-methylimidazo[1,2-a]pyridine-3-yl)carbamate (II)

In 25 mL of absolute EtOH was refluxed 0.02 mol of I for 2.5 h; then EtOH was removed in vacuo. The
product thus obtained was recrystallized from EtOH (96%).

Yield: 84.61%, m.p.: 72-8 ◦C. IR νmax (cm−1): 3273 (NH), 1694 (C=O). 1H-NMR (200 MHz) δ

(ppm): 1.23 (3H, t, OCH2CH3); 2.37 (3H, s, CH3); 4.12 (2H, q, OCH2CH3); 6.87 (1H, dd, J5,6=J6,7= 7
Hz, C6-H); 7.20 (1H, dd, J6,7= 7 Hz, J7,8= 9 Hz, C7-H); 7.43 (1H, d, J7,8= 9 Hz, C8-H); 7.96 (1H, d, J5,6=
7 Hz, C5-H); 9.12 (1H, s, NH). EIMS (%): 219 (M+., 83.17), 119 (base peak). Anal. for C11H13N3O2.H2O:
Calc. C: 55.69, H: 6.37, N: 17.71. Found C: 55.00, H: 5.86, N: 17.96.

N-(2-Methylimidazo[1,2-a]pyridine-3-yl)hydrazinecarboxamide (III)

In 20 mL of hydrazine (98%) was refluxed 0.02 mol of II for 2 h. The precipitate formed after cooling was
filtered, washed with water, dried and recrystallized from EtOH (96%).

Yield: 43.70%, m.p.: 222-5 ◦C. IR νmax (cm−1): 3304, 3161 (NH), 1643 (C=O). 1H-NMR (200 MHz)
δ (ppm): 2.22 (3H, s, CH3); 4.35 (2H, s, NHCONHNH2); 6.84 (1H, dd, J5,6=J6,7= 7 Hz, C6-H); 7.16 (1H,
dd, J6,7= 7 Hz, J7,8= 9 Hz, C7-H); 7.59 (1H, s, NHCONHNH2); 7.74 (1H, d, J7,8= 9 Hz, C8-H); 7.89 (1H,
d, J5,6= 7 Hz, C5-H); 8.31 (1H, s, NHCONHNH2). EIMS (%): 205 (M+., 46.18), 144 (base peak). Anal.
for C9H11N5O: Calc. C: 52.67, H: 5.40, N: 34.13. Found C: 52.81, H: 5.39, N: 34.39.

General procedure for the preparation of aromatic aldehyde N-(2-methyl imidazo

[1,2-a]pyridin-3-yl)semicarbazones (IVa-f)

For 2-6 h, 0.01 mol of III, 0.011 mol of appropriate aromatic aldehyde, and 25 mL of EtOH (96%) were
refluxed. The solid that separated was filtered and recrystallized from EtOH or washed with EtOH (96%).

IVa. Yield: 60.00%, m.p.: 223-5 ◦C. IR νmax(cm−1): 3304, 3161 (NH), 1689 (C=O). 1H-NMR (200
MHz) δ (ppm): 2.27 (3H, s, CH3); 6.88 (1H, dd, J5,6= 6 Hz, J6,7= 7 Hz, C6-H); 7.21 (1H, dd, J6,7= 7 Hz,
J7,8= 9 Hz, C7-H); 7.39-7.45 (4H, m, C8-H and phenyl 3,4,5-H); 7.86-7.89 (2H, m, phenyl 2,6-H); 7.99-8.01
(2H, m, C5-H and N=CH); 9.07 (1H, s, NHCONHN); 10.99 (1H, s, NHCONHN). EIMS (%): 293 (M+.,
66.45), 78 (base peak). Anal. for C16H15N5O: Calc. C: 65.52, H: 5.15, N: 23.88. Found C: 65.51, H: 4.92,
N: 23.51.

IVb. Yield: 81.34%, m.p.: 242-4 ◦C. IR νmax (cm−1): 3369, 3170 (NH), 1685 (C=O). 1H-NMR (200
MHz) δ (ppm): 2.26 (3H, s, CH3); 6.87 (1H, dd, J5,6= J6,7= 7 Hz, C6-H); 7.33 (1H, dd, J6,7= 7 Hz, J7,8=
9 Hz, C7-H); 7.44 (1H, d, J7,8= 9 Hz, C8-H ); 7.46 (1H, d, J= 8 Hz, phenyl 3,5-H); 7.90 (2H, d, J= 8 Hz,
phenyl 2,6-H); 7.96-7.99 (2H, m, C5-H and N=CH); 9.07 (1H, s, NHCONHN); 10.97 (1H, s, NHCONHN).
EIMS (%): 329 (M+2, 14.69), 327 (M+., 39.62), 173 (base peak). Anal. for C16H14ClN5O: Calc. C: 58.63,
H: 4.31, N: 21.37. Found C: 58.70, H: 3.89, N: 21.51.

IVc. Yield: 84.25%, m.p.: 202-7 ◦C. IR νmax (cm−1): 3369, 3201(NH), 1687 (C=O). 1H-NMR (200
MHz) δ (ppm): 2.26 (3H, s, CH3); 2.33 (3H, s, phenyl 4-CH3); 6.86 (1H, dd, J5,6= 6 Hz, J6,7= 7 Hz, C6-H);
7.15-7.24 (3H, m, C7-H and phenyl 3,5-H); 7.33 (2H, d, J= 8 Hz, phenyl 2,6-H); 7.44 (1H, d, J7,8= 9 Hz,
C8-H); 7.96-7.98 (2H, m, C5-H and N=CH); 8.92 (1H, s, NHCONHN); 10.76 (1H, s, NHCONHN). EIMS
(%): 307 (M+., 54.31), 134 (base peak). Anal. for C17H17N5O: Calc. C: 66.43, H: 5.58, N: 22.79. Found C:
66.07, H: 5.51, N: 22.39.
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IVd. Yield: 87.09%, m.p.: 188-92 ◦C. IR νmax (cm−1): 3307, 3194 (NH), 1690 (C=O). 1H-NMR
(200 MHz) δ (ppm): 2.26 (3H, s, CH3); 3.80 (3H, s, phenyl 4-OCH3); 6.85 (1H, dd, J5,6=J6,7= 7 Hz, C6-H);
6.96 (2H, d, J= 9 Hz, phenyl 3,5-H); 7.18 (1H, dd, J6,7= 7 Hz, J7,8= 9 Hz, C7-H); 7.44 (1H, d, J7,8= 9 Hz,
C8-H); 7.78 (2H, d, J= 9 Hz, phenyl 2,6-H); 7.93-7.98 (2H, m, C5-H and N=CH); 8.90 (1H, s, NHCONHN);
10.69 (1H, s, NHCONHN). EIMS (%): 323 (M+., 27.48), 150 (base peak). Anal. for C17H17N5O2: Calc.
C: 63.15, H: 5.30, N: 21.66. Found C: 63.34, H: 4.93, N: 21.48.

IVe. Yield: 73.41%, m.p.: 228-33 ◦C. IR νmax(cm−1): 3379, 3197 (NH), 1684 (C=O). 1H-NMR (200
MHz) δ (ppm): 2.27 (3H, s, CH3); 6.87 (1H, dd, J5,6= J6,7= 7 Hz, C6-H); 7.21 (1H, dd, J6,7= 7 Hz, J7,8= 9
Hz, C7-H); 7.45 (1H, d, J7,8= 9 Hz, C8-H); 7.99 (1H, d, J5,6= 7 Hz, C5-H); 8.08 (1H, s, N=CH); 8.10 (2H,
d, J= 9 Hz, phenyl 2,6-H); 8.25 (2H, d, J= 9 Hz, phenyl 3,5-H); 9.22 (1H, s, NHCONHN); 11.26 (1H, s,
NHCONHN). EIMS (%): 338 (M+., 39.30), 173 (base peak). Anal. for C16H14N6O3.H2O: Calc. C: 53.92,
H: 4.52, N: 23.58. Found C: 54.24, H: 4.33, N: 24.65.

IVf. Yield: 56.50%, m.p.: 206 ◦C. IR νmax (cm−1): 3364, 3213 (NH), 1694 (C=O). 1H-NMR (200
MHz) δ (ppm): 2.24 (3H, s, CH3); 6.79 (1H, dd, J5,6=J6,7= 7 Hz, C6-H); 7.14 (1H, dd, J6,7= 7 Hz, J7,8=
9 Hz, C7-H); 7.22 (1H, d, J= 4 Hz, furan 3-H); 7.36 (1H, d, J7,8= 9 Hz, C8-H); 7.70 (1H, d, J= 4 Hz,
furan 4-H); 7.83 (1H, s, N=CH), 7.92 (1H, d, J5,6= 7 Hz, C5-H); 8.99 (1H, s, NHCONHN); 11.25 (1H, s,
NHCONHN). APCI MS (%): 329 ([M+H]+, 53.6), 79 (base peak). Anal. for C14H12N6O4.1.5H2O: Calc.
C: 47.98, H: 4.31, N: 23.98. Found C: 47.48, H: 4.17, N: 24.26.

General procedure for the preparation of 1-(2-methylimidazo[1,2-a]pyridin-3-yl)-

3-(4-oxo-2-aryl-1,3-thiazolidin-3-yl)ureas (Va-d)

Method A

A mixture of IVa-d (0.01 mol) and HSCH2COOH (0.25 mol) was heated under reflux for 4 h in
dry benzene (30 mL) using a Dean-Stark trap. Excess benzene was evaporated in vacuo. The residue was
triturated with saturated NaHCO3 until CO2 evaluation ceased and was then left to stand overnight. The
solid thus obtained was filtered and washed with H2O.

Method B

The appropriate aromatic aldehyde (0.011 mol) was added to a solution of III (0.01 mol) in dry
benzene (30 mL) and the mixture was heated under reflux for 4 h using a Dean-Stark trap. After cooling,
HSCH2COOH (0.15 mol) was added dropwise to the solution and the resulting mixture was refluxed for 2-4
h. The compounds were purified using the procedure described in Method A.

Va. Yield: 13.08% (Method A), 34.50% (Method B), m.p.: 233-6 ◦C. IR νmax (cm−1): 3295, 3154
(NH), 1700, 1674 (C=O). 1H-NMR (500 MHz) δ (ppm): 2.13 (3H, s, CH3); 3.76, 3.85 (2H, dd, J= 16
Hz, thiazolidinone CH2); 5.83 (1H, s, thiazolidinone CH); 6.86 (1H, d, J5,6= 6 Hz, C6-H); 7.18 (1H, dd,
J6,7= 7 Hz, J7,8= 8 Hz, C7-H); 7.38-7.48 (6H, m, C8-H and phenyl 2,3,4,5,6-H), 7.76 (1H, s, C5-H);
8.41 (1H, s, NHCONH); 8.94 (1H, s, NHCONH). APCI MS (%): 368 ([M+H]+, base peak). Anal. for
C18H17N5O2S.0.5H2O: Calc. C: 57.42, H: 4.81,N: 18.60. Found C: 57.27, H: 4.38, N: 18.49.

Vb. Yield 55.00% (Method A), 51.68% (Method B), m.p.: 244 ◦C. IR νmax (cm−1): 3395, 3263
(NH), 1700, 1674 (C=O). 1H-NMR (500 MHz) δ (ppm): 2.25 (3H, s, CH3); 3.86, 3.88 (2H, dd, J= 16 Hz,
thiazolidinone CH2); 5.86 (1H, s, thiazolidinone CH); 6.86 (1H, dd, J5,6= 6 Hz, J6,7= 7 Hz, C6-H); 7.19 (1H,
dd, J6,7= 7 Hz, J7,8= 8 Hz, C7-H); 7.41 (1H, d, J7,8= 8 Hz, C8-H); 7.48-7.53 (4H, m, phenyl 2,3,5,6-H); 7.76
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(1H, s, C5-H); 8.64 (1H, s, NHCONH); 9.09 (1H, s, NHCONH). APCI MS (%): 404 ([M+H]+2, 16.85);
402([M+H]+, 49.44), 174 (base peak). Anal. for C18H16ClN5O2S: Calc. C: 53.80, H: 4.01, N: 17.43. Found
C: 53.22, H: 4.11, N: 17.32.

Vc. Yield 17.04% (Method A), 40.00% (Method B), m.p.: 272 ◦C. IR νmax (cm−1): 3307, 3268 (NH),
1700, 1675 (C=O). 1H-NMR (500 MHz) δ (ppm): 2.13 (3H, s, CH3); 2.34 (3H, s, phenyl 4-CH3); 3.75, 3.84
(2H, dd, J= 15 Hz, thiazolidinone CH2), 5.81 (1H, s, thiazolidinone CH); 6.86 (1H, s, C6-H); 7.19 (1H, dd,
J6,7= 7 Hz, J7,8= 9 Hz, C7-H); 7.23 (2H, d, J= 8 Hz, phenyl 3,5-H); 7.37 (2H, s, phenyl 2,6-H); 7.41 (1H, d,
J= 9 Hz, C8-H); 7.76 (1H, s, C5-H); 8.37 (1H, s, NHCONH); 8.90 (1H, s, NHCONH). APCI MS (%): 382
([M+H]+, 3.6%), 79 (base peak). Anal. for C19H19N5O2S.0.5H2O: Calc. C: 58.59, H: 5.18, N: 17.68. Found
C: 58.61, H: 4.66, N: 18.09.

Vd. Yield 22.22% (Method A), 38.75% (Method B), m.p.: 242 ◦C. IR νmax (cm−1): 3256, 3213 (NH),
1704, 1674 (C=O). 1H-NMR (500 MHz) δ (ppm): 2.14 (3H, s, CH3); 3.73-3.83 (5H, m, phenyl 4-OCH3 and
thiazolidinone CH2); 5.81 (1H, s, thiazolidinone CH); 6.85 (1H, s, C6-H); 6.97 (2H, d, J= 8 Hz, phenyl
3,5-H); 7.19 (1H, dd, J6,7= 7 Hz, J7,8= 8 Hz, C7-H); 7.36-7.42 (3H, m, C8-H and phenyl 2,6-H); 7.75 (1H, s,
C5-H); 8.43 (1H, s, NHCONH); 8.94 (1H, s, NHCONH). APCI MS (%): 398 ([M+H]+, base peak). Anal.
for C19H19N5O3S: Calc. C: 57.42, H: 4.82, N: 17.62. Found C: 56.95, H: 4.73, N: 17.76.

Antituberculous Activity

Anti-mycobacterial screening was conducted at 6.25 µg mL−1against M. tuberculosis H37Rv using the
BACTEC 460 radiometric system at the National Institute of Allergy and Infectious Diseases, USA. Com-
pounds resulting in inhibition < 90% (MIC > 6.25 µg mL−1, MIC rifampin 0.031 µg mL−1) were not
evaluated further.6 Only IVe showed anti-tuberculous activity (8% inhibition) at the tested concentration.

Results and Discussion

The synthetic pathway followed in the preparation of the compounds is outlined in the Scheme. The starting
material, 2-methylimidazo[1,2-a]pyridine-3-carboxylic acid hydrazide, was obtained by a previously described
method.4

In the first stage of the study 2-methylimidazo[1,2-a]pyridine-3-carbonyl azide (I) was obtained by
reacting 2-methylimidazo[1,2-a]pyridine-3-carbohydrazide with nitrous acid. Compound I was refluxed in
absolute ethanol to gain ethyl 2-(methylimidazo[1,2-a]pyridin-3-yl)carbamate (II), which was then reacted
with hydrazine to afford N-(2-methylimidazo[1,2-a]pyridin-3-yl)hydrazinecarboxamide (III). Condensation
of III with the appropriate aromatic aldehydes in ethanol yielded the corresponding aldehyde semicarbazones
IVa-f. The semicarbazones were reacted with mercaptoacetic acid in dry benzene (Method A) to give
cyclocondensation products Va-d. On the other hand, refluxing a mixture of III and the appropriate
aromatic aldehydes, together with mercaptoacetic acid in dry benzene (Method B), also produced the target
compounds, V, but in higher yields, except Vb.

The IR spectrum of I displayed a strong band at 2149 cm−1 due to N3 stretching. Characteristic N-H
and C=O absorptions at 3271 cm−1 and 1694 cm−1, and loss of N3 absorption at 2149 cm−1 supported the
formation of II. The N-H and C=O absorption peaks were observed in the 3304-3161 cm−1 region and at
1643 cm−1 in the spectrum of III. The IR spectra of IVa-f exhibited C=O bands in the 1684-1694 cm−1

region. A new strong band in the 1700-1704 cm−1 region in the spectra of Va-d provided firm support for
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the cycloaddition reaction. 1H-NMR spectra of compounds Va-c displayed 2 doublets at about 3.76-3.88
ppm (except Vd, a multiplet together with OCH3 resonance) due to the inequivalance of the SCH2 protons.
The singlet of N=CH at about 7.83-8.05 ppm in the spectra of IVa-f was shifted upfield to 5.81-5.86 ppm by
the loss of the sp2 character of the involved C atom. The mass spectra of all the compounds were relatively
simple and showed their peaks due to molecular ions. All attempts to obtain the nitro derivatives (V) failed.
This can be explained by the electronic effects of the nitro group (negative resonance and inductive effects)
making the benzylic carbon atom more nucleophilic for the reaction with the sulfhydryl group.

All the compounds were evaluated for anti-tuberculous activity using the BACTEC method; only IVe
showed activity (8% inhibition) at 6.25 µg mL−1.
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Amide bond formation is a fundamentally important reaction in organic synthesis, and is

typically mediated by one of a myriad of so-called coupling reagents. This critical review is

focussed on the most recently developed coupling reagents with particular attention paid to the

pros and cons of the plethora of ‘‘acronym’’ based reagents. It aims to demystify the process

allowing the chemist to make a sensible and educated choice when carrying out an amide

coupling reaction (179 references).

Introduction

Amide bonds play a major role in the elaboration and

composition of biological systems, representing for example

the main chemical bonds that link amino acid building blocks

together to give proteins. Amide bonds are not limited to

biological systems and are indeed present in a huge array of

molecules, including major marketed drugs. For example,

Atorvastatin 1, the top selling drug worldwide since 2003,

blocks the production of cholesterol and contains an amide

bond (Fig. 1),1 as do Lisinopril 2 (inhibitor of angiotensin

converting enzyme),2 Valsartan 3 (blockade of angiotensin-II

receptors),3 and Diltiazem 4 (calcium channel blocker used in

the treatment of angina and hypertension).4

Amide bonds are typically synthesised from the union of

carboxylic acids and amines; however, the unification of these

two functional groups does not occur spontaneously at

ambient temperature, with the necessary elimination of water

only taking place at high temperatures (e.g. 4200 1C),5

conditions typically detrimental to the integrity of the

substrates. For this reason, it is usually necessary to first

activate the carboxylic acid, a process that usually takes place

by converting the –OH of the acid into a good leaving group

prior to treatment with the amine (Scheme 1). Enzymatic

catalysis has also been investigated for the mild synthesis of

amides and the organic chemist may find some of these

methods useful as an alternative to traditional methods.6,7

In order to activate carboxylic acids, one can use so-called

coupling reagents, which act as stand-alone reagents to

generate compounds such as acid chlorides, (mixed) anhydrides,

carbonic anhydrides or active esters. The choice of coupling

reagent is however critical. For example, in medicinal

chemistry library-based synthesis, amides are often generated

using broad ranges of substrates with varying reactivities

(e.g. anilines, secondary amines, bulky substrates). A coupling

reagent needs to be able to cope with this whole portfolio of

reactivity. Many reviews on coupling reagents have been

published,8–14 illustrating their importance in the synthetic

armoury of the synthetic chemist, but these reviews have often

failed to offer a critical view on the subject making the choice

of reagent difficult. An important issue is that many of the

coupling reagents reported have not been compared to others,

making any real evaluation impossible. As many groups have

reported ‘‘new’’ reagents as being wonderful and better than

others, the chemist looking at the field of coupling reagent for
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the first time can be completely lost. The process can be made

even more complicated as epimerisation, usually through an

oxazoline intermediate, may take place during amide bond

formation. Thus, when coupling reagents are evaluated,

several tests that have been developed to assess the extent of

epimerisation (see Table 1) should be carried out.

1. Coupling using carbodiimides

1.1 Dicyclohexylcarbodiimide

Carbodiimides were the first coupling reagents to be synthe-

sised. Dicyclohexylcarbodiimide (DCC, 5) has been used for

coupling since 1955,21 and the mechanism for coupling

carboxylic acids to amines is shown in Scheme 2.

The first step involves the reaction of the carboxylic acid

with DCC to form the O-acylurea 6. This intermediate can

then yield a number of different products:

� The amide via direct coupling with the amine (the

by-product formed, dicyclohexylurea (DCU 7), is usually

insoluble in the reaction solvent and can be removed via

filtration).

� Formation of an N-acylurea 8 by-product

� Formation of the carboxylic acid anhydride which

subsequently yields the amide by reaction with the amine

(needs 2 equiv. of acid).

When using DCC, oxazolone formation can take place after

generation of the O-acylurea leading to epimerisation,19

especially important when activating acid groups in the a
position of an amide bond.

In addition to peptide synthesis, carbodiimides (often

with N-hydroxysuccinimide as an additive) have been used

extensively in nanotechnology for the functionalisation of

monolayers on surfaces and nanoparticles.22,23

1.2 Use of additives

In order to reduce the epimerisation level when using carbo-

diimides as coupling reagents, Koenig and Geiger introduced

1-hydroxy-1H-benzotriazole (HOBt) 9 as an additive,24,25

showing that, when using this additive, yields were higher

and epimerisation levels lower. For example, when coupling

Z-Gly-Phe-OH to H-Val-OMe, the epimerisation levels

dropped from 35% to 1.5%.

HOBt 9 is believed to work by initially reacting with the

O-acylurea 6 to give the OBt active ester 10, which enhances the

reactivity of the ‘‘activated ester’’ by encouraging/stabilising

the approach of the amine via hydrogen bonding (Scheme 3).

However, HOBt can yield by-products, thus it catalyses the

formation of diazetidine 11 (Scheme 4).26

In 1994, Carpino reported a related additive, 1-hydroxy-

7-azabenzotriazole (HOAt) 12 (Fig. 2), which was even more

efficient than HOBt 9 in terms of yield, kinetics and reduced

epimerisation levels.27 For example epimerisation during

coupling of Z-Val-OH and H-Val-OMe using DCC 5 dropped

from 41.9% with HOBt 9 to 14.9% with HOAt 12, while

during the coupling of Z-PheVal-OH to H-Ala-OMe using

Fig. 1 Examples of top drugs containing an amide bond. These

examples are just a small selection of drugs containing amide bonds

illustrating the importance of this functional group.

Scheme 1 Principle of the activation process for amide-bond

formation.

Table 1 Common epimerisation tests used for coupling reagent evaluation involving amino acids

Entry Author Acid Amine Analysis method

1 Young15 Z-Leu-OH H-Gly-OEt Optical rotation
2 Weinstein16 Ac-Phe-OH H-Ala-OMe NMR
3 Bodansky17 Ac-isoLeu-OH H-Gly-OMe Chiral HPLC
4 Anteunis18 Z-Gly-Phe-OH H-Val-OMe HPLC or NMR
5 Anderson19 Z-Gly-Phe-OH H-Gly-OEt Fractional crystallisation
6 Izumiya20 Z-Gly-Ala-OH H-Leu-OBz Hydrogenation followed by HPLC

This journal is �c The Royal Society of Chemistry 2009 Chem. Soc. Rev., 2009, 38, 606–631 | 607
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EDC, it dropped from 4.1% with HOBt 9 to under 2% with

HOAt 12.27

Much work has been carried out on the benefit of using

additives. In particular, Carpino studied various isomers of

HOAt concluding that the 7-isomer was the most efficient.28

Albericio also showed that copper(II) complexes with

HOAt 11 or HOBt 9 were efficient additives in lowering the

epimerisation level.29

However, safety considerations when using benzotriazoles

(and variants) need to be carefully considered as these

compounds display explosive properties.30,31

1.3. Other carbodiimides

Since the application of DCC to amide bond formation, many

carbodiimides, including DIC 13 (diisopropylcarbodiimide),

have been reported and this field has been reviewed.26 In

particular, attention has focused on so-called water-soluble

carbodiimides, as the ureas formed when using DCC 5 or the

popular diisopropylcarbodiimide DIC 13 can sometimes be

difficult to remove. Sheehan investigated several derivatives

14–17, and concluded that coupling was more efficient when

using tertiary amine carbodiimides rather than quaternary

derivatives (e.g. 14 4 16).32,33

Carpino compared DIC 13 to EDC 20 and analogues

18–19,34 and also compared DIC 13 to some unsymmetrical

alkyl/aryl carbodiimides such as phenyl ethyl carbodiimide

(PEC 21) and phenyl isopropyl carbodiimide (PIC 22) (Fig. 3,

Table 2). Overall, when using HOAt as an additive, DIC gave

the best results for peptide segment coupling.

Other carbodiimides, BMC 23 and BEC 24 have been proposed

by Izdebski, but these reagents showed no benefit over DIC 13.35

Another so-called ‘‘water extractable’’ carbodiimide, BDDC

25 was synthesised and its efficiency was comparable to DCC 5

and EDC 20.36

2. Coupling reagents based on 1H-benzotriazole

Several ‘‘salts’’ are often associated with reagents based on

1H-benzotriazoles, including uronium/aminium, phosphonium

and immonium salts (Fig. 4).

Scheme 2 Coupling using DCC.

Scheme 3 Mechanism of activation by 1-hydroxy-1H-benzotriazole

when used as an additive with DCC.
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2.1 Uronium/aminium salts

Many coupling reagents are based on the HOBt/HOAt system

and uronium/aminium salts.37 Uronium 26 and aminium

27 isomers of these reagents have been structurally identified

and the true forms is probably a mater of debate depending on

solvent, isolation method and counter anion etc. (Fig. 5).38

Coupling reagents based on uronium salts were first reported

as the O-isomer (26). However, Carpino showed by X-ray

crystallography that HATU 28a and HBTU 28b were in fact

the N-isomer (27).38

These reagents react with carboxylic acids to form OAt/OBt

active esters, which then react with amines (Scheme 5).

A side-reaction can often take place with the amine reacting

with the coupling reagent to form a guanidinium by-product

29 (Scheme 6),14 thus order of addition and timing are crucial.

Comparative studies using HBTU39 28b and TBTU40 30b

showed that the counter-anion had no practical influence on

the outcome of coupling reactions using these reagents

(Fig. 6). Carpino showed that the best results were obtained

with HOAt, and many coupling reagents started to be based

on this additive such as HATU 28a and TATU 30a.27 It

has been proven that coupling reagents based on HOAt

(compared to HOBt) give faster, more efficient couplings with

less epimerisation.41 Much work has been carried out with

variation of the substituents, yielding HAPyU 31 (also named

BBC by Chen42) and TAPipU 32 with relatively little impact

on the outcome of couplings.43 Other modifications include

HAPipU37
33a, HBPipU44

33b, HAMDU37
34a, HBMDU37

34b (also named BOI), and HAMTU37
35. Overall the

structural differences between these reagents did not appear

to be based on rational considerations and were merely a

screening of different substituents. Reagents 33–35 gave poor

coupling results because the reagents were too reactive and

degraded before coupling could take place.

Carpino modified the HOAt ring to form 5,6-benzo (36) and

4,5-benzo (37) derivatives,45 which showed no real benefit over

classical methods. In fact when used as additives with DIC, the

epimerisation was higher than when using HOAt as additive.

More recently, derivatives HCTU 40a and TCTU 40b based

on 6-chloro-HOBt were developed by Albericio,46 but these

reagents have not been directly compared to other coupling

reagents.

Scientists at Argonaut also reported a 6-chloro-HOBt-based

reagent, ACTU 40c,47 which was compared to DIC 13. Some

results were very disappointing as a simple, unhindered acid

(phenylacetic acid) was only activated to 36%. This result was

only improved to 70% when using an excess of acid, demon-

strating that ACTU is a fairly poor coupling reagent.

Recently El-Faham developed some new reagents based on

‘‘immonium salts’’.48 However, according to the terminology

used in coupling reagents, these belong to the aminium/

uronium salt-based class. Based on HOAt-/HOBt-rings,

HAM2PyU 41a, HBM2PyU 41b, HAM2PipU 42a, HBM2PipU

42b, HAE2PyU 43a, HBE2PyU 43b, HAE2PipU 44a,

HBE2PipU 44b, HATeU 45a and HBTeU 45b were synthe-

sised. El-Faham firstly investigated the stability of these new

reagents both in solution and in the solid state. Solids and

solutions (in DMF) were stable for 3–4 weeks when kept under

an inert atmosphere. However, like most coupling reagents,

the reagents degraded rapidly when left in solution in the

presence of a base. Thus, coupling involving hindered or

poorly reactive substrates can be expected to be poor as longer

reaction time are typically required for these substrates.

Efficiency of the reagents was tested by measuring the

Scheme 4 Formation of the diazetidine by-product when using DCC/HOBt.

Fig. 2 Structure of 1-hydroxy-7-azabenzotriazole.

This journal is �c The Royal Society of Chemistry 2009 Chem. Soc. Rev., 2009, 38, 606–631 | 609
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half-life of the activated esters of Z-Aib-OH in the presence of

4-chloroaniline. HOAt-based reagents HAM2PyU 41a,

HAM2PipU 42a, HAE2PyU 43a, HAE2PipU 44a, HATeU

45a reacted more quickly than the HOBt-based reagents

HBM2PyU 41b, HBM2PipU 42b, HBE2PyU 43b, HBE2PipU

44b, HBTeU 45b. However no yields were given, which makes

the direct comparison of the reagents impossible. Indeed, the

activated esters might be hydrolysed rather than coupled to

the poorly nucleophilic 4-chloroaniline. Epimerisation was

low (Anteunis test) when the reagents were used in the

presence of collidine but was as high as 11.8% in the presence

of DIPEA when using HBTeU 45b. Overall it was not evident

Fig. 3 Structure of some common carbodiimides.

Table 2 Results obtained when coupling Z-Phe-Val-OH to
H-Pro-NH2 with various carbodiimides and HOAt as an additive34

Entry Coupling reagent Yield (%) LDL (%)

1 DIC 86 2.1
2 PEC 91 5.6
3 PIC 89 9.6
4 EDC 85 4.7
5 EDC�HCl 81 4.1

Fig. 4 Salts associated with reagents based on 1H-benzotriazole.

Fig. 5 Aminium and uronium isomers.
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that any of the new reagents reported were beneficial over a

reagent like HATU 28a.

Recently, El-Faham reported further development of such

coupling reagents.49 HDMA 46a, HDMB 46b, and 6-HDMCB

47 were evaluated and little variation on epimerisation levels was

noticed, but HDMA 46a proved to give higher yields for the

synthesis of Fmoc-Val-Val-NH2 compared to HATU 28a. Other

reagents such as 6-HDMFB 48, 4-HDMA 49, HDMTA 50a and

HDMTB 50b were also synthesised.50 Overall there was hardly

any difference between the different reagents. HDMB 46b

displayed the best hydrolytic stability while having better solubility

than HATU 28a. Morpholino derivatives HDMA 46a and

HDMB 46b showed better efficiency than their thio analogues

HDMTA 50a and HDMTB 50b.

2.2 Phosphonium salts

Another family of coupling reagents based on HOBt/HOAt

uses a phosphonium group. Phosphonium salts have the

advantage of not yielding guanidinium by-products via reac-

tion of the coupling reagent with amines. The first HOBt/

HOAt-phosphonium salt introduced was BOP 51b,51 but its

use has been limited due to the carcinogenicity and respiratory

toxicity associated with HMPA generated when BOP 51b is

used in coupling reactions, leading to the development of the

pyrrolidino derivative PyBOP 52b.52 Carpino prepared AOP37

51a and PyAOP37,53 52a and compared them to BOP 51b and

PyBOP 52b, and showed that the aza-derivatives were more

reactive.

For the synthesis of thioamides, Hoeg-Jensen developed

phosphonium coupling reagents based on 6-nitro HOBt

(Fig. 7).54 PyNOP 53, PyFOP 54 and NOP 55 were used

successfully for the formation of thioamides, with good thioamide/

amide selectivity but their solubility in organic solvents was

poor. Moreover, the results obtained with PyBOP were very

similar to PyNOP 53, PyFOP 54 and NOP 55.

In a recent patent, PyClock 56 was disclosed as a new

coupling reagent.55 However hydrolysis was shown to be

worse than PyBOP 52b in the absence of base after 6 h and

this was also worse in the presence of a tertiary base as around

88% had been hydrolysed after 1 h compared to 81% for

PyBOP 52b under these conditions. The efficiency of PyClock

56 was evaluated via the solid-phase synthesis of three

pentapeptides which incorporated hindered/N-methylated

aminoacids (Table 3).

2.3 Immonium salts

Li designed and synthesised immonium/carbonium type cou-

pling reagents,56,57 such as BOMI 57,56,58–61 BDMP 58,56,60,61

BPMP 59, BMMP 60, and AOMP56,59
61 (Fig. 8). BOMI 57

and BDMP 58 showed the best results, achieving 490%

conversion within 10 min during the coupling of Z-Gly-Phe-OH

with H-Val-OMe (Anteunis test). In addition, epimerisation

was low, BOMI 57 displaying 3.1% and BDMP 58 2.3% of

the DL-isomer. However, these reagents were not compared to

classic reagents such as HATU 28a or PyBOP 52b. As an

application, these reagents were used to carry out the total

synthesis of Cyclosporine O, an immunosuppressive agent.62

2.4 Other reagents

DepOBt (originally called BDP) 62b was reported by Kim

(Fig. 9).63 The reagent appeared to couple aniline to benzoic

acid or phenylacetic acid in high yield, and also aminoacids

(Phe, Val, Met, Ile) to other amino acids (Gly, Ser, Val) in high

yield although N-Methylated substrates were not tested.

Epimerisation was evaluated via Young’s test and found to

be low. The same group reported DpopOBt 63b but epimeri-

sation was high.64

Carpino reported DepOAt 62a, DpopOAt 53a, DmppOAt

64, DtpOAt 65a and DtpOBt 65b.65 Again, no real improve-

ment was gained compared to HATU 33a. For the synthesis of

ACP(65-74), HATU 33a outperformed any of these reagents.

An epimerisation study for the coupling of Z-Phe-Val-OH and

H-Pro-NH2 showed that DmppOAt 64 (3.6% of LDL isomer)

and DtpOAt 65a (2.9%) gave less epimerisation than HATU

28a (5.0%), while DtpOBt 65b was worse (11.4%), but no

explanation was given.

HAPyTU 66, a thio-analogue of HAPyU 31, was tested by

Klose but proved to be unsuccessful as yields were lower and

epimerisation higher than HAPyU 31.66

Another type of reagent based on sulfonates was developed

by Itoh.67 These reagents 67–70 incorporated HOBt or HOCt

(6-chloro-HOBt) with different substituents on the sulfonate.

The best results were obtained with HCSCP 70, the chlorine

group enhancing the reactivity of the reagent. However, the

reagents were not compared directly to each other. Compared

to DCC 5 (without using HOBt), these reagents gave less

side-reactions and the by-products were easily removed during

aqueous workup. According to the authors, epimerisation was

Scheme 5 Activation process using uronium/aminium type reagents.

Scheme 6 Guanidinium formation with aminium/uronium type

coupling reagents.
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lower than with DCC 5, but this was no surprise as DCC alone

give very high levels of epimerisation.

2.5 Conclusion on 1H-benzotriazole-based reagents

1-H-benzotriazole-based reagents probably represent the

widest class of coupling reagents. Although differences in

reactivities have been reported by their authors, there is

practically very little difference, as exemplified by Hachman,68

and HBTU 28b or TBTU 30b are reagents which usually

perform very well. Surprisingly, the potential explosive prop-

erties of these reagents is almost always disregarded.30,31

3. Reagents generating acid halides

3.1 General reagents used in organic chemistry and triazine-type

reagents

Fischer reported the first synthesis of a dipeptide (Gly-Gly) in

1901 using acid chlorides for coupling.69 The general approach

consisted of using reagents such as thionyl chloride or phos-

phorus pentachloride to generate the acid chloride which

reacted quickly with amines to form amides. This original

method was quite harsh and not compatible with many

protecting groups. It has however been adapted by Carpino

to synthesise peptides via a Fmoc strategy.70 Triphosgene has

also been reported to generate amino-acid acid chlorides,71

especially useful for hindered substrates.72 Similarly, acid

cyanides and azides have been used to synthesise amides.73

Cyanuric fluoride 71 can be used to synthesise acid

fluorides,74 which couple N-methylated amino-acids very

efficiently. A variety of other reagents have been reported

for the formation of acid fluorides, and include Deoxo-Fluor

72 and DAST 73 (Fig. 10).75 However a side-reaction is

observed when using Deoxo-Fluor 72 especially with hindered

amines (Scheme 7), which limits the applicability of this

reagent. In addition, Deoxo-Fluor 72 and DAST 73 are

expensive and hazardous reagents, and purification by

chromatography is required after reaction.

Part of this category of reagents is based on triazines

(cyanuric fluoride, chloride and derivatives) and has been

reviewed in details by Kaminski.76 The mechanism of activa-

tion involves the generation of an acid halide moiety

Fig. 6 Uronium/Aminium-based coupling reagents.
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(Scheme 8). Thus CDMT 74 and DCMT 75 (2,4-dichloro-6-

methoxy-1,3,5-triazine) have been successfully applied in the

synthesis of acid anhydrides (Fig. 11).77

3.2 Halo-uronium and halo-phosphonium type reagents

(Fig. 12)

TFFH 76a,78 BTFFH 77,78,79 and DFIH78
78a have been used

to generate acid fluorides with amino acids such as histidine

and arginine since the activated form of Fmoc-Arg-OH under-

went deactivation via lactam formation when using cyanuric

fluoride.78 PyFloP 79a did not yield any acid fluoride.78

Interestingly, TFFH 76a (100% coupling after 10 min) gave

better results than the analogues TCFH 76b (86%) and TBFH

76c (79%), for the coupling of Fmoc-Val-OH to H-Ile-PEG-PS,78

but overall, BTFFH 77 gave the best conversions.79

El-Faham synthesised three acid fluoride generating

reagents: DMFFH 80, DEFFH 81 and TEFFH 82,48 but

these were poorly stable to hydrolysis in the presence of a

base (most of the reagent hydrolysed within 1 h). The reactivity

of these reagents was studied by monitoring acid fluoride

formation for various hindered and unhindered amino acids,

and all three reagents were shown to be less reactive than

TFFH 76a or BTFFH 77.

Reagents aimed at generating acid chlorides or bromides

under milder conditions than thionyl chloride have been

targeted. BroP 83a was first synthesised by Coste,80 followed

by PyBroP 79b and PyCloP 79c.81 These reagents were shown

Fig. 10 Structure of Deoxo-Fluor 72 and DAST 73.

Fig. 7 Phosphonium type coupling reagents.

Table 3 Comparison of pentapeptides yield when using PyClock 56

and PyBOP 52b

Yield (%)

Entry Amine PyClock PyBOP

1 H-Tyr-NMeVal-Phe-Leu-NH2 11 0
2 H-Tyr-Aib-Aib-Phe-Leu-NH2 97 83
3 H-Tyr-Arg-Arg-Phe-Leu-NH2 85 75

Fig. 8 Immonium type coupling reagents.

Fig. 9 Other coupling reagents based on 1-hydroxybenzotriazole and

1-hydroxy-7-azabenzotriazole.
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to be more efficient that PyBOP 52b in couplingN-methylamino

acids. PyClU 84, also synthesised by Coste, gave high yields

when coupling hindered amino acids,81 while DCIH 78b

(named CIP originally) gave comparable results to PyBroP

79b and PyCloP 79c.82 One of the drawbacks of PyBroP 79b,

PyCloP 79c and DCIH 78b is the established formation

oxazolones. CloP 83b was reported by Castro and shown to

give low levels of epimerisation via Young’s test.83

PyClopP 85, an analogue of PyCloP 79c, was reported by Li

in an attempt to increase reactivity by replacing a pyrrolidine

ring with a phenyl group. The reagent was reported as being

efficient for hindered peptide synthesis, but no results were

given to illustrate this fact.57

BOP-Cl 86 is a reagent that has been widely used in peptide

synthesis,84 and was in particular reported as being suitable for

coupling hindered substrates,85 but it has the major drawback

of capping primary amines.86

Other reagents include CDTP87 87 and CMMM84 88, but

these reagents, like PyBroP 79b and PyCloP 79c, usually give

high epimerisation during coupling. CMMM 88 was also

compared to other reagents such as FEP 96b, and gave poor

results with coupling times of over 2 h and epimerisation of

over 30% (Anteunis test).57

DMC 89, has been investigated as a coupling reagent.88 It

proved to be successful in the generation of some amides but

questions of functional group compatibility are raised when

considering its high reactivity. Recently, El-Faham tested

DMFH 90a and DMCH 90b. DMFH 90a was really efficient

for coupling the hindered Aib amino acid to a tripeptide

Aib-Phe-Leu. The tetrapeptide was synthesised on solid phase

in 99% yield compared to 68% for HATU 28a,50 but complete

scope of this reagent was not investigated. DMCH 90b on the

other hand performed poorly.

3.3 Halo-sulfonium, halo-dioxolium and halo-dithiolium

coupling reagents

Li synthesised other types of coupling reagents, including

CDMS 91, CBDO 92 and CPDT 93 (Fig. 13).57 However

these reagents were far too reactive and decomposed in

solution before activation could take place.

3.4 Halo-thiaziolium and halo-pyridinium type reagents

Li designed reagents based on thiazolium and 2-halopyridinium

salts. Their design was based on the fact that, in halouronium

type coupling reagents, the carbocation is well stabilised via

the electron pairs on the amine groups. Therefore, the

carbocation shares a relatively high electron density and the

uronium salt demonstrates relatively low reactivity in

the addition of the carboxylic acid. For this reason Li

attempted to replace one nitrogen group with other groups

without lone pairs or more electronegative groups with lone

pairs to enhance the reactivity of the reaction-mediated

carbocations. The first attempt to replace nitrogen with sulfur

yielded thiazolium reagent, BEMT 94.89 The same type of

Scheme 7 Side-reaction observed during the activation process when using Deoxo-Fluor.

Scheme 8 Formation of acid halides when using triazines as coupling

reagents.

Fig. 11 Coupling reagents based on triazines.
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reagent, BMTB 95, was proposed by Wischnat (Scheme 9).90

BMTB 95 performed better than HATU 28a in coupling

Boc-N(Me)-Ile to N(Me)-Ile-OBn. However BMTB 95 was

not compared to BEMT 94.

Li reported 2-halopyridinium salts such as BEP 96a, FEP

96b, BEPH 97a and FEPH 97b (Fig. 14).91 Mukaiyama has

extensively used 2-chloro- and 2-bromo-pyridinium iodide 98

to synthesise esters, lactones and amides,92 but the conditions

used were not ideal for peptide synthesis, as reactions had to

be performed at reflux in DCM due to the poor solubility of

the reagents. For this reason Li used tetrafluoroborate and

hexachloroantimonate counter anions to improve solubility,

and chose the fluoro-analogues for higher reactivity. The

efficiency of these reagents proved to be higher than BTFFH

77, PyBrop 79b, PyClU 84 or BOP-Cl 86. However these

reagents might be a bit too reactive as the base used during the

coupling had to be added very slowly to avoid the coupling

reagents reacting too violently. Thus side-reactions may be

expected for some substrates.

4. Other coupling reagents

4.1 Reagents generating carbonic anhydrides (Fig. 15)

EEDQ 99, was originally developed in 1967.93 EEDQ 99 offers

several advantages over most coupling reagents, as the

reaction with an amine cannot yield a guanidinium salt, a

typical side reaction observed with uronium type coupling

Fig. 12 Halo-uronium and halo-phosphonium type reagents.

Fig. 13 Halo-sulfonium, halo-dioxolium and halo-dithiolium type

reagents.

Scheme 9 Synthesis of BEMT and BMTB.

Fig. 14 Halo-pyridinium type reagents.
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reagents. In addition, the carbonic anhydride is formed slowly

but consumed rapidly, which avoids its accumulation and

therefore minimises the possibility of side-reactions such as

epimerisation, and it can also be used with unprotected

hydroxy residues.93 EEDQ 99 has thus been used for the

synthesis of various amide derivatives.94,95 Analogues of

EEDQ 99 have also been successfully investigated such as

IIDQ 100, and a number of unsymmetrical reagents.96 Not

many comparison studies have been published, but IIDQ 100

proved, over a few examples, to perform slightly better than

EEDQ 99 (Table 4).97 Interestingly, when compared to other

coupling reagents without activation, IIDQ 100 outperformed

HATU 28a, PyAOP 52a and BOP-Cl 86.97

4.2 Triazine-based reagents (not generating acid halides)

DMTMM 101 is a triazine derivative, which has the particular

advantage of promoting amide synthesis in alcohols or aqu-

eous media, without ester formation and with selectivity

comparable to DCC 5 and EDC 20.98 Recently, a series of

reagents based on DMTMM 101 was developed by Kaminski

(Scheme 10).99 N-Triazinylammonium salts were synthesised

using different tertiary bases and the derivative incorporating

DABCO proved to give the best yield. However a full study

was carried out on the N-methylmorpholine derivative 102,

because of its lower production cost. The reagent proved to be

particularly efficient with high yields and low epimerisation

levels. For the synthesis of the 65–74 segment of ACP, each

coupling went faster (15 min.) than with TBTU 30b (45 min)

or HATU 28a (30 min) and gave better purities (84%) than

TBTU 30b (69%).99 Sulfonates of N-triazinylammonium salts

were also synthesised, but a complete evaluation of these

reagents was not reported.100 The reagents were further

optimised by replacing the methoxy groups by benzyloxy

groups (Fig. 16).101

Remarkably, reagents such as triazine 103 proved to be

stable in DMF with only 2.5% decomposition after 48 h.

Comparison between the parent methoxy compounds (e.g. 97)

and the benzyloxy derivatives (e.g. 103) showed that the later

were more efficient for the synthesis of the 65–74 segment

of ACP.

4.3 Pentafluorophenol (HOPfp)-based coupling reagents

(Fig. 17)

These types of reagents are based on the traditional penta-

fluorophenol leaving group and the generation of active esters.

They usually require the addition of HOAt as the level of

epimerisation is quite high: when coupling Z-Phe-Val-OH to

H-Pro-NH2, 33.7% of the LDL isomer was observed in solution

phase when using HPyOPfp 104a, while epimerisation

dropped to 1.7% when adding HOAt to the reaction mixture.

The use of a thiophenol-analogue, HPySPfp 104b did not

change the outcome of the coupling reactions.66 Like most

reagents based on HOAt/HOBt, these reagents are not ideal

for solution-phase chemistry as the use of an additive means

that this has to be removed from the reaction mixture after

coupling.

Li described a pentafluorophenyl immonium type reagent

FOMP 105,56 but this reagent was not as efficient as the other

immonium type reagents, based on HOBt/HOAt.

A reagent, PFNB 106, was reported by Pudhom, but

Boc-Gly-OH reacted slowly and incompletely and it was necessary

to add HOBt to get good conversion.102 In order to synthesise

thioamides, Hoeg-Jensen synthesised PyPOP 107, but this

reagent was not as efficient as PyNOP 53 or PyFOP 54.54

Other reagents include FDPP 108, which gave lower epimer-

isation levels than HBTU 28b, BOP 51b and DCC 5.103

Recently, HDMPfp 109 was synthesised by El-Faham but

the reagent proved to be outperformed by HATU 28a.50

Fig. 15 Structure of EEDQ and IIDQ.

Table 4 Comparison of EEDQ and IIDQ

Entry Amine Acid
IIDQ
yield

EEDQ
yield

1 4-tert-
Butylaniline

Phenylacetic
acid

96 94

2 Benzylamine Phenylacetic
acid

91 87

3 Morpholine Phenylacetic
acid

38 32

4 4-tert-
Butylaniline

Benzoic acid 88 85

5 Benzylamine Benzoic acid 85 66
6 Morpholine Benzoic acid 50 41

Average 76 67

Scheme 10 Exchange of counter anion on DMTMM 101.

Fig. 16 Structure of dibenzyloxytriazine 103.

616 | Chem. Soc. Rev., 2009, 38, 606–631 This journal is �c The Royal Society of Chemistry 2009

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 
20

08
. D

ow
nl

oa
de

d 
by

 H
ac

et
te

pe
 U

ni
ve

rs
ite

si
 o

n 
01

/0
6/

20
18

 0
5:

08
:5

6.
 

View Article Online

665



4.4 Reagents based on 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-

benzotriazine (HODhbt)

HODhbt was first mentioned in 1970 by Koenig who investi-

gated over 30 N-hydroxy compounds as additives for peptide

synthesis.25 HOBt gave excellent results but HODhbt proved

to be generally superior. However Koenig pointed out that the

potential of HODhbt is limited due to inherent side reactions,

in particular the formation of an azido-benzoyl derivative 110

(Fig. 18).

Knorr proposed the generation of a HODhbt based

coupling reagent, synthesising TDBTU 111 (Fig. 19).40

Although TDBTU 111 gave little epimerisation, its use was

recommended only in critical cases because of the risk of side

reactions. Indeed, ring opening of the 3,4-dihydro-4-oxo-1,2,3-

benzotriazine ring can occur to form 110, which can then react

with amines. Another reagent, HDTU 112b, where the

counter ion of TDBTU 111 was replaced by hexafluoro-

phosphate had similar efficiency to TBTU 30b.104 The

disadvantage of HDTU 112b has ever being its poor stability

in DMF compared to classic reagents such as HATU 28a as

after 5 h HDTU 112b had totally decomposed compared to

less than 1% for HATU 28a.37

Fig. 17 Coupling reagents based on pentafluorophenol.

Fig. 18 Side-product formed when using HODhbt as additive.

Fig. 19 Coupling reagents based on HODhbt.

This journal is �c The Royal Society of Chemistry 2009 Chem. Soc. Rev., 2009, 38, 606–631 | 617

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 
20

08
. D

ow
nl

oa
de

d 
by

 H
ac

et
te

pe
 U

ni
ve

rs
ite

si
 o

n 
01

/0
6/

20
18

 0
5:

08
:5

6.
 

View Article Online

666



Carpino compared some organophosphorus reagents to

commonly used coupling reagents,65 and showed that

DpopODhbt 113 was comparable to HATU 28a in terms of

reaction times for the formation of the active ester of Z-Aib-OH

(o2 min) but DepODhbt 114 (also named DEPBT by

Ye105,106) was not as efficient (7–8 min). Similarly DOPBT

115 was poorer than DepODhbt 114.107 Another reagent,

DtpODhbt 116 gave more epimerisation (4.3% of LDL isomer)

than DepODhbt 114 (3.5%) but less than HATU 28a

(5.0%) when carrying out the coupling of Z-Phe-Val-OH

and H-Pro-NH2. The synthesis of the ACP decapeptide

(H-Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-Asn-Gly-NH2) was used

to show that DepODhbt 114 gave poor results (o1% yield)

compared to HATU 28a (85%).

Li also based immonium type reagents on HODhbt, but

DOMP 117 showed very poor results for the coupling between

Z-Gly-Phe-OH and H-Val-OMe with only 5.6% yield after 2 h

compared to 95% for BDMP for example.56 PyDOP 118a was

targeted for the synthesis of thioamides, but proved to be

surpassed by PyNOP 53 or PyFOP 54.54

More recently, Carpino developed coupling reagents based

on aza-analogues of HODhbt,65 and successfully synthesised

HDATU 112a, PyDAOP 118b, HDADU 119, HDAPyU

120a, and HDPyU 120b. As expected, derivatives of

HODAhbt were more reactive than their HODhbt analogue.

Thus, HDATU 112a gave better results than HDTU 112b, but

was still less reactive than HATU 28a. Moreover, results were

more random for segment coupling as they depended on the

system studied. However, in many cases, HDATU 112a

proved to be better than HATU 28a for the solid-phase

synthesis of ACP.

Itoh developed sulfonate reagents based on HODhbt.67 The

two reagents synthesised, SMDOP 121 and SPDOP 122 were

however not as efficient as the other sulfonate reagents that

this group synthesised, such as HCSCP 70.

Overall, reagents based on 3,4-dihydro-3-hydroxy-4-oxo-

1,2,3-benzotriazine (HODhbt) do not appear to be more

efficient that classical reagents like DIC 13. Moreover, a

critical issue regarding the safety of these materials has to be

addressed due to the presence of the azide moiety.

4.5 Reagents based on 2-hydroxysuccinimide (HOSu) and

2-(5-norbornene–2,3-dicarboximide) (HONB) (Fig. 20)

Only a few reagents incorporating the hydroxysuccinimide

leaving group have been synthesised. Knorr developed TSTU

123a and its norbornene–dicarboximide analogue TNTU 124,

which showed high epimerisation levels without the use of

additives.40 Gruber reported HSTU (also called SbTMU)

123b, but the reagent was not studied in detail as it

was directly used for the preparation of thiol-reactive Cy5

derivatives.108

Other examples are SOMP56 125 and SOMI57 126 developed

by Li, and similar other immonium type reagents, but they

gave poor results.

Phosphate-based succinimide coupling reagents such as

NDPP109 127 and SDPP110 128 have also been developed.

The use of ENDPP 129 proved to be a better method than the

isobutylchloroformate method because it could be performed

at room temperature, but no other comparison was reported.

Similarly, SDPP 128 was only reported as being a ‘‘more

convenient method’’ to use than DCC 5.

El-Faham reported the use of HDMS 130, which was based

on a morpholino uronium salt.50 The reagent proved to be less

efficient than the HOAt/HOBt based analogues HDMA 46a

and HDMB 46b.

4.6 Phosphorus-type reagents (not based on HOAt, HOBt,

–OPfP, –OSu, and –ODhbt) (Fig. 21)

PyTOP 131 was developed by Hoeg-Jensen for the formation

of thioamides but the reagent gave poorer selectivities than

PyNOP 53 or PyFOP 54.54

The possibility of using DPP-Cl 132 was first investigated

with success by Jackson,111 who claimed that NMR proved

that no epimerisation was observed,112 although this result is

quite surprising, as epimerisation is usually high when acid

chlorides are generated.

Other derivatives have also been synthesised and include

the azide analogue DPPA 133a,113 and cyano analogue

DECP 134, which gave good coupling yields but with many

side-reactions via the cyanide.114 Dpop-Cl 133b was also tested

but poor results were observed without the use of an additive.65

Similarly DEPC115 135a and DEPB116 135b typically give side

reactions due to the release of the reactive halogen atom.

Reagents based on the same principle, Cpt-Cl117 136,

MPTA118 137a, Mpt-Cl119 137b, MPTO118 138, and

BMP-Cl120 139, appeared overall to have similar efficiencies

to reagents such as DPP-Cl 132.

Fig. 20 Coupling reagents based on HOSu and HONB.
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Fig. 21 Other phosphorus-based reagents.
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Another coupling reagent TFMS-DEP 140 was produced by

activating diethylphosphate with trifluoromethanesulfonalide.121

Using 1.2 equiv. of coupling reagent, hindered tert-butylamine

was coupled in 89% yield to acetic acid. Other examples

showed goods yields, typically over 80% yield, including a

secondary amine (N-methylbenzylamine) and two anilines

(N-methylaniline and aniline). Application for peptide synthesis

was studied by carrying out Young’s test, which showed 2%

epimerisation. Also, the difficult synthesis of Z-Aib-Aib-OMe

proved to be successful affording the product in a satisfactory

70% yield.

A wide range of phosphorus-based coupling reagents

141–153 were investigated by Mukaiyama.122 Using Young’s

test as model reaction, it was concluded that the bis(nitrophenyl)

phenylphosphonates 149 and 150 gave the best results. Further

studies, using this time phosphinic esters 154–158 showed

that (5-nitropyridyl)diphenylphosphinate 154 was an efficient

coupling reagent, giving 92% of the expected dipeptide in

Young’s test, with less than 2% epimerisation.123

DEBP124
159 and DPOOP125

160 have been proposed as

coupling reagents, but for both reagents, examples were

limited to a few dipeptides and were not compared to any

classical methods. T3P 161 was claimed to be more efficient

than HAPyU 31 for head-to-tail cyclisation of hindered

peptides.126 However, the use of T3P may be limited as yields

were lower and epimerisation higher than HAPyU when

segment coupling studies were carried out.

Other reagents include FDMP 162, which gave poor results

(2% yield compared to 84% yield for BEMT when coupling

Z-Gly-Phe-OH to H-Val-OMe),57 BIODPP 163, which gave

amides in good yields but was not compared to any other

coupling reagent,127 and DEPBO 164 and DOPBO 165, which

proved to be not as efficient as DepODhbt 114.107 PyDPP 166

was reported as giving low epimerisation rates, but was not

compared to other coupling reagents.128

Kokare reported three new reagents 166–169 based on

phosphate derivatives of 1-hydroxy-2-phenylbenzimidazole.129

The reagents gave in most cases similar results and yields over a

wide range of substrates (e.g. 4-nitrobenzoic acid, cinnamic

acid, anisic acid, piperidine, tert-butylamine) were excellent.

However, one can wonder at the purity of the isolated products.

The synthesis of the three reagents were reported (63–71% yields),

but when used for amide bond formation, the reagents were

generated in situ through the reaction of 2-phenylbenzimidazole

with a chlorophosphate or phosphinic chloride. The acid

and then amine were added to this mixture, and side-

reactions were thus likely to occur. Kokare also used the

diethylphosphate derivative 170 as a coupling reagent for the

synthesis of O-alkyl hydroxamic acids (Scheme 11).130 Yields

were excellent for the 12 amides synthesised but comparison

with other coupling reagents was not carried out.

4.7 Miscellaneous reagents

CPMA 171, a reagent based on a chloroimmonium salt

(Fig. 22), mediated the esterification of carboxylic acids,131

and in terms of amide bond formation, the reagent performed

well (complete conversion) but only two examples were

reported.

2-Mercaptopyridone-1-oxide 172 was used as a starting

material to generate a cheaper and new type of uronium

coupling reagent TOTT 173 and HOTT 174 (Scheme 12).132

Both reagents gave better results that DCIH 78b or PyBrop

79b and were comparable to HATU 28a, and the dipeptide

Z-MeVal-Aib-OMe was obtained in 80% yield (89% for

HATU 28a). The epimerisation level was evaluated via

Young’s test and the use of TOTT 173 resulted in only 3.7%

epimerisation compared to BOP 51b (20%), PyBOP 52b

(15%), or HATU 28a (20%). TOTT 173 and HOTT 174 have

also been successfully used to synthesise primary amides from

carboxylic acids and ammonium chloride.133

Najera synthesised two analogues of HOTT/TOTT, HODT

175 and TODT 176 (Fig. 23).134 These two reagents gave

higher yields in solid phase peptide synthesis, but associated

with more epimerisation.

A reagent similar to the ones based on 2-mercaptopyridine

oxide was proposed by Knorr but TPTU 177 (Fig. 24), based

on 2-hydroxypyridine-N-oxide, gave high epimerisation level

when used without an additive.40

The possibility of using a 2-pyridinone based reagent,

DPTC 178 (Fig. 25), for amide synthesis was investigated by

Shiina.135 Carboxylic acids were activated as 2-pyridyl esters

using DPTC 178 and a catalytic amount of DMAP. However,

a long pre-activation time was required (over 25 min) to limit

the formation of an isothiocyanate specie (and probably a

thiourea) upon addition of an amine. Thus the application of

DPTC 178 is limited although simple amides can be obtained

in good yield at room temperature. More hindered substrates

imply carrying out the synthesis at higher temperature.

An original coupling reagent based on the rearrangement of

carboxylic–sulfonic mixed anhydrides has been reported. Sub-

stituted O-hydroxybenzenesulfonyl chlorides 179 were used as

condensation reagents via the mechanism suggested in

Scheme 13.136 Using this method various peptides were

obtained in good yields. The epimerisation level was assessed

through optical purity, but no comparison was made with any

common coupling reagent. Itoh investigated the possibility of

using sulfonate-based coupling reagents, and developed

2-methanesulfonyloximino-2-cyanoacetate 180 (Fig. 26),

which proved however to be outperformed by HCSCP 69.67

Scheme 11 Synthesis of O-alkyl hydroxamic acids. Fig. 22 Structure of CPMA.
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A related reagent, also based on a cyanoacetate moiety,

TOTU 181 was reported by König.137

Carbonyl-diimidazole (CDI 182) has been used to generate

amide bonds.138 Interestingly, Sharma showed that CDI 182

Scheme 12 Synthesis of HOTT and TOTT from 2-mercaptopyridone.

Fig. 23 Structure of HODT and TODT.

Fig. 24 Structure of TPTU.

Fig. 25 Structure of DTPC.

Scheme 13 Mechanism of the coupling reagents using substituted O-hydroxybenzenesulfonyl chlorides.

Fig. 26 Structure of other miscellaneous reagents.
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could be used to couple unprotected amino acids to amines in

water.139 The strategy however offers limited applicability as

only primary amines were successfully coupled, while yields

were moderate.

More recently, Saha proposed the use of an analogue,

CBMIT 183.140 He obtained good yields and low epimerisation

but these were not evaluated on standard tests and are

therefore difficult to compare to classical reagents.

DPTF 184 was reported by Ito as a dehydrating reagent.141

Its mechanism of action follows the active ester pathway

to generate amides in good yields (Scheme 14). However

hindered building blocks were not evaluated. One of the main

advantages of DPTF 184 is its ability to activate a carboxylic

acid in aqueous media.

In order to avoid the use of expensive reagents, Campagne

suggested the use of ethyl propiolate 185 as coupling reagent,

as described in Scheme 15.142 Although being original, this

route required a long pre-activation time (12 h) and the use of

an additive (sodium bisulfite) was necessary to give good

yields. Moreover, yields were typically lower than standard

coupling reagents such as PyBOP 52b.

Recently, diphenyl phosphite (DPP 186),143 and tetrakis-

(pyridine-2-yloxy)silane 187,144 have been used to synthesise

amides. DPP 186 forms a phosphonic-carboxylic mixed

anhydride, while tetrakis(pyridine-2-yloxy)silane gives silyl

esters 188 (Scheme 16). These reagents afforded amides in

good yields but were not compared to other coupling reagents.

Phenylsilane PhSiH3 189 has been used in amide library

formation.145 The reagent was tested on seven carboxylic acids

and 11 amines. Although amides were sometimes obtained in

good yield, it was necessary to use reverse phase HPLC to purify

the products, making the phenylsilane method unattractive for

library generation. In addition, anilines and some secondary

amines failed to couple with this reagent resulting in poor scope.

5. Other methods of N-acylation

5.1 Mixed anhydrides

The formation of mixed anhydrides is a classic method of

amide bond formation. It is important to note that many

mixed anhydrides can be generated using some of the coupling

reagents reported so far in this review. The mixed anhydride

method was first reported by Vaughan,146 who tested many

acid chloride derivatives and concluded that the success of the

amide-bond formation was governed by steric and inductive

effects. Isovaleryl chloride proved to give the best results.

However, as reported by many research groups, this method

has a tendency to generate symmetrical anhydrides by reaction

of a second carboxylic acid molecule on the mixed anhydride

(Scheme 17). In addition regioselectivity is a major issue, as the

amine can potentially react at either carbonyl group although

this can be biased by using a bulky acid group. These

drawbacks can sometimes be minimised by carrying out the

coupling reactions at low temperature.

5.2 Chloroformates

The use of chloroformates for amide-bond formation was

first reported by Vaughan,147 and was based on the mixed

anhydride method. In the presence of a base, the reaction

between a carboxylate and a chloroformate yields a mixed

carbonic anhydride, which reacts quickly with amines to form

amides. Vaughan’s study highlighted slightly better results

when using sec-butylchloroformate compared to isobutylchloro-

formate.148 The method was ‘‘reinvestigated’’ by Anderson,149

who tested several different chloroformates, and whose

conclusions suggested that isobutylchloroformate was the

most efficient reagent.

Scheme 14 Suggested mechanism of DPTF.141

Scheme 15 Activation process when using ethyl propiolate as coupling reagent.
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5.3 Direct preparation of active esters

The direct formation of active esters has often attracted a lot

of attention due to the stability of many of them, which allows

storage. Many example of active esters have therefore been

reported and include –O-succinimides,150 –OBt and derivatives,24

p-nitrophenol,151 –OPfP,152 –ODhbt,153 and PTOC.154 As this

review focuses directly on coupling reagents, this useful

method of amide-bond formation will not be discussed

herein, but the reader is referred to Montalbetti’s review for

further details.13

5.4 Newer approaches to amide bond formation

Several alternatives to the use of coupling reagents have been

reported. These interesting new methods were reviewed by

Bode,155 and include the so-called native chemical ligation and

the Staudinger ligation (Scheme 18). Recently, Milstein

reported another approach based on the ligation of amines

to alcohols using a ruthenium complex as catalyst.156

Molecular hydrogen was formed during the reaction and

amides were obtained in high yield.

6. Polymer-supported coupling reagents

6.1 Immobilised carbodiimides

Only a few polymer-supported coupling reagents are available,

probably because coupling reagents are mainly used in peptide

synthesis, which is usually carried out on solid phase, the

coupling reagent being in solution. Nevertheless, DCC 5,157

DIC 13,158 and EDC159 20 have been successfully immobilised

and applied to the synthesis of amides.160 However these

carbodiimides maintain the same drawbacks as their

solution-phase equivalents, in particular in terms of epimerisation

in the absence of an additive. Furthermore, one can wonder

at the interest of PS-EDC 190 (Fig. 27) in comparison to

PS-DCC 191 as EDC 20 was originally designed and synthesised

to be water soluble. Having the ‘‘extractable’’ moiety on a

polystyrene support appears to be odd, especially as the

ionic part of EDC 20 in solution-phase has proven to be

counterproductive regarding the coupling reaction rate

compared to DIC 13.34 A polyhexamethylene-carbodiimide

has also been reported.161

Charette ‘‘attached’’ carbodiimides to tetraarylphosphonium

salts as a means of ‘‘tagging’’ the reagent.162 Reaction

was carried out in solution phase, before precipitation of the

salt with apolar solvents. Several carbodiimides derivatives

192 were synthesised (Fig. 28), and the ethyl and isopropyl

derivatives based on a hexafluorophosphate salt were the most

efficient, both in terms of yields and purities.

6.2 Immobilised additives and reagents based on HOBt

Some coupling reagents in solution can in rare cases be

extracted after reaction (e.g. EDC 20). However, the use of

an additive is often required to limit epimerisation, and this

additive has also to be separated from the reaction mixture.

Therefore polymer-supported HOBt has been reported in

different guises.163,164 PS-HOBt 193 has also been used as a

core for synthesising supported reagents for the preparation of

N-hydroxysuccinimide active esters.165

The idea of using PS-HOBt 193 to form an immobilised

HOBt-based coupling reagent was first exploited by Chinchilla,

who synthesised polymer-supported TBTU 194.166 This idea

was also applied by Filip for the synthesis of polymer-

supported BOP 195.167 These reagents offer however the same

Scheme 16 Mechanism proposed by Tozawa for tetrakis(pyridine-

2-yloxy)silane.

Scheme 17 Disproportionation issue with the mixed anhydride

method.

Scheme 18 Examples of newer methodologies for amide bond formation.
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drawbacks as TBTU 30b and BOP 51b in solution, while the

structure of the reagent means that part of it will end up in

solution after the coupling, clearly an undesirable occurrence

for a supported reagent.

6.3 Other immobilised reagents

Triazine-based coupling reagents have been widely used in

solution-phase. In 1999, Taddei reported polymer-supported

chlorotriazine 196.168 Although amides were synthesised in

moderate to good yield using this reagent, the 1H NMR of the

crude compounds revealed the presence of 5 to 10% of

by-products. Hioki used another strategy to obtain polymeric

triazine-type reagents.169 Using a norbornene-derivatised

triazine, they synthesised via ROMP an immobilised mono-

methoxychlorotriazine, which was tested on anilines and

primary amines. Yields were good (nine examples, 80–98%),

but no secondary amine was tested while the reagent was not

compared to other classical amide bond formation methods.

PS-DMC 197, a supported equivalent of DMC 89, was

reported by Ishikawa.170 Yields over five examples were

slightly lower for the polymer-supported version of the

reagent, and the examples provided did no allow a full display

of the scope and limitations of the reagent.

Chinchilla developed some reagents based on polymeric

succinimides such as P-TSTU 198 and P-HSTU 199,171 and

200 (Fig. 27).172 The results were good for classic amino acids

but the yields were moderate to low when coupling hindered

amino acids. Globally these reagents did not really add any

benefit to the range of coupling reagents available, and, like

PS-TBTU 194 and PS-BOP 195, part of the reagent ended up

in solution.

More recently, Convers reported an immobilised Mukaiyama

reagent 201.173 However, Crosignani investigated this new

reagent and concluded that the synthesis was poorly reprodu-

cible, and developed another route.174 This reagent 202

appeared to work very efficiently for the synthesis of esters

and amides including hindered substrates, secondary amines

and anilines.174,175

Polymer-supported IIDQ 203 is an immobilised version of

the solution-phase IIDQ 100 reagent.97,176 It was synthesised

in three steps from Merrifield resin and 6-hydroquinoline to

provide a high loading reagent (41.68 mmol/g). The main

Fig. 27 Structure of polymer-supported reagents.

Fig. 28 Tetraarylphosphonium-supported carbodiimides.
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advantages of PS-IIDQ 203 are that no base is required during

coupling, while the order of addition of amine, carboxylic acid

and reagent do not influence the outcome of the reaction

(Scheme 19).

This reagent was compared to other classically used and

commercially available coupling reagents such as Polymer-

supported EDC 190 and DCC 191, as well as HATU 28a.

Interestingly, PS-IIDQ 203 performed better than any of these

reagents on a set of three amines and three carboxylic acids,

including anilines and bulky substrates (Table 5). Furthermore,

PS-IIDQ 203 was evaluated on 9 amines and 5 carboxylic

acids and gave an average yield of 73%. Epimerisation was

low as Anteuni’s test did not reveal any trace of the diastereo-

isomer by NMR. PS-IIDQ 203 was stable under standard

laboratory storage conditions and it was shown that the

reagent could be advantageously recycled after any coupling

reaction. Thus PS-IIDQ 203 appears to be a very versatile

coupling reagent for the parallel synthesis of amides.

Very recently, Kakarla duplicated these studies to make

PS-EEDQ 204.177 It was obtained using identical conditions

for the transformation of PS-Quinoline into PS-EEDQ

204, the only variation being the use of a Wang resin. However

the loading of the so-called ‘‘high-loading’’ PS-EEDQ 204

was erroneous (starting from a 1.7 mmol/g Wang resin, the

maximum physical loading of PS-EEDQ 204 would be

1.19 mmol/g assuming total conversion during synthesis,

while the authors claimed 1.36 mmol/g loading), while a Wang

linker was clearly of no use. When looking at the efficiency

of EEDQ 99 and IIDQ 100 (Table 4),97 the choice

appears evident.

7. Conclusion on available coupling reagents

Although hundreds of coupling reagents have been reported,

conclusions on their efficiency are in fact quick and simple.

Most of these reagents are simply not efficient for a broad

range of amide bond formation. Some reagents do perform

well in general, but differences are typically small. Solid-phase

peptide chemists may find useful reagents which display fast

kinetics for coupling as the synthesis of long peptides has

ideally to be rapid. However, for the general organic chemist,

simple reagents are often the most appropriate allowing

coupling reagents to be used on a large selection of substrates

with varying reactivities.

This summary can be illustrated by the comparison of

coupling reagents carried out by Hachman.68 Very few

comparisons of reagents have been published and the work by

Hachman displayed the importance of a comparison system.

Hachman compared classical reagents such as phosphonium

salts, uronium salts, reagents generating acid halides and

carbodiimides. During the synthesis of decapeptides, HBTU

28b was the ‘‘fastest’’ reagent after 2 min while almost none of

the expected amide was formed by DIC after this time.

However, after 8 min, DIC 13 was comparable to HBTU

28b. In addition very few side-reactions were observed with

DIC 13 (in particular deletion) compared to BOP 51b or

HATU 28a. This demonstrated that a simple reagent like

DIC 13 (using HOBt as additive) performs well in many cases,

and a compromise of speed/purity/by-products needs to be

sought.

An important point is the way new coupling reagents are

reported. As stated and demonstrated by Hachman: ‘‘the use

of only one model sequence for evaluation of synthetic

reagents [. . .] can be misleading.’’ As such, unless new reagents

are systematically tested against commonly considered ‘‘top

coupling reagents’’, such as HATU 28a, and traditional

methods such as DIC/HOBt, it is likely that most new

coupling reagents will have an application limited to the

original publication by their authors.

Overall, keeping in mind all possible issues (side-reactions),

HATU 28a and HBTU 28b offer generally excellent reactivity.

Scheme 19 Activation process when using PS-IIDQ.

Table 5 Comparison of the yields and purities obtained over three
amines (4-tert-butylaniline, benzylamine, H-PhG-OMe) and three
carboxylic acids (Boc-Aib-OH, phenylacetic acid, benzoic acid)

Entry Coupling reagent Average yield (%) Average purity (%)

1 PS-IIDQ 72 100
2 HATU 55 98
3 PS-EDC 41 96
4 PS-DCC 26 97

This journal is �c The Royal Society of Chemistry 2009 Chem. Soc. Rev., 2009, 38, 606–631 | 625
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If quick coupling times are required, HATU 28a probably

represents the reagent of choice, providing the substrates are

not hindered. Otherwise, the traditional method DCC 5 (or

DIC 13) /HOBt remains an excellent choice for many sub-

strates. One has nevertheless to keep in mind potential hazards

when using reagents based on 1H-benzotriazole due to the

potential explosive properties of HOBt.30,31

For difficult couplings (e.g. secondary amines), our experi-

ence tells us that PyBrop 79b is generally reliable.178 Triazines

can be an alternative for difficult coupling, although the most

reactive reagents tend to give side-products. However, the

recent developments by Kaminski are bringing new applica-

tions to this class of coupling reagents.

Finally, for library synthesis either the PS-Mukaiyama

reagent 202 or polymer-supported IIDQ 203 are clearly the

most suitable reagents,179 and their efficiency has been con-

firmed by many groups. These reagents have the advantage of

simplifying purification as the reagent is separated via simple

filtration after reaction.

In conclusion, selecting suitable coupling reagents could be

summarised by ‘‘keep it simple’’ as most reagents appear to be

merely fancy and costly alternatives. Finding a universal

coupling reagent remains elusive considering the wide portfolio

of potential substrates and it is generally wise to avoid

‘‘exotic’’ reagents and not be mislead by ‘‘fast’’ coupling

reagents. Efficiency is the key, with high conversions, low

levels of epimerisation and limited by-products all being

essential criteria.

List of abbreviations

General

ACP acyl carrier protein decapeptide 65–74

DABCO bicyclo[2,2,2]-1,4-diazaoctane

DCU dicyclohexylurea

DMAP 4-dimethylaminopyridine

DMPU dimethylpropyleneurea

HMPA hexamethylphosphoramide

LHRH Luteinising Hormone Releasing Hormone

NMM N-methylmorpholine

ROMP Ring Opening Metathesis Polymerisation

Coupling reagents and additives

ACTU (2-(6-chloro-1-H-benzotriazol-1-yl)-1,1,3,3-

tetramethylaminium) hexachloroantimonate

AOMP 5-(7-azabenzotriazol-1-yloxy)-3,4-dihydro-1-

methyl-2H-pyrrolium hexachloroantimonate

AOP (7-azabenzotriazol-1-yl)oxytris(dimethyl-

amino)phosphonium hexafluorophosphate

BBC benzotriazoloxy-bis(pyrrolidino)carbonium

hexafluorophosphate

BDDC bis[[4-(2,2-dimethyl-1,3-dioxolyl)]methyl]-

carbodiimide

BDMP 5-(1H-benzotriazol-1-yloxy)-3,4-dihydro-1-

methyl-2H-pyrrolium hexachloroantimonate

BDP benzotriazol-1-yl diethylphosphate

BEC N-tert-butyl-N0-ethylcarbodiimide

BEMT 2-bromo-3-ethyl-4-methylthiazolium

tetrafluoroborate

BEP 2-bromo-1-ethylpyridinium tetrafluoroborate

BEPH 2-bromo-1-ethylpyridinium hexachloroanti-

monate

4,5-B(HATU) N-[(dimethylamino)(3H-1,2,3-triazolo[4,5-c]-

isoquinolin-3-yloxy)-N-methylmethanaminium

hexafluorophosphate

5,6-B(HATU) 1-[bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]quinolinium hexafluorophosphate-

3-oxide

BIODPP diphenyl benzo[d]isoxazol-3-ylphosphonate

BMC N-tert-butyl-N0-methylcarbodiimide

BMMP 1-(1-(1H-benzo[d][1,2,3]triazol-1-yloxy)ethyl-

idene)pyrrolidinium hexachloroantimonate

BMP-Cl N,N0-bismorpholinophosphonic chloride

BMTB 2-bromo-3-methyl-4-methylthiazolium

bromide

BOI 2-(benzotriazol-1-yl)oxy-1,3-dimethylimid-

azolidinium hexafluorophosphate

BOMI benzotriazol-1-yloxy-N,N-dimethylmethan-

iminium hexachloroantimonate

BOP benzotriazolyl-N-oxytrisdimethylaminophos-

phonium hexafluorophosphate

BOP-Cl N,N0-bis(2-oxo-3-oxazolidinyl)phosphinic

chloride

BPMP 1-(1H-benzotriazol-1-yloxy)phenylmethylene

pyrrolidinium hexachloroantimonate

BroP bromotris(dimethylamino)phosphonium

hexafluorophosphate

BTFFH bis(tetramethylene)fluoroformamidinium

hexafluorophosphate

CBDO 2-chlorobenzo[d][1,3]dioxol-1-ium hexachloro-

antimonate

CBMIT 1,10-carbonylbis(3-methylimidazolium) triflate

CDI carbonyldiimidazole

CDMS chlorodimethylsulfonium hexachloroantimonate

CDMT 2-chloro-4,6-dimethoxy-1,3,5-triazine

CDTP 2-chloro-1,3-dimethyl-3,4,5,6-tetrahydro-

pyrimidin-1-ium perchlorate

CIP 2-chloro-1,3-dimethylimidazolidinium

hexafluorophosphate

CloP chlorotris(dimethylamino)phosphonium

hexafluorophosphate

CMMM chloro(4-morpholino)methylene

morpholinium hexafluorophosphate

CPMA (chlorophenylthiomethylene)dimethyl-

ammonium chloride

CPDT 2-chloro-5-phenyl-1,3-dithiol-1-ium

hexachloroantimonate

Cpt-Cl 1-oxo-chlorophospholane

DAST diethylaminosulfur trifluoride

DCC dicyclohexylcarbodiimide

DCIH 1,3-dimethyl-2-chloro-4,5-dihydro-1H-

imidazolium hexafluorophosphate

DCMT 2,4-dichloro-6-methoxy-1,3,5-triazine

DEBP diethyl-2-(3-oxo-2,3-dihydro-1,2-benziso-

sulfonazolyl)phosphonate

626 | Chem. Soc. Rev., 2009, 38, 606–631 This journal is �c The Royal Society of Chemistry 2009
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DEFFH 1,2-diethyl-3,3-tetramethylenefluoroform-

amidinium hexafluorophosphate

DECP diethylcyanophosphonate

DEPC diethyl phosphorochloridate

DEPB diethyl phosphorobromidate

DEPBO N-diethoxyphosphorylbenzoxazolone

DEPBT 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-

4(3H)-one

DepOAt 3H-[1,2,3]triazolo[4,5-b]pyridin-3-yldiethyl

phosphate

DepOBt diethoxyphosphinyloxybenzotriazole

DepODhbt diethyl 4-oxobenzo[d][1,2,3]triazin-3(4H)-yl

phosphate

DFIH 1,3-dimethyl-2-fluoro-4,5-dihydro-1H-imid-

azolium hexafluorophosphate

DIC diisopropylcarbodiimide

DMC 2-chloro-1,3-dimethylimidazolinium chloride

DMCH N-(chloro(morpholino)methylene)-N-methyl-

methanaminium hexafluorophosphate

DMFFH 1,2-dimethyl-3,3-tetramethylenefluoroform-

amidinium hexafluorophosphate

DMFH N-(fluoro(morpholino)methylene)-N-methyl-

methanaminium hexafluorophosphate

DmppOAt 1-(2,8-dimethylphenoxaphosphinyloxy)-7-

azabenzotriazole

DMTMM 4-(4,6-dimethoxy[1,3,5]triazin-2-yl)-4-methyl-

morpholinium chloride

DOMP 5-(30,40-dihydro-40-oxo-10,20,30-benzotriazin-

30-yloxy)-3,4-dihydro-1-methyl 2H-pyrrolium

hexachloroantimonate

DOPBO N-(2-oxo-1,2,3-dioxaphosphorinanyl)benz-

oxazolone

DOPBT 3-[O-(2-oxo-1,2,3-dioxaphosphorinanyl)oxy]-

1,2,3-benzotriazin-4(3H)-one

DPOOP diphenyl-2-oxo-3-oxazolinylphosphonate

Dpop-Cl diphenyl phosphorochloridate

DpopOAt 1-(diphenoxyphosphoryloxy)-7-azabenzo-

triazole

DpopOBt 1-(diphenoxyphosphoryloxy)benzotriazole

DpopODhbt 3-(diphenoxyphosphinyloxy)-3,4-dihydro-4-

oxo-1,2,3-benzotriazene

DPP diphenylphosphite

DPPA diphenylphosphoryl azide

Dpp-Cl diphenylphosphinic chloride

DPTC O,O0-di(2-pyridyl)thiocarbonate

DPTF 2,2-dichloro-5-(2-phenylethyl)-4-(trimethylsilyl)-

3-furanone

DtpOAt 1-[di(O-tolyl)phosphinyloxy]-7-azabenzotriazole

DtpOBt 1-[di(O-tolyl)phosphinyloxy]benzotriazole

DtpODhbt 3-di(O-tolyl)phosphinyloxy]-3,4-dihydro-4-

oxo-1,2,3-benzotriazine

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodi-

imide

EEDQ N-ethoxycarbonyl-2-ethoxy-1,2-dihydro-

quinoline

ENDPP phosphoric acid 3,5-dioxo-10-oxa-4-azatri-

cyclo[5.2.1.02,6]dec-8-en-4-yl ester diphenyl ester

FDMP 3,5-bis(trifluoromethyl)phenyl

diphenylphosphinate

FDPP pentafluorophenyl diphenyl phosphinate

FEP 2-fluoro-1-ethylpyridinium tetrafluoroborate

FEPH 2-fluoro-1-ethylpyridinium hexachloroanti-

monate

FOMP 5-(pentafluorophenyloxy)-3,4-dihydro-1-methyl-

2H-pyrrolium hexachloroantimonate

HAE2PipU O-(1H-1,2,3-triazolo[4,5-b]pyridin-1-yl)-1,1-

diethyl-3,3-pentamethyleneuronium

hexafluorophosphate

HAE2PyU O-(1H-1,2,3-triazolo[4,5-b]pyridin-1-yl)-1,1-

diethyl-3,3-tetramethyleneuronium hexafluoro-

phosphate

HAMDU O-(7-azabenzotriazol-1-yl)-1,3-dimethyl-1,3-

dimethyleneuronium hexafluorophosphate
HAM2PipU O-(1H-1,2,3-triazolo[4,5-b]pyridin-1-yl)-1,1-

dimethyl-3,3-pentamethyleneuronium

hexafluorophosphate

HAM2PyU O-(1H-1,2,3-triazolo[4,5-b]pyridin-1-yl)-1,1-

dimethyl-3,3-tetramethyleneuronium

hexafluorophosphate

HAMTU O-(7-azabenzotriazol-1-yl)-1,1,3,3-bis(penta-

methylene)uronium hexafluorophosphate

HAPipU O-(7-azabenzotriazol-1-yl)-1,1,3,3-bis(penta-

methylene)uronium hexafluorophosphate

HAPyTU S-(7-azabenzotriazol-1-yl)-1,1,3,3-bis(tetra-

methylene)thiouronium hexafluorophosphate

HAPyU 1-(1-pyrrolidinyl-1H-1,2,3-triazolo[4,5-b]pyridin-

1-ylmethylene)pyrrolidinium hexafluorophos-

phate N-oxide

HATeU O-(1H-1,2,3-triazolo[4,5-b]pyridin-1-yl)-

1,1,3,3-tetraethyluronium

hexafluorophosphate

HATU O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetra-

methyluronium hexafluorophosphateHBE2PipU

O-(1H-benzotriazol-1-yl)-1,1-diethyl-3,3-penta-

methyleneuronium hexafluorophosphate

HBE2PyU O-(1H-benzotriazol-1-yl)-1,1-diethyl-3,3-tetra-

methyleneuronium hexafluorophosphate

HBMDU O-(benzotriazol-l-yl)-l,3-dimethyl-l,3-di-

methyleneuronium hexafluorophosphate

HBMP 1H-benzo[d][1,2,3]triazol-1-ylmethanesulfonate

HBM2PipU O-(1H-benzotriazol-1-yl)-1,1-dimethyl-3,3-

pentamethyleneuronium hexafluorophosphate

HBM2PyU O-(1H-benzotriazol-1-yl)-1,1-dimethyl-3,3-

tetramethyleneuronium hexafluorophosphate

HBPipU O-(benzotriazol-1-yl)-1,1,3,3-bis(pentamethylene)-

uronium hexafluorophosphate

HBSP 1H-benzo[d][1,2,3]triazol-1-ylbenzenesulfonate

HBTeU O-(1H-benzotriazol-1-yl)-1,1,3,3-tetraethyl-

uronium hexafluorophosphate

HBTU O-(benzotriazol-1-yl)-1,1,3,3-tetramethyl-

uronium hexafluorophosphate

HCTU (2-(6-chloro-1-H-benzotriazol-1-yl)-1,1,3,3-

tetramethylaminium) hexafluorophosphate

HCSCP 6-chloro-1H-benzo[d][1,2,3]triazol-1-yl-4-

chlorobenzenesulfonate

HCSP 6-chloro-1H-benzo[d][1,2,3]triazol-1-ylbenzene-

sulfonate
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HDATU (bis(dimethylamino)methyl)(4-oxopyrido[3,2-d]-

[1,2,3]triazin-3(4H)-yl)oxonium

hexafluorophosphate

HDADU (bis(dimethylamino)methyl)(4-oxopyrido[3,2-d]-

pyrimidin-3(4H)-yl)oxonium

hexafluorophosphate

HDAPyU 1-((4-oxopyrido[3,2-d][1,2,3]triazin-3(4H)-yloxy)-

(pyrrolidin-1-yl)methylene)pyrrolidinium

hexafluorophosphate

HDMA 1-((dimethylamino)(morpholino)methylene)-

1H-[1,2,3]triazolo[4,5-b]pyridinium hexafluoro-

phosphate 3-oxide

4-HDMA 3-((dimethylamino)(morpholino)methylene)-

1H-[1,2,3]triazolo[4,5-b]pyridinium hexafluoro-

phosphate 1-oxide

HDMB 1-((dimethylamino)(morpholino)methylene)-

1H-benzotriazolium hexafluorophosphate

3-oxide

HDMCB 6-chloro-1-((dimethylamino)(morpholino)-

methylene)-1H-benzotriazolium

hexafluorophosphate 3-oxide

HDMFB 6-trifluoromethyl-1-((dimethylamino)-

(morpholino)methylene)-1H-benzotriazolium

hexafluorophosphate 3-oxide

HDMPfp 1-((dimethyamino)(morpholino))oxypenta-

fluorophenyl metheniminium hexafluoro-

phosphate

HDMS 1-((dimethyamino)(morpholino))oxypyrrolidine-

2,5-dione methanaminium hexafluorophosphate

HDPyU 1-((4-oxobenzo[d][1,2,3]triazin-3(4H)-yloxy)-

(pyrrolidin-1-yl)methylene)pyrrolidinium

hexafluorophosphate

HDTMA 1-((dimethylamino)(thiomorpholino)methylene)-

1H-[1,2,3]triazolo[4,5-b]pyridinium hexafluoro-

phosphate 3-oxide

HDTMB 1-((dimethylamino)(thiomorpholino)methylene)-

1H-benzotriazolium hexafluorophosphate

3-oxide

HDTU O-(3,4-dihydro-4-oxo-1,2,3-benzotriazin-3-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate

HOAt 1-hydroxy-7-azabenzotriazole

HOBt 1-hydroxy-1H-benzotriazole

HODhat 3-hydroxy-4-oxo-3,4-dihydro-5-azabenzo-

1,2,3-triazine

HODhbt 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine

HODT S-(1-oxido-2-pyridinyl)-1,3-dimethyl-1,3-tri-

methylenethiouronium

HONB 2-(5-norbornene-2,3-dicarboximide)

HOPfp pentafluorophenol

HPyOPfp N,N,N0,N0-bis(tetramethylene)-O-pentafluoro-

phenyluronium hexafluorophosphate

HPySPfp 1-((perfluorophenylthio)(pyrrolidin-1-yl)-

methylene)pyrrolidinium hexafluorophosphate

HOSu N-hydroxysuccinimide

HOTT S-(1-oxido-2-pyridinyl)-1,1,3,3-tetra-

methylthiouronium hexafluorophosphate

HSTU O-(N-succimidyl)-N,N,N0,N0-bis(tetramethylene)-

uronium hexafluorophosphate

IDDQ N-isobutoxycarbonyl-2-isobutoxy-1,2-dihydro-

quinoline

MPTA dimethylphosphinothioyl azide

MPT-Cl dimethylphosphinothioyl chloride

MPTO 3-dimethylphosphinothioyl-2(3H)-oxazolone

NDPP norborn-5-ene-2,3-dicarboximidodiphenyl-

phosphate

NOP [(6-nitrobenzotriazol-1-yl)oxy]tris(dimethyl-

aminop)phosphonium hexafluorophosphate

PEC phenylethylcarbodiimide

PFNB perfluorophenyl 4-nitrobenzenesulfonate

PIC phenylisopropylcarbodiimide

PTOC pyridine-2-thione-N-oxycarbonyl

PyAOP [(7-azabenzotriazol-1-yl)oxy]tris(pyrrolidino)-

phosphonium hexafluorophosphate

PyBOP benzotriazol-1-yloxytri(pyrrolidino)-

phosphonium hexafluorophosphate

PyBroP bromotri(pyrrolidino)phosphonium

hexafluorophosphate

PyClock 6-chloro-1-hydroxybenzotriazol-1-yl-N-oxy-

tris(pyrrolidino)phosphonium

hexafluorophosphate

PyCloP chlorotri(pyrrolidino)phosphonium hexafluoro-

phosphate

PyClopP chlorobispyrrolidinophenylphosphonium

hexachloroantimonate

PyFloP fluorotri(pyrrolidino)phosphonium

hexafluorophosphate

PyClU chlorodipyrrolidinocarbenium

hexafluorophosphate

PyDAOP (4-oxopyrido[3,2-d][1,2,3]triazin-3(4H)-yloxy)-

tripyrrolidin-1-ylphosphonium

hexafluorophosphate

PyDOP [(3,4-dihydro-4-oxo-1,2,3-benzotriazin-3-yl)-

oxy]tris(pyrrolidino)phosphonium

hexafluorophosphate

PyDPP diphenyl 2-oxopyridin-1(2H)-ylphosphonate

PyFOP [[6-(trifluoromethyl)benzotriazol-1-yl]oxy]tris-

(pyrrolidino)phosphonium hexafluorophosphate

PyNOP [(6-nitrobenzotriazol-1-yl)oxy]tris(pyrrolidino)-

phosphonium hexafluorophosphate

PyPOP (perfluorophenoxy)tripyrrolidin-1-ylphosphonium

PyTOP (pyridyl-2-thio)tris(pyrrolidino)-phosphonium

hexafluorophosphate

SbTMU O-(N-succimidyl)-N,N,N0,N0-bis-(tetramethylene)-

uronium hexafluorophosphate

SDPP 2,5-dioxopyrrolidin-1-yl diphenyl phosphate

SMDOP 4-oxobenzo[d][1,2,3]triazin-3(4H)-yl

methanesulfonate

SPDOP 4-oxobenzo[d][1,2,3]triazin-3(4H)-yl

benzenesulfonate

SOMI 5-(succinimidyloxy)-N,N-dimethylmethaniminium

hexachloroantimonate

SOMP 5-(succinimidyloxy)-3,4-dihydro-1-methyl-

2H-pyrrolium hexachloroantimonate

T3P 2-propanephosphonic acid anhydride

TATU O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetra-

methyluronium tetrafluoroborate

628 | Chem. Soc. Rev., 2009, 38, 606–631 This journal is �c The Royal Society of Chemistry 2009
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TAPipU 1-(1-pyrrolidinyl-1H-1,2,3-triazolo[4,5-b]pyridin-

1-ylmethylene)pyrrolidinium tetrafluoroborate

N-oxide

TBFH N,N,N0,N0-tetramethylbromoformamidinium

hexafluorophosphate

TBTU O-benzotriazol-1-yl-1,1,3,3-tetramethyluronium

tetrafluoroborate

TCFH N,N,N0,N0-tetramethylchloroformamidinium

hexafluorophosphate

TCTU (2-(6-chloro-1-H-benzotriazol-1-yl)-1,1,3,3-

tetramethylaminium) tetrafluoroborate

TDBTU 2-(3,4-dihydro-4-oxo-1,2,3-benzotriazin-3-yl)-

1,1,3,3-tetramethyluronium tetrafluoroborate

TEFFH tetraethylfluoroformamidinium

hexafluorophosphate

TFMS-DEP diethylphenyl(trifluoromethylsulfonyl)-

phosphoramidate

TFFH tetramethylfluoroformamidinium

hexafluorophosphate

TNTU 2-(5-norbornene-2,3-dicarboximido)-1,1,3,3-

tetramethyluronium tetrafluoroborate

TOTT S-(1-oxido-2-pyridinyl)-1,1,3,3-tetra-

methylthiouronium tetrafluoroborate

TODT S-(1-oxido-2-pyridinyl)-1,3-dimethyl-1,3-tri-

methylenethiouronium tetrafluoroborate

TOTU O-(cyano(ethoxycarbonyl)methylenamino)-

1,1,3,3-tetramethyluronium tetrafluoroborate

TPTU 1-((dimethylamino)(dimethyliminio)methoxy)-

2-hydroxypyridinium tetrafluoroborate

TSTU 2-succinimido-1,1,3,3-tetramethyluronium

tetrafluoroborate
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