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FORM – 7A 

 

THE PATENTS ACT, 1970 

(39 OF 1970) 

& 

THE PATENTS RULES, 2003 

 

REPRESENTATION FOR OPPOSITION TO GRANT OF PATENT 

(See section 25 (1) and rule 55) 

 

We, NATCO PHARMA LTD., an Indian Company at H. No: 8-2-112/A/32, Road No. 2, 

Banjara Hills, Hyderabad – 500 034 hereby give representation by way of opposition to 

the grant of patent in respect of Patent Application No. 4412/DELNP/2007 dated 

November 8, 2006, (Nationalized on June 8, 2007) by NOVARTIS AG.,  having office 

at Lichtstrasse 35, CH-4056, Basel, Switzerland.. It is published under section 11A in the 

Official Journal of Indian Patent Office dated August 24, 2007 and the publication date 

therein is mentioned as August 24, 2007 

 

The impugned Patent Application is opposed on the following grounds:-   

 

1. Section 25(1) (e)-Obviousness/lack of inventive step 

that the invention so far as claimed in any claim of the complete specification is 

obvious and clearly does not involve any inventive step, having regard to the 

matter published as mentioned in clause 25 (1) (b) or having regard to what was 

used in India before the priority date of the applicant’s claim; 

 

2. 25(1)(f) – Not an invention / Not patentable 

that the subject of any claim of the complete specification is not an invention 

within the meaning of this Act, or is not patentable under this Act; 

 

3. 25(1)(g) - Insufficiency 

that the complete specification does not sufficiently and clearly describe the 

invention or the method by which it is to be performed; 
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4. 25(1)(h) – Failure to disclose information under Section 8 

that the applicant has failed to disclose to the Controller the information required 

by section 8 or has furnished the information which in any material particular was 

false to his knowledge. 

 

Our address for service in India is  

 

S. Majumdar & Co. 5 Harish Mukherjee Road, Kolkata – 700 025, India, Phone: (033) 

24557484; Fax: (033) 24557487; Email: cal@patentindia.com.  

 

Dated this the 06
th

 day of September 2016  

                    

 

                                                                                           
  Amrita Majumdar  

Of S. Majumdar & Co. 

   Opponent’s Agent 

To 

The Controller of Patents 

The Patent Office, 

At Delhi 
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BEFORE THE CONTROLLER OF PATENTS, 

THE PATENT OFFICE, NEW DELHI 

 

IN THE MATTER OF The Patents Act, 1970 as 

amended by The Patents (Amendment) Act 2005, 

-And- 

IN THE MATTER of The Patents Rules, 2006 (as 

amended by the Patents (Amendment) Rules 2006 

-And- 

IN THE MATTER of Indian Patent Application 

No. 4412/DELNP/2007 nationalized on June 8, 

2007 from PCT Application No. 

PCT/US2006/043710 (Published as WO 

2007056546 A1) filed on November 8, 2006, and 

claiming priority from the US Patent Application 

No. 60/735,093 dated November 9, 2005, 

60/735,541 dated November 10, 2005, 60/789,332 

dated April 4, 2006 and 60/822,086 dated August 

11, 2006, assigned to NOVARTIS AG., 

Lichtstrasse 35, CH-4056, Basel, Switzerland.        

               ……APPLICANT 

 

-And- 

 

IN THE MATTER of Opposition to the grant of a 

patent thereto NATCO PHARMA LTD., an 

Indian Company at H. No: 8-2-112/A/32, Road 

No. 2, Banjara Hills, Hyderabad – 500 034, 

Andhra Pradesh, India.            

     ………OPPONENT 
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REPRESENTATION BY WAY OF OPPOSITION UNDER SECTION 25(1) 

We, Natco Pharma Ltd, H. No: 8-2-112/A/32, Road No. 2, Banjara Hills, Hyderabad – 500 

034, Andhra Pradesh, India, (hereinafter called „Opponent‟) make the following 

representation under Section 25(1) of The Patents Act in opposing the grant of patent on 

the application indicated in the cause title. 

 

1.  THE OPPONENT’S BUSINESS AND ACTIVITIES 

The Opponent is a publicly traded company engaged in the research, development, 

manufacture and wholesale trade of pharmaceutical ingredients, intermediates and 

finished dosage forms. The Opponent is engaged in the research, development, 

manufacture and marketing of oncology drugs internationally and in India.  

The Opponent has access to the latest technologies relating to manufacture of the 

drugs and medicines.  The Opponent is also engaged in the research and 

development of medicines and pharmaceutical products and preparations. 

2.   LOCUS STANDI 

Locus standi is not a condition precedent for an opposition under Section 25(1).  

3.  GROUNDS OF OPPOSITION: 

The Impugned patent application is opposed by the Opponent on the following 

grounds enumerated in Section 25 (1) of The Patents Act, 1970 (hereinafter 

referred to as the “Act”): 

 

1. Section 25(1) (e)-Obviousness/lack of inventive step 

that the invention so far as claimed in any claim of the complete specification is 

obvious and clearly does not involve any inventive step, having regard to the 

matter published as mentioned in clause 25 (1) (b) or having regard to what was 

used in India before the priority date of the applicant‟s claim; 

2. 25(1)(f) – Not an invention / Not patentable 
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that the subject of any claim of the complete specification is not an invention 

within the meaning of this Act, or is not patentable under this Act; 

3. 25(1)(g) - Insufficiency 

that the complete specification does not sufficiently and clearly describe the 

invention or the method by which it is to be performed; 

4. 25(1)(h) – Failure to disclose information under Section 8 

that the applicant has failed to disclose to the Controller the information required 

by section 8 or has furnished the information which in any material particular was 

false to his knowledge. 

 

4.  ANALYSIS OF INDIAN PATENT APPLICATION No. 4412/DELNP/2007: 

 

4.1. The Opponent has learnt that the Applicant has filed an Indian National 

Phase Application No. 4412/DELNP/2007 (hereinafter also referred to as the 

„impugned application‟), which is currently pending before the Patent Office.  The 

said patent application is entitled “PHARMACEUTICAL COMBINATIONS OF 

AN ANGIOTENSIN RECEPTOR ANTAGONIST AND AN NEP INHIBITOR” 

and is drawn to a pharmaceutical formulation comprising of a dual-acting 

compound having a formula: [((S)-N-valeryl-N-{[2‟-(1-H-tetrazole-5-yl)-biphenyl-

4-yl]-methyl}-valine). [(2R,4S)-5-biphenyl-4-yl-4-(3-carboxy-propionylamino)-2-

methyl-pentanoic acid ethyl ester) Na1-3.x H2O where x- 0-3, which is a 

combination of an angiotensin receptor antagonist valsartan and a neutral 

endopeptidase inhibitor (NEPi) (2R,4S)-5-biphenyl4-yl~5-(3-carboxy-

propionylamino)-2-methyl-pentanoic acid ethyl ester. The impugned application 

was filed on 8
 
June, 2007. It derives priority from 4 different applications being 

U.S. Provisional Application Nos. 60/735,093 dated November 9, 2005, 

60/735,541 dated November 10, 2005, 60/789,332 dated April 4, 2006 and 

60/822,086 dated August 11, 2006. The application was nationalized from PCT 

publication No. WO 2007056546 A1. The application originally contained a set of 

29 claims. A copy of the specification of the impugned application is annexed 

hereto as Annexure 1.  

Page 5



 

4.2. It is stated that the alleged invention as disclosed in the impugned 

specification pertains to dual-acting compounds and combinations of angiotensin 

receptor blockers and neutral endopeptidase inhibitors (NEPi). In particular, these 

actives are linked via non-covalent bonding, or supramolecular complexes of the 

actives, also described as linked pro-drugs, such as mixed salts or co-crystals, as 

well as to pharmaceutical combinations containing such a dual-acting compound or 

combination, methods of preparing such dual-acting compounds and methods of 

treating a subject with such a dual-acting compound or combination.  

4.3. In the background of invention, the applicant discloses the need for such 

combination therapy in view of available state of the art. The applicant discusses 

the mechanisms of action of the AT1 receptor inhibitors and neutral endopeptidase 

inhibitors and the advantages of such therapy over monotherapy since the nature of 

hypertensive vascular diseases is multifactorial. It further states that however 

combination of drugs having different modes of action does not necessarily have 

advantageous effects. Accordingly there was a need for efficacious combination 

therapy which does not have deleterious side effects.  

4.4. To meet such need, the applicant provided a dual-acting compound, such as 

a supramolecular complex, comprising: (a) an angiotensin receptor antagonist; (b) a 

neutral endopeptidase inhibitor (NEPi); and optionally (c) a pharmaceutically 

acceptable cation. The impugned specification also discloses a process and 

compositions comprising such complexes. Interestingly the impugned specification 

also discloses physical combinations of angiotensin receptor antagonist and NEP 

inhibitors.  

4.5. The allegedly inventive process for preparing the dual-acting compound, 

such as a supramolecular complex, comprises the below steps. 

(i) dissolving an angiotensin receptor antagonist and a neutral endopeptidase 

inhibitor (NEPi) in a suitable solvent; (ii) dissolving a basic compound of Cat in a 

suitable solvent, wherein Cat is a cation;  (iii) combining the solutions obtained in 

steps (i) and (ii); (iv) precipitation of the solid, and drying same to obtain the dual-

acting compound; or alternatively obtaining the dual-acting compound by 

exchanging the solvent(s) employed in steps (i) and (ii) by (iva) evaporating the 

resulting solution to dryness; (va) re-dissolving the solid in a suitable solvent; (via) 

precipitation of the solid and drying same to obtain the dual-acting compound. 
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4.6  In other embodiments the alleged invention provides linked pro-drugs 

comprising angiotensin receptor antagonist and NEP inhibitors, which are linked 

by a linking moiety. 

4.7  At page 4 of the specification the applicant discloses the preferred 

angiotensin receptor antagonists which are selected from the group consisting of 

valsartan, losartan, irbesartan, telmisartan, eprosartan, candesartan, olmesartan, 

saprisartan, tasosartan, elisartan and combinations thereof. At page 5 the applicant 

has disclosed the various NEPi which can be used in the alleged invention.  

4.8  The impugned specification describes the term "supramolecular complex" 

in the paragraph bridging pages 9 and 10 as “an interaction between the two 

pharmaceutically active agents, the cations and any other entity present such as a 

solvent, in particular water, by means of noncovalent, intermolecular bonding 

between them. This interaction leads to an association of the species present in the 

supramolecular complex distinguishing this complex over a physical mixture of the 

species.” Such noncovalent intermolecular bonding can be hydrogen bonding, van 

der Waals forces and π-π -stacking. Ionic bonds can also be present. It further states 

that the complex is crystalline and in this case is preferably a mixed crystal or co-

crystal. 

4.9  The applicant at page 14 states that the preferred ARB is Valsartan and 

acknowledges its disclosure in U.S. Patent No 5,399,578 and EP 0 443 983. Further 

at pages 18 and 19, the impugned specification discloses the preferred NEPi and 

acknowledges a series of prior patents. The preferred NEPi is a compound of 

formula (II), which can exist in various isomeric forms and is described in U.S. 

Patent No. 5,217,996. The specification further discloses the X-ray powder 

diffraction pattern of the supramolecular complex of valsartan and the NEPi of 

formula II. At pages 34 and 35 the impugned specification puts forth the 

antihypertensive and neutral endopeptidase inhibitory activities of trisodium [3-

((1S,3R)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-butylcarbamoyl)propionate-

(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-

ylmethyl}amino)butyrate] hemipentahydrate.  

4.10  Examples 1, 2 and 3 illustrate the preparation of trisodium [3-((1S,3R)-1-

biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3'-
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methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-ylmethyl}amino)butyrate] 

hemipentahydrate. It further discloses its physical characteristics.  Example 4 

illustrates the preparation of Linked Pro-Drug valsartan calcium salt and (2R,4S)-5-

biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester.  

4.11 It is stated that the First Examination Report (FER) was issued on January 

30, 2015. A copy of the FER is annexed hereto as Annexure 2 (as downloaded 

from IPAIRS). The technical objections raised in the FER, the Ld. Controller are as 

under. 

“2. Claim 1 (and thus dependent claims) are not clear and succinct and sufficiently 

definitive to the scope of alleged invention in the absence of mention of any 

significant feature/components/characteristics of said product that reflects 

technological contribution to establish it as new product. [Requirements of Sec. 

2(1) (j) and Sec. 10] 

4. Claims 1-12,13,14-19 are mere new forms of the known compound and do not 

differ significantly in properties with regard to efficacy. Therefore, these Claims 

fall within the scope of such clause of section 3(d) of the Patent Act 1970 as 

amended in 2005.  

5. Claims 12,13-19,20-21, 22-26,27-29 define a plurality of Distinct inventions. 

6. Claims12,13,25,27 relates to an independent Invention. 

7. Claim 1 and its dependent claims does not constitute an invention under section 

2[1(j)] of Patents Act 1970 (as amended in 2005) as the claims are lacking in 

inventive step in the view of cited Patent documents: D1 : WO2006086456, D2: 

WO 03/059345 ,D3: EP-A1-0 443 983, D4: US-A-5 217 996, D5: J. Med. Chern. 

1995, 38(1 0), 1689-1700 

The present invention is directed to dual-acting compounds and combinations of 

angiotensin receptor blockiers and neutral endopeptidase inhibitors, in particular 

a dual acting molecule wherein the angiotensin receptor blocker and neutral 

endopeptidase inhibitor are linked via non-covalent ponding, or supramolecular 

complexes of angiotensin receptor blockers and neutral endopeptidase inhibitors, 

also described as linked pro-drugs, such as mixed salts or cocrystals, as well as to 
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pharmaceutical combinations containing such a dual-acting compound or 

combination, methods of preparing such dual-acting compounds and methods of 

treating a subject with such a dual-acting compound or combination.D1:discloses 

a combination comprising: (i) a renin inhibitor, or a pharmaceutically acceptable 

salt thereof; (ii) a neutral endopeptidase (NEP) inhibitor, or a pharmaceutically 

acceptable salt thereof; and optionally at least one therapeutic agent selected from 

the group consisting of (a) a diuretic, or a pharmaceutically acceptable salt 

thereof; and (b) an angiotensin II receptor blocker (ARB), or a pharmaceutically 

acceptable salt thereof; for the prevention of, delay the onset of and/or treatment of 

a disease or a condition mediated by angiotensin II and/or NEP activity, which 

method comprises administering to a warm-blooded animal, in need thereof, a 

therapeutically effective amount of a combination of this present invention. 

D2: discloses a pharmaceutical composition comprising a combination of i the AT 

1- antagonist valsartan or a pharmaceutically acceptable salt thereof and ii a NEP 

inhibitor or a pharmaceutically acceptable salt thereof and optionally a 

pharmaceutically acceptable carrier and to a method for the treatment or 

prevention of a condition or disease selected from the group consisting of 

hypertension, heart failure such as acute and chronic congestive heart failure, left 

ventricular dysfunction and hypertrophic cardiomyopathy, diabetic cardiac 

myopathy, supraventricular and ventricular arrhythmias, atrial fibrillation, atrial 

flutter, detrimental vascular remodeling, myocardial infarction and its sequelae, 

atherosclerosis, angina whether unstable or stable, renal insufficiency diabetic and 

non--diabetic, heart failure, angina pectoris, diabetes, secondary aldosteronism, 

primary and secondary pulmonary hypertension, renal failure conditions, such as 

diabetic nephropathy, glomerulonephritis, scleroderma, glomerular sclerosis, 

proteinuria of primary renal disease, and also renal vascular hypertension, 

diabetic retinopathy, the management of other vascular disorders, such as 

migraine, peripheral vascular disease, Raynaud"s disease, luminal hyperplasia, 

cognitive dysfunction such as Alzheimer"s, glaucoma and stroke, comprising 

administering a therapeutically effective amount of the pharmaceutical 

composition to a mammal in need thereof. 

D3: discloses Aromatic amide derivatives of formula (I) and their salts are new. 

(Where R1 =aliphatic hydrocarbon optionally substituted with halogen or OH, or a 
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cycloaliphatic or araliphatic hydrocarbon. X1 = CO, SO2, or OCO with the 

carbon linked to the N. X2 = aliphatic hydrocarbon (optionally substituted with 

OH, carboxy, NH2, guanidino, cycloaliphatic or aromatic hydrocarbon) or 

cycloaliphatic hydrocarbon, with a carbon of the aliphatic optionally bridged by a 

divalent aliphatic hydrocarbon. R2 = carboxy or its ester or amide derivative, 

NH2, substituted amino, formyl, acetal derivative of formyl, 1Htetrazol-5-yl, 

pyridyl, OH, ether, SR, SOR, SO2R, alkanoyl, sulphamoyl, N-substituted 

sulphamoyl, PO2H2 or PO3H2. R = H or aliphatic hydrocarbon. X3 = 

hydrocarbon. R3 = carboxy, 5-tetrazolyl, SO3H, PO2H2, PO3H2 or 

haloalkylsulphamoyl.; Rings A and B are each optionally substd. 121 compounds 

are specifically claimed, including (S)-N-(1-carboxy -2-methyl)-prop-1-yl) -N-

pentanoyl-N- (2"-(1H-tetrazol-5-yl) biphenyl-4-ylmethyl) amine. 

D4: discloses novel biaryl substituted 4-amino-butyric acid amide derivatives 

described below which arc useful as neutral endopeptidase (NEP) inhibitors, e.g. 

as inhibitors of the ANFdegrading enzyme in mammals, so as to prolong and 

potentate the diuretic, natriuretic and vasodilator properties of ANF in mammals, 

by inhibiting the degradation thereof to less active metabolites.  

D5 discloses dicarboxylic acid dipeptide neutral endopeptidase inhibitors. 

In view of cited documents D1-D5 claimed subject-matter therefore lacks novelty 

and inventive step in its entirety under section 2(1)(j) of the Patent Act 1970 as 

amended in 2005 

8. Claim 1 and its dependent claims do anticipated by-prior claiming in the view of 

cited Patent documents: D1 : WO2006086456, D2: WO 03/059345,D3: EP-A1-0 

443 983,D4: US-A-5 217 996, and D5: J. Med. Chern. 1995, 38(1 0), 1689-1700 

4.12 As stated hereinbefore, the Applicant filed the response to the First 

Examination Report (FER) by a letter dated November 27, 2015 and amended the 

claims in view of the various objections. A copy of the Applicant‟s response to the 

FER along with the amended set of claims (as downloaded from IPAIRS) is 

annexed hereto as Annexure 3. The amended set of claims contains 17 claims out 

of which claims 1, 10, 12 and 15 are independent claims pertaining to a compound, 

compositions and a process.  
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4.13 In response to the objection regarding the subject matter falling within 

Section 3(d) the applicant submitted that claims do not fall under the purview of 

section 3(d) as compound of the present invention are completely novel, inventive 

and no compound having a dual mode of action was known to have been made 

using (S)-N-valeryl-N-{[2'-(lH-tetrazole5-yl)-biphenyl-4-yl]-methyl}-valine and 

(2R,4S)-5-biphenyl-4-yl-4-(3-carboxypropionylamino)-2-methylpentanoic acid 

ethyl ester. It further submitted that the compound claimed is a unique compound 

comprising two differently acting active molecules, e.g. hence having dual 

activities. 

4.14 Further in reply to the objections on lack of novelty and inventive step 

(objections 7 and 8) in the First Examination Report, the Applicant submitted that 

with “the cited art failed to disclose a compound having both NEP inhibiting and 

angiotensin Il antagonistic activity within one (supra)molecular structure as 

described in the present invention” 

 

4.15  In particular with regards to the inventive step, the Applicant stated that 

“the cited prior art documents neither disclose the novel and unique compound 

having a dual mechanism of action of the present application nor a process for 

synthesis of such a compound. There is no teaching or enablement, in any of the 

cited prior art documents, in respect of such a compound much less a unique large 

compound having a supramolecular structure as claimed in the present invention. 

It is submitted that it would not have been possible for a person skilled in the art, 

as on the priority date of the present application, to arrive at the claimed 

compound and process of synthesis thereof in view of the cited prior art documents, 

either alone or in combination. The applicant further states that the chemical 

structure of the claimed compound is highly intricate and is stabilized by an 

involved network of ionic, hydrogen and coordination bonds, which has been 

described in various ways in the specification. The representative compound 

consists of six anions of AT-I antagonist, six anions of NEP inhibitor, 18 sodium 

cations, and 15 molecules of water. The claimed process provides a unique 

synthesizing route resulting in a unique supramolecular compound wherein the two 

anionic moieties are linked together with non-covalent bonds to form a single large 

and highly intricate molecular structure. It is submitted that synthesizing such a 

compound was unknown as on the priority date of the present application. In any 
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case, the process of D2 either alone or in view of the processes disclosed in other 

cited prior art documents cannot be said to motivate a person skilled to arrive at 

the claimed process, as on the priority date of the present application. 

 

4.16 It is pertinent to note that during the prosecution of the impugned patent 

application, when faced with the cited prior art documents, the Applicant had to amend 

the claims by means of excluding the term “dual acting” and including that the 

compound of the present invention is nothing but a combination of two known drugs- 

the angiotensin receptor antagonist valsartan and the NEP inhibitor (2R, 4S)-5-

biphenyl-4-yl-4-(3-carboxy-propionylamino)-2-methyl- pentanoic acid ethyl ester, co-

existing together.   

4.17  The amended set of claims has 4 independent claims, namely, claim 1, claim 10, 

claim 12 and claim 15. Claim 1 recites a compound comprising valsartan and the NEP 

inhibitor (2R, 4S)-5-biphenyl-4-yl-4-(3-carboxy-propionylamino)-2-methyl- pentanoic 

acid ethyl ester. Claim 10 recites a composition comprising the compound of claim 1 

along with a pharmaceutically acceptable additive. Claim 12 recites the process for 

preparation of the supramolecular complexes. Lastly, claim 15 recites a composition 

comprising the compound of claim 1 along with other active(s) selected from an anti-

diabetic, anti-obesity, hypolimidemic agent and an anti-hypertensive agent; and at least 

one pharmaceutically acceptable additive.  

 

5. PRIOR ART DOCUMENTS RELIED UPON:  

The Opponent relies upon the following documents for supporting its case:   

i. WO 2003/059345 published on July 24, 2003, assigned to Novartis Pharma 

GMBH, referred herein as D1 and annexed as Exhibit I; 

ii. US 5217996 published on June 8
th

, 1993, assigned to Ciba-Geigy Corporation, 

referred herein as D2 and annexed as Exhibit II; 

iii. WO 2002006253 published on January 24
th

, 2002, assigned to Novartis Ag & 

Novartis Pharma Gmbh, referred herein as D3 and annexed as Exhibit III; 

iv. Article titled: “High-throughput crystallization: polymorphs, salts, co-crystals 

and solvates of pharmaceutical solids”, by Morissette et. al., first published in 

March 2004, in Advanced Drug Delivery Reviews, volume 56, pages 275-300, 

referred herein as D4 and annexed as Exhibit IV; 
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v. Article titled: “Crystal engineering of the composition of pharmaceutical 

phases. Do pharmaceutical co-crystals represent a new path to improved 

medicines?”, by Almarsson et. al., first published as an Advance Article on the 

web on 5
th

 August 2004, in Chem. Commun., 2004, pages 1889 – 1896, 

referred herein as D5 and annexed as Exhibit V; 

vi. Vishweshwar et. al., Crystal engineering of pharmaceutical co-crystals from 

polymorphic active pharmaceutical ingredients; Chem. Commun., 2005, 4601–

4603 referred herein as D6 and annexed as Exhibit VI 

 

6.  GROUND I- Section 25(1)(e): Lack of inventive step: - 

6.1  It is stated that Exhibit I: WO 2003/059345 (D1), belonging to the 

applicant, teaches a pharmaceutical composition comprising a combination of an 

AT 1- antagonist valsartan or a pharmaceutically acceptable salt thereof and a NEP 

inhibitor or a pharmaceutically acceptable salt thereof and optionally a 

pharmaceutically acceptable carrier and to a method for the treatment or prevention 

of a condition or disease selected from the group consisting of hypertension, heart 

failure among other related diseases. As disclosed at page 2 of D1, it identifies the 

problems of prolonged and uncontrolled hypertension, which causes numerous 

pathological changes in target organs like the heart and kidneys. It further discloses 

that hypertension being a multifactorial disease, drugs with different modes of 

action have been combined. In view of such nature of hypertension, D1 provides a 

combination therapy of valsartan or a pharmaceutically acceptable salt thereof and 

a NEP inhibitor [(2R,4S)-5-biphenyl4-yl~5-(3-carboxy-propionylamino)-2-methyl-

pentanoic acid ethyl ester or a pharmaceutically acceptable salt thereof, which has 

less deleterious side effect. 

6.2  It is further stated that at page 7, D1 discloses the surprisingly improved 

therapeutic effect of the combination than the administration of valsartan, ACE 

inhibitors or NEP inhibitors alone. It also discloses the lessening of adverse effects 

and prolonged duration of action on administration of the combination.  

6.3  It is stated that the alleged invention also seeks to provide an efficacious 

combination therapy which does not have deleterious side effects. Accordingly, the 

applicants have disclosed and claimed a supramolecular complex of valsartan and 
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NEP inhibitor being (2R,4S)-5-biphenyl-4-yl-4-(3-carboxy-propionylamino)-2-

methyl-pentanoic acid ethyl ester having the formula as under.  

[((S)-N-valeryl-N-{[2‟-(1-H-tetrazole-5-yl)-biphenyl-4-yl]-methyl}-valine). 

[(2R,4S)-5-biphenyl-4-yl-4-(3-carboxy-propionylamino)-2-methyl-pentanoic acid 

ethyl ester) Na1-3.x H2O where x- 0-3  

Thus the mechanism of action of these two active drugs and their metabolism were 

already  known from D1 at the time of the invention and the applicant merely 

combined the actives to form a supramolecular complex.  

6.4  It is stated that Exhibit II: US 5217996 (D2), an acknowledged prior art, 

teaches NEPi, which are useful antihypertensive or saluretic agents. These 

compounds are biaryl substituted 4-amino-butyric acid amide derivatives of 

formula I: 

 

which prolong and potentate the diuretic, natriuretic and vasodilator properties of 

ANF in mammals, by inhibiting the degradation thereof to less active metabolites.  

6.5  In examples 7 and 8 and claim 6, it particularly teaches the sodium salt of 

the sacubitril [N-(3-Carboxy-1-oxopropyl)-(4S)-p-phenyl phenyl methyl)-4-amino-

2R-methyl butanoic acid, ethyl ester].  Therefore, admittedly NEP inhibitors like 

(2R,4S)-5-biphenyl4-yl~5-(3-carboxy-propionylamino)-2-methyl-pentanoic acid 

ethyl ester (Sacubitril) and its salts were known to be useful as anti-hypertensive 

agents. 

6.6   It is stated that Exhibit III: WO 2002006253 (D3) teaches valsartan, 

especially its various salt forms selected from the group consisting of the 

monosodium salt, the monopotassium salt, the disodium salt, the dipotassium salt, 

the magnesium salt, the calcium salt, the bis-diethylammonium salt, the bis-

dipropylammonium salt, the bis- dibutylammonium salt, the mono-L-arginine salt, 

the bis-L-arginine salt, the mono-L-lysine salt and the bis-L-lysine salt, as well as 

salt mixtures thereof, which specifically forms hydrates such as di and tri hydrates. 
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Further at page 3, it teaches that the preferred valsartan salts are primarily in 

hemihydrate forms. The hydrate of valsartan di sodium salt with about 2.5 moles of 

water (Hemi Penta) has been well characterized in examples of D3. These valsartan 

salts in hydrate forms have been taught to have improved stability and handling 

properties, which in turn are desirable for pharmaceutical operations and 

applications. Further D3 teaches various combinations of valsartan disodium 

hydrate salts with other drugs like a dual angiotensin converting enzyme/neutral 

endopeptidase (ACE/NEP) inhibitor or a pharmaceutically acceptable salt thereof, 

for effective treatment of cardiovascular diseases and related conditions.  

6.7  It is stated that apart from teaching valsartan salts in hydrated form, 

specifically hemihydrate form, exhibiting desirable pharmaceutical and therapeutic 

efficacy against hypertension; D3 also teaches the effectiveness of combination 

therapy along with other ACE/NEP inhibitor for treating hypertension and cardio-

vascular diseases.   

6.8  Therefore, the hydrated forms of valsartan, particularly the hemi-hydrates 

also with their benefits in combination therapy was known in the art at the date of 

the invention.  

6.9  It is stated that D1 and D3 provide a clear motivation to a person skilled in 

the art to formulate complexes of valsartan and an NEP inhibitor in order to 

achieve improved anti-hypertensive effect. Further, as taught in D2 and D3 the 

sodium salt of NEP inhibitor (2R,4S)-5-biphenyl4-yl~5-(3-carboxy-

propionylamino)-2-methyl-pentanoic acid ethyl ester or Sacubitril and valsartan 

disodium salts in hemihydrate forms were known at the time of the alleged 

invention. Furthermore, D1, D2 and D3 would motivate a person skilled in the art 

to combine the valsartan disodium salts in hemihydrate form with NEP inhibitors 

in an expectation to achieve improved efficacy.  

6.10 The opponent states that a combination drug comprising Valsartan-

Sacubitril available on the market under the brand name Entresto©, which is 

incidentally manufactured and marketed by the applicant. Such compositions 

containing 24 mg of Sacubitril and 26 mg of valsartan as well as higher strengths 

are marketed in USA (49 mg/51 mg/97 mg/ 103 mg). It is imperative and 

surprising to note that in spite of having patents as well as marketing the 
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combination of Valsartan-Sacubitril, the applicant chose not to acknowledge such 

highly pertinent prior art.  

6.11 It is stated that Exhibit IV entitled “High-throughput crystallization: 

polymorphs, salts, co-crystals and solvates of pharmaceutical solids” (D4) teaches 

the use of high-throughput (HT) screening and combinatorial synthesis as emerging 

strategies in the pharmaceutical drug development arena. Diverse salt forms 

including co-crystals & hydrates have been reported in D4. Further, the teachings 

emphasize on the role of co-crystals of drugs and drug candidates in 

pharmaceutical development.  The authors explain studies on hydrogen bonding 

between various synthetic moieties forming supramolecular synthons observed in 

co-crystals. These structures are formally molecular compounds (or co-crystals) but 

do not involve formation of covalent bonds or charge transfer from or to the active 

substance.  

6.12 D4 at pages 292 and 293 teaches the benefits and advantages of co-crystals 

over hydrates and solvates. It particularly teaches as follows, “in general, it is 

usually easier to initially prepare solvates than co-crystals, and indeed, solvates are 

often found as by-products of polymorph and salts screens. Co-crystals have been 

prepared by melt-crystallization, grinding and recrystallization from solvents. 

Solvent systems for co-crystals must dissolve all components, but must not 

interfere with the interactions necessary for co-crystal formation. The need to try 

many solvent combinations and the availability of multiple co-crystal formers 

creates a diversity that is ideally suited for exploration by HT systems.  Co-crystals 

have the potential to be much more useful in pharmaceutical products than solvates 

or hydrates. The number of pharmaceutically acceptable solvents is very small, and 

because solvents tend to be more mobile and have higher vapour pressure, it is not 

unusual to observe dehydration/desolvation in solid dosage forms. Solvent loss 

frequently leads to amorphous compounds, which are less chemically stable and 

can crystallize into less soluble forms. In contrast, most co-crystal formers are 

unlikely to evaporate from solid dosage forms, making phase separation and other 

physical changes less likely.”  

6.13 Thus, a person skilled in the art in view of D1, D3 and D4 will be have 

sufficient incentive to try a co-crystal of valsartan and (2R,4S)-5-biphenyl-4-yl-4-
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(3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester for better 

improved physicochemical properties.   

6.14 It is stated that Exhibit V entitled “Crystal engineering of the composition 

of pharmaceutical phases. Do pharmaceutical co-crystals represent a new path to 

improved medicines?” (D5) teaches that effective approaches in understanding and 

designing co-crystals is to apply the paradigm of supramolecular synthesis, in 

particular exploitation of supramolecular heterosynthons. At page 1889, column 2, 

it teaches that crystalline API‟s are strongly preferred due to their relative ease of 

isolation, better purity profile, which is inherent to the crystallization process and 

the physico-chemical stability.  

6.15 It makes particular reference to acids and amides in pharmaceutical actives, 

which are appropriate foci for design and synthesis. At page 1890, it teaches that 

the acid–amide supramolecular heterosynthon which have been exploited for the 

generation of co-crystals, the CSD (Cambridge Structural Database) reveals that 

there are 118 crystal structures in which both an acid and an amide moiety are 

present. 58 of these structures exhibit the acid–amide supramolecular 

heterosynthon, whereas only 11 structures exhibit the acid homodimer and only 28 

exhibit the amide homodimer.  

6.16 It is stated that such statistics go to show the natural tendency of acid and an 

amide moiety to form supramolecular heterosynthon.  

6.17 It teaches that single component crystals that contain carboxylic acid or 

amide are prone to polymorphism even if one hydrogen bonding moiety is present. 

Furthermore, it is reveals that functional groups that are self-complementary are 

capable of forming supramolecular homosynthons at paragraph 2, left column, 

page 1890 of D5.  

6.18 It is stated the (2R,4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-

methyl-pentanoic acid ethyl ester contains both carboxylic acid and amide moieties 

and Valsartan contains carboxylic acid moiety, consequently being prone to 

polymorphism. Thus a person skilled in art in order to improve the stability and 

other properties will be motivated to combine the formulate a supramolecular 

complex in view of the teachings of D1, D2, D3, D4 and D5. 
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6.19 It is thus stated that a person skilled in the art would be naturally inclined in 

the course of routine research to try various crystalline forms, including co-crystal 

of actives in expectation to improve its physicochemical properties among others. 

It would be particularly inclined to experiment with pharmaceutical actives having 

well-established efficacy. The impugned application has not emphasized on the 

physicochemical properties of the supramolecular complex, rather focusing on the 

improved efficacy of the complex over monotherapy with valsartan and NEP 

inhibitor (2R,4S)-5-biphenyl-4-yl-4-(3-carboxy-propionylamino)-2-methyl-

pentanoic acid ethyl ester. It is stated that the impugned specification contains no 

comparative data whatsoever.  

6.20 It is further stated that in view of prior art, viz. D1 and the formulation 

marketed under Entresto©, it was incumbent on the applicant to provide 

comparative studies to support its assertions of enhanced therapeutic efficacy of the 

claimed compound. The applicant has merely stated that the present 

supramolecular complex as claimed has improved efficacy as opposed to valsartan 

and NEP inhibitor (2R,4S)-5-biphenyl-4-yl-4-(3-carboxy-propionylamino)-2-

methyl-pentanoic acid ethyl ester individually. Such comparisons of combination 

therapy versus monotherapy were already reported in D1, which happens to be the 

applicant‟s patent. In view of such close prior art, the applicant ought to have 

provided comparative test data in order to establish the technical advancement 

brought about by the allegedly improved supramolecular complex.  

6.21 Thus, to summarize, a combination including a physical combination of 

valsartan and N-(3-Carboxy-1-oxopropyl)-(4s)-p-phenyl phenyl methyl)-4-amino-

2R-methyl butanoic acid, ethyl ester is taught in D1 and D3. D4 and D5 teach the 

advantages and benefits of co-crystals or supramolecular complexes of 

pharmaceutical actives vis-à-vis physicochemical properties.  

6.22 Furthermore D2 teaches NEP inhibitor N-(3-Carboxy-1-oxopropyl)-(4s)-p-

phenyl phenyl methyl)-4-amino-2R-methyl butanoic acid ethyl ester and its in 

mono sodium salt form to be effective in the treatment of hypertension.  D3 also 

teaches valsartan in stable disodium hemihydrate salt form which is used as an anti-

hypertensive agent.  
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6.23 Therefore, D2 and D3 when read with D4 and D5, would motivate and 

incentivize a person skilled in the art to try co-crystals of these actives, particularly 

in view of the well-known improved efficacy of the combination of valsartan and 

NEPi Sacubitril as documented in D1.  

6.24 Further as stated before the impugned specification contains no comparative 

data in terms of the improved efficacy or decreased adverse effects of the 

compound [((S)-N-valeryl-N-{[2‟-(1-H-tetrazole-5-yl)-biphenyl-4-yl]-methyl}-

valine). [(2R,4S)-5-biphenyl-4-yl-4-(3-carboxy-propionylamino)-2-methyl-

pentanoic acid ethyl ester) Na1-3.x H2O where x- 0-3, over monotherapy, let alone 

with respect to the composition of valsartan and NEPi as disclosed in D1. In this 

context it is interesting to note that at page 8 of the impugned specification the 

applicant states that, “One embodiment of the invention is directed to a physical 

combination comprising: (a) a pharmaceutically acceptable salt of an angiotensin 

receptor antagonist; and (b) a pharmaceutically acceptable salt of a neutral 

endopeptidase inhibitor (NEPi); wherein the pharmaceutically acceptable salt of 

the angiotensin receptor antagonist and the NEPi is the same and is selected from 

a salt of Na, K or NH4.”  

6.25 Thus the impugned specification also covers physical combinations as one 

of its embodiments, thus effectively equating the activity of the supramolecular 

complex of the valsartan and N-(3-Carboxy-1-oxopropyl)-(4s)-p-phenyl phenyl 

methyl)-4-amino-2R-methyl butanoic acid ethyl ester with their physical 

combination, which happens to be disclosed in D1.  

6.26 Therefore, it is stated that the compound as claimed in claim 1 is devoid of 

an inventive step and is obvious to a person skilled in the art in view of the cited 

prior art and for the reasons stated hereinabove.  

6.27 It is stated that claims 2, 3, 4, 5 and 6 recite that the compound of claim 1 is 

a preferably formulated as a trisodium salt in amorphous or crystalline forms. The 

preferred crystalline form being hemipentahydrate. It is stated these features are 

merely preferred embodiments and do not have any inventive attributes. The 

preferred salts and crystalline forms can be arrived at by performing undue 

experiments and is wholly within the ambit of routine experimentation. Thus 

claims 2 to 6 are obvious to a person skilled in the art in view of he afore discussed 
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prior art and common general knowledge possessed by a person skilled in the art. It 

is stated that such forms are all the more obvious in absence of any data showing 

their significance with respect to other salt or crystalline forms. Therefore, it is 

stated that claims 2 to 6 of the impugned application are obvious to a person skilled 

in the art as they are devoid of an inventive step. 

6.28 It is stated that claims 7 to 9 recite the physical characteristics of the 

compound of claim 1. The claims merely recite the physical characterizations by 

way of the X-ray diffraction pattern, absorption band spectrum of the compound of 

claim 1 and do not have any inventiveness.  Therefore, it is stated that claims 7 to 9 

of the impugned application are obvious to a person skilled in the art as they are 

devoid of an inventive step. 

6.29 It is stated that claim 10 recites a composition comprising the compound of 

claim 1 along with at least one pharmaceutically acceptable additive. Claim 11 

recites such additives which can be selected from diluents or fillers, disintegrants, 

glidants, lubricants, binders, colorants and mixtures thereof. It is stated that 

pharmaceutical compositions require such additives for their formation and it falls 

within the scope of routine experimentation to prepare such formulations. 

Reference is made to the compositions formed in D1, D2 and D3, wherein similar 

pharmaceutical additives or excipients. Further there is no comparative data over 

the compositions taught in D1 to exhibit the improved activity of the composition 

as claimed in claim 10. Therefore, it is stated that claims 10 and 11 of the 

impugned application are obvious to a person skilled in the art as they are devoid of 

an inventive step. 

 

6.30 It is stated that claim 12 recites the process comprising the steps of (i) 

dissolving an angiotensin receptor antagonist and a neutral endopeptidase 

inhibitor (NEPi) in a suitable solvent; (ii) dissolving a basic compound of Cat in a 

suitable solvent, wherein Cat is a cation;  (iii) combining the solutions obtained in 

steps (i) and (ii); (iv) precipitation of the solid, and drying same to obtain the dual-

acting compound; or alternatively obtaining the dual-acting compound by 

exchanging the solvent(s) employed in steps (i) and (ii) by (iva) evaporating the 

resulting solution to dryness; (va) re-dissolving the solid in a suitable solvent; (via) 

precipitation of the solid and drying same to obtain the dual-acting compound. 
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6.31 The opponent states that Exhibit VI: Vishweshwar et. al.: Chem. Commun., 

2005, 4601–4603 (D6) discloses use of supramolecular heterosynthons, in 

particular the carboxylic acid–primary amide dimer, to crystal engineer 

pharmaceutical co-crystals from pairs of APIs that are polymorphic in their pure 

forms. The study analyzes the co-crystal structure of Piracetam (amide) with p-

hydroxybenzoic (carboxylic acid) 1:1, as provided in figure 2 page 4602, the 

presence of the acid–amide supramolecular heterosynthon is evident which in turn 

dimerizes to form a tetrameric motif sustained by N–H…O hydrogen bonding. The 

co-crytals are prepared by crystallization from acetonitrile via slow evaporation. 

These co-crystal can also be prepared via grinding or slurrying in water.  

 

6.32 It is thus stated that the preparation of co-crystals involves routine 

technique and experimentation. As taught in D6, it involves dissolution followed 

by evaporation of the solvent. Similar synthetic approach is followed in the present 

invention, where the Sacubitril monosodium and Valsartan disodium salts are 

dissolved in suitable solvent such as acetone and then co-crystallized via 

evaporation and drying. Addition of a few commonplace steps do not make a 

process novel and inventive especially in absence of any data as to its significance 

vis-à-vis the end product or efficiency of the process itself. 

 

6.33 Therefore, it is stated that claims 12 to 14 of the impugned application are 

obvious to a person skilled in the art as they are devoid of an inventive step.  

 

6.34 It is stated that claims 15 recites a pharmaceutical composition comprising 

the compound of claim 1 with a therapeutic agent selected from an anti-diabetic, a 

hypolipidemic agent, an anti-obesity agent and an anti-hypertensive agent and a 

pharmaceutically acceptable additive. Claims 16 and 17 recite that such therapeutic 

agent is amlodipine besylate and hydrochlorothiazide respectively. It is stated that 

combining pharmaceutical actives in order to effectively treat diseases or related 

diseases have been known in the art for a long time. It has also been acknowledged 

by the applicant. Reference is also made to D3 which teaches the effectiveness of 

combination therapy of valsartan along with other ACE/NEP inhibitor for treating 

hypertension and cardio-vascular diseases.   Thus formulation of such compositions 

are within the skill of a person skilled in the art and do not require any undue 
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experimentation. Further in absence of any data demonstrating the activity of such 

compositions, the applicants have shown any improved disease management by 

administering these compositions.  Therefore, it is stated that claims 15 to 17of the 

impugned application are obvious to a person skilled in the art as they are devoid of 

an inventive step.  

6.35 Therefore, it is stated that the claims 1 to 17 warrants rejection for being 

obvious to a person skilled in the art and for want of an inventive step.  

6.36 The impugned application ought to be rejected on this ground alone.  

 

7. GROUND II - Section 25(1)(f): NOT PATENTABLE SUBJECT MATTER / 

NOT AN INVENTION:  

 

 The subject-matter of the claims 1 to 17 of the impugned application is not 

an invention within the meaning of this Act or is not patentable under this Act, 

based on the following grounds: 

 

7.1     Section 2(1)(j) 

The Opponent states that the claim 1 to 17 of the Impugned application are not 

an invention as they are devoid an inventive step for reasons stated in paragraphs 

under the preceding grounds of obviousness/lack of inventive step. The 

submissions are not being reiterated for the sake of brevity.  

Therefore, it is stated that the claims of the impugned application warrant rejection 

for failing to meet the requirements of Section 2(1)(j). 

7.2 Section 2(1)(ja) 

The Opponent states that the claim 1 to 17 of the impugned application are not an 

invention as they are devoid of an inventive step for reasons stated in preceding 

paragraphs under the ground of obviousness/lack of inventive step, which are not 

reiterated for the sake of brevity.  

Therefore, it is stated that the claims of the Impugned application warrant 

rejection for failing to meet the Section 2(1)(ja). 
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7.3. Section 3(d) 

It is respectfully submitted that Claim 1 to 6 of the current set of claims of 

the impugned application are drawn towards a compound comprising of two known 

drugs Valsartan and N-(3-Carboxy-1-oxopropyl)-(4s)-p-phenyl phenyl methyl)-4-

amino-2R-methyl butanoic acid, ethyl ester or its acid/salts (Sacubitril) in a 

supramolecular complex form. 

In said complex form, these two known actives exist in co-crystal forms held 

together via noncovalent bonds, thus retaining their individual structural identities 

with known properties. Such a dual-acting compound comprising two known drugs 

complexed as a „co-crystal‟ is merely a new form of a known substance, especially 

in view of that D1 discloses the physical combination of valsartan and (2R, 4S)-5-

biphenyl-4-yl-4-(3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester 

and the properties of the combination. 

The impugned specification contains no data whatsoever with regard to the 

efficacy of the claimed compound, let alone data on enhanced efficacy. The 

omission to acknowledge the closest prior art, i.e. D1, which incidentally belongs 

to the applicant is clearly a deliberate suppression with the ulterior motive of ever-

greening. It is stated that the claim 1 is nothing but an attempt to evergreen the 

already existing and patented formulation comprising the same actives as claimed 

in claim of the impugned application. Thus the subject matter of claim 1 and its 

dependent claims clearly fall within the ambit of Section 3(d). 

Therefore, the subject matter of claims 1 to 6 of the impugned application is 

not patentable under Section 3(d) and warrants rejection.  

 

7.4. Section 3(e) 

The subject matter of claims 10 and 11 and 15 to 17 of the impugned 

application recite compositions essentially comprising of the dual-acting compound 

of claim 1 with pharmaceutically acceptable additives and other actives. It is stated 

that such compositions are mere admixtures especially in absence of any data 

exhibiting synergistic activity. The composition comprising these two known 

actives in a complex form is a mere admixture of two known substances, which 
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result only in the aggregation of the known properties of those individual 

components and do not demonstrate any synergistic activity. A composition 

demonstrating mere aggregation of the known properties is not patentable under 

section 3(e). 

Therefore, the subject matter of claims 10 and 11, and 15 to 17 fall squarely under 

Section 3(e) and warrants rejection.  

 

The impugned application ought to be rejected on this ground alone.  

 

8.  GROUND V- Section 25(1)g: Insufficiency 

 

8.1  The complete specification of the impugned application does not 

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

performed. 

 

8.2  It is stated that the method of preparing a composition comprising the dual-

acting compound of the alleged invention as claimed in claims 10 and 15 is not 

described in the impugned specification, let alone being sufficiently and clearly 

described. Further the impugned specification does not demonstrate the preparation 

of these claimed compositions. Thus in absence of such data in the impugned 

specification, a person of average skill in the art has to conduct undue number of 

experiments to arrive at the best possible method for preparing the pharmaceutical 

composition. Furthermore, the impugned application also does not show any 

unexpected or superior therapeutic effect achieved by the claimed compositions 

over the combination drug compositions well-known in the art involving the same 

two actives.  

 

8.3  Even thought the applicant has claimed several hydrate forms in the claims, 

the specification only describes the preparation of only the hemipentahydrate form. 

It is stated that the applicant has claimed a range of molecular forms such as a 

hydrate, hemihydrate, monohydrate, sesquihydrate, dehydrate and trihydrate. Claim 

1 on record encompasses several forms of the dual-acting compound, but the 

impugned specification does not sufficiently disclose the method of preparation of 
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all those compounds and the reaction conditions whereby all of the compounds of 

claim 1 may be prepared, except that for hemi-pentahydrate form. In absence of 

such preparation methods a person of average skill has to conduct undue 

experimentation in order to formulate such crystalline and salt forms.  

8.4  In summary, the impugned specification does not sufficiently disclose the 

preparation methods for all other hydrate forms of the compound claimed under the 

scope claim 1. Furthermore, there is no example illustrating pharmaceutical 

composition as allegedly claimed in claims 10 and 11 and 15 to 17. In absence of 

such examples, the claimed pharmaceutical compositions have not been properly 

enabled in the impugned specification. Therefore, it is stated that the impugned 

specification does not clearly and sufficiently disclose the invention.  

8.5  The impugned application ought to be rejected on this ground alone.  

 

9. Section 25(1)(h): BREACH OF SECTION 8: 

 

9.1  The applicant is required to provide all the information regarding the 

prosecution of its equivalent applications till the grant of its Indian application to 

the Controller in writing within the prescribed time period which the applicant has 

apparently failed to do. 

9.2  Under section 8(1) of the Act, the applicant is under obligation to furnish to 

the Indian Patent Office details of corresponding foreign applications and also to 

furnish an undertaking under Section 8(1) (b) and subsequently furnish further 

details with respect to corresponding foreign applications including their status 

from time to time. 

9.3   It is stated that search or examination reports relating to the same or 

substantially the same invention is to be filed at the Patent Office (including 

Oppositions filed in other countries) under section 8 (2). It is stated that if such 

information has been willfully suppressed, the impugned application ought to be 

rejected on this ground alone.  
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RELIEF SOUGHT 

In the circumstances aforesaid the applicant prays for the following reliefs: 

1)         Take on record the present representation;  

2)         Leave to file evidence; 

3)         Forward copy of reply of applicant and evidence if any and any 

amendments filed; 

4)         Leave to file a replication to the reply of the applicant and evidence  

5)         Grant of hearing. 

6)         Refusal of the application in toto; 

7)  Such other relief or reliefs as the Controller may deem appropriate. 

 

Dated this 6
th

 day of September 2016           

                                                                                                 

     Amrita Majumdar 

Of S. Majumdar & Co. 

    (Opponent‟s Agent)  

To 

The Controller of Patents 

The Patent Office Branch 

Delhi 

 

Enclosures: 

• Annexure 1; 

• Annexure 2; 

• Annexure 3; 

• Exhibit I;  

• Exhibit II; 

• Exhibit III; 

• Exhibit IV; 
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• Exhibit V; 

• Exhibit VI. 
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ORGANIC COMPOUNDS

Background of the Invention

Field of the Invention

The present invention is directed to dual-acting compounds and combinations of angiotensin

receptor blockiers and neutral endopeptidase inhibitors, in particular a dual acting molecule

wherein the angiotensin receptor blocker and neutral endopeptidase inhibitor are linked via

non-covalent ponding, or supramolecular complexes of angiotensin receptor blockers and

neutral endopeptidase inhibitors, also described as linked pro-drugs, such as mixed salts or

co-crystals, aS well as to pharmaceutical combinations containing such a dual-acting

compound or combination, methods of preparing such dual-acting compounds and methods

of treating a subject with such a dual-acting compound or combination. Specifically, the

invention is directed to a dual acting compound or supramolecular complex of two active

agents having=the same or different modes of action in one molecule.

Related Background Art

Angiotensin II Is a hormone that causes blood vessels to constrict. This, in turn, can result in

high blood pressure and strain on the heart. It is known that angiotensin II interacts with

specific receptors on the surface of target cells. Two receptor subtypes for angiotensin II,

namely AT1 and AT2, have been identified thus far. In recent times, great efforts have been

made to identify substances that bind to the AT1 receptor. Angiotensin receptor blockers

(ARBs, angiotensin II antagonists) are now known to prevent angiotensin II from binding to

its receptors in the walls of blood vessels, thereby resulting in lower blood pressure.

Because of the inhibition of the AT1 receptor, such antagonists can be used, therefore, as

anti-hypertensives or for the treatment of congestive heart failure, among other indications.

Neutral endopeptidase (EC 3.4.24.11; enkephalinase; atriopeptidase; NEP) is a zinc-

containing metalloprotease that cleaves a variety of peptide substrates on the amino side of -

hydrophobic residues [see Pharmacol Rev, Vol. 45, p. 87 (1993)]. Substrates for this

enzyme include, but are not limited to, atrial natriuretic peptide (ANP, also known as ANF),

brain natriuretic peptide (BNP), met- and leu-enkephalin, bradykinin, neurokinin A,

endothelin-1 and substance P. ANP is a potent vasorelaxant and natriuretic agent [see
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J Hypertens, Vol. 19, p. 1923 (2001)]. Infusion of ANP in normal subjects resulted in a

reproducible, marked enhancement of natriuresis and diuresis, including increases in

fractional excretion of sodium, urinary flow rate and glomerular filtration rate [see J Clin

Pharmacol, Vol. 27, p. 927 (1987)]. However, ANP has a short half-life in circulation, and

NEP in kidney cortex membranes has been shown to be the major enzyme responsible for

degrading thispeptide [see Peptides, Vol. 9, p. 173 (1988)]. Thus, inhibitors of NEP (neutral

endopeptidase inhibitors, NEPi) should increase plasma levels of ANP and, hence, are

expected to induce natriuretic and diuretic effects.

While substances, such as angiotensin receptor blockers and neutral endopeptidase

inhibitors may be useful in the control of hypertension, essential hypertension is a polygenic

disease and is not always controlled adequately by monotherapy. Approximately 333 million

adults in economically developed countries and about 65 million Americans (1 in 3 adults)

had high blood pressure in 2000 [see Lancet, Vol. 365, p. 217 (2005); and Hypertension, Vol.

44, p. 398 (2004)]. Prolonged and uncontrolled hypertensive vascular disease ultimately

leads to a variety of pathological changes in target organs, such as the heart and kidney.

Sustained hypertension can lead as well to an increased occurrence of stroke. Therefore,

there is a strong need to evaluate the efficacy of anti-hypertensive therapy, an examination

of additional cardiovascular endpoints, beyond those of blood pressure lowering, to get

further insight into the benefits of combined treatment.

The nature of hypertensive vascular diseases is multifactorial. Under certain circumstances,

drugs with different mechanisms of action have been combined. However, just considering

any combination of drugs having different modes of action does not necessarily lead to

combinations with advantageous effects. Accordingly, there is a need for efficacious

combination therapy which does not have deleterious side effects.

Summary of the Invention

In a first aspect, the present invention is directed to a dual-acting compound, such as a

supramolecular complex, comprising:

(a) an angiotensin receptor antagonist;

(b) a neutral endopeptidase inhibitor (NEPi); and optionally

(c) a pharmaceutically acceptable cation.
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The present invention is also directed to a dual-acting compound, such as a supramolecular

complex, obtainable by:

(i) dissolving an angiotensin receptor antagonist and a neutral endopeptidase

inhibitor (NEPi) in a suitable solvent;

(ii) dissolving a basic compound of Cat in a suitable solvent, wherein Cat is a cation;

(iii) combining the solutions obtained in steps (i) and (ii);

(iv) precipitation of the solid, and drying same to obtain the dual-acting compound; or

alternatively

obtaining the dual-acting compound by exchanging the solvent(s) employed in steps

(i) and (ii) by

(iva) evaporating the resulting solution to dryness;

(va) re-dissolving the solid in a suitable solvent;

(via) precipitation of the solid and drying same to obtain the dual-acting compound.

The present invention is also directed to linked pro-drugs comprising:

(a) an angiotensin receptor antagonist or a pharmaceutically acceptable salt thereof; and

(b) a NEPi or a pharmaceutically acceptable salt thereof, wherein the angiotensin receptor

antagonist or a pharmaceutically acceptable salt thereof and the NEPi or a pharmaceutically

acceptable salt thereof are linked by a linking moiety.

The present invention is also directed to a combination comprising:

(a) a pharmaceutically acceptable salt of an angiotensin receptor antagonist; and

(b) a pharmaceutically acceptable salt of a neutral endopeptidase inhibitor (NEPi);

wherein the pharmaceutically acceptable salt of the angiotensin receptor antagonist and the

NEPi is the same and is selected from a salt of Na, K or NH4.

In preferred embodiments, the angiotensin receptor antagonist and NEPi have acidic groups

which facilitate formation of the dual acting compound, such as the supramolecular complex

of the present invention.

Preferably, the angiotensin receptor antagonist is selected from the group consisting of

valsartan, losartan, irbesartan, telmisartan, eprosartan, candesartan, olmesartan,

saprisartan, tasosartan, elisartan and combinations thereof.
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In preferred embodiments, the NEPi is selected from the group consisting of: SQ 28,603;

N-[N-[1 (S)-canboxyl-3-phenylpropyl]-(S)-phenylalanyl]-(S)-isoserine; N-[N-[(1 S)-carboxy-2-

phenyl)ethyl]-|S)-phenylalanyl]-(3-alanine; N-[2(S)-mercaptomethyl-3-(2-methylphenyl)-

propionyl]methionine; (c/s-4-[[[1-[2-carboxy-3-(2-rnethoxyethoxy)propyl]-

cyclopentyl]carbonyl]amino]-cyclohexanecarboxylic acid); thiorphan; retro-thiorphan;

phosphoramidon; SQ 29072; N-(3-carboxy-1-oxopropyl)-(4S)-p-phenylphenylmethyl)-4-

amino-2R-methylbutanoic acid ethyl ester; (S)-c/s-4-[1-[2-(5-indanyloxycarbonyl)-3-(2-

methoxyethoxy)propyl]-1 -cyclopentanecarboxamido]-1 -cyclohexanecarboxylic acid;

3-(1-[6-endo-hydroxymethylbicyclo[2,2,1]heptane-2-exo-carbamoyl]cyclopentyl)-2-(2-

methoxyethyl)propanoic acid; A/-(1-(3-(N-f-butoxycarbonyl-(S)-prolylamino)-2(S)-f-butoxy-

carbonylpropyi)cyclopentanecarbonyl)-O-benzyl-(S)-serine methyl ester;

4-[[2-(mercaptomethyl)-1 -oxo-3-phenylpropyl]amino]benzoic acid; 3-[1 -(c/s-4-

carboxycarbonyl-c/'s-3-butylcyclohexyl-r-1-carbamoyl)cyclopentyl]-2S-(2-

methoxyethoxymethyl)propanoicacid; N((2S)-2-(4-biphenylmethyl)-4-carboxy-5-

phenoxyvaleryl)glycine; N-(1-(Nhydroxycarbamoylmethyl)-1-cyclopentanecarbonyl)-L

phenylalanine; (S)-(2-biphenyl-4-yl)-1-(1H-tetrazol-5-yl)ethylamino) methylphosphonic acid;

(S)-5-(N/-(2-(phosphonomethylamino)-3-(4-biphenyl)propionyl)-2-aminoethyl)tetrazole;

p-alanine; 3-[1,1'-biphenyl]-4-yl-/V-[diphenoxyphosphinyl)methyl]-/.-alanyl; N-(2-carboxy-4-

thienyl)-3-mercapto-2-benzylpropanarnide; 2-(2-mercaptomethyl-3-

phenylpropionamido)thiazol-4-ylcarboxylic acid; (L)-(1-((2,2-dimethy!-1,3-dioxolan-4-yl)-

methoxy)carbonyl)-2-phenylethyl)-L-phenylalanyl)-p-alanine; /V-[A/-[(L)-[1 -[(2,2-dimethyl-1,3-

dioxolan-4-yl)-methoxy]carbonyl]-2-phenylethyl]-L-phenylalanyl]-(fN)-alanine; N-[A/-[(L)-1-

carboxy-phenylethylJ-L-phenylalanyll^flJ-alanine; A/-[2-acetylthiomethyl-3-(2-methyl-

phenyl)propiottiyl]-methionine ethyl ester; A/-[2-mercaptomethyl-3-(2-methylphenyl)propionyl]-

methionine; N[2(S)-mercaptomethyl-3-(2-methylphenyl)propanoyl]-(S)-isoserine;

N-(S)-[3-mercapto-2-(2-methylphenyl)propionyl]-(S)-2-methoxy-(R)-alanine;

N-[1-[[1(S-benzyloxycarbonyl-3-phenylpropyl]amino]cyclopentylcarbonyl]-(S)-isoserine;

N-[1 -[[1 (S)-caifbonyl-3-phenylpropyl]amino]-cyclopentylcarbonyl]-(S)-isoserine; 1,1 '-[dithiobis-

[2(S)-(2-methylbenzyl)-l-oxo-3,1-propanediyl]]-Ns-(S)-isoserine; 1,1'-[dithiobis-[2(S)-(2-

methylbenzyO'l-oxo-S.I-propanediyl]]-d/s-(S)-methionine; A/-(3-phenyl-2-(mercaptomethyl)-

propionyl)-(S)-4-(methylmercapto)methionine; AA[2-acetylthiomethyl-3-phenyl-propionyl]-3-

aminobenzoic acid; N-[2-rnercaptomethyl-3-phenyl-propionyl]-3-aminobenzoic acid;

N[1-(2-carboxy-4-phenylbutyl)-cyclopentane-carbonyl]-(S)-isoserine;
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N[1 -(acetylthiomethyl)cyclopentane-carbonyl]-(S)-methionine ethyl ester;

3(S)-[2-(acetytthiomethyl)-3-phenyl-propionyl]amimo-e-caprolactam; N-(2-acetylthiomethyl-3-

(2-methylphenyl)propionyl)-methionine ethyl ester; and combinations thereof. Preferably, the

dual-acting compound or combination , in particular the supramolecular complex, is a mixed

salt or a co-crystal. It is also preferred that the linked pro-drug is a mixed salt or a co-crystal.

In a second aspect, the present invention is directed to pharmaceutical composition

comprising

(a) the aforementioned dual-acting compound or combination, such as the

aforementioned complex; and

(b) at least one pharmaceutically acceptable additive.

The present invention is also directed to pharmaceutical compositions comprising a linked

pro-drug comprising:

(a) an angiotensin receptor antagonist or a pharmaceutically acceptable salt thereof;

(b) a NEPi or a pharmaceutically acceptable salt thereof,

wherein the angiotensin receptor antagonist or a pharmaceutically acceptable salt

thereof and the NEPi or a pharmaceutically acceptable salt thereof are linked by a

linking moiety; and

(c) at least one pharmaceutically acceptable additive.

In a third aspect, the present invention is directed to a method of preparing a dual-acting

compound, in particular a supramolecular complex, comprising

(a) an angiotensin receptor antagonist;

(b) a neutral endopeptidase inhibitor (NEPi); and optionally

(c) a pharmaceutically acceptable cation selected from the group consisting of Na, K

and NH4;

said method comprising the steps of:

(i) dissolving an angiotensin receptor antagonist and a neutral endopeptidase

inhibitor (NEPi) in a suitable solvent;

(ii) dissolving a basic compound of Cat in a suitable solvent, wherein Cat is a cation;

(iii) combining the solutions obtained in steps (i) and (ii);
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(iv) precipitation of the solid, and drying same to obtain the dual-acting compound; or

alternatively

obtaining the dual-acting compound by exchanging the solvent(s) employed in steps

(i) and (ii) by

(iva) evaporating the resulting solution to dryness;

(va) re-dissolving the solid in a suitable solvent;

(via) precipitation of the solid and drying same to obtain the dual-acting compound.

The present invention is also directed to a method of making a linked pro-drug comprising:

(a) an angiotensin receptor antagonist or a pharmaceutically acceptable salt thereof;

(b) a NEPi or a pharmaceutically acceptable salt thereof, wherein the angiotensin

receptor antagonist or a pharmaceutically acceptable salt thereof and the NEPi or a

pharmaceutically acceptable salt thereof are linked by a linking moiety; and

comprising adding a linking moiety and a solvent to a mixture of an angiotensin

receptor antagonist and a NEPi; and

(d) isolating the linked pro-drug.

In a fourth aspect, this invention is directed to a method of treating or preventing a disease or

condition, such as hypertension, heart failure (acute and chronic), congestive heart failure,

left ventricular dysfunction and hypertrophic cardiomyopathy, diabetic cardiac myopathy,

supraventricular and ventricular arrhythmias, atrial fibrillation, atrial flutter, detrimental

vascular remodeling, myocardial infarction and its sequelae, atherosclerosis, angina

(unstable or stable), renal insufficiency (diabetic and non-diabetic), heart failure, angina

pectoris, diabetes, secondary aldosteronism, primary and secondary pulmonary

hypertension, renal failure conditions, such as diabetic nephropathy, glomerulonephritis,

scleroderma, glomerular sclerosis, proteinuria of primary renal disease, and also renal

vascular hypertension, diabetic retinopathy, other vascular disorders, such as migraine,

peripheral vascular disease, Raynaud's disease, luminal hyperplasia, cognitive dysfunction

(such as Alzheimer's), glaucoma and stroke comprising administering the afore-mentioned

dual-acting compound or combination , in particular the supramolecular complex, or the

afore-mentiontd linked pro-drug, preferably, the complex, to a subject in need of such

treatment.
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Figure 1 shows a pictorial representation of the unit cell of the supramolecular complex of

trisodium [3-{(1S,3R)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-butylcarbamoyl)propionate-

(S)-3'-methyi-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-ylmethyl}amino)butyrate]

hemipentahydrate comprising two asymmetric units. The following color code is used: grey =

carbon atom; blue = nitrogen atom; red -= oxygen atom; violet = sodium atom

Detailed Description

The present invention relates to a dual-acting compound or combination, in particular a

supramolecular complex, or linked pro-drug or in particular a supramolecular complex of two

active agents with different mechanisms of action, namely an angiotensin receptor antagonist

and a neutral endopeptidase inhibitor, which can form a unique molecular entity for the

treatment of patients with various cardiovascular and/or renal diseases.

One embodiment of the invention is directed to a physical combination comprising:

(a) a pharmaceutically acceptable salt of an angiotensin receptor antagonist; and

(b) a pharmaceutically acceptable salt of a neutral endopeptidase inhibitor (NEPi);

wherein the pharmaceutically acceptable salt of the angiotensin receptor antagonist and the

NEPi is the same and is selected from a salt of Na, K or NH4.

Specifically, it is preferred that the two active agents are combined with each other so as to

form a single dual-acting compound, in particular a supramolecular complex. By doing so, a

new molecular or supramolecular entity is formed having distinct properties different to the

above physical combination.

Thus, the present invention is directed to a dual-acting compound, in particular a

supramolecular complex, comprising:

(a) an angiotensin receptor antagonist;

(b) a neutral endopeptidase inhibitor (NEPi); and

(c) a pharmaceutically acceptable cation preferably selected from the group

consistfng of Na, K and NH4.
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The present invention is also directed to a dual-acting compound, in particular a

supramolecular complex, obtainable by:

(i) dissolving an angiotensin receptor antagonist and a neutral endopeptidase

inhibitor (NEPi) in a suitable solvent;

(ii) dissolving a basic compound of Cat such as (Cat)OH, (Cat)2CO3, (Cat)HCO3 in a

suitable solvent, wherein Cat is a cation preferably selected from the group consisting

of Na, K and NH4;

(iii) combining the solutions obtained in steps (i) and (ii);

(iv) precipitation of the solid, and drying same to obtain the dual-acting compound; or

alternately

obtaining the dual-acting compound by exchanging the solvent(s) employed in steps

(i) and (ii) by

(iva) evaporating the resulting solution to dryness;

(va) re-dissolving the solid in a suitable solvent;

(via) precipitation of the solid and drying same to obtain the dual-acting compound.

The present invention is further directed to linked pro-drugs comprising:

(a) an angiotensin receptor antagonist or a pharmaceutically acceptable salt thereof;,

and

(b) a NEPi or a pharmaceutically acceptable salt thereof,

wherein the angiotensin receptor antagonist or a pharmaceutically acceptable salt

thereof and the NEPi or a pharmaceutically acceptable salt thereof are linked by a

linking moiety.

The two components are each linked to a linking moiety thereby creating a linked pro-drug.

Preferably, the linked pro-drug is substantially pure; as used herein, "substantially pure"

refers to at least 90%, more preferably at least 95% and most preferably at least 98% purity.

As one preferred embodiment of the present invention, the linked pro-drug has a structure

such that by linking the two components with the linking moiety, a supramolecular complex is

formed.

For the purpose of the present invention, the term "dual-acting compound" is intended to

describe that these compounds have two different modes of action in one compound, one is
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the angiotensin receptor blockade resulting from the ARB molecular moiety of the compound

and the other is the neutral endopeptidase inhibition resulting from the NEPi molecular

moiety of the compound.

For the purpose of the present invention, the term "compound" is intended to describe a

chemical substance comprising covalent bonds within the two pharmaceutically active

agents, the ARB and the NEPi molecular moieties, and non-covalent interactions between

these two pharmaceutically active agents, the ARB and the NEPi molecular moieties.

Typically, hydrogen bonding can be observed between the two pharmaceutically active

agents, the ARB and the NEPi molecular moieties. Ionic bonds can be present between the

cation and one or both of the two pharmaceutically active agents, the ARB and the NEPi

molecular moieties. Other types of bonds may also be present within the compound such as

van der Waals forces. For illustrative purposes, the dual-acting compound of the present

invention could be represented as follows:

(ARB)-(L)m-(NEPi)

wherein L is a linking rnoiety, such as a cation or is a noncovalent bond and m is an integer

from 1 or more. In other words the ARB and NEPi moiety can be connected via non-covalent

bonds such as hydrogen bonding. Alternatively or additionally they may be connected via a

linking moiety such as a cation.

In one embodiment, the dual-acting compound may be considered to be a linked pro-drug,

whereby the linking moiety, such as the cation, linking the two pharmaceutically active

agents, the ARB and the NEPi, forms the pro-drug of these agents which are released once

the linked pro-drug is ingested and absorbed.

In a preferred embodiment, the dual-acting compound is a complex, in particular a

supramolecular complex.

For the purpose of the present invention, the term "supramolecular complex" is intended to

describe an interaction between the two pharmaceutically active agents, the cations and any

other entity present such as a solvent, in particular water, by means of noncovalent,

intermolecular bonding between them. This interaction leads to an association of the species
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present in the supramolecular complex distinguishing this complex over a physical mixture of

the species.

The noncovalent intermolecular bonding can be any interactions known in the art to form

such supramolecular complexes, such as hydrogen bonding, van der Waals forces and π-π -

stacking. Ionic bonds can also be present. Preferably, there exists ionic bonding and

additionally hydrogen bonding to form a network of interactions within the complex. The

supramolecular complex exists preferably in the solid state but may also be present in liquid

media. As a preferred embodiment of the invention, the complex is crystalline and in this

case is preferably a mixed crystal or co-crystal.

Typically, the dual-acting compound, in particular the supramolecular complex shows

properties such as melting point, IR spectrum etc. that are different from a physical mixture of

the species.

Preferably, the dual-acting compound, in particular the supramolecular complex, has a

network of non-covalent bonds, in particular hydrogen bonds, between the two

pharmaceutically active agents and any solvent, if present, preferably water. Moreover, it is

preferred that the dual-acting compound, in particular the supramolecular complex, has a

network of non-covalent bonds, in particular ionic and hydrogen bonds, between the two

pharmaceutically active agents, the cation and any solvent, if present, preferably water. The

cation is preferably coordinated to several oxygen ligands, thus, providing a linkage between

these oxygen ligands. The oxygen ligands come from the carbonyl and carboxylate groups

present in the two pharmaceutically active agents and preferably also from any solvent, if

present, preferably water.

The dual acting compound comprises a molecular moiety of an angiotensin receptor

antagonist. This means that a molecular moiety derived from an angiotensin receptor

antagonist is participating in the build-up of the dual-acting compound. The angiotensin

receptor antagonist is part of the compound and connected to the NEP inhibitor directly or

indirectly via non-covalent bonds. For sake of convenience, throughout the application, the

term "angiotensin receptor antagonist" will be used when describing this part of the

compound. Angiotensin receptor antagonists (ARBs) suitable for use in the present invention.
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include, without limitation, valsartan, losartan, irbesartan, telmisartan, eprosartan,

candesartan, olmesartan saprisartan, tasosartan, elisartan, the compound with the

designation E-1477 of the following formula

~£x/N/yV̂_^y^A

NX NH
\ /
N—N

)

the compound with the designation SC-52458 of the following formula

N jf

\/\X^N-N

v^^/~\
NX NH
\ /
N=N

and

the compound with the designation the compound ZD-8731 of the following formula
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Suitable angidtensin II receptor antagonist also includes, but is not limited to, saralasin

acetate, candesartan cilexetil, CGP-63170, EMD-66397, KT3-671, LR-B/081, valsartan,

A-81282, BIBR-363, BIBS-222, BMS-184698, candesartan, CV-11194, EXP-3174, KW-3433,

1-161177, L-162154, LR-B/057, LY-235656, PD-150304, U-96849, U-97018, UP-275-22,

WAY-126227, WK-1492.2K, YM-31472, losartan potassium, E-4177, EMD-73495,

eprosartan, HN-65021, irbesartan, L-159282, ME-3221, SL-91.0102, Tasosartan,

Telmisartan, UP-269-6, YM-358, CGP-49870, GA-0056, L-159689, L-162234, L-162441,

L-163007, PD-123177, A-81988, BMS-180560, CGP-38560A, CGP-48369, DA-2079,

DE-3489, DuP-167, EXP-063, EXP-6155, EXP-6803, EXP-7711, EXP-9270, FK-739,

HR-720, ICI-D6888, ICI-D7155, ICI-D8731, isoteoline, KRI-1177, L-158809, L-158978,

L-159874, LR B087, LY-285434, LY-302289, LY-3I5995, RG-13647, RWJ-38970,

RWJ-46458, S-8307, S-8308, saprisartan, saralasin, Sarmesin, WK-1360, X-6803, ZD-6888,

ZD-7155, ZD-8731, BIBS39, Cl-996, DMP-811, DuP-532, EXP-929, L-163017, LY-301875, '

XH-148, XR-510, zolasartan and PD-123319.

Also included within the scope of this aspect of the invention are combinations of the above-

identified ARBs.

ARBs to be used for preparing the combination or complex in accordance with the present

invention can be purchased from commercial sources or can be prepared according to

known methods. ARBs may be used for purposes of this invention in their free form, as well

as in any suitable salt or ester form.

Preferred salts forms include acid addition salts. The compounds having at least one acid

group (e.g., COOH or 5-tetrazolyl) can also form salts with bases. Suitable salts with bases
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are, e.g., metal salts, such as alkali metal or alkaline earth metal salts, e.g., sodium,

potassium, calcium or magnesium salts, or salts with ammonia or an organic amine, such as

morpholine, thiomorpholine, piperidine, pyrrolidine, a mono-, di- or tri-lower alkylamine, e.g.,

ethyl-, tert-butyl-, diethyl-, diisopropyl-, triethyl-, tributyl- or dimethylpropylamine, or a mono-,

di- or trihydroxy lower alkylamine, e.g., mono-, di- or tri-ethanolamine. Corresponding

internal salts may furthermore be formed. Salts which are unsuitable for pharmaceutical

uses but which can be employed, e.g., for the isolation or purification of free compounds I or

their pharmaceutically acceptable salts, are also included. Even more preferred salts are,

e.g., selected from the mono-sodium salt in amorphous form; di-sodium salt of valsartan in

amorphous or crystalline form, especially in hydrate form, thereof.

Mono-potassium salt of valsartan in amorphous form; di-potassium salt of valsartan in

amorphous or crystalline form, especially in hydrate form, thereof.

Calcium salt of valsartan in crystalline form, especially in hydrate form, primarily the

tetrahydrate thereof; magnesium salt of valsartan in crystalline form, especially in hydrate

form, primarily the hexahydrate thereof; calcium/magnesium mixed salt of valsartan in

crystalline form, especially in hydrate form; bis-diethylammonium salt of valsartan in

crystalline form, especially in hydrate form; bis-dipropylammonium salt of valsartan in

crystalline form, especially in hydrate form; bis-dibutylammonium salt of valsartan in

crystalline form, especially in hydrate form, primarily the hemihydrate thereof; mono-L-

arginine salt of valsartan in amorphous form; £>/s-L-arginine salt of valsartan in amorphous

form; mono-L-lysine salt of valsartan in amorphous form; d/s-L-lysine salt of valsartan in

amorphous form.

Preferably when preparing the dual-acting compound, in particular the complex according to

the present invention, the free form of the ARB is used.

In a preferred embodiment of this invention, the angiotensin receptor blocker used in the

combination or complex of the present invention is Valsartan the molecular structure of which

is shown below
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Valsartan may be in the racemic form or as one of the two isomers shown below

H,C CH H3C CH,
3 \H/ 3

O

H.C CH,
\H/

preferably

Valsartan ((S)-/V-valeryl-A/-{[2'-(1 H-tetrazole-5-yl)-biphenyl-4-yl]-methyl}-valine) used

according to the present invention can be purchased from commercial sources or can be

prepared according to known methods. For example, the preparation of valsartan is

described in U.S. Patent No 5,399,578 and EP 0 443 983, the entire disclosure of each of
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which is incorporated by reference herein. Valsartan may be used for purposes of this

invention in its free acid form, as well as in any suitable salt form. Additionally, esters or

other derivatives of the carboxylic grouping may be applied for the synthesis of linked pro-

drugs, as well as salts and derivatives of the tetrazole grouping. Reference to ARBs includes

reference to pharmaceutically acceptable salts thereof.

Preferably, the ARB is a diprotic acid. Thus, the angiotensin receptor blocker has a charge

of 0,1 or 2 depending on the pH of the solution.

In the combination of the present invention, the ARB is in the form of a pharmaceutically

acceptable salt selected from Na, K or NH4, preferably Na. This includes both the mono- and

di-salt of these cations, preferably the di-salt. In particular in the case of valsartan this means

that both the carboxylic acid moiety and the tetrazole moiety form the salt.

In the dual-acting compound, in particular the supramolecular complex of the present

invention, typically the free form of the ARB is employed in the preparation and the cationic

species present in the complex is introduced by using a base, e.g. (Cat)OH.

The dual acting compound comprises a molecular moiety of a neutral endopeptidase

inhibitor. This means that a molecular moiety derived from a neutral endopeptidase inhibitor

is participating in the build-up of the dual-acting compound. The neutral endopeptidase

inhibitor is part of the compound and connected to the ARB directly or indirectly via non-

covalent bonds. For sake of convenience, throughout the application, the term "neutral

endopeptidase inhibitor" will be used when describing this part of the compound. Neutral

endopeptidase inhibitors suitable for use in the present invention include those of formula (I)

R2 O R3 O

II I II
i|C r*Ll f^LJ f^ KILJ OLJ /OLJ \ r* D
no Orig w f i V_» INrl wrl V*/"2)n ^ " M (\\

wherein

R2 is alkyl of 1-7 carbons, trifluoromethyl, phenyl, substituted phenyl, -(CH2)1 to 4-phenyl,

or -(CH2)1 to 4-substituted phenyl;

R3 is hydrogen, alkyl of 1-7 carbons, phenyl, substituted phenyl, -(CH2)1 to 4-phenyl or

-(CH2}1 to 4-substituted phenyl;

R! is hydroxy, alkoxy of 1-7 carbons or NH2;
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n is an integer from 1-15;

and the term substituted phenyl refers to a substituent selected from lower alkyl of 1 -4

carbons, lower alkoxy of 1-4 carbons, lower alkylthio of 1-4 carbons, hydroxy, Cl, Br or F.

Preferred neutral endopeptidase inhibitors of formula (I) include compounds,

wherein

R2 is benzyl;

R3 is hydrogen;

n is an integer from 1-9; and

RI is hydroxy.

Another preferred neutral endopeptidase inhibitor is (3S,2'R)-3-{1-[2'-(ethoxycarbonyl)-4'-

phenyl-butyl]-oyclopentan-1-carbonylamino}-2,3,4,5-tetrahydro-2-oxo-1H-1-benzazepine-1-

acetic acid or a pharmaceutically acceptable salt thereof.

Preferred neutral endopeptidase inhibitors suitable for use in the present invention include,

without limitation, SQ 28,603; N-[/V-[1(S)-carboxyl-3-phenylpropyl]-(S)-phenylalanyl]-(S)-

isoserine; N-[N-[((1 S)-carboxy-2-phenyl)ethyl]-(S)-phenylalanyl]-p-alanine; N-[2(S)-

mercaptomethyl-3-(2-methylphenyl)-propionyl]methionine; (c/s-4-[[[1-[2-carboxy-3-(2-

methoxyethoxy)propyl]-cyclopentyl]carbonyl]amino]-cyclohexanecarboxylic acid); thiorphan;

retro-thiorphan; phosphoramidon; SQ 29072; (2R,4S)-5-biphenyl4-yl-5-(3-carboxy-

propionylamino)-2-methyl-pentanoic acid ethyl ester;N-(3-carboxy-1-oxopropyl)-(4S)-p-

phenylphenylmethyl)-4-amino-2R-methylbutanoic acid; (S)-cis-4-[1 -[2-(5-

indanyloxycarbonyl)-3-(2-methoxyethoxy)propyl]-1-cyclopentanecarboxamido]-1-

cyclohexanecarboxylic acid; 3-(1-[6-endo-hydroxymethylbicyclo[2,2,1]heptane-2-exo-

carbamoyl]cydopentyl)-2-(2-methoxyethyl)propanoicacid; A/-(1-(3-(A/-f-butoxycarbonyl-(S)-

prolylamino)-2(S)-f-butoxy-carbonylpropyl)cyclopentanecarbonyl)-O-benzyl-(S)-serine methyl

ester; 4-[[2-(rnercaptomethyl)-1-oxo-3-phenylpropyl]amino]benzoic acid; 3-[1-(cis-4-

carboxycarbonyl-cis-3-butylcyclohexyl-r-1-carbamoyl)cyclopentyl]-2S-(2-

methoxyethoxymethyl)propanoicacid; N((2S)-2-(4-biphenylmethyl)-4-carboxy-5-

phenoxyvaleryl)glycine; N-(1-(N-hydroxycarbamoylmethyl)-1-cyclopentanecarbonyl)-L-

phenylalanine; (S)-(2-biphenyl-4-yl)-1-(1H-tetrazol-5-yl)ethylamino) methylphosphonic acid;

(S)-5-(N-(2-(phosphonomethylamino)-3-(4-biphenyl)propionyl)-2-aminoethyl)tetrazole;

p-alanine; 3-[1»1'-biphenyl]-4-yl-N-[diphenoxyphosphinyl)methyl]-L-alanyl; N(2-carboxy-4-

Page 43



- 17-

thienyl)-3-mercapto-2-benzylpropanamide; 2-(2-mercaptomethyl-3-

phenylpropionamido)thiazol-4-ylcarboxylic acid; (L)-(1-((2,2-dimethyl-1,3-dioxolan-4-yl)-

methoxy)carbonyl)-2-phenylethyl)-L-phenylalanyl)-p-alanine; A/-[A/-[(L)-[1-[(2,2-dimethyl-

1,3-dioxolan-4-yl)-methoxy]carbonyl]-2-phenylethyl]-L-phenylalanyl]-(R)-alanine;

N-[N-[(L)-1-carboxy-2-phenylethyl]-L-phenylalanyl]-(R)-alanine; N-[2-acetylthiomethyl-3-(2-

rnethyl-phenyl)propionyl]-methionine ethyl ester; /V-[2-mercaptomethyl-3-(2-

methylphenyl)propionyl]-methionine; N-[2(S)-mercaptomethyl-3-(2-methylphenyl)propanoyl]-

(S)-isoserine; A/-(S)-[3-mercapto-2-(2-methylphenyl)propionyl]-(S)-2-methoxy-(f?)-alanine;

A/-[1-[[1(S)-benzyloxycarbonyl-3-phenylpropyl]amino]cyclopentylcarbonyl]-(S)-isoserine;

A/-[1-[[1(S)-carbonyl-3-phenylpropyl]amino]-cyclopentylcarbonyl]-(S)-isoserine; 1,1'-[dithiobis

[2(S)-(2-methylbenzyl)-1 -oxo-3,1 -propanediyl]]-b/s-(S)-isoserine; 1,1 '-[dithiobis-[2(S)-(2-

methylbenzyl)*1-oxo-3,1-propanediyl]]-bis-(S)-methionine; A/-(3-phenyl-2-(mercaptomethyl)-

propionyl)-(S)-4-(methylmercapto)methionine; /V-[2-acetylthiomethyl-3-phenyl-propionyl]-3-

aminobenzoic acid; A/-[2-mercaptomethyl-3-phenyl-propionyl]-3-aminobenzoic acid;

A/-[1-(2-carboxy 4-phenylbutyl)-cyclopentane-carbonyl]-(S)-isoserine;

A/-[1 -(acetylthiomethyl)cyclopentane-carbonyl]-(S)-methionine ethyl ester;

3(S)-[2-(acetylthiomethyl)-3-phenyl-propionyl]amimo-E-caprolactam; A/-(2-acetylthiomethyl-3-

(2-methylphenyl)propionyl)-methionine ethyl ester; and combinations thereof.

Neutral endopeptidase inhibitors can be purchased from commercial sources or can be

prepared according to known methods, such as those set forth in any of U.S. Patent

No. 4,722,810, U.S. Patent No. 5,223,516, U.S. Patent No. 4,610,816, U.S. Patent No.

4,929,641, South African Patent Application 84/0670, UK 69578, U.S. Patent No. 5,217,996,

EP 00342850, GB 02218983, WO 92/14706, EP 00343911, JP 06234754, EP 00361365,

WO 90/09374, JP 07157459, WO 94/15908, U.S. Patent No. 5,273,990, U.S. Patent No.

5,294,632, U.S. Patent No. 5,250,522, EP 00636621, WO 93/09101, EP 00590442, WO

93/10773, U.S. Patent No. 5,217,996, the disclosure of each of which is incorporated by

reference. Neutral endopeptidase inhibitors may be used for purposes of this invention in

their free form, as well as in any suitable salt form. Reference to neutral endopeptidase

inhibitors includes reference to pharmaceutically acceptable salts thereof.

Additionally esters or other derivatives of any carboxylic grouping may be applied for the

synthesis of linked pro-drugs, as well as salts and derivatives of any other acidic grouping.

In a preferred embodiment of this invention, the NEPi is 5-biphenyl4-yl-5-(3-carboxy-
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propionylamino)-2-methyl-pentanoic acid ethyl ester of formula (II) or the respective

hydrolysed form 5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-pentanoic acid.

CH

(II) .

The compound of formula (II) can exist as the (2ft,4S), (2f?,4S), (2fl,4S) or (2fl,4S) isomer.

Preferred is (2/?,4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-pentanoic acid

ethyl ester as shown below:

The compound of formula (II) is a specific inhibitor of NEP and is described in U.S. Patent

No. 5,217,996. It can be purchased from commercial sources or can be prepared according

to known methods. The compound of formula (II) may be used for purposes of this invention

in its free form, as well as in any suitable salt or ester form.
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Preferably the NEPi is a monoprotic acid. Thus, the NEPi has a charge of 0 or 1 depending

on the pH of the solution.

In the combination of the present invention, the NEPi is in the form of a pharmaceutically

acceptable salt selected from Na, K or NH4, preferably Na.

In the dual-acting compound, in particular the supramolecular complex of the present

invention, typically the free form of the NEPi is employed in the preparation and the cationic

species present in the complex is introduced by using a base, (Cat)OH.

The dual acting compound preferably comprises non-covalent bonds between the ARB and

the NEPi. Alternatively or in addition, it optionally comprises a linking moiety such as a

pharmaceutically acceptable cation.

The linking moiety includes, but is not limited to, generally regarded as safe (GRAS)

compounds or other pharmacologically acceptable compounds. The linking moiety may be

an ion or a neutral molecule. In the case wherein the linking moiety is an ion the linked pro-

drug is a salt and when the linking moiety is a neutral molecule the linked pro-drug is a co-

crystal. Without being bound by any particular theory, the acidic portion of the ARB and

NEPi donate a proton to the basic linking moiety such that all three components then

become united to form one molecule. When the linked pro-drug is ingested by the subject

intended to be treated the more acidic nature of the ingestion environment causes the linked

pro-drug to separate into individual components concomitant with ingestion and absorption

and therefore be converted into active agents to provide their beneficial biological action to

treat the intended diseases.

In the case of a linked pro-drug salt or the dual-acting compound, the linking moiety or the

cation, respectively, is preferably a positively charged mono-, di- or tri-valent cation, an

organic base or an amino acid. Preferred cations (Cat) both for the linked pro-drug in

general and the dual-acting compound, in particular the complex are basic cations, even

more preferably metallic cations. Preferred metallic cations include, but are not limited to Na,

K, Ca, Mg, Zn, Fe or NH4. Amine bases and salt forming agents may also be employed,

such as benzathine, hydrabamine, ethylenediamine, n-n-dibenzyl-ethylenediamine, L-

arginine, choline hydroxide, N-methyl-glucamine, (Meglumine), L-Lysine,

dimethylaminoethanol (Deanol), t-butylamine, diethylamine, 2-(diethylamino)-ethanol, 4-(2-

Page 46



-20 -

hydroxyethyl)«morpholine, Thromethanine (TRIS), 4-acetamidophenol, 2-amino-2-methyl-1,3-

propanediol, 2-amino-2-methyl-propanol, benzylamine, cyclohexylamine, diethanolamine,

ethanolamine, imidazole, piperazine and triethanolamine.

Most preferably, the cation is Na, K or NH4, such as Na. In one embodiment Ca is preferred.

In the case of a linked pro-drug co-crystal, the linking moiety is may also be a neutral

molecule which provides hydrogen-bonding functionality.

In one embodiment, the linked pro-drugs of this invention are represented as set forth below,

wherein scheme (1) and (2) represent a salt and scheme (3) represents a co-crystal:

NEPi «Xa« ARB scheme (1)

NEPi • XaYb» ARB scheme (2)

NEPi • Zc» ARB scheme (3),

wherein

X is Ca, Mg, Zn or Fe;

YisNa, KorNH4;

Z is a neutral molecule; and

a, b and c reflect the stoichiometry of the linked pro-drug, preferably, a, b and c are a

valence of r, 2+or3+.

For the linked pro-drugs of schemes (1) and (2), above, preferably the NEPi is a monoprotic

acid and ARB is a diprotic acid. The angiotensin receptor blocker has a charge of 0, 1 or 2

and the NEPi has a charge of 0 or 1 depending on the pH of the solution, while the overall

molecule will be neutral. Ratios of ARB to NEPi will be 1:1, 1:2, 1:3, 3:1, 2:1, 1:1, preferably

1:1,1:2 or 1:3, most preferably 1:1.

Multi-component salts, particularly with zinc and calcium have been reported in the literature,

e.g., Chem Pharm Bull, Vol. 53, p. 654 (2005). These ions require a coordination geometry

that facilitates the crystallization of multi-component systems. The metal ions have

coordinating geometries governed by the atomic orbitals for each species
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Valsartan comprises two acidic groupings: the carboxylic acid and the tetrazole. In one

embodiment of this aspect of the present invention, the molecular structure of linked pro-

drugs of valsartan and a NEPi comprise a linkage between the carboxylic acid and the linking

moiety or a linkage between the tetrazole grouping and the linking moiety. In yet another

embodiment, tie linked pro-drug comprises a trivalent linking moiety linked to the valsartan

carboxylic acid grouping, the tetrazole grouping and the NEPi grouping.

In an embodiment of this aspect of the invention, valsartan is linked to (2fl,4S)-5-biphenyl4-

yl-5-(3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester by a calcium salt ion.

In a preferred embodiment of the present application, the angiotensin receptor antagonist

and the neutral endopeptidase inhibitor are present in a molar ratio of 1:1,1:2, 1:3, 3:1, 2:1,

more preferably 1:1 in the combination as well as in the supramolecular complex. This is also

true for the linked pro-drug. Moreover, in the complex, angiotensin receptor antagonist, the .

neutral endopeptidase inhibitor and the cation are present in a molar ratio of 1:1:1,1:1:2,

1:1:3, more preferably 1:1:3. This applies equally to the linked pro-drug.

The combination or the dual-acting compound, in particular the complex of the present

invention may contain a solvent. This is particularly preferred in the case of the dual-acting

compound, in particular the complex, where the solvent may contribute to the intermolecular

structure, e.g. the supramolecular interactions. Preferred solvents include water, methanol,

ethanol, 2-propanol, acetone, ethyl acetate, methyl-f-butylether, acetonitrile, toluene, and

methylene chloride, preferably water. If a solvent is present, one or more molecules per

molecule of the active agent can be present. In this case, namely if a stoichiometric amount

of the solvent is present, preferably 1, 2, 3, 4 or 5, more preferably 3, molecules of solvent,

such as water, can be present per molecule of active agent. Alternatively, the solvent may

be present in non-stoichiometric amounts. This means preferably any stoichiometric fraction

of the solvent, such as 0.25, 0.5, 0.75, 1.25, 1.5, 1.75, 2.25, 2.5, 2.75, 3.25, 3.5, 3.75, 4.25,

4.5 and 4.75, preferably 2.5, molecules of solvent, such as water, can be present per

molecule of active agent. If the dual-acting compound, in particular the complex is in the

crystalline form, the solvent may be part of the molecular packing and be trapped in the

crystal lattice.

Thus in a preferred embodiment of the present invention, the dual-acting compound, in

particular the supramolecular complex is described by the sum formula:
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[ARB(NEPi)]Na1-3 • xH2O, wherein x is 0, 1 , 2 or 3, such as 3, preferably

[ARB(NEPi)]Na3 • xH2O, wherein x is 0, 1 , 2 or 3, such as 3, more preferably

[valsartan ((2R,4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-pentanoicacid

ethyl ester]Na$ • x H2O, wherein x is 0, 1 , 2 or 3, such as 3.

Thus in a preferred embodiment of the present invention, the dual-acting compound, in

particular the supramolecular complex is described by the sum formula:

• xH20, wherein x is 0 to 3, such as 2.5, preferably

[ARB(NEPi)]NB3 • xH2O, wherein x is 0 to 3, such as 2.5, more preferably

[(N-valeryl-A/-{[2'-(1H-tetrazole-5-yl)-biphenyl-4-yl]-methyl}-valine) (5-biphenyl4-yl-5-(3-

carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester]Na3 • x H2O, in particular [((S)-

AAvaleryl-A/-{[2'-(1H-tetrazole-5-yl)-biphenyl-4-yl]-methyl}-valine) ((2Rl,4S)-5-biphenyl4-yl-5-

(3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester]Na3 • x H20, wherein x is 0

to 3, such as 2.5. In this most preferred example, the complex is termed trisodium [3-

((1S,3R)-1-biphenyl-4-ylrnethyl-3-ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3)-methyl-

2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-ylmethyl}amino)butyrate] hemipentahydrate.

A simplified structure of trisodium [3-((1S,3R-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-

butylcarbamoyl)propionate-(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-

ylmethyl}amino)butyrate] hemipentahydrate used to formally calculate the relative molecular

mass, is shown below.
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. 3Na+. 2.5 H20

Valsartan comprises two acidic groupings: the carboxylic acid and the tetrazole. In one

embodiment of this aspect of the present invention, the molecular structure of the dual-acting

compound, in particular, the complex, of valsartan and a NEPi comprises an interaction

between the carboxylic acid and the cation, such as Na, or the solvent, such as water, or a

linkage between the tetrazole grouping and the cation, such as Na, or the solvent, such as

water. In yet another embodiment, the dual-acting compound, in particular, the complex,

comprises an interaction between the valsartan carboxylic acid grouping, the tetrazole

grouping or the NEPi grouping and the cation, such as Na, or the solvent, such as water.

The combination or dual-acting compound, in particular, the complex, of the present

invention is preferably in the solid form. In the solid state it can be in the crystalline, partially

crystalline, amorphous, or polymorphous form, preferably in the crystalline form.

The dual-acting compound, in particular, the complex, of the present invention is distinct from

a combination of an ARB and a NEPi obtained by simply physically mixing the two active

agents. Thus, it can have different properties that make it particularly useful for

manufacturing and therapeutic applications. The difference of the dual-acting compound, in

particular, the complex, and the combination can be exemplified by the dual-acting

compound of (S)-A/-valeryl-A/-{[2'-(1H-tetrazole-5-yl)-biphenyl-4-yl]-methyl}-valine and

(2f?,4S)-5-biphenyl4-yl-5-{3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester
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which is characterized by very distinct spectral peaks and shifts that are not observed in the

physical mixture.

Specifically, such a dual-acting compound is preferably characterized by an X-ray powder

diffraction pattern taken with a Scintag XDS2000 powder diffractometer using Cu-Ka

radiation (lamda=1.54056 A) with a Peltier-cooled Silicon detector at room temperature

(25degree C). Scan range was from 1.5degree to 40degree in 2 theta with a scan rate of

Sdegree/minute. The most important reflections in the X-ray diffraction diagram comprise the

following interlattice plane intervals:

The preferred characterization of trisodium [3-((1S,3R)-1-biphenyl-4-ylmethyl-3-

ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazol-5-

ylate)biphenyl*4'-ylmethyl}amino)butyrate] hemipentahydrate is obtained from the interlattice

plane intervals d of the ascertained X-ray diffraction diagrams, whereby, in the following,

average values 20 in [°] are indicated (error limit of ±0.2)

4.5, 5.5, 5.6, 9.9, 12.8, 15.7, 17.0, 17.1, 17.2, 18.3, 18.5, 19.8, 21.5, 21.7, 23.2, 23.3, 24.9,

25.3, 27.4, 27.9, 28.0, 30.2.

or with an error limit of ±0.1:

4.45, 5.52, 5.57, 9.94, 12.82, 15.66, 17.01, 17.12, 17.2, 18.32, 18.46, 19.76, 21.53, 21.72,

23.17, 23.27, 24.88, 25.3, 27.4, 27.88, 28.04, 30.2.

The most intensive reflections in the X-ray diffraction pattern show the following interlattice

plane intervals:

29 in [ s ] : .4.5, 5.6, 12.8, 17.0, 17.2, 19.8, 21.5, 27.4, in particular 4.45, 5.57, 17.01, 17.2,

19.76,21,27.4.

A preferred method of checking the above-indicated average values of the interlattice plane

intervals and intensities measured by experimentation from X-ray diffraction, for a given

substance, consists in calculating these intervals and their intensities from the

comprehensive single crystal structure determination. This structure determination yields ceU

constants and atom positions, which enable the X-ray diffraction diagram corresponding to

the solid to be calculated by means of computer-aided calculation methods. The program

used is Powder Pattern within the application software Materials Studio (Accelrys). A
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comparison of these data, namely the interlattice plane intervals and intensities of the most

important lines of trisodium [3-((1S,3R)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-

butylcarbamoyl)propionate-(S)-3I-methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4I-

ylrnethyl}amino)butyrate] hemipentahydrate, obtained from measurements and from

calculating the single crystal data, is illustrated in the table below.

Table

measured

2e in [°]

4.45

5.52

5.57

9.94

12.82

1566

17.01

17.12

17.2

18.32

1 •

Intehsity

very

strong

Strong

strong

very

weak

very

strong

very

weak

weak

strong

weak

w®ak

calculated

29 In pj

4.15

5

6.5

9.75

12.6

15.05

16.9

17.1

17.15

18.25

Intensity

very

strong

strong

strong

weak

weak

strong

very

strong

strong

weak

very

measured

20 in [°]

19.76

21.53

21.72

23.17

23.27

24.88

25.3

27.4

27.88

28.04

Intensity

strong

weak

very weak

weak

weak

very weak

weak

weak

very weak

weak

calculated

20 In [°3

19.6

19.8

21.4

23.1

23.15

25.3

27.3

27.9

Intensity

very weak

very weak

very weak

very weak

very weak

very weak

very weak

very weak

very weak
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30.2 weak

Relative intensity between 100% to 50% is referred to as very strong, 50% to 10% as strong, 10% to

5% as weak, and below 5% as very weak.

The invention relates to trisodium [3-((1S,3R)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-

butylcarbamoyl)propionate-(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-

ylmethyl}amino)butyrate] hemipentahydrate, a crystalline solid which is characterized by the

data and parameters obtained from single crystal X-ray analysis and X-ray powder patterns.

An in-depth discussion of the theory of the methods of single crystal X-ray diffraction and the

definition of the evaluated crystal data and the parameters may be found in Stout & Jensen,

X-Ray Structure Determination; A Practical Guide, Mac Millian Co., New York, N.Y. (1968)

chapter 3.

Crystal data

sum formula

molecular mass

crystal colour

crystal shape

crystal system

space group

Cell parameters

957.99

colourless

tabular: hexagonal

monoclinic

P2i

a=20.344 A

b=42.018A

c=20.374 A

a = 90°

(3=119.29°
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Y = 90°

volume of unit cell 15190.03 A3

Z (the number of asymmetric units in the unit cell) 2

calculated density 1.26845 g/cm3

Single crystal X-ray measurement data

diffractometer Nonius KappaCCD

X-ray generator Nonius FR571 X-ray generator with a

copper rotating anode

temperature 270 K and 150 K

Notes:

Two data sets on two suitable single crystals were collected at two different temperatures to

assure no phase change during cooling.

None of the hydrogen atoms on the water or amine nitrogen atoms were observed in the Fourier

maps so they were not included in the refinement.

Computer program used to solve the structure

SHELXD (Sheldrick, Gottingen)

In three dimensions, the unit cell is defined by three edge lengths a, b, and c, and three

interaxial angles a, (3, und y. In this way, the volume of the unit cell Vc is determined. A

differentiated description of these crystal parameters is illustrated in chapter 3 of Stout &

Jensen (see above). The details for trisodium [3-((1 S,3fl)-1-biphenyl-4-ylmethyl-3-

ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazol-5-

ylate)biphenyl-4'-ylmethyl}amino)butyrate] hemipentahydrate from the single crystal

measurements, especially the atom coordinates, the isotropic thermal parameters, the

coordinates of the hydrogen atoms as well as the corresponding isotropic thermal

parameters, show that a monoclinic unit cell exists, its cell content of twelve formula units of

C48H55N6O8Na8 • 2.5 H2O occurring as a result of two asymmetric units on two-fold positions.
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The acentric space group P2t determined from the single crystal X-ray structure is a common

space group for enantiomorphically pure molecules. In this space group there are two

general positions which means that for twelve formula units in the unit cell there must be 18

sodium ions and 15 waters in the asymmetric unit.

A pictorial representation of the unit cell of the supramolecular complex of trisodium [3-

((1S,3R)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3'-methyl-

2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-ylmethyl}amino)butyrate] hemipentahydrate

comprising two asymmetric units is shown in Figure 1.

Based on the single crystal structure solution, the asymmetric unit of the trisodium [3-

((IS.SfO-l-biphenyl^-ylmethyl-S-ethoxycarbonyl-l-butylcarbamoyOpropionate-(S)-S'-methyl-

2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-ylmethyl}amino)butyrate] hemipentahydrate

supramolecule comprises six each of ARB and NEPi moieties, 18 sodium atoms, and 15

water molecules. Trisodium [3-((1S,3f?)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-

utylcarbamoyl)propionate-(S)-3'-methyl-2)-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-

ylrnethyl}amino)butyrate] hemipentahydrate may be considered a sodium supramolecular

complex, coordinated by oxygen ligands. These oxygens come from twelve carboxylate

groups and eighteen carbonyl groups of the above moieties, and from 13 of the 15 water

molecules. The crystal is an infinite 3-dimensional network of these sodium complexes.

Such a compound may also be characterized by an infrared absorption spectrum obtained

using Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectrometer

(Nicolet Magna-IR 560) showing the following significant bands, expressed in reciprocal

wave numbers (cm"1 ):

2956 (w), 1711 (st), 1637 (st), 1597 (st), 1488 (w), 1459 (m), 1401 (st), 1357 (w), 1295 (m),

1266 (m), 1176 (w), 1085 (m), 1010 (w), 1942(w), 907 (w), 862 (w), 763 (st), 742 (m), 698

(m), 533 (st). Characteristic to the complex are in particular the following peaks 1711(st),

1637(st), 1597(st) and 1401(st). The error margin for all absorption bands of ATR-IR is

± 2 cm'1. The intensities of the absorption bands are indicated as follows: (w) = weak; (m) =

medium; and (st) = strong intensity.
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Such a compound may also be characterized by a Raman spectrum measured by dispersive

Raman spectrometer with 785 nm laser excitation source (Kaiser Optical Systems, Inc.)

showing the following significant bands expressed in reciprocal wave numbers (cm"1):

3061 (m), 2930 (m, broad), 1612 (st), 1523 (m), 1461 (w), 1427 (w), 1287 (st), 1195 (w),

1108 (w), 11063 (w), 1041 (w), 1011 (w), 997 (m), 866(w), 850 (w), 822 (w), 808 (w), 735 (w),

715 (w), 669 (w), 643 (w), 631 (w), 618 (w), 602 (w), 557 (w), 522 (w), 453 (w), 410 (w), 328

(w).

The error margin for all Raman bands is ± 2 cm"1. The intensities of the absorption bands

are indicated as follows: (w) = weak; (m) = medium; and (st) = strong intensity.

Such a compound may also be characterized by distinct melting properties measured by

differential scanning calorimetry (DSC). Using Q1000 (TA Instruments) instrument, the

melting onset temperature and the peak maximum temperature for such a complex are

observed at 139°C and 145°C, respectively. The heating rate is 10 K/min.

The second embodiment of the present invention is directed to pharmaceutical compositions

comprising a combination, a linked pro-drug or a dual-acting compound, in particular the

complex as described herein and at least one pharmaceutically acceptable additive. The

details regarding the combination and the complex, including the ARB and the NEPi, are as

described above with regard to the first embodiment of the invention.

The pharmaceutical compositions according to the invention can be prepared in a manner

known per se and are those suitable for enteral, such as oral or rectal, and parenteral

administration to mammals (warm-blooded animals), including man, comprising a

therapeutically effective amount of the combination or dual-acting compound, in particular the

complex, alone or in combination with at least one pharmaceutically acceptable carrier,

especially suitable for enteral or parenteral application. Typical oral formulations include

tablets, capsules, syrups, elixirs and suspensions. Typical injectable formulations include

solutions and suspensions.

Pharmaceutically acceptable additives suitable for use in the present invention include,

without limitation and provided they are chemically inert so that they do not adversely affect

the combination or the dual-acting compound, in particular the complex of the present

invention, diluents or fillers, disintegrants, glidants, lubricants, binders, colorants and
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combinations thereof. The amount of each additive in a solid dosage formulation may vary

within ranges conventional in the art. Typical pharmaceutically acceptable carriers for use in

the formulations described above are exemplified by: sugars, such as lactose, sucrose,

mannitol and sorbitol; starches, such as cornstarch, tapioca starch and potato starch;

cellulose and derivatives, such as sodium carboxymethyl cellulose, ethyl cellulose and

methyl cellulose; calcium phosphates, such as dicalcium phosphate and tricalcium

phosphate; sodium sulfate; calcium sulfate; polyvinylpyrrolidone; polyvinyl alcohol; stearic

acid; alkaline earth metal stearates, such as magnesium stearate and calcium stearate;

stearic acid; vegetable oils, such as peanut oil, cottonseed oil, sesame oil, olive oil and corn

oil; non-ionic, cationic and anionic surfactants; ethylene glycol polymers; (3-cyclodextrin; fatty

alcohols; and hydrolyzed cereal solids, as well as other non-toxic compatible fillers, binders,

disintegrants, buffers, preservatives, antioxidants, lubricants, flavoring agents and the like

commonly used in pharmaceutical formulations.

Pharmaceutical preparations for enteral or parenteral administration are, e.g., in unit dose

forms, such as coated tablets, tablets, capsules or suppositories and also ampoules. These

are prepared in a manner which is known per se, e.g., using conventional mixing,

granulation, coating, solubilizing or lyophilizing processes. Thus, pharmaceutical

compositions for oral use can be obtained by combining the linked pro-drug, combination or

dual-acting compound, in particular the complex with solid excipients, if desired, granulating

a mixture which has been obtained, and, if required or necessary, processing the mixture or

granulate into tablets or coated tablet cores after having added suitable auxiliary substances.
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The dosage of the active compounds in the combination or dual-acting compound, in

particular the complex can depend on a variety of factors, such as mode of administration,

homeothermic species, age and/or individual condition. The projected efficacy in animal

disease models ranges from about 0.1 mg/kg/day to about 1000 mg/kg/day given orally, and

the projected dose for human treatment ranges from about 0.1 mg/day to about 2000

mg/day. Preferred ranges are from about 40 mg/day to about 960 mg/day of the linked pro-

drug, preferably about 80 mg/day to about 640 mg/day. The ARB component is

administered in a dosage of from about 40 mg/day to about 320 mg/day and the NEPi

component is administered in a dosage of from about 40 mg/day to about 320 mg/day. More

specifically, the dosages of ARB/NEPi, respectively, include 40 mg/40 mg, 80 mg/80 mg, 160

mg/160 rng, 320 mg/320 mg, 40 mg/80 mg, 80 mg/160 mg, 160 mg/320 mg, 320 mg/640 mg,

80 mg/40 mg, 160 mg/80 mg and 320 mg/160 mg, respectively. These dosages are

"therapeutically effective amounts". Preferred dosages for the linked pro-drug, combination

or dual-acting compound, in particular the complex of the pharmaceutical composition

according to the present invention are therapeutically effective dosages.

The pharmaceutical compositions may contain in addition another therapeutic agent, e.g.,

each at an effective therapeutic dose as reported in the art. Such therapeutic agents include:

a) antidiabetic agents such as insulin, insulin derivatives and mimetics; insulin secretagogues

such as the sulfonylureas, e.g., Glipizide, glyburide and Amaryl; insulinotropic sulfonylurea

receptor ligands such as meglitinides, e.g., nateglinide and repaglinide; peroxisome

proliferator-activated receptor (PPAR) ligands; protein tyrosine phosphatase-1B (PTP-1B)

inhibitors such as PTP-112; GSK3 (glycogen synthase kinase-3) inhibitors such as SB-

517955, SB-4195052, SB-216763, NN-57-05441 and NN-57-05445; RXR ligands such as

GW-0791 and AGN-194204; sodium-dependent glucose cotransporter inhibitors such as T-

1095; glycogen phosphorylase A inhibitors such as BAY R3401; biguanides such as met-

formin; alpha-glucosidase inhibitors such as acarbose; GLP-1 (glucagon like peptide-1),

GLP-1 analogs such as Exendin-4 and GLP-1 mimetics; and DPPIV (dipeptidyl peptidase IV)

inhibitors such as LAF237;

b) hypolipideraic agents such as 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) re-

ductase inhibitors, e.g., lovastatin, pitavastatin, simvastatin, pravastatin, cerivastatin, meva-

statin, velostatin, fluvastatin, dalvastatin, atorvastatin, rosuvastatin and rivastatin; squalene
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synthase inhibitors; FXR (farnesoid X receptor) and LXR (liver X receptor) ligands; cholestyr-

amine; fibrates; nicotinic acid and aspirin;

c) anti-obesity agents such as orlistat; and

d) anti-hypertensive agents, e.g., loop diuretics such as ethacrynic acid, furosemide and tor-

semide; angiotensin converting enzyme (ACE) inhibitors such as benazepril, captopril, enala-

pril, fosinopril, lisinopril, moexipril, perinodopril, quinapril, ramipril and trandolapril; inhibitors

of the Na-K-ATPase membrane pump such as digoxin; ACE/NEP inhibitors such as

omapatrilat, sampatrilat and fasidotril; p-adrenergic receptor blockers such as acebutolol,

atenolol, betaxolol, bisoprolol, metoprolol, nadolol, propranolol, sotalol and timolol; inotropic

agents such as digoxin, dobutamine and milrinone; calcium channel blockers such as

amlodipine, bepridil, diltiazem, felodipine, nicardipine, nimodipine, nifedipine, nisoldipine and

verapamil; aldosterone receptor antagonists; and aldosterone synthase inhibitors. Most

preferred combination partners are diuretics, such as hydrochlorothiazide, and/or calcium

channel blockers, such as amlodipine or a salt thereof.

Other specific anti-diabetic compounds are described by Patel Mona in Expert Opin Investig

Drugs, 2003, 12(4), 623-633, in the figures 1 to 7, which are herein incorporated by refe-

rence. A compound of the present invention may be administered either simultaneously,

before or after the other active ingredient, either separately by the same or different route of

administration or together in the same pharmaceutical formulation.

The structure of the therapeutic agents identified by code numbers, generic or trade names

may be taken ifrom the actual edition of the standard compendium "The Merck Index" or from

databases, e.g., Patents International (e.g. IMS World Publications). The corresponding

content thereof is hereby incorporated by reference.

Accordingly, tie present invention provides pharmaceutical compositions in addition a

therapeutically effective amount of another therapeutic agent, preferably selected from anti-

diabetics, hypoiipidemic agents, anti-obesity agents or anti-hypertensive agents, most pre-

ferably from antidiabetics, anti-hypertensive agents or hypoiipidemic agents as described

above.
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The person skilled in the pertinent art is fully enabled to select a relevant test model to prove

the efficacy of a combination of the present invention in the hereinbefore and hereinafter

indicated therapeutic indications.

Representative studies are carried out with trisodium [3-((1 S,3R)-1-biphenyl-4-ylmethyl-3-

ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazol-5-

ylate)biphenyl*4'-ylmethyl}amino)butyrate] hemipentahydrate, e.g. applying the following

methodology:

The antihypertensive and neutral endopeptidase 24.11 (NEP)-inhibitory activities of trisodium

[3-((1S,3f?)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3'-

methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-ylmethyl}amino)butyrate]

hemipentahydrate is assessed in conscious rats. The blood pressure-lowering effect is

evaluated in double-transgenic rats (dTGRs) that overexpress both human renin and its

substrate, human angiotensinogen (Bohlender, et al, High human renin hypertension in

transgenic rats. Hypertension; 29(1 Pt 2):428-34,1997). Consequently, these animals

exhibit an angiotensin ll-dependent hypertension. The NEP-inhibitory effect of trisodium [3-

((1S,3R)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3'-methyl-

2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-ylmethyl}amino)butyrate] hemipentahydrate is

determined in conscious Sprague-Dawley rats infused with exogenous atrial natriuretic

peptide (ANP). Potentiation of plasma ANP levels is used as an index of NEP inhibition in

vivo. In both models, trisodium [3-((1S,3R)-1-biphenyl-4-ylrnethyl-3-ethoxycarbonyl-1-

butylcarbamoyl)propionate-(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4I-

ylmethyl}amino)butyrate] hemipentahydrate is administered orally as a powder in gelatin mini

capsules. The results are summarized below.

• Trisodium [3-((1 S,3f?)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-

butylcarbamoyl)propionate-(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazo!-5-ylate)biphenyl-4'-

ylmethyl}amino)butyrate] hemipentahydrate exhibits a dose-dependent and long-lasting

antihypertensive effect after oral administration in conscious dTGRs, a rat model of

fulminant hypertension.

• Oral administration of trisodium [3-((1 S.3R)-l-biphenyl^-ylmethyl-3-ethoxycarbonyl-l-

butylcarbamoyl)propionate-(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-

ylmethyl}amino)butyrate] hemipentahydrate rapidly and dose-dependently inhibits NEP

with a long duration of action, as reflected by its potentiation of plasma ANP
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immunoreactivity (ANPir) in conscious Sprague-Dawley rats infused with exogenous

ANP.

Antihypertensive effect in vivo

The dTGRs are instrumented with radiotelemetry transmitters for continuous measurement of

arterial blood pressure and heart rate. Animals are randomly assigned to vehicle (empty

capsule) or treatment (at 2, 6, 20 or 60 mg/kg, p.o.) groups. Baseline 24-hr mean arterial

pressure (MAP) is approximately 170-180 mmHg in all groups. Trisodium [3-((1S,3f?)-1-

biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3'-methyl-2'-

(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4>-ylmethyl}amino)butyrate] hemipentahydrate dose-

dependently reduces MAP. The values obtained from the treatment groups are dose-

dependent, and the results from the three highest doses are significantly different from the

vehicle controls

Inhibition of NEP in vivo

The extent and duration of trisodium [3-((1S,3R)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-

butylcarbamoyl)propionate-(S)-3'-methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4'-

ylmethyl}amino)butyrate] hemipentahydrate for NEP inhibition in vivo is assessed with

methodologies as described previously (Trapani, et al, CGS 35601 and its orally active

prodrug CGS 37808 as triple inhibitors of endothelin-converting enzyme-1, neutral

endopeptidase 24.11, and angiotensin-converting enzyme. J Cardiovasc Pharmacol;

44(Suppl 1):S211-5, 2004). Rat ANP(1-28) is infused intravenously at a rate of 450

ng/kg/min in conscious, chronically cannulated, male Sprague-Dawley rats. After one hour of

infusion, rats are randomly assigned to one of six groups: untreated control, vehicle (empty

capsule) control, or one of four doses of drug (2, 6, 20, or 60 mg/kg, p.o.). ANP infusion is

continued for an additional eight hours. Blood samples are collected for measuring plasma

ANPir by a commercial enzyme immunoassay kit at -60 min (i.e., before initiating ANP

infusion), -30 min (after 30 min of ANP infusion), 0 min ("baseline"; after 60 min of ANP

infusion but before dosing with drug or its vehicle), and at 0.25, 0.5,1, 2, 3, 4, 5, 6, 7, and 8

hr post-dosing.

Before ANP infusion, ANPir is low (0.9-1.4 ng/ml) and similar in all six groups. ANP infusion

rapidly (by 30 min) elevates ANPir to -10 ng/ml. This ANPir level is sustained for the

duration of the experiment in the untreated and vehicle control groups. In contrast, trisodium
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[3-((1S,3R)-1-biphenyl-4-ylmethyl-3-ethoxycarbonyl-1-butylcarbamoyl)propionate-(S)-3'-

methyl-2'-(pentanoyl{2"-(tetrazol-5-ylate)biphenyl-4I-ylmethyl}amino)butyrate]

hemipentahydrate rapidly (within 15 min) and dose-dependently augments ANPir. In

summary, orally administered LCZ696 rapidly and dose-dependently inhibited NEP with a

long duration of action as reflected by the potentiation of plasma ANPir.

The available results indicate an unexpected therapeutic effect of a compound according to

the invention.

In a third aspect, the present invention is directed to a method of making a linked pro-drug of

an ARB or a pharmaceutically acceptable salt thereof and a NEPi or a pharmaceutically

acceptable satt thereof comprising the steps of:

(a) adding an inorganic salt forming agent to a solvent to form a linked pro-drug salt

forming solution;

(b) adding the salt forming solution to a mixture of an ARB and a NEPi such that the

ARB and NEPi form a linked pro-drug; and

(c) isolating the linked pro-drug.

Preferably, the components are added in an equivalent amount.

The inorganic salt forming agent includes, but is not limited to, calcium hydroxide, zinc

hydroxide, calcium methoxide, calcium acetate, calcium hydrogen carbonate, calcium

formate, magnesium hydroxide, magnesium acetate, magnesium formate and magnesium

hydrogen carbonate, sodium hydroxide, sodium methoxide, sodium acetate, sodium formate.

The inorganic salt forming agent releases the linking moiety into the solvent such that when

an ARB and a NEPi are present a linked pro-drug is formed.

Solvents included in the scope of the present invention include, but are not limited to,

solvents in which the ARB, NEPi and inorganic salt forming agent preferably exhibit a lower

solubility that allows the linked pro-drug to crystallize. Such solvents may comprise, but are

not limited to, water, methanol, ethanol, 2-propanol, ethylacetate, methyl-f-butylether,

acetonitrile, toluene, and methylene chloride and mixtures of such solvents.
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The inorganic salt forming agent and the solvent when combined should have a pH which

promotes linked pro-drug formation. The pH may be between about 2 and about 6,

preferably between about 3 and about 5, most preferably between 3.9 and 4.7.

The linked pro-drug is isolated by crystallization and chromatography. Specific types of

chromatography include, e.g., ligand specific resin chromatography, reverse phase resin

chromatography and ion-exchange resin chromatography.

A specific example comprises contacting a divalent salt of one component with a mono-

valent salt of the other component of the linked pro-drug. Specifically the mixed salt of

valsartan and a mono-basic NEPi are synthesized by contacting the calcium salt of valsartan

with the sodium salt of the NEPi component. Isolation of the desired mixed salt is carried out

by selective crystallization or chromatography using ligand specific resins, reverse phase

resins or ion-exchange resins. Similarly this process can be conducted with a monovalent

salt of both components, such as the sodium salt of both components.

In another embodiment of this aspect of the invention, a co-crystal of the linked pro-drug is

obtained. In a method of making a linked pro-drug co-crystal the inorganic salt forming agent

is replaced with a neutral molecule which provides hydrogen binding properties. The solvent

may be part of the molecular packing and be trapped in the crystal lattice.

In a preferred embodiment of the third aspect, the present invention is directed to a method

of preparing a dual-acting compound comprising

(a) an angiotensin receptor antagonist;

(b) a neutral endopeptidase inhibitor (NEPi); and optionally

(c) a pharmaceutically acceptable cation;

said method comprising the steps of:

(i) dissolving an angiotensin receptor antagonist and a neutral endopeptidase

inhibitor (NEPi) in a suitable solvent;

(ii) dissolving a basic compound of Cat in a suitable solvent, wherein Cat is a cation;

(iii) combining the solutions obtained in steps (i) and (ii);
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(iv) precipitation of the solid, and drying same to obtain the dual-acting compound; or

alternatively

obtaining the dual-acting compound by exchanging the solvent(s) employed in steps

(i) and (ii) by

(iva) evaporating the resulting solution to dryness;

(va) re-dissolving the solid in a suitable solvent;

(via) precipitation of the solid and drying same to obtain the dual-acting compound.

The details regarding the complex, including the ARB, the NEPi and the cation, are as

described above with regard to the first embodiment of the invention.

Preferably, in step (i) the ARB and the NEPi are added in an equivalent molar amount. Both

the ARB and the NEPi are preferably used in the free form. The solvent used in step (i) may

be any solvent that allows dissolution of both the ARB and the NEPi. Preferred solvents

include those mentioned above, namely water, methanol, ethanol, 2-propanol, acetone, ethyl

acetate, isoprapyl acetate, methyl-f-butylether, acetonitrile, toluene, DMF, NMF and

rnethylene chloride and mixtures of such solvents, such as ethanol-water, methanol-water, 2-

propanol-water, acetonitrile-water, acetone-water, 2-propanol-toluene, ethyl acetate-heptane,

isopropyl acetate-acetone, methyl-t-butyl ether-heptane, methyl-t-butyl ether-ethanol,

ethanol-heptane, acetone-ethyl acetate, actetone-cyclohexane, toluene-heptane, more

preferably acetone.

Preferably, in step (ii) the basic compound of Cat is a compound capable of forming a salt

with the acidic functionalities of the ARB and the NEPi. Examples include those mentioned

above, such as calcium hydroxide, zinc hydroxide, calcium methoxide, calcium ethoxide,

calcium acetate, calcium hydrogen carbonate, calcium formate, magnesium hydroxide,

magnesium acetate, magnesium formate, magnesium hydrogen carbonate, sodium

hydroxide, sodium carbonate, sodium hydrogen carbonate, sodium methoxide, sodium

ethoxide, sodium acetate, sodium formate, potassium hydroxide, potassium carbonate,

potassium hydrogen carbonate, potassium methoxide, potassium ethoxide, potassium

acetate, potassium formate, ammonium hydroxide, ammonium methoxide, ammonium

ethoxide, and ammonium carbonate. Perchlorates may also be used. Amine bases or salt

forming agents such a those mentioned above may also be used, in particular benzathine, L-

arginine, cholin, ethylene diamine, L-lysine or piperazine. Typically an inorganic base is
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employed with Cat as specified herein. More preferably, the basic compound is (Cat)OH,

(Cat)2C03, (Cat)HCO3, still more preferably Cat(OH), such as NaOH. The basic compound is

employed in an amount of at least 3 equivalents relative to either the ARB or the NEPi,

preferably it is employed in stoichiometric amount to obtain the dual-acting compound, in

particular the complex with three cations. The solvent used in step (ii) may be any solvent or

mixtures of solvents that allow dissolution of Cat(OH). Preferred solvents include water,

methanol, ethanol, 2-propanol, acetone, ethylacetate, isopropyl acetate, methyl-?-butylether,

acetonitrile, toluene, and methylene chloride and mixtures of such solvents, more preferably

water.

In step (iii) the solutions obtained in steps (i) and (ii) are combined. This can take place by

adding the solution obtained in step (i) to the solution obtained in step (ii) or vice versa,

preferably, the solution obtained in step (ii) to the solution obtained in step (i).

According to the first alternative, once combined and preferably mixed, the dual-acting

compound, in particular the complex precipitates in step (iv). This mixing and precipitation is

typically effected by stirring the solutions for an appropriate amount of time such as 20 min to

6 h, preferably 30 min to 3 h, more preferably 2 h, at room temperature. It is advantageous

to add seeds of the dual acting compound. This method facilitates precipitation.

In step (iv) according to this first alternative, a co-solvent is typically added. The co-solvent

employed is a solvent in which the ARB and the NEPi in the complexed form exhibit a lower

solubility that allows the compound to precipitate. Distillation, either continuous or stepwise,

with replacement by this co-solvent results in a mixture predominantly of the co-solvent.

Preferred solvents include ethanol, 2-propanol, acetone, ethylacetate, isopropyl acetate,

methyl-f-butylether, acetonitrile, toluene, and methylene chloride and mixtures of such

solvents, more preferably isopropyl acetate. Preferably, a minimum amount of solvent is

employed to facilitate precipitation. The solid is collected, e.g. by filtration, and is dried to

obtain the dual-acting compound, in particular the complex in accordance with the present

invention. The drying step can be performed at room temperature or elevated temperature

such as 30 to 60 °C, preferably 30 to 40 °C. Reduced pressure can be employed to facilitate

removal of the solvent, preferably, drying is effected at ambient pressure or reduced

pressure of e.g. 10 to 30 bar, such as 20 bar.
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According to a second alternative, once combined and preferably mixed, the dual-acting

compound, in particular the complex the mixture preferably forms a clear solution. This

mixing is typically effected by stirring the solutions for an appropriate amount of time such as

20 min to 6 h, preferably 30 min to 3 h, more preferably 1 h, at room temperature. If

necessary, the temperature may be raised so as to ensure a clear solution.

The obtained mixture is then further treated by solvent exchange to obtain the dual-acting

compound, in particular the complex.

In step (iva) according to this second alternative, the solution is preferably evaporated to

dryness at elevated temperatures such as > room temperature to 50 °C, more preferably 30

to40°C.

Preferably, in step (va) the solvent or solvent mixture employed is a solvent in which the ARB

and the NEPi in the complexed form exhibit a lower solubility that allows the dual-acting

compound, in particular the complex to precipitate. Preferred solvents include the ones

mentioned above for step (i), such as water, ethanol, 2-propanol, acetone ethylacetate,

isopropyl acetate, methyl-f-butylether, acetonitrile, toluene, and methylene chloride and

mixtures of sueh solvents, more preferably isopropyl acetate. Preferably, a minimum amount

of solvent or solvent mixture is employed to facilitate precipitation.

In step (via) precipitation can take place at room temperature. It can be effected by leaving

the mixture standing or by agitating the mixture, preferably by agitating it. This is preferably

effected by stinring and/or sonication. After precipitation, the solid is collected, e.g. by

filtration, and is dried to obtain the compound in accordance with the present invention. The

drying step can be performed at room temperature or elevated temperature such as 30 to 60

°C, preferably room temperature. Reduced pressure can be employed to facilitate removal of

the solvent, preferably, drying is effected at ambient pressure.

In a fourth aspect, this invention is directed to a method of treating or preventing a disease or

condition, such as hypertension, heart failure (acute and chronic) congestive heart failure, left

ventricular dysfunction and hypertrophic cardiomyopathy, diabetic cardiac myopathy,

supraventricular and ventricular arrhythmias, atrial fibrillation, atrial flutter, detrimental

vascular remodeling, myocardial infarction and its sequelae, atherosclerosis, angina

(unstable or stable), renal insufficiency (diabetic and non-diabetic), heart failure, angina
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pectoris, diabetes, secondary aldosteronism, primary and secondary pulmonary

hypertension, renal failure conditions, such as diabetic nephropathy, glomerulonephritis,

scleroderma, glomerular sclerosis, proteinuria of primary renal disease, and also renal

vascular hypertension, diabetic retinopathy, other vascular disorders, such as migraine,

peripheral vascular disease, Raynaud's disease, luminal hyperplasia, cognitive dysfunction

(such as Alzheimer's), glaucoma and stroke comprising administering the afore-mentioned

combination, linked pro-drug or he dual-acting compound, in particular the complex to a

subject in need of such treatment.

The combination, linked pro-drug or he dual-acting compound, in particular the complex of

the first embodiment may be administered alone or in the form of a pharmaceutical

composition according to the second embodiment. Information regarding dosing, i.e., the

therapeutically effective amount, etc., is the same regardless of how the combination, linked

pro-drug or he dual-acting compound, in particular the complex is administered.

The combination, linked pro-drug or he dual-acting compound, in particular the complex is

beneficial over a combination of ARBs or neutral endopeptidase inhibitors alone or other

ARB/NEPi combinations with regard to use as first line therapy, ease of formulation and ease

of manufacture.

Specific embodiments of the invention will now be demonstrated by reference to the following

examples. It should be understood that these examples are disclosed solely by way of

illustrating the invention and should not be taken in any way to limit the scope of the present

invention.

Example 1

Preparation of [valsartan ((2R4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-
methyl-pentanoic acid ethyl ester]Na3 • 2.5 H2O

The dual-acting compound of valsartan and (2R,4S)-5-biphenyl4-yl-5-(3-carboxy-

propionylamino)-2-methyl-pentanoic acid ethyl ester is prepared by dissolving 0.42g of

(2R,4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester free

acid (-95% purity) and 0.41 g of valsartan free acid in 40ml acetone. Separately, 0.111g of

NaOH are dissolved in 7ml H20. The two solutions are combined and stirred at room

temperature for 1 hour and a clear solution was obtained. The solution is evaporated at 35°C
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to yield a glassy solid. The glassy solid residue is then charged with 40ml acetone and the

resulting mixture is stirred and sonicated until precipitation occurred (~ 5 minutes). The

precipitate was filtered and the solid is dried at room temperature in open air for 2 days until

a constant mass of the crystalline solid is obtained.

Characterization by various methods could confirm the presence of both valsartan and

(2R,4S)-5-biphenyl4-yi-5-(3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester and

complex formation in contrast to a simple physical mixture. Significant spectral peaks for the

complex are observed e.g. in the XRPD, IR, and Raman spectroscopy which are not present

for the physical mixture. See below for details on the characterization.

Example 2

Alternative Preparation of [valsartan ((2R,4S)-5-biphenyl4-yl-5-(3-carboxy-
propionylamino)-2-methyl-pentanoic acid ethyl ester]Na3 • 2.5 H2O

The dual acting compound of valsartan and (2f?,4S)-5-biphenyl4-yl-5-(3-carboxy-

propionylamino)-2-methyl-pentanoic acid ethyl ester is prepared by dissolving 22.96 mmol of

(2ft,4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester free

acid (-95% purity) and valsartan (10.00 g; 22.96 mmol) in acetone (300 ml). The

suspension is stirred at room temperature for 15 min to obtain a clear solution. A solution of

NaOH (2.76 g; 68.90 mmol) in water (8 ml) water is then added to this solution over a period

of 10 min. Solids start to precipitate in 10 min. Alternatively, precipitation can be induced by

seeding. The suspension is stirred at 20-25 °C for 2 h. This suspension is concentrated at

15-30 °C under reduced pressure (180-250 mbar) to a batch volume of -150 ml_. Isopropyl

acetate (150 mL) is then added to the batch and the suspension is concentrated again at 15-

30 °C under reduced pressure (180-250 mbar) to a batch volume of -150 ml. This operation

(addition of 150 ml of isopropyl acetate to the batch and concentration) is repeated once

again. The suspension is stirred at 20-25 °C for 1 h. The solids are collected by filtration

under nitrogen over a Buchner funnel, washed with isopropyl acetate (20 ml), and dried at

35 °C under reduced pressure (20 mbar) to afford the compound.

Characterization revealed the same product as in Example 1.
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Example 3

Alternative Preparation of [valsartan ((2R,4S)-5-biphenyl4-yl-5-(3-carboxy-
propionylamino)-2-methyl~pentanoic acid ethyl ester]Na3 • 2.5 H2O using seeding

A reactor is charged with 2.00 kg (2,323 mmol) of AHU377 calcium salt and 20 L of isopropyl

acetate. The suspension is stirred at 23 ± 3 °C, and 4.56 L of 2 N HCI was added. The

mixture is stirred at 23 ± 3 °C for 15 min to obtain a clear two-phase solution. The organic

layer is separated and washed with 3 x 4.00 L of water. The organic layer is concentrated at

30-100 mbar and 22 ± 5 °C to -3.5 L (3.47 kg) of AHU377 free acid isopropyl acetate

solution as a colorless solution.

To the above reactor containing -3.5 L (3.47 kg) of AHU377 free acid isopropyl acetate

solution is added 1.984 kg (4,556 mmol) of Valsartan and 40 L of acetone. The reaction

mixture is stirred at 23 ± 3 °C to obtain a clear solution which is filtered into a reactor. To the

reaction mixtuife is added a solution of 547.6 g (13,690 mmol) of NaOH in 1.0 L of water at

23 ± 3 °C (which was pre-cooled to 20 ± 5 °C and in-line filtered) over a period of 15-30 min

while maintaining the internal temperature at 20-28 °C (slightly exothermic). The flask is

rinsed with 190 mL of water and added into the reaction mixture. The reaction mixture is

stirred at 23 ± 3 °C for 15 min and a slurry of 4.0 g of [valsartan ((2R,4S)-5-biphenyl4-yl-5-(3-

carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester]Na3 • 2.5 H2O seeds in 50 mL

of isopropyl acetate is added. The mixture is stirred at 23 ± 3 °C for 2 h to obtain a

suspension. The suspension is heated to an internal temperature at 40 ± 3 °C over a period

of 20 min and 20 L of isopropyl acetate is added over a period of 20 min while maintaining

the internal temperature at 40 ± 3 °C . The suspension is stirred at this temperature for an

additional 30 min. The mixture is concentrated at an internal temperature at 35 ± 5 °C (Tj 45

± 5 °C) under reduced pressure (200-350 mbar) to -35 L of a white slurry (solvent collected:

~25 L). Then 30 L of isopropyl acetate is added the mixture is concentrated at an internal

temperature at 35 ± 5 °C (Tj 45 ± 5 °C) under reduced pressure (100-250 mbar) to -30 L of a

white slurry (solvent collected: -40 L). Again 40 L of isopropyl acetate is added and the

mixture is concentrated at an internal temperature at 35 ± 5 °C (Tj 45 ± 5 CC) under reduced

pressure (100*200 mbar) to -30 L of a white slurry (solvent collected: -30 L). The reaction
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mixture is cooled to 23 ± 3 °C over -20 min and stirred at this temperature for an additional 3

h. The solid is collected by filtration under nitrogen over a polypropylene pad on Buchner

tunnel. The solid is washed with 2 X 5 L of isopropyl acetate and dried at 35 °C under

reduced pressure (20 mbar) until isopropyl acetate content <0.5% to afford the above

product as a white solid.

Characterization revealed the same product as in Example 1.

X-rav powder diffraction

Calculation of the iriterlattice plane intervals from the X-ray powder pattern taken with a

Scintag XDS2000 powder diff ractometer for the most important lines for the sample give the

following results:

d in [ A ]: 21.2(s), 17.0(w), 7.1 (s), 5.2(w), 4.7(w), 4.6(w), 4.2(w), 3.5(w), 3.3(w)

The error margin for all interlattice plane intervals is ± 0.1 A. The intensities of the peaks are

indicated as follows: (w) = weak; (m) = medium; and (st) = strong.

Average values 26 in [°] are indicated (error limit of ±0.2)

4.5, 5.5, 5.6, 9,9, 12.8, 15.7, 17.0, 17.1, 17.2, 18.3, 18.5, 19.8, 21.5, 21.7, 23.2, 23.3, 24.9,

25.3, 27.4, 27.9, 28.0, 30.2.

Elemental anf lysis

Elemental analysis gives the following measured values of the elements present in the

sample. The findings of the elemental analysis, within the error limits, correspond to the

overall formula of (C48H55N6O8Na).SH2O

Found C: 60.05% H: 6.24% N: 8.80%

Calculated* C: 60.18% H: 6.31% N: 8.77%

Infrared soectroscopy
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The infrared absorption spectrum for the sample obtained using Attenuated Total Reflection

Fourier Transform Infrared (ATR-FTIR) spectrometer (Nicolet Magna-IR 560) shows the

following significant bands, expressed in reciprocal wave numbers (cm"1):

2956 (w), 1711 (st), 1637 (at), 1597 (st), 1488 (w), 1459 (m), 1401 (st), 1357 (w), 1295 (m),

1266 (m), 1176 (w), 1085 (m), 1010 (w), 1942(w), 907 (w), 862 (w), 763 (st), 742 (m), 698

(m), 533 (st).

The error margin for all absorption bands of ATR-IR is ± 2 cm"1.

The intensities of the absorption bands are indicated as follows: (w) = weak; (m) = medium;

and (st) = strong intensity.

Raman spectrpscopy

Raman spectrum of the sample measured by dispersive Raman spectrometer with 785 nm

laser excitation source (Kaiser Optical Systems, Inc.) shows the following significant bands

expressed in reciprocal wave numbers (cm"1):

3061 (m), 2930 (m, broad), 1612 (st), 1523 (m), 1461 (w), 1427 (w), 1287 (st), 1195 (w),

1108 (w), 11053 (w), 1041 (w), 1011 (w), 997 (m), 866(w), 850 (w), 822 (w), 808 (w), 735 (w),

715 (w), 669 (w), 643 (w), 631 (w), 618 (w), 602 (w), 557 (w), 522 (w), 453 (w), 410 (w), 328

(w).

The error margin for all Raman bands is ± 2 cm"1.

The intensities of the absorption bands are indicated as follows: (w) = weak; (m) = medium;

and (st) = strong intensity.

High Resolution CP-MAS 13C NMR Spectroscopy

The samples are investigated by high resolution CP-MAS (Cross Polarization Magic Angle

Spinning) 13C NMR spectroscopy using a Bruker-BioSpin AVANCE 500 NMR spectrometer

equipped with a 300 Watt high power 1H, two 500 Watt high power X-amplifiers, necessary

high power pre-amplifiers, a "MAS" controller and a 4 mm BioSolids high resolution Bruker

probe.
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Each sample is packed in a 4mm Zr02 rotor. Critical experimental parameters are 3 msec
13C contact times, 12 KHz spinning speed at the magic angle,, a "ramped" contact time,

using a "SPINAL64" 1H decoupling scheme, a recycle delay of 10 sees and 1024 scans at

293 deg K. The chemical shifts are referenced with respect to an external Glycine carbonyl

at 176.04 ppm.

High resolution CP-MAS 13C NMR shows the following significant peaks (ppm):

179.0, 177.9 177.0, 176.7, 162.0, 141.0, 137.2, 129.6, 129.1, 126.7, 125.3, 64.0, 61.5, 60.4,

50.2, 46.4, 40.6, 38.6, 33.5, 32.4, 29.8, 28.7, 22.3, 20.2, 19.1, 17.8, 16.8, 13.1, 12.1, 11.1.

A physical mixture of individual Na salts of Valsartan and (2R,4S)-5-biphenyl4-yl-5-(3-

carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester revealed a simple inert mixture -

of the two salts. However, the sample of the complex prepared in Example 1 exhibited

distinctly different spectral features in comparison to a 1:1 mixture of the sodium salts.

DSC and TGA

As measured by differential scanning calorimetry (DSC) using Q1000 (TA Instruments)

instrument, the melting onset temperature and the peak maximum temperature for the

sample is observed at 139°C and 145°C, respectively.

As shown by DSC and thermogravimetric analysis (TGA), upon heating, the water of

hydration is released in two steps: the first step occurs below 100°C and the second step

above 120°C.

Both DSC and TGA instruments are operated at a heating rate of 10 K/min.

Example 4

Preparation of Linked Pro-Drug of Scheme (1)

Linked pro-drug of valsartan calcium salt and (2R,4S)-5-biphenyl4-yl-5-(3-carboxy-

propionylamino)-2-methyl-pentanoic acid ethyl ester is prepared at room temperature by

dissolving 114 mg of the calcium salt of valsartan and 86 mg of (2R,4S)-5-biphenyl4-yl-5-(3-

carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester free acid in 2 ml_ methanol,

followed by methanol evaporation. The glassy solid residue is then charged with 3 mL of

acetonitrile and equilibrated by 10 min. sonication, followed by 20 hours of magnetic stirring.

Page 72



-46-

Approximately 120 mg of white solids are collected by filtration. Liquid chromatography (LC)

and elemental analysis indicate 1:1 ratio between (2R,4S)-5-biphenyl4-yl-5-(3-carboxy-

propionylamino)-2-methyl-pentanoic acid ethyl ester and valsartan. The sample is

amorphous by X-ray powder diffraction.

Preparation of Linked Pro-Drug of Scheme (2)

Linked pro-drug of valsartan calcium salt and (2R,4S)-5-biphenyl4-yl-5-(3-carboxy-

propionylaminq)-2-methyl-pentanoic acid ethyl ester and Tris is prepared at room

temperature by dissolving 57 mg of the calcium salt of valsartan, 43 mg of (2f?,4S)-5-

biphenyl4-yl-5-{3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl ester free acid, and

12.6 mg of fr/s(hydroxymethyl)aminomethane (Tris) in 2 mL methanol, followed by methanol

evaporation. The glassy solid residue is then charged with 3 mL of acetonitrile and

equilibrated by 10 min. sonication, followed by 20 hours of magnetic stirring. Approximately

83 mg of white solids are collected by filtration. LC and elemental analysis indicate 1:1 ratio

between (2R,4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-pentanoic acid ethyl

ester and valsartan. The sample is amorphous by X-ray powder diffraction.

While the invention has been described above with reference to specific embodiments

thereof, it is apparent that many changes, modifications, and variations can be made without

departing from the inventive concept disclosed herein. Accordingly, it is intended to embrace

all such changes, modifications and variations that fall within the spirit and broad scope of

the appended claims. All patent applications, patents, and other publications cited herein are

incorporated by reference in their entirety.
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NEW CLAIMS 1 TO 29

1. A dual-acting compound having the sum formula [((S)-N-valeryl-/V-{[2'-(1 H-tetrazole-

5-yl)-biphenyl-4-yl]-methyl}-valine) ((2R,4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-

methyl-pentanoic acid ethyl ester)]Na1-3 • x H2O, wherein x is 0 to 3.

2. The compound of claim 1 in the form of a complex.

3. The compound of claim 2 in the form of a supramolecular complex.

4. The compound of any of claims 1 to 3, wherein the (S)-/V-valeryl-AH[2'-(1 H-tetrazole-

5-yl)-biphenyl-4-yl]-methyl}-valine moiety and the (2f?,4S)-5-biphenyl4-yl-5-(3-carboxy-

propionylamino)c2-methyl-pentanoic acid ethyl ester moiety are linked via non-covalent

bonding.

5. The compound of any of claims 1 to 4, wherein the (S)-N-valeryl-/V-{[2'-(1 H-tetrazole-

5-yl)-biphenyl-4-yl]-methyl}-valine moiety and the (2f?,4S)-5-biphenyl4-yl-5-(3-carboxy-

propionylamino)-2-methyl-pentanoic acid ethyl ester moiety are linked via a sodium ion.

6. The compound of any of claims 1 to 5 in the crystalline, partially crystalline,

amorphous, or polymorphous form, preferably in the crystalline form.

7. The compound of any of claims 1 to 6 in the form of a hydrate.

8. The compound of any of claims 1 to 7 having the sum formula [((S)-N-valeryl-N-{[2'-

(1H-tetrazole-5-yl)-biphenyl-4-yl]-methyl}-valine) ((2R,4S)-5-biphenyl4-yl-5-(3-carboxy-

propionylamino)-2-methyl-pentanoic acid ethyl ester]Na3 • x H2O, wherein x is 0 to 3.

9. The compound of claim 8, wherein x is 2.5.

10. The compound of claim 8 or 9 characterized by

an Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectrum having the

following absorption bands expressed in reciprocal wave numbers (cm"1)( ± 2 cm"1): 2956

(w), 1711 (st), 1637 (st), 1597 (st), 1488 (w), 1459 (m), 1401 (st), 1357 (w), 1295 (m), 1266

(m), 1176 (w), 1085 (m), 1010 (w), 1942(w), 907 (w), 862 (w), 763 (st), 742 (m), 698 (m), 533

(st).

11. The compound of any of claims 8 to 10, characterized by

an X-ray powder diffraction pattern taken with a Scintag XDS2000 powder diffractometer

comprising the Hollowing interlattice plane intervals:

d in [ A ] (± 0.1 A): 21.2(s), 17.0(w), 7.1(s), 5.2(w), 4.7(w), 4.6(w), 4.2(w), 3.5(w), 3.3(w).
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12. A dual-acting compound having the sum formula (N-valeryl-/V-{[2'-(1 H-tetrazole-5-yl)-

biphenyl-4-yl]-methyl}-valine) (5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-

pentanoic acid ethyl ester]Na3 • x H2O, wherein x is 0 to 3.

13. A dual-acting compound obtainable by:

(i) dissolving (S)-N-valeryl-/V-{[2'-(1H-tetrazole-5-yl)-biphenyl-4-yl]-methyl}-valine or a

salt thereof and (2R,4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-

pentanoic acid ethyl ester or a salt thereof in a suitable solvent;

(ii) dissolving a basic Na compound in a suitable solvent;

(iii) combining the solutions obtained in steps (i) and (ii);

(iv) precipitation of the solid, and drying same to obtain the dual-acting compound; or

alternatively

obtaining the dual-acting compound by exchanging the solvent(s) employed in steps

(i) and (ii) by

(iva) evaporating the resulting solution to dryness;

(va) re-dissolving the solid in a suitable solvent;

(via) precipitation of the solid and drying same to obtain the dual-acting compound.

14. The compound of claim 13 in the form of a complex.

15. The compound of claim 14 in the form of a supramolecular complex.

16. The compound of any of claims 13 to 15 wherein the suitable solvent in steps (i) and

(iv) is acetone.

17. The compound of any of claims 13 to 16 wherein the basic Na compound is NaOH,

Na2C03, NaHCQ3, NaOMe, NaOAc or NaOCHO.

18. The compound of any of claims 13 to 17 in the crystalline, partially crystalline,

amorphous, or polymorphous form, preferably in the crystalline form.

19. The compound of any of claims 13 to 18 in the form of a hydrate.

20. A pharmaceutical composition comprising

(a) the compound according to claims 1 to 19; and

(b) at least one pharmaceutically acceptable additive.

21. The pharmaceutical composition of claim 20, wherein the pharmaceutically

acceptable additive is selected from the group consisting of diluents or fillers, disintegrants,

glidants, lubricants, binders, colorants arid combinations thereof.

Page 75



3

22. A method of preparing the dual-acting compound according to any of claims 1 to 12,

said method comprising the steps of:

(i) dissolving (S)-N-valeryl-N-{[2'-(1H-tetrazole-5-yl)-biphenyl-4-yl]-methyl}-valine or a

salt thereof and (2R,4S)-5-biphenyl4-yl-5-(3-carboxy-propionylamino)-2-methyl-

pentanoic acid ethyl ester or a salt thereof in a suitable solvent;

(ii) dissolving a basic Na compound in a suitable solvent;

(iii) combining the solutions obtained in steps (i) and (ii);

(iv) precipitation of the solid, and drying same to obtain the dual-acting compound; or

alternatively

obtaining the dual-acting compound by exchanging the solvent(s) employed in steps

(i) and (ii) by

(iva) evaporating the resulting solution to dryness;

(va) re-dissolving the solid in a suitable solvent;

(via) precipitation of the solid and drying same to obtain the dual-acting compound.

23. The method of claim 22 wherein the suitable solvent in steps (i) and/or (iva) is

acetone.

24. The method of claim 66 or 67, wherein the basic Na compound is NaOH, Na2CO3,

NaHCO3, NaOMe, NaOAc or NaOCHO.

25. A method for the treatment or prevention of a condition or disease selected from the

group consisting of hypertension, heart failure (acute and chronic), congestive heart failure,

left ventricular dysfunction, hypertrophic cardiomyopathy, diabetic cardiac myopathy,

supraventricular and ventricular arrhythmias, atrial fibrillation, atrial flutter, detrimental

vascular remodeling, myocardial infarction and its sequelae, atherosclerosis, angina

(unstable or stable), renal insufficiency (diabetic and non-diabetic), heart failure, angina

pectoris, diabetes, secondary aldosteronism, primary and secondary pulmonary

hypertension, diabetic nephropathy, glomerulonephritis, scleroderma, glomerular sclerosis,

proteinuria of primary renal disease, renal vascular hypertension, diabetic retinopathy,

migraine, peripheral vascular disease, Raynaud's disease, luminal hyperplasia, cognitive

dysfunction, glaucoma and stroke, comprising administering a therapeutically effective

amount of the compound according to claims 1 to 19, to a mammal in need of such

treatment.

26. The method of claim 25 for the treatment of hypertension.

27. A pharmaceutical composition comprising
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(a) the compound according to claims 1 to 19;

(b) a therapeutic agent selected from an anti-diabetic, a hypolipidemic agent, an

anti-obeeity agent and an anti-hypertensive agent; and

(c) at least one pharmaceutically acceptable additive.

28. The pharmaceutical composition according to claim 27 wherein the therapeutic agent '

is amlodipine besylate.

29. The pharmaceutical composition according to claim 27, wherein the therapeutic agent

is hydrochlorothiazide.

Dated this Off* day of June 2007
Of Anand And Anand Advocates

Attorney for the Applicant
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GOVERNMENT OF INDIA 
PATENT OFFICE 

INTELLECTUAL PROPERTY BUILDING 
Plot No. 32 Sector 14, Dwarka, New Delhi-110078

Tel no.(091)(11)(25300200) 
Fax No. 28034301,02 
E-mail: delhi-patent.nic.in 
Web Site: www.ipindia.gov.in

Date : 30/01/2015
To, 
Anand & Anand, 
Advocates, 
B-41, Nizamuddin East,New Delhi-110013,India.

SUB : Examination Report
APPLICATION NUMBER : 4412/DELNP/2007

DATE OF FILING : 08/06/2007
DATE OF REQUEST FOR EXAMINATION : 06/11/2009

DATE OF PUBLICATION : 24/08/2007

a. With reference to the RQ No. 9044/RQ-DEL/2009 Dated 06/11/2009in the above mentioned 
application for Grant of Patent , Examination has been conducted under Section 12 and 13 of the 
Patents Act 1970 , The following objections are hereby communicated

b. Observations:

1. Claims" part of the specification should be super scribed with "I /We claim":-.
2. Claim 1 (and thus dependent claims) are not clear and succinct and sufficiently definitive to 

the scope of alleged invention in the absence of mention of any significant 
feature/components/characteristics of said product that reflects technological contribution to 
establish it as new product. [Requirements of Sec. 2(1) (j) and Sec. 10]

3. Title inconsistent with description and claims. Title should be in accordance of claim. 

4. Claims 1-12,13,14-19 are mere new forms of the known compound and do not differ 
significantly in properties with regard to efficacy. Therefore, these Claims fall within the 
scope of such clause of section 3(d) of the Patent Act 1970 as amended in 2005.

5. Claims 12,13-19,20-21, 22-26,27-29 define a plurality of Distinct inventions.
6. Claims12,13,25,27 relates to an independent Invention.
7. Claim 1 and its dependent claims does not constitute an invention under section 2[1(j)] of 

Patents Act 1970 (as amended in 2005) as the claims are lacking in inventive step in the view 
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of cited Patent documents :D1 : WO2006086456D2: WO 03/059345 
D3: EP-A1-0 443 983 
D4: US-A-5 217 996 
D5: J. Med. Chern. 1995, 38(1 0), 1689-1700 

The present invention is directed to dual-acting compounds and combinations of angiotensin 
receptor blockiers and neutral endopeptidase inhibitors, in particular a dual acting molecule 
wherein the angiotensin receptor blocker and neutral endopeptidase inhibitor are linked via 
non-covalent ponding, or supramolecular complexes of angiotensin receptor blockers and 
neutral endopeptidase inhibitors, also described as linked pro-drugs, such as mixed salts or co-
crystals, as well as to pharmaceutical combinations containing such a dual-acting compound 
or combination, methods of preparing such dual-acting compounds and methods of treating a 
subject with such a dual-acting compound or combination.D1:discloses a combination 
comprising: (i) a renin inhibitor, or a pharmaceutically acceptable salt thereof; (ii) a neutral 
endopeptidase (NEP) inhibitor, or a pharmaceutically acceptable salt thereof; and optionally at 
least one therapeutic agent selected from the group consisting of (a) a diuretic, or a 
pharmaceutically acceptable salt thereof; and (b) an angiotensin II receptor blocker (ARB), or 
a pharmaceutically acceptable salt thereof; for the prevention of, delay the onset of and/or 
treatment of a disease or a condition mediated by angiotensin II and/or NEP activity, which 
method comprises administering to a warm-blooded animal, in need thereof, a therapeutically 
effective amount of a combination of this present invention. 
D2:disclosesa pharmaceutical composition comprising a combination of i the AT 1- antagonist 
valsartan or a pharmaceutically acceptable salt thereof and ii a NEP inhibitor or a 
pharmaceutically acceptable salt thereof and optionally a pharmaceutically acceptable carrier 
and to a method for the treatment or prevention of a condition or disease selected from the 
group consisting of hypertension, heart failure such as acute and chronic congestive heart 
failure, left ventricular dysfunction and hypertrophic cardiomyopathy, diabetic cardiac 
myopathy, supraventricular and ventricular arrhythmias, atrial fibrillation, atrial flutter, 
detrimental vascular remodeling, myocardial infarction and its sequelae, atherosclerosis, 
angina whether unstable or stable, renal insufficiency diabetic and non--diabetic, heart failure, 
angina pectoris, diabetes, secondary aldosteronism, primary and secondary pulmonary 
hypertension, renal failure conditions, such as diabetic nephropathy, glomerulonephritis, 
scleroderma, glomerular sclerosis, proteinuria of primary renal disease, and also renal vascular 
hypertension, diabetic retinopathy, the management of other vascular disorders, such as 
migraine, peripheral vascular disease, Raynaud"s disease, luminal hyperplasia, cognitive 
dysfunction such as Alzheimer"s, glaucoma and stroke, comprising administering a 
therapeutically effective amount of the pharmaceutical composition to a mammal in need 
thereof. 
D3:discloses Aromatic amide derivatives of formula (I) and their salts are new. (Where R1 = 
aliphatic hydrocarbon optionally substituted with halogen or OH, or a cycloaliphatic or 
araliphatic hydrocarbon. X1 = CO, SO2, or OCO with the carbon linked to the N. X2 = 
aliphatic hydrocarbon (optionally substituted with OH, carboxy, NH2, guanidino, 
cycloaliphatic or aromatic hydrocarbon) or cycloaliphatic hydrocarbon, with a carbon 
of the aliphatic optionally bridged by a divalent aliphatic hydrocarbon. R2 = carboxy or its 
ester or amide derivative, NH2, substituted amino, formyl, acetal derivative of formyl, 1H-
tetrazol-5-yl, pyridyl, OH, ether, SR, SOR, SO2R, alkanoyl, sulphamoyl, N-substituted 
sulphamoyl, PO2H2 or PO3H2. R = H or aliphatic hydrocarbon. X3 = hydrocarbon. R3 = 
carboxy, 5-tetrazolyl, SO3H, PO2H2, PO3H2 or haloalkylsulphamoyl.; Rings A and B are 
each optionally substd. 121 compounds are specifically claimed, including (S)-N-(1-carboxy -
2-methyl)-prop-1-yl) -N-pentanoyl-N- (2"-(1H-tetrazol-5-yl) biphenyl-4-ylmethyl) amine. 
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D4: discloses novel biaryl substituted 4-amino-butyric acid amide derivatives described below 
which arc useful as neutral endopeptidase (NEP) inhibitors, e.g. as inhibitors of the ANF-
degrading enzyme in mammals, so as to prolong and potentate the diuretic, natriuretic and 
vasodilator properties of ANF in mammals, by inhibiting the degradation thereof to less active 
metabolites. 
D5 discloses dicarboxylic acid dipeptide neutral endopeptidase inhibitors. 
In view of cited documents D1-D5 claimed subject-matter therefore lacks novelty and 
inventive step in its entirety under section 2(1)(j) of the Patent Act 1970 as amended in 2005 

8. Claim 1 and its dependent claims do anticipated by-prior claiming in the view of cited Patent 
documents :D1 : WO2006086456D2: WO 03/059345 
D3: EP-A1-0 443 983 
D4: US-A-5 217 996 
D5: J. Med. Chern. 1995, 38(1 0), 1689-1700

9. Form-3 filed on17/12/2013,23/05/2014, 06/06/2014 after prescribed time in Rule 12 of the 
Patents Rule,2006.So its not taken on record. 

10. Power of Authority with prescribedstamped dutyand the particulars of the case should 
be filed.

11. Claim filed(1-29) in india are different from the claimfiled(1-85) in PCT application and 
remaining fees should be also paid for theall set of claims filed in PCT under section 138(2) 
and section 142(3) of the patentact 1970 as amended in 2005. Further consideration of the 
application issubject to filing of balance fees as applicable along with Form-13 and petitionfor 
condoning the irregularity of not entering National Phase as per Section 10(4A) of the Act. 

12. Complete specification should be filed afresh observing followings: Renumbering of pages, 
Scoring out the blank space with authorized signature, Deleting extraneous matter, typing of 
text of such specification as required by Rule 9 for margin (4 cm on top and left and 3 cm on 
right and bottom) in prescribed manner (with extra fees as applicable) and further amendments 
as desired by other objections in compliance to the requirements of the Act. 

13. From-13 filed on 8/6/2007 and 16/1/2008 not filed in prescribed manner.So not allowed. 
14. Details regarding the search and/or examination report including claims of the application 

allowed, as referred to in Rule 12(3) of the Patent Rule, 2003, in respect of same or 
substantially the same invention filed in all the major Patent offices along with appropriate 
translation where applicable, should be submitted within a period of Six months from the date 
of receipt of this communication as provided under section 8(2) of the Indian Patents Act.

15. Details regarding application for Patents which may be filed outside India from time to time 
for the same or substantially the same invention should be furnished within Six months from 
the date of filing of the said application under clause(b) of sub section(1) of secton 8 and rule 
12(1) of Indian Patent Act.

c. You are requested to comply with the objections by filing your reply by way of explanation and/or 
amendments within 12 months from the date of issue of FER failing which you application will be 
treated as "Deemed to have been abandoned" under section 21(1) of the Act. The last Date is 
01/02/2016.
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d. You are advised to file your reply at the earliest so that the office can further proceed with 
application and complete the process within the prescribed period.

( Dr. Rajesh Dixit ) 

Deputy Controller of Patents & Designs

NOTE : All Communications to be sent to the Controller of Patents at INTELLECTUAL PROPERTY 
BUILDING Plot No. 32, Sector-14,Dwarka New Delhi - 110 078.
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[57] ABSTRACT 
The invention relates to biaryl substituted 4-amino 
butyric acid derivatives of formula I 

wherein COX and COX’ independently represent car 
boxyl or carboxyl derivatized in form of a pharmaceuti 
cally acceptable ester or amide; R1 represents hydrogen, 
lower alkyl, C3—C7-cycloalky1-lower alkyl, aryl-lower 
alkyl, biaryl-lower alkyl, lower alkoxy, aryl-lower alk 
oxy, aryloxy, N-lower alkylamino, N,N-di-lower alkyl 
amino, N-aryl~lower alkylamino, N,N-di-aryl-lower 
alkylamino, N-arylamino, N,N-diarylamino, lower al 
kanoylamino, aryl-lower alkanoylamino or aroylamino; 
R2 represents hydrogen, hydroxy, lower alkoxy, lower 
alkyl, aryl-lower alkyl, C3—C7-cycloalkyl-lower alkyl, 
amino-lower alkyl, hydroxy-lower alkyl, lower al 
kylthio-lower alkyl, lower alkoxy-lower alkyl, aryl 
lower alkylthio-lower alkyl or aryl-lower alkoxy-lower 
alkyl; biaryl represents phenyl substituted by carbocy 
clic or heterocyclic aryl; A represents a direct bond, 
lower alkylene, phenylene or cyclohexylene; m repre' 
sents 1 or zero, provided that m represents 1 when A is 
a direct bond; or pharmaceutically acceptable salts 
thereof; pharmaceutical compositions comprising said 
compounds; methods for the preparation of said com 
pounds and for the preparation of intermediates; and 
methods of treating disorders in mammals which are 
responsive to the inhibition of neutral endopeptidases 
by administration of said compounds to mammals in 
need of such treatment. 

11 Claims, No Drawings 
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BIARYL SUBSTITUTED 4-AMINO-BUTYRIC ACID 
AMIDES 

SUMMARY OF THE INVENTION 

Endogenous atrial natriuretic peptides (ANP), also 
called atrial natriuretic factors (ANF) have diuretic, 
natriuretic and vasorelaxant functions in mammals. The 
natural ANF peptides are metabolically inactivated, in 
particular by a degrading enzyme which has been rec 
ognized to correspond to the enzyme neutral endopepti 
dase (NEP) EC 3.4. 24.11, also responsible for e.g. the 
metabolic inactivation of enkephalins. 
The aim of the present invention is to provide novel 

biaryl substituted 4-amino-butyric acid amide deriva 
tives described below which are useful as neutral endo 
peptidase (NEP) inhibitors, e.g. as inhibitors of the 
ANF-degrading enzyme in mammals, so as to prolong 
and potentiate the diuretic, natriuretic and vasodilator 
properties of ANF in mammals, by inhibiting the degra 
dation thereof to less active metabolites. The com 
pounds of the invention are thus particularly useful for 
the treatment of conditions and disorders responsive to 
the inhibition of neutral endopeptidase EC 3.4. 24.11, 
particularly cardiovascular disorders, such as hyperten 
sion, renal insuf?ciency including edema and salt reten 
tion, pulmonary edema and congestive heart failure. By 
virtue of their inhibition of neutral endopeptidase, the 
compounds of the invention may also be useful for the 
treatment of pain, depression and certain psychotic 
conditions. Other potential indications include the treat 
ment of angina, premenstrual syndrome, Meniere’s dis 
ease, hyperaldosteronism, hypercalciuria, ascites, glau 
coma, asthma, in?ammations and gastrointestinal disor 
ders such as diarrhea, irritable bowel syndrome and 
gastric hyperacidity. 
The present invention relates to biaryl substituted 

4-amino-butyric acid derivatives of formula I 

R2 (1) 

R1 CHg-biaryl 

wherein COX and COX’ independently represent car 
boxyl or carboxyl derivatized in form of a pharmaceuti 
cally acceptable ester or amide; R1 represents hydrogen, 
lower alkyl, C3—C7-cycloalkyl-lower alkyl, aryl-lower 
alkyl, biaryl-lower alkyl, lower alkoxy, aryl-lower alk 
oxy, aryloxy, N-lower alkylamino, N,N-di-lower alkyl 
amino, N-aryl-lower alkylamino, N,N-di-aryl-lower 
alkylamino, N-arylamino, N,N-diarylarnino, lower al 
kanoylamino, aryl-lower alkanoylamino or aroylamino; 
R2 represents hydrogen, hydroxy, lower alkoxy, lower 
alkyl, aryl-lower alkyl, C3—C7-cycloa1kyl-lower alkyl, 
amino-lower alkyl, hydroxy-lower alkyl, lower al 
kylthio-lower alkyl, lower alkoxy-lower alkyl, aryl 
lower alkylthio-lower alkyl or aryl-lower alkoxy-lower 
alkyl; biaryl represents phenyl substituted by carbocy 
clic or heterocyclic aryl; A represents a direct bond, 
lower alkylene, phenylene or cyclohexylene; m repre 
sents l or zero, provided that rn represents 1 when A is 
a direct bond; or a pharmaceutically acceptable salt 
thereof. 

Pharmaceutically acceptable ester and amide deriva 
tives are preferably prodrug derivatives, such being 
convertible by solvolysis or under physiological condi 

25 

35 

45 

55 

65 

2 
tions to the free carboxylic acids of formula I wherein 
COX and/0r COX’ represent carboxyl. 
Compounds of formula I and derivatives thereof, 

depending on the nature of substituents, possess one or 
more asymmetric carbon atoms. The resulting diastere 
oisomers and optical antipodes are encompassed by the 
instant invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The definitions used herein, unless denoted other 
wise, have the following meanings within the scope of 
the present invention. v 

The term biaryl represents phenyl substituted by 
carbocyclic aryl or heterocyclic aryl as de?ned herein, 
ortho, meta or para to the point of attachment of the 
phenyl ring, advantageously para; biaryl is also repre 
sented as the —-C5H4—R3 substituent in formulae 
herein. 

Carbocyclic aryl preferably represents preferably 
monocyclic carbocyclic aryl or optionally substituted 
naphthyl. 
Monocyclic carbocyclic aryl represents optionally 

substituted phenyl, being preferably phenyl or phenyl 
substituted by one to three substituents, such being 
advantageously lower alkyl, hydroxy, lower alkoxy, 
lower alkanoyloxy, halogen, cyano, tri?uoromethyl, 
lower alkanoylamino or lower alkoxycarbonyl. Mono 
cyclic carbocyclic aryl particularly preferably repre 
sents phenyl or phenyl substituted by lower alkyl, lower 
alkoxy, hydroxy, halogen, cyano or tri?uoromethyl. 

Optionally substituted naphthyl represents 1- or 2 
naphthyl or 1- or Z-naphthyl preferably substituted by 
lower alkyl, lower alkoxy or halogen. 

Heterocyclic aryl represents preferably monocyclic 
heterocyclic aryl such as optionally substituted thienyl, 
indolyl, imidazolyl, furanyl, pyridyl, pyrrolyl or N 
lower alkylpyrrolyl. 

Optionally substituted furanyl represents 2- or 3-fura 
nyl or 2- or 3-furanyl preferably substituted by lower 
alkyl. 

Optionally substituted pyridyl represents 2-, 3- or 
4-pyridyl or 2-, 3- or 4-pyridyl preferably substituted by 
lower alkyl, halogen or cyano, 

Optionally substituted thienyl represents 2- or 3-thie 
nyl or 2- or 3-thienyl preferably substituted by lower 
alkyl. 

Optionally substituted indolyl represents preferably 
2- or 3-indolyl or 2- or 3-indolyl preferably substituted 
by lower alkyl, lower alkoxy or halogen. 

Optionally substituted imidazolyl is preferably 1- or 
Z-imidazolyl or 1- or Z-imidazolyl preferably substituted 
by lower alkyl. 

Aryl as in aryl-lower alkyl, aryl-lower alkoxy, aryl 
oxy, N-arylamino, N,N—diarylamino, aryl-lower alkoxy 
carbonyl‘ or aryl-lower alkanoylamino is preferably 
phenyl or phenyl substituted by one or two of lower 
alkyl, lower alkoxy, hydroxy, lower alkanoyloxy, halo 
gen, tri?uoromethyl, cyano, lower alkanoylamino or 
lower alkoxycarbonyl. ~ 

The term “lower” referred to herein in connection 
with organic radicals or compounds respectively de 
?nes such with up to and including 7, preferably up and 
including 4 and advantageously. one or two carbon 
atoms. Such may be straight chain or branched. 
A lower alkyl group preferably contains 1-4 carbon 

atoms and represents e.g. ethyl, n- or iso-propyl, n-, iso-, 
sec.- or tert.-butyl or advantageously methyl. 
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A lower alkoxy group preferably contains 1-4 carbon 
atoms and represents for example methoxy, n-propoxy, 
isopropoxy, n-, iso-, sec.- or tert.-butoxy or advanta 
geously ethoxy. 

Aryl-lower alkyl is advantageously benzyl or phen 
ethyl optionally substituted by one or two of lower 
alkyl, lower alkoxy, hydroxy, lower alkanoyloxy, halo 
gen or tritluoromethyl. 

Aryl-lower alkoxy represents advantageously e.g. 
benzyloxy, benzyloxy substituted by lower alkyl, lower 
alkoxy, lower alkanoyloxy, halogen or tri?uoromethyl, 
or pyridylmethoxy. 
Aryloxy preferably represents phenoxy or phenoxy 

substituted by lower alkyl, lower alkoxy, lower al 
kanoyloxy, halogen or trifluoromethyl. 

N-arylamino and N,N-diarylamino represent advan 
tageously N-phenylamino or N,N-diphenylamino op 
tionally substituted in the phenyl moiety or phenyl moi 
eties by lower alkyl, lower alkoxy, hydroxy, lower 
alkanoyloxy, halogen or tri?uoromethyl. 
The term C3—C7-cycloalkyl represents a saturated 

cyclic hydrocarbon radical which contains 3 to 7 and 
preferably 5 to 7 ring carbon and is, most preferably, 
cyclopentyl or cyclohexyl. 
The term cycloalkyl-lower alkyl represents prefera 

bly l- or 2-(cyclopentyl or cyclohexyl)ethyl, l-, 2- or 
3-(cyclopentyl or cyclohexyl)propyl, or I-, 2-, 3- or 
4-(cyclopentyl or cyclohexyl)-butyl. 
Amino-lower alkyl represents preferably amino 

(ethyl, propyl or butyl), particularly omega-amino 
(ethyl, propyl or butyl). 
A N-lower alkylamino group preferably contains 1-4 

carbon atoms in the lower alkyl portion and represents, 
for example, N-n-propyl-amino, N-iso-propylamino, 
N-n~butylamino, N-tert.-butylamino and advanta 
geously N-methylamino or N-ethylamino. 
A N,N-di-lower alkylamino group preferably con 

tains l—4 carbon atoms in each lower alkyl portion and 
represents, for example, N,N-dimethylamino, N-meth 
yl-N-ethylamino and advantageously N,N-die 
thylamino. 
Hydroxy-lower alkyl is for example 2-hydroxyethyl 

and preferably hydroxymethyl. 
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Lower alkylthio as in lower alkylthio-lower alkyl I 
represents advantageously C1-C4-alkylthio and prefera 
bly methylthio or ethylthio. 
Lower alkylene represents branched or straight chain 

alkylene of l to 7 carbon atoms, advantageously straight 
chain (or linear) alkylene, such as methylene, ethylene, 
propylene, butylene, pentylene or hexylene and most 
preferably straight chain C1-C4-alkylene. 

Phenylene represents preferably 1,3 or 1,4-phenylene, 
advantageously 1,4-phenylene. 

Cyclohexylene represents preferably 1,4-cyclohexy 
lene. 
Halogen (halo) preferably represents ?uoro or 

chloro, but may also be bromo or iodo. 
Lower alkanoyloxy advantageously contains 2 to 5 

carbon atoms and is preferably acetoxy, pivaloyloxy or 
propionyloxy. 
Lower alkanoylamino advantageously contains 2 to 5 

carbon atoms and is preferably acetylamino or pro 
pionylamino. 
A lower alkoxycarbonyl group preferably contains 1 

to 4 carbon atoms in the alkoxy portion and represents, 
for example, methoxycarbonyl, n-propoxycarbonyl, 
iso-propoxycarbonyl or advantageously ethoxycarbo 
nyl. 
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4 
Aroylamino is preferably benzoylamino or ben 

zoylamino substituted on the benzene ring by lower 
alkyl, lower alkoxy, halogen or trifluoromethyl. 

Carboxyl esteri?ed in form of a pharmaceutically 
acceptable ester, represents advantageously a prodrug 
ester that may be convertible by solvolysis or under 
physiological conditions to the free carboxylic acid, 
such being preferably C1—C20-alkoxycarbonyl, advanta 
geously lower alkoxycarbonyl; (amino, acylamino, 
mono-or di-lower alkylamino)-lower alkoxycarbonyl; 
carboxy-lower alkoxycarbonyl, e.g. alpha-carboxy 
lower alkoxycarbonyl; lower alkoxycarbonyl-lower 
alkoxycarbonyl, e. g. alpha-lower alkoxycarbonyl-lower 
alkoxycarbonyl; a-(di-lower alkylamino, amino, mono 
lower alkylamino, morpholino, piperidino, pyrrolidino, 
l~lower alkylpiperazino)-carbonyl-lower alkoxycar 
bonyl; aryl-lower alkoxycarbonyl, preferably option 
ally (halo, lower alkyl or lower alkoxy)-substituted 
benzyloxycarbonyl, or pyridylmethoxycarbonyl; l-(hy 
droxy, lower alkanoyloxy or lower alkoxy)-lower alk 
oxycarbonyl, e.g. pivaloyloxymethoxycarbonyl; (hy 
droxy, lower alkanoyloxy or lower alkoxy)-lower al 
koxymethoxycarbonyl; bicycloalkoxycarbonyl-lower 
alkoxycarbonyl, e.g. bicyclo[2,2,l]-heptyloxycarbonyl 
lower alkoxycarbonyl, especially bicyclo-[2,2,l]-hep 
tyloxycarbonylmethoxycarbonyl such as bornyloxycar 
bonylmethoxycarbonyl; l-(lower alkoxycarbonyloxy) 
lower alkoxycarbonyl; S-indanyloxycarbonyl; 3 
phthalidoxycarbonyl and (lower alkyl, lower alkoxy or 
halo)-substituted 3-phthalidoxycarbonyl; polyhydroxy~ 
lower alkoxycarbonyl or protected polyhydroxy-lower 
alkoxycarbonyl in which polyhydroxy-lower alkoxy 
and protected polyhydroxy-lower alkoxy represent 
preferably dihydroxypropyloxy or trihydroxybutyloxy 
wherein hydroxy groups are free or one or more, as 
appropriate, are protected in form of esters, e. g. a lower 
alkanoyl or a benzoyl ester, in form of ethers, e.g. a 
lower alkyl or benzyl ether, or, in case two vicinal 
hydroxy groups are involved, in the form of acetals or 
ketals, e.g. a lower alkylidene, a benzylidene or a 5- or 
6-membered cycloalkylidene derivative. 

Protected polyhydroxy-lower alkoxycarbonyl ad 
vantageously represents (2,2-dimethyl-l,3~dioxolan-4 
yl)-methoxycarbonyl. 
Acyl as in acyloxy or acylamino represents prefera 

bly lower alkanoyl, carbocyclic aryl-lower alkanoyl, 
aroyl, lower alkoxycarbonyl or aryl-lower alkoxycar 
bonyl, advantageously lower alkanoyl. Lower alkoxy 
carbonyl for acyl is preferably t-butoxycarbonyl (abbre 
viated t-BOC). Aryl-lower alkoxycarbonyl for acyl is 
preferably benzyloxyearbonyl (abbreviated CBZ). 

Carboxy-lower alkoxycarbonyl represents advanta 
geously e.g. l-carboxyethoxycarbonyl. 
Lower alkoxycarbonyl-lower alkoxycarbonyl repre 

sents advantageously e. g. l-(ethoxycarbonyl)ethoxycar 
bonyl. 
Amino-lower alkoxycarbonyl, mono-lower al 

kylamino-lower alkoxycarbonyl, di-(lower)a1kylamino 
lower alkoxycarbonyl advantageously represent e.g. 
aminoethoxycarbonyl, ethylaminoethoxycarbonyl, die 
thylaminoethoxycarbonyl. 
Lower alkylidene is preferably isopropylidene. 
Cycloalkylidene is preferably cyclohexylidene. 
Carboxyl esteri?ed in form of a pharmaceutically 

acceptable prodrug ester represents most advanta 
geously C1-C4-alkoxycarbonyl, phenyloxycarbonyl, 
benzyloxycarbonyl optionally substituted on phenyl by 
lower alkyl, lower alkoxy, halo or trifluoromethyl, 
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pivaloy]oxymethoxycarbony], l-(C2-C4-alkanoyloxy) 
ethoxycarbonyl, (2,2-dimethyl-l,3-dioxolan-4-yl) 
methoxycarbonyl, S-indanyloxycarbonyl, 3-phthalidox 
ycarbonyl, bornyloxycarbonylmethoxycarbonyl, l 
(C1—C4-alkoxycarbonyloxy)-ethoxycarbonyl or 3 
pyridylmethoxycarbonyl. 

Carboxyl derivatized in the form of a pharmaceuti 
cally acceptable amide represents preferably carbamoyl 
or N-substituted carbamoyl, advantageously [lower 
alkylamino, arylamino, di-lower alkylamino, morpho 
lino, N-lower alkylpiperazino, pyrrolidino, piperidino, 
perhydroazepino, (amino or acylamino)-lower alkyl 
amino or aryl-lower alkylamino1-carbonyl. 

Pharmaceutically acceptable salts are either pharma 
ceutically acceptable acid addition salts for any basic 
compounds of the invention or salts derived from phar 
maceutically acceptable bases for any acidic com 
pounds of the invention. 

Pharmaceutically acceptable salts of basic com 
pounds of the invention are acid addition salts, which 
are preferably such of therapeutically acceptable inor 
ganic or organic acids, such as strong mineral acids, for 
example hydrohalic, e.g. hydrochloric or hydro-bromic 
acid, sulfuric, phosphoric or nitric acid; aliphatic or 
aromatic carboxylic or sulfonic acids, e.g. formic, 
acetic, propionic, succinic, glycollic, lactic, malic, tar‘ 
taric, gluconic, citric, maleic, fumaric, pyruvic, phenyl 
acetic, benzoic, 4-aminobenzoic, anthranilic, 4-hydrox 
ybenzoic, salicylic, 4-aminosalicylic, pamoic, nicotinic, 
methanesulfonic, ethanesulfonic, hydroxyethanesul 
fonic, 1,2-ethanedisulfonic acid, benzenesulfonic, p-tol 
uenesulfonic, naphthalenesulfonic, sulfanilic, cyclohex 
ylsulfamic acid, or ascorbic acid. 

Pharmaceutically acceptable salts of the acidic com 
pounds of the invention, e.g. those having a free car 
boxyl group are salts formed with 'pharmaceutically 
acceptable bases, e.g. alkali metal salts (e.g. sodium, 
potassium salts), alkaline earth metal salts (e. g. magne 
sium, calcium salts), ammonium salts, mono-, di- or 
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tri-lower (alkyl or hydroxyalkyD-ammonium salts (e.g. - 
ethanolammonium, diethanolammonium, triethanolam 
monium, tromethamine salts). 
The compounds of the invention, of formula I and 

derivatives thereof may contain several asymmetric 
carbon atoms, depending on the nature of the substitu 
ents. Thus the compounds of the invention exist in the 
form of geometric isomers, racemates, diastereoisomers, 
pure enantiomers or mixtures thereof, all of which are 
within the scope of the invention. 
For example, the compounds of formula I exist in 

isomeric forms, e.g. wherein the asymmetric carbon 
atom on the butyryl chain bearing the R1 and/ or biaryl 
methyl groups may either exist in the S or R con?gura 
tion. The compounds of the invention, e.g. those of 
formula I having said two asymmetric centers exist as 
two different racemic diastereoisomeric forms which 
may be called erythro and threo depending on the rela 
tive orientation of the R1 and biarylmethyl substituents 
of the chain. Each of the two racemates consists of the 
optically active enantiomers (or antipodes) having 
(S,S), (R,R), (R,S) or (S,R) con?gurations, respectively. 

Preferred is the threo racemic form and particularly 
the enantiomeric form depicted in formula I’ 
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H H 
5 V 

R, éI-lz-biaryl 

wherein COX, COX‘, R1, R}, A, biaryl and m have the 
meanings as de?ned herein above for compounds of 
formula I. The compounds of formulae Ia, Ib, Ic, Id, 1e 
and If given below are present as well, preferably in the 
enantiomeric form depicted in formula I’. 

Illustrative thereof, in the above compounds of for 
mula I wherein R1 is lower alkyl, the carbon atom car— 
rying said substituent is assigned the (R)-con?guration; 
and the carbon atom carrying the biarylmethyl substitu 
ent is assigned the (S)-con?guration. 
More particularly, the present invention is concerned 

with and has for its object the compounds of formula Ia 

R2 (121) ROOC-CH-CI-b-CH-NH-g-"A-(J:H)m—COOR' 
in 

CH; 

R3 

wherein COOR and COOR’ independently represent 
carboxyl or carboxyl derivatized in form of a pharma 
ceutically acceptable ester; R1 represents hydrogen, 
lower alkyl, lower alkoxy, N-lower alkylamino, lower 
alkanoylamino, aryl-lower alkyl, aryl-lower alkoxy,_ 
aryloxy, N-arylamino or aroylamino wherein aryl in 
each case represents phenyl optionally substituted by 
lower alkyl, lower alkoxy, halogen, hydroxy, cyano, 
acyloxy or trifluoromethyl, or aryl represents thienyl or 
furanyl optionally substituted by lower alkyl; R; repre 
sents hydrogen, hydroxy, lower alkyl or aryl-lower 
alkyl wherein aryl independently has the meaning given 
above under R1; R3 represents phenyl, or phenyl substi 
tuted by lower alkyl, lower alkoxy, halogen, cyano, 
acyloxy or trifluoromethyl; or R3 represents thienyl or 
furanyl optionally substituted by lower alkyl; A repre 
sents a direct bond, lower alkylene, l,4-phenylene or 
1,4-cyclohexylene; 111 represents 1 or zero provided that 
m represents 1 when A is a direct bond; or a pharmaceu 
tically acceptable salt thereof. 

Advantageously, R3 is located in the para position. 
Particularly preferred embodiments of the invention 

as described above relate to: 
a) compounds wherein R3 is phenyl or phenyl substi 
_ tuted by lower alkyl, lower alkoxy, halogen, cy 

ano, acyloxy or tri?uoromethyl; 
b) compounds wherein A is lower alkylene, m repre 

sents l or zero, and R2 represents hydrogen, lower 
alkyl, hydroxy or lower alkoxy. 

0) compounds wherein R1 represents hydrogen, 
lower alkyl, lower_ alkoxy or aryl-lower alkyl 
wherein aryl represents phenyl optionally substi 
tuted by one or two of lower alkyl, lower alkoxy, 
halogen, hydroxy, cyano, acyloxy or trifluoro 
methyl; most preferably compounds wherein R1 
represents lower alkoxy or lower alkyl. 

A particular embodiment of the invention relates to 
compounds of formula Ib 
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wherein COOR and COOR’ independently represent 
carboxyl or carboxyl derivatized in form of a pharma 
ceutically acceptable ester; R1 is hydrogen, lower alkyl, 
lower alkoxy or aryl-lower alkyl wherein aryl repre 
sents ‘phenyl optionally substituted by lower alkyl, 
lower alkoxy, halogen, hydroxy, cyano, acyloxy or 
trifluoromethyl; R2 represents hydrogen, hydroxy or 
lower alkoXy; R4 and R5 independently represent hy 
drogen, lower alkyl, hydroxy, lower alkoxy, halogen, 
cyano or tri?uoromethyl; A represents lower alkylene; 
m represents 1 or zero; or a pharmaceutical acceptable 
salt thereof. 

Particularly preferred are compounds of formula Ic 

O (Ic) 

ROOC-CH-CHZ-CH—NH—ll-(CHZ)II_COOR' 
it 

CH2 

R4 

wherein COOR and COOR’ independently represent 
carboxyl or carboxyl derivatized in form of a pharma 
ceutically acceptable ester; R1 is lower alkyl or lower 
alkoxy; R4 represents hydrogen, lower alkyl, lower 
alkoxy, halogen, or trifluoromethyl; n represents an 
integer 1 through 6; or a pharmaceutical acceptable salt 
thereof. 
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Preferred are compounds of formula Ic wherein ' 
COOR and COOR’ independently represent carboxyl, 
C1-C20-alkoxycarbonyl, (carbocyclic or heterocyclic 
aryl)-lower alkoxycarbonyl, (di-lower alkylamino, N-' 
lower alkylpiperazino, morpholino, pyrrolidino, piperi 
dino or perhydrazepino)-C2 to C4-alkoxycarbonyl, 
dihydroxypropyloxycarbonyl protected in form of a 
ketal, S-indanyloxycarbonyl, 3-phthalidoxycarbonyl, 
bicycloalkoxycarbonyl-lower alkoxycarbonyl, a 
(lower alkoxycarbonyl or di-lower alkylaminocar 
bonyl)-lower alkoxycarbonyl, l-(lower alkoxycar 
bonyloxy)-lower alkoxycarbonyl or l-(lower al 
kanoyloxy)-lower alkoxycarbonyl; or a pharmaceuti 
cally acceptable salt thereof. 

Particularly preferred are said compounds of formula 
Ic wherein COOR and COOR’ independently represent 
carboxyl, C1-C4-alkoxycarbonyl, 3-pyridylmethox 
ycarbonyl, benzyloxycarbonyl optionally substituted on 
phenyl by lower alkyl, lower alkoxy, halo or trifluoro 
methyl, S-indanyloxycarbonyl, 1-(C2—C5-alkanoyloxy) 
ethoxycarbonyl, 3-phthalidoxycarbonyl, (2,2’-dimethyl 
l,3-dioxolan-4-yl)-methoxycarbonyl, bornyloxycar 
bonylmethoxycarbonyl, l-(C1-C4-alkoxycarbonyloxy) 
ethoxycarbonyl; or a pharmaceutically acceptable salt 
thereof. 
A preferred embodiment of the invention relates to 

compounds of formula Id 
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65 

2 (1d) 

CH2 

wherein R1 is lower alkyl; n is an integer 1 through 4; or 
a pharmaceutically acceptable mono- or di-ester deriva 
tive thereof in which one or two of the acidic hydroxy 
groups of the carboxyl functional groups are esteri?ed 
in form of a mono- or di-pharmaceutically acceptable 
ester; or a pharmaceutically acceptable salt thereof; or 
an optical antipode thereof. 

Preferred are said compounds of formula Id wherein 
R1 is methyl and n is 2; and mono- or di-esters thereof. 
As discussed before, the butyric acid compounds of 

eg formula Id exist in two distinct diastereomeric 
forms which may be called erythro and threo. Preferred 
are e.g. the compounds of formula Id as the threo diaste 
reomer (racemate), more particularly as the enantio 
meric form having the R-con?guration at C-atom 2 and 
the S-configuration at C-atom 4 and wherein the buty 
ryl portion is as depicted in formula Id’ 

Y 

0 H... ....- nu 
I; 

wherein R1 and n are as de?ned under formula Id; or a 
pharmaceutical acceptable mono-or diester derivative 
thereof; or a pharmaceutical acceptable salt thereof. 

Particularly preferred are compounds of formula le 

(18) 
2 4 || 

ROOC—$H-CH2— CH- NH-C-(CI-hh-COOR' 
CH3 

CH2 

wherein COOR and COOR’ independently represent 
carboxyl or carboxyl esteri?ed in form of a pharmaceu 
tical acceptable prodrug ester; or a pharmaceutically 
acceptable salt thereof. 

Particularly preferred embodiments of the invention 
as- described above relate to: 

(a) compounds of the above formula Ie wherein R 
and R’ independently represent hydrogen, C1-C4 
alkyl, benzyl optionally substituted on phenyl by 
lower alkyl, lower alkoxy, halo or tri?uoromethyl, 
pivaloyloxymethyl, l-(C2—C4-alkanoyloxy)-ethyl, 
(2,2-dimethyl-l,3-dioxolan-4-yl)-methyl, S-indanyl, 
3-phthalidyl, bornyloxycarbonylmethyl, l-(Cy-C4 
alkoxycarbonyloxy)-ethyl or 3-pyridylmethyl; or a 
pharmaceutically acceptable salt thereof; 

(b) compounds of the above formula Ie wherein 
COOR’ is carboxyl; and COOR represents car 
boxyl or carboxyl derivatized in form of a pharma 
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ceutically acceptable ester; or a pharmaceutically 
acceptable salt thereof; 

(c) compounds of the above formula Ie having the 
R-con?guration at C-atom 2 and the S-con?gura 
tion at C-atom 4; 

(d) the compound according to the above formula 1e 
wherein COOR is ethoxycarbonyl and COOR’ is 
carboxyl, namely being 4-[N-(3-carboxy-1-oxo 
propyl)amino]-4-(p-phenylphenylmethyl)-2 
methylbutanoic acid ethyl ester, the (2R,4S)an 
tipode thereof or a pharmaceutical acceptable salt 
thereof. 

The novel compounds of the invention are pharmaco 
logically potent neutral endopeptidase enzyme inhibi 
tors which inhibit e.g. the degradation of atrial natri 
uretic factors (ANF) in mammals. They thus potentiate 
the diuretic and natriuretic effect of exogenous or en 
dogenous ANF in mammals. 
The compounds of the invention are thus particularly 

useful in mammals as diuretic, natriuretic (saluretic) and 
antihypertensive agents for the treatment of e. g. hyper 
tension, congestive heart failure and edema. 
As neutral endopeptidase inhibitors, the compounds 

are also e.g. enkephalinase inhibitors so as to inhibit the 
degradation of endogenous enkephalins and may thus 
also be useful for the treatment of pain in mammals. 
The above-cited properties are demonstrable in vitro 

and in vivo tests, using advantageously mammals, e.g. 
mice, rats, dogs, monkeys or isolated organs, tissues and 
preparations thereof. Said compounds can be applied in 
vitro in the form of solutions, e.g. preferably aqueous 
solutions, and in vivo either enterally, parenterally, 
advantageously intravenously, e.g. as a suspension or in 
aqueous solution. The dosage in vitro may range be 
tween about 10"4 molar and 10"9 molar concentra 
tions. The dosage in vivo may range depending on the 
route of administration, between about 0.01 and 50 
mg/kg, advantageously between about 1.0 and 25 
mg/kg. 
The analgesic activity can be determined by measur 

ing the potentiation of the analgesic effects of enkepha 
lin and derivatives thereof, and by classical analgesic 
tests, such as the phenyl-p-benzoquinone induced writ-_ 
ing test [J. Pharmacol. Exp. Therap. 125, 237 (1959)] 
and the hot plate test in the mouse [J . Pharmacol. Exp. 
Therap. 107, 385 (1953). 
The antihypertensive activity can be determined in 

the spontaneously hypertensive‘ rat, Goldblatt rat or 
Goldblatt dog by direct measurement of blood pressure. 
Advantageously, the effect is measured in the DOCA 
salt hypertensive rat and/or renal hypertensive rat or 
dog model. 
The diuretic (saluretic) activity can be determined in 

standard diuretic screens, e.g. as described in “New 
Antihypertensive Drugs”, Spectrum Publications, 1976, 
pages 307-321, or by measuring the potentiation of 
atrial natriuretic factor-induced natriuresis and diuresis 
in the rat. 
The potentiation of ANF can also be determined by 

measuring the increase in ANF plasma level achieved. 
The in vitro inhibition of neutral endopeptidase 

(NEP) 3.4.24.11 can be determined as follows: 
Neutral endopeptidase 3.4.24.11 activity is deter 

mined by the hydrolysis of the substrate glutaryl-Ala 
Ala-Phe-2-naphthylamide (GAAP) using a modi?ed 
procedure of Orlowski and Wilk (1981). The incubation 
mixture (total volume 125 pl) contains 4.2 pg of protein 
(rat kidney cortex membranes prepared by method of 
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Maeda et a1, 1983), 50 mM tris buffer, pH 7.4 at 25° C., 
500 pM substrate (final concentration), and leucine 
aminopeptidase M (2.5 pg). The mixture is incubated 
for 10 minutes at 25° C. and 100 pl of fast garnet (250 pg 
fast garnet/ml of 10% Tween 20 in 1M sodium acetate, 
pH 4.2) is added. Enzyme activity is measured spectro 
photometrically at 540 nm. One unit of NE? 24.11 ac 
tivity is de?ned as 1 nmol of Z-naphthylamine released 
per minute at 25° 'C. at pH 7.4. IC50 values are deter 
mined, i.e. the concentration of test compound required 
for 50% inhibition of the release of Z-naphthylarnine. 

Neutral endopeptidase activity is also determined 
using ANF as a substrate. A trial natriuretic factor de 
grading activity is determined by measuring the disap 
pearance of rat-ANF (r-ANF) using a 3 minute reverse 
phase-HPLC separation. An aliquot of the enzyme in 50 
mM Tris HCl buffer, pH 7.4, is preincubated at 37° C. 
for 2 minutes and the reaction is initiated by the addition 
of 4 nmol of r-ANF in a total volume of 50 p1. The 
reaction is terminated after 4 minutes with the addition 
of 30 pl of 0.27% tri?uoroacetic acid (T FA). Forty 
microliters of the mixture is injected into a reverse 
phase-HPLC and analyzed using a C4 cartridge in a 3 
minute, isocratic separation. Twenty-three percent of 
buffer B (0.1% TFA in 80% acetonitrile) is used. Buffer 
A is 0.1% TFA in water. One unit of activity is de?ned 
as the hydrolysis of 1 nmol of r-ANF per minute at 37° 
C. at pH 7.4. IC50 values are determined, i.e. the concen 
tration of test compound required for 50% inhibition of 
the hydrolysis of ANF. 
The test compound is dissolved in dimethyl sulfoxide 

or 0.25M sodium bicarbonate solution, and the solution 
is diluted with pH 7.4 buffer to the desired concentra 
tion. 

In vitro testing is most appropriate for the free car 
boxylic acids of the invention. 7 
The effect of the compounds of the invention on rat 

plasma ANF concentration can be determined as fol 
lows: ' 

Male Sprague-Dawley rats (275-390 g) are anesthe 
tized with ketamine (150 mg/kg)/acepromazine (10%) 
and instrumented with catheters in the femoral artery 
and vein to obtain blood samples and infuse ANF, re 
spectively. The rats are tethered with a swivel system 
and are allowed to recover for 24 hours before being 
studied in the conscious, unrestrained state. 

In this assay, plasma ANF levels are determined in 
the presence and absence of NEP inhibition. On the day 
of study, all rats are infused continuously with ANF at 
450 ng/kg/min. iv. for the entire 5 hours of the experi 
ment. Sixty minutes after beginning the infusion, blood 
samples for baseline ANF measurements are obtained 
(time 0) and the rats are then randomly divided into 
groups treated with the test compound or vehicle. Ad 
ditional blood samples are taken 30, 60, 120, 180 and 240 
minutes after administration of the test compound. 

Plasma concentrations are determined by a speci?c 
radioimmunoassay. The plasma is diluted (X 12.5, X25 
and X 50) in buffer containing: 50 mM Tris (pH 6.8), 154 
mM NaCl, 0.3% bovine serum albumin, 0.01% EDTA. 
One hundred microliters of standards [rANF (99-126)] 
or samples are added to 100 p1 of rabbit anti-rANF 
serum and incubated at 4° C. for 16 hours. Ten thousand 
cpm of [125I]rANF are then added to the reaction mix 
ture which is incubated at 4° C. for an additional 24 
hours. Goat anti-rabbit IgG serum coupled to paramag 
netic particles is added to the reaction mixture and 
bound [mllrANF is pelleted by exposing the mixture to 
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an attracting magnetic rack. The supernatant is de 
canted and the pellets counted in a gamma counter. All 
determinations are performed in duplicate. Plasma 
ANF levels are expressed as a percent of those mea 
sured in vehicle-treated animals which received ANF 
alone (450 ng/kg/min i.v.). 

Illustrative of the invention, N-(3-carboxy-l-oxo 
propyl)-(4S)-(p-phenylphenylmethyl)-4-amino-2R 
methylbutanoic acid ethyl ester at doses of about 1-30 
mg/kg p.o., administered in 10% ethanol/polyethylene 
glycol (PEG) 400, produces signi?cant increases in 
plasma ANF levels. 
The antihypertensive effect can be determined in 

desoxycorticosterone acetate (DOCA)-salt hyperten 
sive rats. 
DOCA-salt hypertensive rats (280-380 g) are pre 

pared by the standard method. Rats underwent a unilat 
eral nephrectomy and one week later are implanted 
with silastic pellets containing 100 mg/kg of DOCA. 
The rats are maintained on 1% NaCl/O.2% KCl drink 
ing water for three to ?ve weeks until sustained hyper 
tension is established. The antihypertensive activity is 
evaluated at this time. 
Two days before an experiment, the rats are anesthe 

tized with methoxyflurane and instrumented with cath 
eters in the femoral artery to measure arterial blood 

' pressure. Forty-eight hours later, baseline arterial pres 
sure and heart rate are recorded during a 1 hour period. 
The test compound (30 mg/kg p.o.) or vehicle is then 
administered and the same cardiovascular parameters 
are monitored for an additional 5 hours. 

Illustrative of the invention, N-(3-carboxy-l-oxo 
propyl)-(4S)-(p-phenylphenylmethyl)-4-amino-2R 
methylbutanoic acid ethyl ester at a dose of 30 mg/kg 
p.o., administered in PEG 400, produces a signi?cant 
reduction in blood pressure in the DOCA-salt hyperten 
sive rat model. 
The potentiation of the natriuretic effect of ANF can 

be determined as follows: 
Male Sprague-Dawley rats (280-360 g) are anesthe 

tized with Inactin (100 mg/kg i.p.) and instrumented 
with catheters in the femoral artery, femoral vein and 

0 
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urinary bladder to measure arterial pressure, administer _ 
ANP and collect urine, respectively. A continuous 
infusion of normal saline (33 ul/min) is maintained 
throughout the experiment to promote diuresis and 
sodium excretion. The experimental protocol consists of 
an initial 15 minute collection period (designated as 
pre-control) followed by three additional collection 
periods. Immediately after completion of the pre-con 
trol period, test compound or vehicle is administered; 
nothing is done for the next 45 minutes. Then, blood 
pressure and renal measurements are obtained during a 
second collection period (designated control; 15 min). 
At the conclusion of this period, ANF is administered (1 
pg/kg iv. bolus) to all animals and arterial pressure and 
renal parameters are determined during two consecu 
tive 15 minutes collection periods. 
Mean arterial pressure, urine flow and urinary‘ so 

dium excretion are determined for all collection peri 
ods. Blood pressure is measured with a Gould p50 pres 
sure transducer, urine flow is determined gravimetri 
cally, sodium concentration is measured by flame pho 
tometry, and urinary sodium excretion is calculated as 
the product of urine flow and urine sodium concentra 
tion. 
The compounds of the invention are thus particularly 

useful as inhibitors of neutral endopeptidase, enhancing 
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12 
the potency and duration of action of artrial natriuretic 
peptide(s). The compounds are therefore particularly 
useful for the treatment of cardiovascular disorders 
such as hypertension, edema and salt retention, and 
cardiac conditions such as congestive heart failure. 
The compounds of the invention of formula I may be 

prepared using the following process which comprises: 
condensing a compound of formula II 

R1 CHz-biaryl 

wherein COX, R1 and biaryl have the meaning as de 
?ned above, in temporarily protected form if required; 
with a compound of formula III 

0 R2 (III) 

or a reactive functional derivative thereof, wherein A, 
R2, m and COX’ have the meaning as de?ned above, in 
temporarily protected form if required; and, if tempo 
rarily protecting any interfering reactive group(s), re 
moving said protecting group(s), and then isolating the 
resulting inventive compound; and, if desired, convert 
ing any resulting compound into another compound of 
the invention, and/or, if desired, converting a resulting 
free compound into a salt or a resulting salt into the free 
compound or into another salt, and/or, if desired, sepa 
rating a mixture of isomers or racemates obtained into 
the single isomers or racemates, and/or, id desired, 
resolving a racemate obtained into the optical antipo 
des. 

In starting compounds and intermediates which are 
converted to the compounds of the invention in a man 
ner described herein, functional groups present, such as 
carboxyl, amino and hydroxy groups, are optionally 
protected by conventional protecting groups that are 
common in preparative organic chemistry. Protected 
carboxyl, amino and hydroxy groups are those that can 
be converted under mild conditions into free carboxyl, 
amino and hydroxy groups without other undesired side 
reactions taking place. 
The purpose of introducing protecting groups is to 

protect the functional groups from undesired reactions 
with reaction components and under the conditions 
used for carrying out a desired chemical transformation. 
The need and choice of protecting groups for a particu 
lar reaction is known to those skilled in the art and 
depends on the nature of the functional group to be 
protected (carboxyl group, amino group etc.), the struc 
ture and stability of the molecule of which the substitu 
ent is a part, and the reaction conditions. 
Well-known protecting groups that meet these condi 

tions and their introduction and removal are described, 
for example, in J. F. W. McOmie, “Protective Groups 
in Organic Chemistry”, Plenum Press, London, New 
York 1973, T. W. Greene, “Protective Groups in Or 
ganic Synthesis”, Wiley, New York 1984, and also in 
“The Peptides”, Vol. I,’ Schroeder and Luebke, Aca 
demic Press, London, New York, 1965. 
The preparation of compounds of the invention ac 

cording to the above process, i.e. the condensation of an 
amine of formula II with the acid of formula III, or a 
functional reactive derivative thereof, is carried out by 
methodology well-known for peptide synthesis. 
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Reactive functional derivatives of compounds of 
formula III are preferably halides, anhydrides such as 
succinic anhydride, glutaric anhydride, or mixed anhy 
drides such as the pivaloyl, alkoxycarbonyl or cyano 
acetyl anhydride. 
The condensation of an amine of formula II with a 

free carboxylic acid of formula III is carried out advan 
tageously in the presence of a condensing agent such as 
dicyclohexylcarbodiimide or N-(3-dimethylamino 
propyl)-N'-ethylcarbodiimide and hydroxybenzo 
triazole in an inert polar solvent such as dimethylform 
amide or methylene chloride, preferably at room tem 
perature. _ 

The condensation of an amine of formula II with a 
reactive functional derivative of an acid of formula III 
in the form of an acid halide, advantageously an acid 
chloride, anhydride or mixed anhydride, is carried out 
in an inert solvent such as toluene or methylene chlo 
ride, advantageously in the presence of a base, e.g. an 
inorganic base such as potassium carbonate or an or 
ganic base such as triethylamine or pyridine, preferably 
at room temperature. 
The starting materials of formula III are acids or 

functional derivatives thereof known in the art or which 
may be prepared by conventional methods known in the 
art. 

The starting materials of formula II are known or, if 
new, may be prepared according to conventional meth 
ods, e.g., those illustrated by the examples herein. 
For example, the compounds of formula II may be 

prepared by converting a compound of formula IV 

XOC-(fH-Clh- CH-COOH (IV) 
R] CHg-biaryl 

wherein COX, R1 and biaryl have the meaning men 
tioned above, in temporarily protected form if required, 
into a suitable carboxylic acid amide or carboxylic acid 
azide and then subjecting this compound to a Hofmann 
reaction or to a Curtius rearrangement in a manner well . 

known in the art. The compounds of formula IV are 
known, for example, from US. Pat. No. 5,021,430 or 
may be prepared analogous to the methods described 
therein. 

In a preferred alternative route, the starting materials 
of formula II may be prepared by 

(a) reducing the carboxylic group of a biarylalanine 
of formula V 

HOOC-CH-NHZ 

CI-Iz-biaryl 

in temporarily protected form if required, to yield 
the respective aldehyde; - 

(b) subsequently reacting said aldehyde with a tri 
phenylphosphonium compound of formula VI 

(c) hydrogenating the resulting compound of formula 
VII 
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R1 CI-Ig-biaryl 

and, if temporarily protecting any interfering reac 
tive group(s), removing said protective group(s) 
and then isolating the resulting product. In the 
above formulae V, VI and VII, the variables COX, 
R1 and biaryl have the meaning as de?ned under 
formula I. The above reaction steps (a), (b) and (c) 
are carried out by methodology well-known in the 
art. 

For example, in step (a) the compound of formula V, 
advantageously an amino protected compound of for 
mula V, is reacted ?rst of all with a hydroxylamine or a 
salt thereof, e.g. with N,O-dimethylhydroxylamine hy 
drochloride; the resulting hydroxylamine amide is then 
reduced to the aldehyde in a conventionel manner, e.g. 
with lithium aluminum hydride. 

Reaction step (b) represents a conventional Wittig 
reaction which may be performed in a manner known in 
the art. 

Reaction step (c) as well represents a commonly 
known hydrogenation reaction which may be per 
formed e. g. with molecular hydrogen in the presence of 
a suitable catalyst such as palladium/charcoal. 

Biarylalanines of formula V are either known in the 
art or can be prepared according to methods reported in 
the art. 

As to the preparation of the biarylalanines of formula 
V as starting materials in optically active form, such can 
be prepared e.g. by resolution or by one of the follow 
ing methods: 

(a) Adapting a method described in Tetrahedron 
Letters 1988, 6075, a biarylmethanol, e.g, 4-biphenylyl 
methanol, is converted to a reactive derivative, e.g. the 
bromide, which is then condensed with an N-acyl deriv 
ative of 2,3-diphenyl-6-oxomorpholine, e.g. the N-car 
bobenzyloxy-(2R,3S)-isomer, in the presence of a strong 
base such as sodium bis-trimethylsilylamide, to yield 
e.g. N-carbobenzyloxy-2(R),3(S),5(S)-6-oxo-2,3-diphe 
nyl-S-(4-biphenylylmethyl)-morpholine. Catalytic hy 
drogenolysis, e.g. using hydrogen and palladium on 
charcoal as catalyst, yields the optically active (S)-(+) 
4-biphenylalanine. 

(b) Alternatively, using the Pd (O)-catalyzed cross 
coupling reaction described in Tetrahedron Letters 31, 
1665 (1990), J. Organic Chemistry 55, 906 (1990) and 
Tetrahedron 45, 6670 (1989) as developed by W. Shieh 
et al, the substantially optically pure chiral biarylala 
nines, of the formula 

NI-Ir-CH-COOH 

CH2 R3 

or the N-acyl and/or carboxy ester derivatives thereof 
wherein R3 has meaning as de?ned hereinabove, can be 
prepared by: condensing a reactive esterified optically 
active tyrosine derivative of the formula 
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NPh-CH-COOH 

CH2 

wherein the amino and carboxy groups are in protected 
form (as N-acyl and esteri?ed carboxy ester deriva 
tives), and 2 represents reactive esteri?ed hydroxy 
(advantageously tri?uoromethylsulfonyloxy) with an 
aryl boronic acid in which aryl corresponds to R3 as 
de?ned above, in the presence of a palladium (0) cata 
lyst, in particular tetrakis(triphenylphosphine)pal 
ladium (0), and in the presence of an anhydrous base 
(such as an alkali metal carbonate), in an inert solvent 
(such as xylene or toluene) at an elevated temperature 
ranging from about 50° to 150“ C., and removing any 
protecting groups as required. 
For example, N-t-butoxycarbonyl-tyrosine methyl 

ester is ?rst converted to N-t-butoxycarbonyl-4~tri 
?uoromethylsulfonyloxy-phenylalanine methyl ester 
(N-t-butoxycarbonyltyrosine tri?ate methyl ester). This 
compound ‘is then condensed with an arylboronic acid 
(e.g. phenylboronic acid) in the presence of anhydrous 
potassium carbonate, and tetrakis (triphenylphosphine) 
palladium (0) complex as catalyst, in toluene preferably 
at an elevated temperature, advantageously at about 
100“ to obtain N-t-butoxycarbonyl-4-biphenylalanine 
methyl ester. After N-deacylation, substantially opti 
cally pure 4-biphenylalanine methyl ester is obtained 
with a con?guration corresponding to that of the tyro 
sine derivative used as starting material. 
The arylboronic acids are either commercial or can 

be prepared as described in the literature, e.g. J. Org. 
Chem. 49,5237 (1984). 
The triphenylphosphonium compounds of formula 

VI are either known in the art or can be prepared ac 
cording to methods reported in the art. 
Compounds of the invention wherein COX or COX’ 

represent carboxyl derivatized in form of a pharmaceu 
tically acceptable amide can also be prepared according 
to the above methods using corresponding starting ma-_ 
terials wherein COX or COX’ represent carbamoyl or 
N-substituted carbamoyl. 
The compounds of the invention so obtained, can be 

converted into each other according to conventional 
methods. Thus, for example, resulting amides or esters 
may be hydrolyzed with aqueous alkalies, such as alkali 
metal carbonates or hydroxides. Resulting free acids 
may be esteri?ed with e.g. said unsubstituted or substi 
tuted alkanols or reactive esteri?ed derivatives thereof 
such as alkyl halides, or diazoalkanes. Free acids are 
also converted into said metal, ammonium or acid addi 
tion salts in conventional manner. ’ 

Thus, any resulting free acid or base can be converted 
into a corresponding metal, ammonium or acid addition 
salt respectively, by reacting it with an equivalent 
amount of the corresponding base, basic salt, acid or ion 
exchange preparation, e.g. said free acids with alkali or 
ammonium hydroxides or carbonates, or e.g. free 
amines with said inorganic or organic acids respec 
tively. Any resulting salt may also be converted into the 
free compound, by liberating the latter with stronger 
acids or bases, respectively. In view of the close rela 
tionship between the free compounds and the salts 
thereof, whenever a compound of the invention, or 
intermediate, is referred to in this context, a correspond 
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ing salt is also intended, provided such is possible or 
appropriate under the circumstances. 
The compounds, including their salts, may also be 

obtained in the form of their hydrates, or include other 
solvent used for the crystallization. Furthermore, the 
functional derivatives of the free acids of formula I, 
wherein the carboxy groups are esteri?ed by identical 
or different radicals may be prepared by condensing a 
free acid of formula I or a mono- or di-ester derivative 
thereof with an esterifying agent of the formula VIII 

R6—Z (VIII) 

wherein 2 represents hydroxy or a reactive esteri?ed 
hydroxyl group; and R6 represents an esterifying radical 
as de?ned herein for the carboxylic esters (encompassed 
eg by COX or COX’ representing esteri?ed carboxy), 
in particular said non-aromatic radicals. 
A reactive esteri?ed hydroxyl group, such as Z in a 

compound of the formula VIII, is a hydroxyl group 
esteri?ed by a strong inorganic or organic acid. Corre 
sponding 2 groups are in particular halo, for example 
chloro, bromo or preferably iodo, also sulfonyloxy 
groups, such as lower alkyl- or arylsulfonyloxy groups, 
for example (methane-, ethane-, benzene- or toluene-) 
sulfonyloxy groups, also the tritluoromethylsul 
fonyloxy group. 
The esteri?cation of the carboxyl groups, optionally 

in salt form, with a compound of formula VIII wherein 
Z represents ‘a reactive esteri?ed hydroxyl group, is 
performed in a manner known per se, in the presence of 
for example an organic base, such as an organic amine, 
for example a tertiary amine, such as tri-lower alkyla 
mine, for example trimethylamine, triethylamine or 
ethyl-di-isopropylamine, an N,N-di-lower-alkyl-aniline, 

. for example N,N-di-methylaniline, a cyclic tertiary 
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amine, such as an N-lower-alkylated morpholine, for 
example N-methyl-morpholine, a base of the pyridine 
type, for example pyridine, an inorganic base, for exam 
ple hydroxides, carbonates, or hydrogen carbonates of 
alkali metals or alkaline-earth metals, for example so 
dium, potassium or calcium hydroxide, carbonate or 
hydrogen carbonate, or a quaternary ammonium base, 
such as a tetraalkylammonium hydroxide, carbonate or 
hydrogen carbonate, for example in which alkyl is e.g. 
methyl, ethyl, propyl, isopropyl, butyl, or the like, or an 
alkali metal salt of bis-trialkylsilylamide (e.g. trimethyl) 
optionally in the presence of a crown ether such as 
l8-crown-6 in a suitable inert solvent or solvent mix 
ture, e.g. acetonitrile, toluene, and the like. 
A trifunctional free acid, e.g. of the formula I, or a 

monoester or diester thereof, is preferably ?rst con 
verted into a salt of one of the stated organic or inor 
ganic bases, especially into the sodium or potassium salt, 
and is then reacted with a compound of the formula 
VIII. The compounds of formula VIII are known or 
can be prepared by methods well-known to the art. 
A compound of the formula or VIII wherein Z is a 

reactive esteri?ed hydroxyl group can be prepared in 
situ. For example, a compound of the formula VIII 
wherein Z is chloro can be converted by treatment with 
sodium iodide in a solvent, for example in acetone or 
acetonitrile, into a compound of the formula VIII 
wherein Z is iodo; or esteri?cation can be carried out 
with a chloro compound of the formula VIII in the 
presence of sodium iodide. 

Esteri?cation of a compound with a free carboxyl 
group using in excess an alcohol of formula VIII 
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(wherein Z represents hydroxy) is carried out in a man 
ner known per se, e. g. in the presence of an acid catalyst 
e.g. sulfuric acid or boron triiluoride etherate, prefera 
bly at an elevated temperature, advantageously ranging 
from about 40° C. to 100° C. Alternately, the esteri?ca 
tion of a compound with a free carboxyl group can be 
carried out with at least an equimolar amount of the 
alcohol in the presence of a condensing agent such as 
dicyclohexylcarbodiimide or N-(3-dimethylamino 
propyl)-N'-ethylcarbodiimide in a polar solvent such as 
methylene chloride, in the presence of a base if re 
quired, e.g. such as 4-(dimethylamino)pyridine. 

Conversely, carboxylic acid esters can be converted 
to compounds of the invention with a free carboxy 
group using methods and conditions generally known in 
the art and illustrated herein. Depending on type of 
ester involved, useful reagents include aqueous acids or 
bases; also anhydrous reagents such as trialkylsilyl ha‘ 
lides, hydrobromic acid in glacial acetic acid; also hy 
drogen and a hydrogenolysis catalyst. For instance, 
trialkyl esters can be converted to the free trifunctional 
acids by treatment with hydrobromic acid in glacial 
acetic acid, e.g. at room temperature or elevated tem 
perature. Also trialkyl esters can be converted to the 
mono esters wherein carboxy only remains esteri?ed, 
by treatment with eg. trimethylsilyl bromide at room 
temperature. 
Any benzyl esters can be selectively hydrogenolyzed 

with e.g. hydrogen in the presence of a catalyst such as 
palladium on charcoal. 

In the case mixtures of stereoisomers or optical iso 
mers of the above compounds are obtained, these can be 
separated into the single isomers by methods in them 
selves known, e.g., by fractional distillation, crystalliza 
tion and/or chromatography. Racemic products can be 
resolved into the optical antipodes, for example, by 
separation of diastereomeric salts thereof, e.g., for basic 
compounds by the fractional crystallization of d- or 
l-(tartrate, mandelate or camphorsulfonate) salts, or for 
acidic compounds by fractional crystallization of d- or 
l-(alpha-methylbenzylamine, cinchonidine, cinchonine, 
quinine, quinidine, ephedrine, dehydroabietylamine, 
brucine or strychnine)-salts. 
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The above-mentioned reactions are carried out ac 
cording to standard methods, in the presence or absence 
of diluents, preferably such as are inert to the reagents 
and are solvents thereof, of catalysts, alkaline or acidic 
condensing or said other agents respectively and/or 
inert atmospheres, at low temperatures, room tempera 
ture or elevated temperatures, preferably near the boil 
ing point of the solvents used, at atmospheric or super 
atmospheric pressure. 
The invention further includes any variant of said 

processes, in which an intermediate product obtainable 
at any stage of the process is used as a starting material 
and any remaining steps are carried out, or the process 
is discontinued at any stage thereof, or in which the 
starting materials are formed under the reaction condi 
tions, or in which the reaction components are used in 
the form of their salts or optically pure antipodes. 
Mainly those starting materials should be used in said 
reactions, that lead to the formation of those com 
pounds indicated above as being preferred. 
The present invention additionally relates to the use 

in mammals of the compounds of the invention and 
their pharmaceutically acceptable, non-toxic acid addi 
tion salts, or pharmaceutical compositions thereof, as 
medicaments, e.g. as neutral endopeptidase inhibitors, 
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e.g. for the treatment of cardiovascular disorders such 
as hypertension, edema, salt retention and congestive 
heart failure. 
The present invention also relates to the use of the 

compounds of the invention for the preparation of phar 
maceutical compositions especially pharmaceutical 
compositions having neutral endopeptidase inhibiting 
activity, and e.g. antihypertensive or saluretic activity. 
The pharmaceutical compositions according to the 

invention are those suitable for enteral, such as oral or 
rectal, transdermal and parenteral administration to 
mammals, including man, for the treatment of cardio 
vascular disorders, such as hypertension, comprising an 
effective amount of a pharmacologically active com 
pound of the invention or a pharmaceutically accept 
able salt thereof, alone or in combination with one or 
more pharrnaceutically acceptable carriers. 
The pharmacologically active compounds of the in 

vention are useful in the manufacture of pharmaceutical 
compositions comprising an effective amount thereof in 
conjunction or admixture with excipients or carriers 
suitable for either enteral or parenteral application. 
Preferred are tablets and gelatin capsules comprising 
the active ingredient together with a) diluents, e.g. lac 
tose, dextrose, sucrose, mannitol, sorbitol, cellulose 
and/or glycine; b) lubricants, e.g. silica, talcum, stearic 
acid, its magnesium or calcium salts and/or polye 
thyleneglycol; for tablets also c) binders, e.g. magne 
sium aluminum silicate, starch paste, gelatin, traga 
canth, methylcellulose, sodium carboxymethylcellulose 
and/or polyvinylpyrrolidone; if desired, (1) disinte 
grants, e.g. starches, agar, alginic acid or its sodium salt, 
or effervescent mixtures; and/or e) absorbents, color 
ants, ?avors and sweeteners. Injectable compositions 
are preferably aqueous isotonic solutions or suspen 
sions, and suppositories are advantageously prepared 
from fatty emulsions or suspensions. Said compositions 
may be sterilized and/or contain adjuvants, such as 
preserving, stabilizing, wetting or emulsifying agents, 
solution promoters, salts for regulating the osmotic 
pressure and/or buffers. In addition, the compositions 
may also contain other therapeutically valuable sub 
stances. Said compositions are prepared according to 
conventional mixing, granulating or coating methods, 
respectively, and contain about 0.1 to 75%, preferably 
about 1 to 50%, of the active ingredient. 

Suitable formulations for transdermal application 
include an effective amount of a compound of the in 
vention with carrier. Advantageous carriers include 
absorbable pharmacologically acceptable solvents to 
assist passage through the skin of thehost. Characteris 
tically, transdermal devices are in the form of a bandage 
comprising a backing member, a reservoir containing 
the compound, optionally with carriers, optionally a 
rate controlling barrier to deliver the compound to the 
skin of the host at a controlled and predetermined rate 
over a prolonged period of time, and means to secure 
the device to the skin. 
A unit dosage for a mammal of about 50 to 70 kg may 

contain between about 10 and 100 mg of the active 
ingredient. The dosage_of active compound is depen 
dent on the species of warm-blooded animal (mammal), 
the body weight, age and individual condition, and on 
the form of administration. 
The following examples are intended to illustrate the 

invention and are not to be construed as being limita 
tions thereon. Temperatures are given in degrees Centi 
grade. If not mentioned otherwise, all evaporations are 
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performed under reduced pressure, preferably between 
about 15 and l00 mm Hg. Optical rotations are mea 
sured at room temperature at 589 nm (D line of sodium), 
365 nm or other wavelengths as speci?ed in the exam 
ples. 
The pre?xes R and S are used to indicate the absolute 

con?guration at each asymmetric center. 

EXAMPLE 1 

To a solution of N-(3-carbo(t)butoxy-l-oxopropyl) 
(4S)-(p-phenylphenylmethyl)-4-amino-2R-methyl 
butanoic acid ethyl ester (0.80 g) in 15 ml of CHzClz at 
room temperature are added 3 ml of trifluoroacetic 

_ acid. The mixture is stirred overnight and concentrated. 
The residue is dissolved in tetrahydrofuran (THF), and 
6.5 ml of 1N NaOH is added. The mixture is concen 
trated and triturated with ether. The solid can be re 
crystallized from methylene chloride-hexane to give 
sodium N-(3-carboxyl-l-oxopropyl)-(4S)-(p-phenyl 
phenylmethyl)-4-amino-2R-methyl butanoic acid ethyl 
ester melting at 159°—l60° C.; [0.]p20: — 11.4’ (metha 
nol). 
The starting material is prepared as follows: 
A solution of a-t-BOC-(R)-tyrosine methyl ester (5.9 

g, 20 mmol) and pyridine (8 mL, 100 mmol) in methy 
lene chloride (30 mL) is cooled to O°-5° C. Tri?uorome 
thanesulfonic anhydride (4 mL, 23 mmol) is added at 
0°-5° C., and the resulting mixture is held for another 30 
minutes. The reaction mixture is diluted with water (60 
mL) and methylene chloride (100 mL), and washed 
sequentially with 0.5N sodium hydroxide solution 
(1 X 50 mL), water (1 X 60 mL), 10% citric acid solution 
(2 X 75 mL) and water (I X 60 mL). The organic phase is 
dried over MgSO4 and concentrated to an oil. The oil is 
puri?ed by column chromatography (silica gel, hex 
ane/ethyl acetate, 2:1 to give methyl(R)-2-(t-butoxycar 
bonylamino)-3-[4-(trifluoromethylsulfonyloxy)phenyl] 
propionate which crystallizes on standing; rn.p. 46°-48° 
C.; [a]2°D-36.01° (c=l, CHC13). 

Nitrogen is passed through a suspension of (R)-2-(t 
butoxycarbonylamino)-3-[4-(tri?uoromethylsulfonylox 
y)-phenyl]-propionate (1.75 mmol), phenylboronic acid 
(3.5 mmol), anhydrous potassium carbonate (2.63' 
mmol) and toluene (17 mL) for 15 minutes. Tetrakis(tri 
phenylphosphine)palladium(0) is added, and the mix 
ture is heated at 85°-90° for 3 hours. The reaction mix 
ture is cooled to 25° C., diluted with ethyl acetate (17 
mL) and washed sequentially with saturated sodium 
bicarbonate (1X20 mL), water (1 X20 mL), 10% citric 
acid (1X20 mL), water (1X20 mL) and saturated so 
dium chloride solution (1X20 mL). The organic phase 
is concentrated, and the residue is puri?ed by column 
chromatography (silica gel, hexane/ethyl acetate 2:1) to 
yield methyl (R)-2-(t-butoxycarbonylamino)-3-(p 
phenylphenyl)-propionate which can also be called 
N-(R)-t-butoxycarbonyl-(p-phenylphenyl)-alanine 
methyl ester. 
To a solution of N-(R)-t-butoxycarbonyl-(p-phenyl 

phenyl)-ala.nine methyl ester (6.8 g) in 60 ml of THF 
and 20 ml of methanol are added 20 ml of aqueous 1N 
sodium hydroxide solution. The mixture is stirred for 1 
h at room temperature and then acidi?ed with 21 m1 of 
1N hydrochloric acid. The aqueous solution is extracted 
3X with ethyl acetate. The combined organic extracts 
are dried (MgSO4), ?ltered and concentrated to give 
N-(R)-t-butoxycarbonyl-(p-phenylphenyl)-alanine, m.p. 
98°—99° C.; [a]2°D—l8.59° (c: l, methanol). 
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To a solution of N-(R)-t-butoxycarbonyl-(p-phenyl 

phenyl)-alanine (4.8 g) in 70 ml of methylene chloride 
(CHZCIZ) at 0° C. with 1.65 g of N,O-dimethylhydrox 
ylamine HCl, 1.7 g of triethylamine and 2.85 g of hy 
droxybenzotriazole are added 5.37 g of l~[3-(dime 
thylarnino)propyl]-3-ethylcarbodiimide hydrochloride. 
The mixture is stirred 17 h at room temperature. The 
mixture is concentrated taken up in ethyl acetate 
(EtOAc) and washed with saturated sodium bicarbon 
ate, lN HCl and brine, then dried (MgSO4), ?ltered and 
concentrated to give N-(R)-t-butoxycarbonyl-(p 
phenylphenyl)-alanine N,O-dimethyl hydroxylamine 
amide. 
To a 0° C. solution of N-(R)-t-butoxycarbonyl-(p 

phenylphenyl)-alanine N,O-dimethyl hydroxylamine 
amide (5.2 g) in 250 ml of diethyl ether are added 0.64 g 
of lithium aluminum hydride. The reaction is stirred for 
30 min. and quenched with aqueous potassium hydro 
gen sulfate. The mixture is stirred for additional 5 min., 
poured onto 1N HCl, extracted (3 X) with EtOAc, 
dried (MgSO4), ?ltered, and concentrated to give N 
(R)-4-t-butoxycarbonyl-(p-phenylphenyl)-alanine car 
boxaldehyde as a colorless oil. 
To a 0° C. solution of N-(R)-t-butoxycarbonyl-(p 

phenylphenyl)-alanine carboxaldehyde (4.4 g) in 200 ml 
of CHzClz are added 10 g of carboethoxyethylidene 
phenyl phosphorane. The mixture is warmed to room 
temperature, stirred for l h, washed with brine, dried 
(MgSO4), ?ltered and concentrated. The residue is 
chromatographed on silica gel eluting with (1:2) ether: 
hexane to give N-t-butoxycarbonyl-(4R)-(p-phenyl 
phenylmethyl)-4-amino-2-methyl-2-butenoic acid ethyl 
ester. 

A solution of N-t-butoxycarbonyl-(4R)-(p-phenyl 
phenylmethyl)-4-amino-2-methyl-2-butenoic- acid ethyl 
ester (4.2 g) in 400 ml of ethanol is suspended with 2.0 
g of 5% palladium on charcoal and then is hydroge 
nated at 50 psi for 6 h. The catalyst is removed by ?ltra 
tion and the ?ltrate is concentrated to give N-t-butox 
ycarbonyl(4S)-(p-phenylphenylmethyl)-4.amino-2 
methylbutanoic acid ethyl ester as a 80:20 mixture of 
diastereomers. 
To the N-t-butoxycarbonyl(4$)-(p-phenylphenylme 

thyl)~4-amino-2-methylbutanoic acid ethyl ester (4.2 g) 
in 40 ml of CHZCIZ at 0° C. is bubbled dry hydrogen 
chloride gas for 15 min. The mixture is stirred 2 h and 
concentrated to give (4S)-(p-phenylphenylmethyl)-4 
amino-2-methylbutanoic acid ethyl ester hydrochloride 
as a 80:20 mixture of diastereomers. 
To a room temperature solution of the above amine 

salt (3.12 g) in 15 ml of CHZCIZ and 15 ml of pyridine are 
added 13.5 g of succinic anhydride. The mixture is 
stirred for 17 h, concentrated, dissolved in ethyl acetate, 
washed with 1N HCl and brine, and dried (MgSO4) to 
give N-(3-carboxy-l-oxopropyl)-(4S)-(p-phenylphenyl 
methyl)-4-amino-2-methylbutanoic acid ethyl ester as a 
80:20 mixture of diastereomers. 
The above N-(3-carboxy-l-oxopropyl)-(4S)-(p 

phenylphenylmethyl)-4-amino-2~methylbutanoic acid 
ethyl ester diastereomeric mixture (3.9 g) and N,N 
dimethylfonnamide-di-t-‘butyl acetal (8.8 ml) are heated 
at 80° C. in 40 ml of toluene for 2 h. The mixture is 
poured onto ice-1N HCl, extracted with ether, chro 
matographed on silica gel eluting with (2:1) toluene 
:ethyl acetate to give N-(3-carbo(t)butoxy-l-oxo 
propyl)-(4S)-(p-phenylphenylmethyl)-4-amino-2R 
methylbutanoic acid ethyl ester as the more polar mate 
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rial and the corresponding (S,S) diastereomer as the less 
polar material. 

EXAMPLE 2 

To a solution of N-(3-carboxy-l-oxopropyl)-(4S)-p 
phenylphenylmethyl~4-amino-(2R)-methylbutanoic 
acid ethyl ester (0.33 g) in 20 ml of (l : 1) ethanol :tetrahy 
drofuran (THF) at room temperature are added 5 m1 of 
1N sodium hydroxide solution (NaOH) and stirred for 
17 h. The mixture is concentrated, dissolved in water 
and washed with ether. The aqueous layer is acidi?ed 
with lN hydrochloric acid (HCl), extracted 3X with 
ethyl acetate (EtOAc), dried over magnesium sulfate 
(MgSO4), ?ltered and concentrated. The residue is trit 
urated with ether to yield N-(3-carboxy-l-oxopropyl) 
(4S)-p-phenylphenylmethyl-4-amino-(2R)-methyl 
butanoic acid melting at l58°-164° C., [a]D2°= -23.5° 
(methanol). ' 

EXAMPLE 3 

Following the procedures described in Examples 1 or 
2, the following compounds are prepared: 
N-(3-carboxy-l-oxopropyl)~(4S)-(p-phenylphenylme 

thyl)-4-amino-2S-methylbutanoic acid melting at 
l65°~167° C.; 

N-(S-carboxy-l-oxopropyl)-(4S)-[p-(4-methylphenyl) 
phenylmethyl]-4-amino-2R-methyl butanoic acid 
melting at l65°-l70° C., [a]p20= — 18.4” (c: l, meth~ 
anol); 

N-(3-carboxy-1-oxopropyl)-(4R)-p-phenylphenylmeth 
yl~4-amino-2S-methylbutanoic acid, _ melting at 
145°—l49° C.; 

N-(3-carboxyl-l-oxopropyl)-(4R)-p-phenylphenylmeth 
yl-4-amino-(2R)-methylbutanoic acid, melting at 
l62°—l65° C.; 

N-(3-carboxy-l-oxopropyl)-4(S,R)-p-phenylphenyl 
methyl-4-amino-2(S,R)-methyl butanoic acid, meltin 
at l65°—l6"7° C.; ' 

Sodium N-(3-carboxy-l-oxopropyl)-4(S,R)-p-phenyl 
phenylmethyl-4-amino-2(S,R)-methylbutanoic 
ethyl ester, melting at l65°—l67° C.; 

Sodium N-(3-carboxy-1-oxopropyl)-(4R)-p-phenyl 
phenylmethyl-4-amino-2S-methylbutanoic acid ethyl 
ester, melting at ll7°—120° C.; 

N-(3-ethoxycarbonyl-l-oxopropyl)-(4S)-(p-phenyl 
phenylmethyl)-4-amino-ZR-methylbutanoic acid, 
melting at l78°-l90“ C.; 

N-(Z-carboxy-1-oxoethyl)-(4S)-p-phenylphenylmethyl 
4-amino-2(S,R)-methylbutanoic acid, melting at 
l60°-l6l° C.; 

N-(S-carboxy-l-oxopentyl)-(4S)-p-phenylphenylmeth 
yl-4-amino-2R-methylbutanoic acid, melting at 
l24°-l27° C.; 

Sodium N-(3-carboxy-l-oxopropyl)-4(S,R)-p-phenyl 
phenylmethyl-4-amino-2(S,R)-methoxybutanoic 
acid, melting at 180°—l85° C.; 

Sodium N-(3-carboxy-l-oxopropyl)-4(S,R)-p-phenyl 
phenylmethyl-4-amino-2(S,R)-methoxybutanoic acid 
indanyl ester, melting at l34°-l36° C.; 

N-(3-carboxy-l-oxopropyl)-(4S)-p~phenylphenylmeth 
yl-4-amino-butanoic acid, melting at 163°—166° C.; 

N-(3-carboxy-3-hydroxy-l-oxopropyl)-(4S)-p-phenyl 
phenylmethyl~4-amino-2R-methylbutanoic acid, 
melting at 156°-l70° C. 

acid 
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EXAMPLE 4 

Following the procedures described in example 1 
except substituting glutaric anhydride for succinic an 
hydride, the following compounds are prepared: 
N-(4-carboxy-l~oxobutyl)-(4S)-p-phenylphenylmethyl 

4-amino-2R-methylbutanoic acid, melting at 
l52°-155° C. 

Sodium N-(4-carboxy-l-oxobutyl)-(4S)-p~phenyl 
phenylmethyl~4-amino-2R-methylbutanoic acid ethyl 
ester, melting at 68°-72° C. 

EXAMPLE 5 

Following the procedures described in example 1 
except substituting carbobutoxyethylidene phenyl phos 
phorane for carboethoxyethylidene phenyl phospho 
rane, the following compound is prepared: 
Sodium N-(3-carboxy- l-oxopropyl)-(4S)-p-phenyl 

phenylrnethyI-4-amino-2R-methylbutanoic acid n 
butyl ester, melting at l55°-l65° C. 

EXAMPLE 6 

To a room temperature solution of N-t-butoxycarbo 
nyl-(4R)~p-phenylphenylmethyl-4-amin0-2-methyl-2 
butenoic acid ethyl ester (0.50 g) in 2 ml ethanol and 4 
ml THF are added 2.0 ml of 1N NaOI-l. The reaction is 
stirred until the disappearance of starting material moni 
tored by thin layer chromatography. The mixture is 
concentrated, dissolved in sodium bicarbonate and 
washed with ether. The aqueous layer is acidi?ed with 
3N HCl and extracted (3X) with ethyl acetate. The 
organic extracts are washed with brine, dried (MgSO4), 
?ltered and concentrated to give N-t-butoxycarbonyl 
(4R)-p-phenylphenylmethyl-4-amino-2-methyl-2 
butenoic acid. 
To a room temperature solution of N-t-butoxycarbo 

nyl-(4R)-p-phenylphenylmethyl-4-amino-2-methyl-2 
butenoic acid (0.30 g) in 10 ml of CHzClz are added 
0.123 g of dimethyl aminopyridine, 0.203 g of S-indanol 
and 0.387 g of l-[3—(dimethylamino)propyl]-3-ethylcar 
bodiimide hydrochloride. The mixture is stirred over 
night, and then is concentrated and taken up in ethyl 
acetate. The organics are washed with saturated sodium 
bicarbonate (2 X), 1N HCl (2X) and brine (2X), dried 
(MgSO4), ?ltered, concemtrated and chromatographed 
on silica gel eluting with (1:4) ethyl acetatezhexane to 
give N-t-butoxycarbonyl-(4R)-p-phenylphenylmethyl 
4-amino-Z-methyl-Z-butenoic acid indanyl ester. This 
material is converted to sodium N-(3-carboxy-l-oxo 
propyl)-(4S)-p-phenylphenylmethyl'4-amino-2R~ 
methylbutanoic acid indanyl ester melting at 60°—65° C. 
according to the procedures described in example 1. 

EXAMPLE 7 

To a solution of (4S)-p-phenylphenylmethyl-4~amino 
2-methylbutanoic acid ethyl ester hydrochloride (0.84 
g) in 10 ml of methylene chloride are added 0.58 g of 
adipic acid mono methyl ester, 0.293 g of triethylamine, 
0.49 g of hydroxybenzottiazole and 0.928 g of 1-[3 
(dimethylamino)propyl]-3-ethylcarbodiimide hydro 
chloride. The reaction is stirred at room temperature 
overnight. The mixture is concentrated and the residue 
is taken up in ethyl acetate. The organics are washed 
with sodium bicarbonate, 1N HCl, brine, dried 
(MgSO4), ?ltered and evaporated. The residue is chro 
matographed on silica gel eluting with (1:2) ethyl ace-ta 
te:hexane to give the more polar diastereomer N-(S-car 
bomethoxy-l-oxopentyl)-(4S)-p-phenylphenylmethyl 
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4-amino-2R-methylbutanoic acid ethyl ester. The less 
polar (S,S) diastereomer is also isolated. 
To a solution of N-(S-carbomethoxy-l-oxopentyl) 

(4S)-p-phenylphenylmethyl-4-amino-2R-methyl 
butanoic acid ethyl ester (0.58 g) in 10 ml of THF and 
10 ml of ethanol are added 4.0 ml of 1N NaOI-l. The 
reaction is stirred overnight. The mixture is concen 
trated taken up in water and washed with ether (2X). 
The aqueous layer is acidi?ed with 2N HCl and ex 
tracted with ethyl acetate (2X). The organics are dried 
(MgSO4), ?ltered, concentrated and recrystallized from 
methylene chloride-ether to give N-(S-carboxy-l 
oxopentyl)-(4S)-p-phenylphenylmethyl-4-amino-2R 
methylbutanoic acid, melting at l24°-l27° C. 

EXAMPLE 8 

Preparation of 1,000 capsules each containing 50 mg 
of the active ingredient, as follows: 

N-(3-carboxy-l-oxopropyl)-(4S)- 50.00 g 
(p-phenylphenylmethyl)-4-amino-2R 
methylbutanoic acid ethyl ester sodium salt 
Lactose 187.00 g 
Modi?ed starch 80.00 g 
Magnesium stearate 3.00 g 

Procedure: All the powders are passed through a 
screen with openings of 0.6 mm. The drug substance is 
placed in a suitable mixer and mixed ?rst with the mag 
nesium stearate, then with the lactose and starch until 
homogenous. No. 2 hard gelatin capsules are ?lled with 
300 mg of said mixture each, using a capsule ?lling 
machine. 
Analogously capsules are prepared, containing about 

10-100 mg of the other compounds disclosed and exem 
pli?ed herein, e.g. the compounds of examples l-5. 
What is claimed is: 
1. A compound of formula Ie 

(1e) 
2 4 || 

ROOC-CH-Clh-CH-NH-C-(Cl-bh-COOR' 

CH3 

CH2 

wherein COOR and COOR’ independently represent 
carboxyl or carboxyl esteri?ed in form of a pharmaceu 
tical acceptable prodrug ester, or a pharmaceutically 
acceptable salt thereof. 
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2. A compound according to claim 1 wherein R and 

R’ independently represent hydrogen, C1—C4-alkyl, 
benzyl optionally substituted on phenyl by lower alkyl, 
lower alkoxy, halo or trifluoromethyl, pivaloylox 
ymethyl, 1-(C2—C4-alkanoyloxy)-ethyl, (2,2-dimethyl 
l,3-dioxolan-4-yl)-methyl, S-indanyl, 3-phthalidyl, bor 
nyloxycarbonylmethyl, l-(C1—C4-alkoxycarbonyloxy) 
ethyl or 3-pyridylmethyl; or a pharmaceutically accept 
able salt thereof. 

3. A compound according to claim 1 wherein COOR’ 
is carboxyl; and COOR represents carboxyl or carboxyl 
derivatized in form of a pharmaceutically acceptable 
ester; or a pharmaceutically acceptable salt thereof. 

4. A compound according to claim 1 having the R 
con?guration at C-atom 2 and the S-con?guration at 
C-atom 4. 

5. A compound according to claim 1, being N-(S-car 
boxy-l-oxopropyl)-4-(p-phenylphenylmethyl)-4-amino 
Z-methylbutanoic acid ethyl ester, the (2R,4S)-antipode 
thereof, or a pharmaceutical acceptable salt thereof. 

6. A compound according to claim 4 being N-(3-car 
boxy-l-oxopropyl)-(4S)-p-phenylphenylmethyl-4 
amino-(2R) ~methylbutanoic acid or a pharmaceutically 
acceptable salt thereof. 

7. A compound according to claim 4 being N-(3-car 
boxy-l-oxopropyl)-(4S)-(p-phenylphenylmethyl)-4 
amino-(2R) -methylbutanoic acid ethyl ester or a phar 
maceutically acceptable salt thereof. . 

8. A neutral endopeptidase inhibiting pharmaceutical 
composition comprising an effective neutral endopepti 
dase inhibiting amount of a compound of claim 1, in 
combination with one or more pharmaceutically ac 
ceptable carriers. 

9. A neutral endopeptidase inhibiting pharmaceutical 
composition according to claim 8 comprising an effec 
tive neutral endopeptidase inhibiting amount of N-(3 
carboxy-l-oxopropyl)-4-(p-phenylphenylmethyl)-4 
amino-2-methylbutanoic acid ethyl ester, the (2R,4S) 
antipode thereof, or a pharmaceutical acceptable salt 
thereof. 

10. A method of treating cardiovascular disorders 
which comprises administering to a mammal in need of 
such treatment an effective neutral endopeptidase inhib 
iting amount of a compound of claim 1 in combination 
with one or more pharmaceutically acceptable carriers. 

11. A method of treating cardiovascular disorders 
according to claim 10 which comprises administering to 
a mammal in need of such treatment an effective neutral 
endopeptidase inhibiting amount of 4-[N-(3-carboxy-l 
oxopropyl)-amino]4-(p-phenylphenylmethyl)-2-methyl 
butanoic acid ethyl ester, the (2R,4S)-antip0de thereof 
or a pharmaceutical acceptable salt thereof. 

# t t t ‘ 
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Abstract

The concepts of high-throughput (HT) screening and combinatorial synthesis have been integrated into the pharmaceutical

discovery process, but are not yet commonplace in the pharmaceutical development arena. Emerging strategies to speed

pharmaceutical development and capture solid form diversity of pharmaceutical substances have resulted in the emergence of

HT crystallization technologies. The primary type of diversity often refers to polymorphs, which are different crystal forms of

the same chemical composition. However, diverse salt forms, co-crystals, hydrates and solvates are also amenable to study in

HT crystallization systems. The impact of form diversity encompasses issues of stability and bioavailability, as well as

development considerations such as process definition, formulation design, patent protection and regulatory control. This

review highlights the opportunities and challenges of HT crystallization technologies as they apply to pharmaceutical research

and development.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Active pharmaceutical ingredients (APIs) are fre-

quently delivered to the patient in the solid-state as part

of an approved dosage form (e.g., tablets, capsules,

etc.). Solids provide a convenient, compact and gen-

erally stable format to store an API or a drug product.

Understanding and controlling the solid-state chemis-

try of APIs, both as pure drug substances and in

formulated products, is therefore an important aspect

of the drug development process. APIs can exist in a

variety of distinct solid forms, including polymorphs,

solvates, hydrates, salts, co-crystals and amorphous

solids. Each form displays unique physicochemical

properties that can profoundly influence the bioavail-

ability, manufacturability purification, stability and

other performance characteristics of the drug [1].

Hence, it is critical to understand the relationship

between the particular solid form of a compound and

its functional properties. Discovery and characteriza-

tion of the diversity of solid forms of a drug substance

provide options from which to select a form that

exhibits the appropriate balance of critical properties

for development into the drug product. Importantly,

the desired properties may vary with each mode of

delivery (i.e., oral, pulmonary, parenteral, transdermal,

etc.), such that the solid form may differ for each

optimized dosage form. Given these options, the

choice and design of pharmaceutical solid forms can

be critically important to successful drug development.

Solid form discovery and design depends on the

nature of the molecule of interest and type of physical

property challenges faced in its development. The

preferred solid form is generally the thermodynami-

cally most stable crystalline form of the compound

[1,2]. However, the stable crystal form of the parent

compound may exhibit inadequate solubility or dis-

solution rate resulting in poor oral absorption, partic-

ularly for water-insoluble compounds. In this case,

alternative solid forms may be investigated. For

ionizable compounds, preparation of salt forms using

pharmaceutically acceptable acids and bases is a

common strategy to improve bioavailability [1,3,4].

Like the parent compound, pharmaceutical salts may

exist in several polymorphic, solvated and/or hydrated

forms.

Most APIs and their salts are purified and isolated

by crystallization from an appropriate solvent during

the final step in the synthetic process. A large number

of factors can influence crystal nucleation and growth

during this process, including the composition of the

crystallization medium and the process(es) used to

generate supersaturation and promote crystallization

[1,5–13]. The most notable variables of composition

and processing are summarized in Table 1. Solid form

screening is used to understand the effects that these

variables have on the polymorphic outcome of a

crystallization experiment, so that a robust process

can be identified to produce the desired crystal form.

Traditionally, the study of solid form diversity of

active compounds has relied on the use of a variety

of common process methods for generation of new

forms, coupled with modern characterization methods

for analysis of the solids produced [2,14]. Most often,

however, a combination of solvent recrystallization

(cooling or evaporative, as well as slurry conversion)

and thermal analysis (e.g., hot stage microscopy,

differential scanning calorimetry) are employed for

initial form screening. Such methods are inherently

slow and only allow exploration of a small fraction of

the composition and process space that can contribute

to form diversity. Before suggesting a form for devel-

opment, scientists may have carried out only a few

dozen crystallization experiments and possibly pre-

pared a handful of different salts of a compound. The

main reasons for the limited number of experiments

are the constraints on availability of compound and

scientists’ analytical capacity in a given time frame,

and they are therefore often forced to make form

selection decisions on incomplete data. Accordingly,

it is not surprising that unexpected and undesired

outcomes can, and do, occur later on in development.

Despite more than a century of research [15], the

fundamental mechanisms and molecular properties

that drive crystal form diversity, specifically the

nucleation of polymorphic forms, are not well under-
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stood [13,16]. As a result, predictive methods of

assessing polymorphic behavior of pharmaceutical

compounds by ab initio calculations remain a formi-

dable challenge. Even in cases where the existence of

a crystalline form is predicted, the stability relative to

other crystalline packing arrangements has been dif-

ficult to estimate with accuracy [17]. Moreover, the

prediction of packing structures for multicomponent

(e.g., solvates, hydrates, co-crystals) or ionic systems

is not yet possible [17]. Due to these limitations, solid

form discovery remains an experimental exercise,

where manual screening methods are employed to

explore form diversity of a compound.

Control over solid form throughout the drug

development process is of paramount importance.

Reliable preparation and preservation of the desired

form of the drug substance must be demonstrated,

and has become increasingly scrutinized by regula-

tory agencies as more sensitive and quantitative

solid-state analytical methods have become available

[18]. Many strategies to influence and control the

crystallization process to produce the solid form of

interest have been reported. Some examples include

stereochemical control using tailor-made auxiliaries

[19–21], targeted solvent recrystallization [22–24],

and templating using a variety of surfaces (e.g.,

organic single crystal substrates [25], surfaces of

metastable crystal faces [25,26], inorganic crystal

surfaces [27] and polymeric materials [28]). Recent

studies have also begun to uncover the role of

reaction byproducts and other impurities in determin-

ing polymorphic outcome and crystal properties

[29–32], and in fact, it has been shown that in some

cases such species can stabilize metastable crystal

forms [33,34]. In addition, new processing methods

continue to be developed to improve discovery and

characterization of new forms, including precipitation

by supercritical fluid [35,36], laser induced nucle-

ation [37–39] and capillary crystallization [40–42].

However, there remains a lack of fundamental un-

derstanding of the nucleation process and the specific

factors that contribute to crystallization of diverse

forms of a compound [13,21,23]. In order to fully

control the crystallization process, the link between

the physical or chemical processes that influence

nucleation and crystal growth needs to be better

established. It is in this area that new experimental

methodologies have the potential to enable develop-

ment of this knowledge base.

There is reason to believe that the already compli-

cated landscape of pharmaceutical solid forms will

become even more complex in the future. It is now

increasingly appreciated that hydrogen bonded co-

crystal structures between active agents and molecules

other than water or solvent can be prepared. For

example, co-crystals of aspirin, rac-ibuprofen and

Table 1

Crystallization composition and processing variables [1,2,8]

Composition type Process variablesa

Polymorph/

solvates

Salts/

co-crystals

Thermal Anti-solvent Evaporation Slurry conversion Other variables

n Solvent/

solvent

combinations

n Counter-ion

type

n Heating rate n Anti-solvent

type

n Rate of

evaporation

n Solvent type n Mixing rate

n Degree of

supersaturation

n Acid/base

ratio

n Cooling rate n Rate of anti-

solvent addition

n Evaporation time n Incubation

temperature

n Impeller design

n Additive type n Solvent/

solvent

combinations

n Maximum

temperature

n Temperature

of anti-solvent

addition

n Carrier gas n Incubation

time

n Crystallization

vessel design

(including

capillaries, etc.)
n Additive

concentration

n Degree of

super-saturation

n Incubation

temperature(s)

n Time of anti-

solvent addition

n Surface-volume

ratio

n Thermal cycling

and gradients
n Additive type

and concentration

n Incubation time

n pH
n Ionic strength

a Applicable to all types of screens.
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rac-flurbiprofen have been prepared by disrupting the

carboxylic acid dimers using 4,4V-bipyridine [43].

These structures are formally molecular compounds

(or co-crystals) but do not involve formation of

covalent bonds or charge transfer from or to the active

substance. Recent demonstrations of these principles

with drug compounds have been published [43–45].

Exploration of a given compound’s polymorphs,

hydrates, solvates, salts, co-crystals and combinations

of all of these appears intractable by conventional

experimental methods, and as the number of potential

methods for exploring and controlling crystal form

diversity continue to expand, existing strategies will

become increasingly inadequate. In an effort to un-

derstand form diversity in a more comprehensive

manner, high-throughput (HT) crystallization systems

have recently been developed. This methodology uses

a combinatorial approach to solid form generation,

where large arrays of conditions and compositions are

processed in parallel. Experiments are performed at

small scale to reduce the material demand and to

afford the largest number of conditions possible.

The large number of crystallization trials performed

in these experiments reflects the reality that nucleation

rate has an extremely non-linear dependence on the

experimental conditions, and as such, the probability

of a chance occurrence of a particular form is in-

creased by a HT approach. Supersaturation (solubility)

and induction time of the various possible solid forms

are independently controlled by these conditions,

resulting in highly non-linear time dependence of

crystallization. In addition, the combinatorial ap-

proach permits exploration of a chemical continuum,

where use of many solvent mixtures may allow one to

assess what underlying physical or chemical processes

are required to produce a particular solid form. Once a

variety of conditions that can be used to produce a

given crystal form on the microscale are identified in

the HT screen, scale-up studies are typically con-

ducted to optimize the process for laboratory scale

production.

In this review, the development and application of

novel HT crystallization technologies for exploration

of solid form diversity are discussed. The operational

features of a fully integrated, automated HT crystal-

lization system are presented, highlighting the design

requirements for hardware and software components,

as well as general specifications for consumables.

Case studies are used to illustrate the benefits and

capabilities of the approach, including salt selection in

early lead optimization (ELO) and pre-clinical devel-

opment, polymorph and solvate screening in highly

polymorphic systems, comprehensive discovery of

crystal forms to reduce the risk of late displays of

polymorphism, comparison of experimental and pre-

dictive methods of solid form discovery, and engi-

neering of co-crystals. The need for post-screening

characterization of crystal forms to enable ranking and

selection of the most suitable form for development is

briefly reviewed. Finally, the implications of HT

crystallization technologies on the future of solid form

screening processes, intellectual property protection

and regulatory compliance are discussed.

2. Development of high-throughput crystallization

technologies

HT crystallization systems have been developed to

more rapidly and comprehensively explore the multi-

parameter space that contributes to solid form diver-

sity [40,46–51]. In its simplest description, HT

crystallization can be broken down into three key

experimental steps: design of experiment (DOE),

execution of experimental protocols and analysis of

data. Systems designed to carry out these experiments

generally consist of both hardware and software

components that drive and track experimentation,

and permit data storage, retrieval and analysis. Such

systems should be designed to be flexible and scalable

to ensure that a variety of experimental procedures

can be carried out either serially or concurrently.

Thus, the system can be employed at various stages

of drug development, where differences exist in the

quality and quantity of compound available. While it

is highly desirable to have the ability to mine and

model experimental data, and to use the subsequent

knowledge to guide further experiments, not all HT

crystallization systems are equipped with these fea-

tures. In Section 3, the hardware and software con-

siderations for design and development of a fully

integrated, informatics-driven HT crystallization sys-

tem are described.

While the concepts of HT screening are widely

applied in the pharmaceutical industry, most notably

in the drug discovery arena [52], the application of
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HT approaches to drug development, in particular

solid form screening, are just beginning to be real-

ized. These latter approaches, however, are more akin

to HT experimentation than HT screening. Hence,

several important distinctions, which reflect on the

design of HT experimental systems, need to be made.

First, the goal of HT screening is to get a small

number of successful outcomes, which are then

passed on to the next stage of development. Little

effort is typically made to learn why certain outcomes

were positive and why others were negative. In

contrast, HT experimentation, such as HT crystalliza-

tion, is carried out with the goal of having each point

in the experiment produce multiple types of data that

can be interpreted, and the interpretation used to

guide the experimental process to a successful con-

clusion. Second, unlike traditional HT screening

assays where experiments are generally conducted

under constant experimental conditions, HT crystalli-

zation experiments for solid form discovery are best

conducted using a variety of process methods, each

having varying experimental conditions (e.g., temper-

ature variations as a function of time) over the course

of the experiment. These additional process variables

permit maximal diversity in the experimental space,

increasing the likelihood that comprehensive cover-

age will be achieved. Finally, there is a distinction to

be made in terms of relative ‘‘hit rates’’. In both HT

screening and HT crystallization, a ‘‘hit’’ can be

thought of as a set of conditions that gives rise to a

desired result. In HT screening, the desired result is

typically an activity, or potency, that exceeds a pre-

defined threshold. In HT crystallization, a hit is

defined as the formation of a solid. The typical

observed hit rate of HT screening is on the order of

0.1% of the total number of samples analyzed. In

contrast, HT crystallization experiments can yield hit

rates ranging from tens of percents to nearly 100%,

depending on the type of experiment and the process

mode(s) used. For example, while only a handful of

compounds from a selection of thousands may exhibit

the required potency, 10–50% of crystallization trials

may yield solids. In fact, the range of wells that yield

solids is very wide, depending on process mode and

experimental time scale, as will be discussed in

subsequent sections. The impact of these differences

is manifested in the design and operational require-

ments of HT experimentation systems.

A fully integrated HT crystallization system con-

sists of a number of components, including experi-

mental design and execution software, robotic

dispensing and handling hardware, automated high-

speed micro-analytical tools, end-to-end sample track-

ing and integrated cheminformatics analysis software

for data visualization, modeling and mining. A sche-

matic overview detailing the workflow of such a

system is depicted in Scheme 1 [53]. These features

are supported by a comprehensive informatics foun-

Scheme 1. A schematic illustration of the workflow of a fully integrated HT crystallization system [53].
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dation that is used to handle the large quantities of

data generated. Specifically, informatics tools are used

to design statistically relevant and diverse experi-

ments, drive the automation hardware to perform the

specified operations, and provide an analytical func-

tion to analyze, compare and sort the results of

experiments. An important feature of these systems

is the ability to mine and model experimental data and

use the knowledge generated to guide further experi-

ments. These functions are supported by use of a

relational database that provides a mechanism of

communication between system components.

When designing a HT crystallization experiment, or

set of experiments, a large variety of parameters of

composition and process are involved. Experimental

designs must be aimed at covering a large multifacto-

rial parameter space, with the goal of determining

which experimental factors affect the desired outcome.

In practice, it is desirable to place constraints on the

experimental space, making common statistical design

methods such as full or partial factorial designs inap-

propriate or impractical. For example, hardware limi-

tations, including minimum and maximum dispense

volumes or masses and accessible temperature ranges,

as well as constraints related to chemical compatibility

(i.e., reactivity of components, miscibility, etc.) or

toxicity limits of components (if appropriate), need

to be considered. Thus, alternative DOE methods that

can accommodate such constraints are required. D-

optimal design [54,55] is an example of a DOE

algorithm that can take a set of constraints, such as

the ones described above, in combination with a target

analytical model and determine the optimal set of

experimental points to test. Another commonly used

DOE algorithm is diversity generation, with which the

experimentalist selects a set of pertinent chemical

properties and uses the algorithm to evenly spread

experimental points over the chosen property space. In

addition, some systems utilize a solubility calculator

tool to estimate the solubility of the API in the given

solvent/additive mixture. The calculated information is

then used to select the appropriate concentration of

API in each mixture so that it is supersaturated with

respect to the reference phase at the harvest tempera-

ture. Here, the driving force for crystallization can also

be varied by tailoring the composition of each sample

based on the API solubility in that mixture. With such

DOE tools, experiments may be designed to effective-

ly and simultaneously explore the diverse composition

and process space described in Table 1.

Ideally, DOE algorithms should also incorporate

prior knowledge or experimental results, which have

been stored in a database as a set of rules or models, to

limit an experimental space to have certain predicted

characteristics. For example, over the course of time, a

regression model may be developed between a set of

known or calculated chemical properties and a pa-

rameter of experimental interest. The model could be

used during the design of a new experiment in order to

test only those chemicals that are predicted to give a

desirable result. Since a large number of factors need

to be considered during experimental design, the DOE

interface available to the scientist must not only be

flexible and easy to use, but must also offer tools that

aid design efficiency and effectiveness and permit

input of scientific knowledge generated over time.

At the end of the experimental design process, the

resulting set of experimental conditions is translated

into a series of commands for the HT systems, and

stored in a relational database for later retrieval by the

software that controls the automation. When an ex-

periment is activated, the overall operation of the

automation systems is managed by the HT informatics

system, which is responsible for physical operation of

the HT platforms as well as data tracking and storage.

Execution of experimental commands is carried out

by automated laboratory equipment that comprises the

HT crystallization system. Specialized automated sys-

tems perform several of the functions in a sequence of

events that make up the experiment. Each station is

controlled through an interface to the informatics

system that ensures the samples are processed at the

correct stations, in the correct order, with the selected

experimental parameters being followed. Parameters

of operation are recorded, including the time at which

an action is taken. After execution of the experimental

steps, the software interface retrieves any pertinent

information generated by the automated platform,

such as assay results or operational parameters, stores

these data in the relational database, and updates the

status of the experiment to reflect the completion of

operations.

In general, the hardware required for a HT crystal-

lization system is comprised of four major functional

elements: sample preparation, solids generation, solids

detection and sample analysis. Sample preparation
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involves adding the compound of interest (API) to the

diverse set of conditions used to conduct crystalliza-

tion studies. Typically, the API is dispensed as a

solution in a suitable solvent, followed by solvent

removal to yield the solid API. Solvent removal can

be achieved by passive evaporation or by controlled

active evaporation (e.g., use of a vortex dryer).

Alternatively, the API can be delivered in the solid

state with suitable powder handling systems. Depend-

ing on the amount of saturation desired, the crystal-

lization vessel used, and the API’s solubility in

solvents or solvent mixtures of interest, API masses

ranging from a few hundreds of micrograms to several

milligrams will be present in each vessel. Once the

API has been delivered to the crystallization vessels

(tubes, vials or microwell plates), combinations of

solvents and/or additives are added to each vessel. By

taking advantage of the power of combinatorial

approaches, large numbers of unique combinations

can be dispensed from manageable sets of starting

materials.

Compatibility of equipment components (syringes,

dispense tips, tubing, etc.) and consumables (plates,

tubes, etc.) with solvents and other compounds is a

key hurdle faced in the development of combinatorial

crystallization for small molecules. Unlike protein

crystallization systems [56,57], which are commonly

based on the sitting-drop method in aqueous media,

small molecule crystallization employs a range of

crystallization additives and processes. The additives

include organic solvents with varying properties (e.g.,

alcohols, acetone, hexane, ethyl acetate, etc.), water,

acids, bases and co-crystal formers, as well as other

compounds (e.g., small molecule templating agents,

surfactants, pharmaceutical excipients, etc.). This

wide range of materials needs to be handled by

appropriate liquid handling techniques to enable the

combinatorial assembly previously mentioned. Ideal-

ly, liquid transfers are achieved using multichannel

pipettors with individually controllable channels.

Depending on the crystallization vessel design, the

volumes of reagents dispensed will be as low as a few

microliters to as high as several hundred microliters.

Potential for cross-contamination and tendency

toward unwanted solvent evaporation from crystalli-

zation wells are challenges that need to be addressed

in a HT crystallization system. A large number of the

solvents used to crystallize small molecules have high

vapor pressure under ordinary laboratory conditions.

Sealing of the crystallization vessels is key to being

able to control composition during crystallization

from these solvents. Due to solvent fugacity, vessels

need to be protected from ingress of the components

of neighboring wells. These problems have been

solved by different means, such as sealing of individ-

ual tubes with a Teflon-backed crimp seal [40] or O-

rings/gasket seals and clamped covers [47,51].

HT crystallization must enable several process

modes that are compatible with the compound (e.g.,

chemical stability, thermal stability, etc.). In some

cases, multiple modes of operation may be combined.

The most common modes of solids generation will be

discussed below, including thermal cooling crystalli-

zation, anti-solvent and evaporative crystallization.

Less common process modes include melt crystalli-

zation, flash or quench cooling and template-directed

crystallization. It is important to note that generation

of maximal diversity in solid form requires multiple

modes of operation [6,18,58].

In thermally induced cooling crystallization, sam-

ples created in the sample preparation process de-

scribed above are subjected to temperature ramps.

Prior to beginning the temperature ramp, samples are

exposed to an elevated temperature for a short period

of time in order to dissolve the API in the crystalliza-

tion medium. Although dissolution can be achieved

most simply by diffusion and convection from the

heating process, addition of external energy can speed

up the process (e.g., sonication). Samples may be

optically inspected (see Fig. 1) and vessels that contain

undissolved solids can be flagged in the database for

further analysis. For instance, undissolved samples

may be treated as slurry conversion experiments and

monitored over time for crystal form changes. The

thermal cycle is then initiated, using controlled cooling

to induce supersaturation. In this mode of crystalliza-

tion, samples continually experience an under cooling

and, based on the level of supersaturation in the vessel,

may recrystallize at a given temperature after a period

of time. Thermal crystallization tends to generate a

cumulative number of samples that are produced over

time in a fashion approximating a square root function,

as illustrated in Fig. 2. This means that initially there is

a small bolus of ‘‘hits’’, after which the rate of

crystallization tails off over a period of time, typically

in days to weeks. This results in a manageable hit rate
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for analysis, on the order of approximately 10% in

aggregate. This mode of solids generation has the

lowest throughput rate, typically, because experiments

span days to weeks, with system residence times of

months being possible.

In contrast, anti-solvent addition, also known as

‘‘crash-out’’ (or ‘‘drown out’’) crystallization, relies

on the fact that an API is soluble to varying degrees in

the crystallization medium, but is largely insoluble in

a particular solvent or solvents (e.g., the anti-solvent).

As a result, this mode of crystallization can operate at

high-throughput rates, with samples being turned

around hourly. When crystallization vessels contain-

ing API in reagent mixtures are exposed to aliquots of

anti-solvent, nearly all vessels will contain API that

has precipitated out of solution. This creates a chal-

lenge to the analytical process, as the near 100% hit

rate leads to a large bolus of samples. There are,

however, advantages to this mode of solids genera-

tion, such as the ability to produce microfine crystal-

lites and amorphous solids, should they be desired.

Lastly, evaporative crystallization can be carried

out on the combinatorial array of samples. This mode

of operation relies on gradually increasing the con-

centration of API in the vessel to achieve supersatu-

ration and to increase the degree of supersaturation

(by preferential evaporation) in order to induce crys-

tallization. Concentration of samples can be achieved

either passively or actively by controlled flow of inert

gas while maintaining temperature. With evaporative

methods, differential rates of solvent loss from mix-

tures result in unknown composition of the crystalli-

zation medium at the time of crystal nucleation. In

addition, the degree of supersaturation changes over

the course of the experiment, often resulting in the

appearance of multiple crystal forms. The evaporative

mode of solids generation typically produces through-

put and hit rates intermediate between the thermal and

anti-solvent processes.

As suggested above, in appropriately configured HT

crystallization systems, several process modes may be

used in series or in parallel [40]. Frequently, the

preparation of replicate plates (in some systems

‘‘daughter’’ plates [47,51]) is necessary for parallel

processing by different process modes. Systems may

be additionally equipped with the ability to serially

process sample arrays using different process modes

[59]. This feature is particularly attractive for cases

where only small quantities of sample are available,

increasing the drive to generate useful information

from every sample. Here, samples may be processed

by optimal modes first (e.g., thermal crystallization),

then a secondary process step can be applied to max-

imize the hit rate. Another example where this feature is

useful is in the case of salt selection, especially in early

drug discovery. Upon the addition of salt forming acids

or bases, the solubility of the compound is modulated

by in-situ salt formation, often resulting in reduced or

non-existent driving forces for crystallization (e.g.,

subsaturation) of the salt species, particularly in polar

Fig. 2. Typical rate of appearance of solids during a thermally driven

HT crystallization experiment [65].

Fig. 1. Photo of optical inspection station. (Inset shows close up of

crystallization vessel that contains crystals.) (Courtesy of Trans-

Form Pharmaceuticals, 2002.)
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solvents. It should be noted that rapid onset of super-

saturation can be experienced in any of the process

modes discussed and can result in oiling out or precip-

itation of amorphous solids, rather than generation of

crystalline solids. Thus, it is important to monitor and

control the crystallization conditions throughout the

experiment.

In general, the percentage of wells that yield solids

varies, depending on process mode and experimental

time scale. For example, evaporative modes usually

result in a solid in virtually every vessel, while slow

undercooling results in far fewer (on the order of low

percents). The differences in hit rates between these

process methods arise in part from the differences in

the supersaturation attained. For evaporative crystalli-

zation, supersaturation is achieved in all cases as the

concentration of the active compound is continuously

increased as solvent is evaporated. In contrast, the

composition of wells processed by thermal crystalli-

zation is fixed. In some cases, because there is limited

data on the precise state of supersaturation for each of

the large variety of experimental compositions and

potential crystal forms, some wells may remain

subsaturated during the process. For these wells,

additional process steps, such as partial evaporation

or anti-solvent addition, may be employed to generate

supersaturation to yield a solid. In contrast, as men-

tioned previously, a fraction of the wells may not go

fully into solution at elevated temperatures. In this

case, the temperature of the system may be raised to

achieve full dissolution, additional solvent may be

added to solubilize residual solids or the samples

may simply be monitored for slurry conversion over

time. To overcome these challenges, we have devel-

oped a solubility calculator tool using group contribu-

tion theory to estimate the solubility of the reference

solid phase at specified temperatures in each solvent

composition. These data are then used at the DOE step

to define the viable concentrations of the active com-

pound for crystallization (i.e., minimum concentration

required to achieve saturation and maximum solubility

limit or concentration) in each solvent mixture. Addi-

tionally, the timescale of the experiment has a signif-

icant impact on the observed hit rate. Hit rates will

approach 100% for viable crystallization conditions in

the limit of infinite time, but in practice most experi-

ments are conducted over days to weeks, so observed

hit rates reflect this temporal influence. In fact, similar

behavior is observed in manual experimentation. Note

that only some HT crystallization systems are config-

ured to permit selective sampling of ‘‘hits’’, providing

the ability to further incubate un-crystallized samples

to monitor for slow growing crystal forms.

Solids detection can be achieved by examining each

sample using machine vision systems. Samples may be

monitored over time to detect precipitation in vessels

that were previously devoid of solids. This simple, yet

robust process can rapidly and non-destructively de-

termine state changes in the crystallization vessels and

signal when a particular vessel or set of vessels is ready

for solid-state analysis. Depending on the sample array

configuration, the signaling of ‘‘hits’’ results in har-

vesting of samples by one of two approaches. In the

‘‘cherry-picking’’ approach, only those samples that

have been flagged as containing solids are selected for

further processing [40]. In contrast, using a sacrificial

approach the entire plate must be moved forward after

a predetermined fraction of the samples in that array

have produced precipitates [47,51]. The latter, of

course, can be carried out without an online detection

system. Here, samples can be processed in batches,

without regard to whether there are actually solids

present in a vessel. This simple process approach is

effective, but has significant limitations, the primary of

which being that samples are destroyed after a fixed

amount of time regardless of their state. Hence, it is

advantageous to employ an online detection and har-

vest system so that samples can be differentially and

asynchronously processed, with only those vessels

containing solids undergoing analysis [40,60].

Sample analysis is the final action in execution of

the HT crystallization process. Depending on the mode

of operation and the choice of analytical measurements

employed, this process may involve several steps. Most

HT crystallization systems use Raman spectroscopy

and/or powder X-ray diffraction (PXRD) for primary

analysis of harvested solid-state samples. Both techni-

ques have advantages and disadvantages in terms of

their ability to discriminate between forms of a solid

(i.e., polymorphs, salt forms, solvates, hydrates)

[1,14,61]. The rate of generation of samples for anal-

ysis likely dictates which technique is used for the

primary approach. Generally speaking, Raman spec-

troscopy can be employed in a more rapid fashion than

PXRD, since acquisition times for Raman are consid-

erably less dependent on sample size, as is depicted in
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Fig. 3. In addition, plate-based PXRD methods are

susceptible to problems with preferred orientation

effects, which may prevent accurate classification of

samples. As a result, Raman spectroscopy methods are

often used as a primary means of characterization in HT

crystallization systems. Although one disadvantage of

the Raman technique is interference due to fluorescent

samples, the wavelength of the excitation laser can be

changed to the near-IR to reduce fluorescence of

problematic samples. Recent advances in PXRD in-

strumentation, brought on by the increasing demands

of HT crystallization, make it possible to achieve

similar analysis timescales with PXRD and Raman,

on the order of less than one minute per sample

depending on the capabilities of particular instruments

used. Clearly, the best option is to employ both meth-

ods for initial sample evaluation, which can be realized

with the appropriate informatics structure, as described

in Section 3.

Once the primary solid-state characterization data

are collected and stored, samples are generally classi-

fied into groups (or bins) that display similar character-

istics (e.g., Raman spectra or powder X-ray diffraction

patterns) using informatics tools. A variety of methods

can be used to accomplish the binning. For instance,

Raman spectra may be compared (based on relevant

features or over the entire spectral range) and clustered

using calculated similarity measures, such as Tanimoto

coefficients. In one method [40,60,61], each Raman

spectrum, which represents the contents of an individ-

ual well at a given time, is filtered to remove back-

ground and to accentuate Raman peaks and shoulders.

Peaks are then located and assigned a wavenumber

using standard derivative methods and the amplitude of

each peak is calculated. These data are used to calculate

a similarity (or distance) measure related to the Tani-

moto coefficient, from which the Raman spectra are

binned into groups of similar samples using a classifi-

cation algorithm such as hierarchical clustering. This

method often uses peak positions, rather than ampli-

tudes to discriminate between different patterns in

order to reduce the significance of potential preferred

orientation effects, which can result in modulation of

relative peak intensity for certain crystallographic

planes. The window over which two peaks are consid-

ered to be at the same position (e.g., 1 cm� 1 wave-

number), as well as a minimum height for a filtered

peak to be considered for clustering, can be selected by

the user, allowing regions of interest (e.g., spectral

ranges) to be explored in greater detail. With appropri-

ate settings, a Raman spectrum that has only one peak

or feature in a slightly different location than observed

in other patterns can be differentiated and binned as

unique, indicating a different or new crystal form.

During clustering, each spectrum is assigned an arbi-

trary number, i.e., a sorted spectrum number, for ease of

tracking, and the resultant clusters are graphed as

shown in Fig. 4, where the red-colored regions repre-

Fig. 3. Comparison of acquisition times of Raman and X-ray

powder diffraction data as a function of mass of API [65]. (Data

collected on D/Max Rapid, Contact Rigaku/MSC, 9009 New Trails

Drive, The Woodlands, TX, USA 77381-5209).

Fig. 4. Raman cluster diagram showing n-by-n matrix of sorted

spectrum numbers for all samples resulting from the HT polymorph

screen of Ritonavir. Clusters are indicated by warm-colored (red)

regions, which have been outlined to guide the eye, and indicate

different solid forms [65].
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sent bins of similar samples. Alternatively, the results

from several analytical methods such as Raman and

PXRD can be used to simultaneously classify samples.

Regardless of the choice of primary analytical

method, and in keeping with traditional methodolo-

gies for solid form screening, it is necessary to further

characterize the solids generated in HT crystallization

systems to accurately determine their solid form and

properties. Most HT systems integrate multiple ana-

lytical methods as part of the screening process. These

so-called secondary analytical methods often include

thermal property measurement (e.g., melting point)

and optical microscopy (for crystallinity, habit, etc.).

Depending on how the samples are processed and the

degree of computerized support, these techniques may

be applied to all samples, or a subset of selected

samples. For systems that analyze all samples by

secondary techniques, several HT plate-based meth-

ods for optical microscopy and melting point deter-

mination have been developed [47,51]. It is important

to note that, in this case, all samples are destroyed

during characterization of the melting point. When

replicates are retained, the functional properties such

as dissolution rate and hygroscopicity can be analyzed

using either manual or HT methods. (For more infor-

mation on functional analysis, see Section 4 on post-

screening analyses and form selection.)

With the aid of informatics tools, the data sets

obtained can be used to generate information about

the experimental space. Software interfaces that allow

access to the data permit classification and regression

analysis to be performed. The results are displayed in

high-dimensional visualization tools that can be used

to guide further experiments toward optimizing pro-

cesses to make each form. For instance, sample

composition and processing information can be linked

to the resulting crystal form and morphology. Corre-

lation of trends between experimental factors and the

products can lead to hypotheses that can be used to

direct the design of follow-up experiments. An exam-

ple of this was reported by Peterson et al. [40], where

the knowledge gained from iterative experiments was

used to drive new experimental designs, which ulti-

mately yielded the desired outcome, i.e., the isolation

and characterization of the highly unstable form III of

acetaminophen (paracetamol).

While these new methodologies provide unprece-

dented capabilities for solids form discovery, it is clear

that there remains a need for some level of manual

processing, particularly in the case of detailed form

characterization such as single crystal structure deter-

mination, scale-up of the desired form and under-

standing the effects of downstream processing on

potential form conversion. HT methods provide the

landscape of possible forms and their properties and

should be used in conjunction with traditional meth-

ods to enable rapid, efficient selection of the optimal

form for development.

3. Applications of high-throughput crystallization

screening in pharmaceutical research and

development: case studies

HT technologies offer unprecedented capabilities

for form discovery and characterization. Potential

applications range across the entire pharmaceutical

value chain, including screening of active molecules

in discovery during ELO, form selection for preclin-

ical candidates, final form optimization for early

clinical candidates, process chemistry development

of crystallization processes for bulk drug and inter-

mediates, as well as identification of new or enabling

solid forms for product life cycle management. While

numerous impact points have been identified, only

limited information on the use and performance of

HT form screening systems is available in the liter-

ature, indicating that the benefits of these new meth-

odologies have just begun to be realized. In the

following sections, case studies on the application

of HT crystallization systems are reviewed. Special

attention is given to the implications of new form

discoveries.

3.1. High-throughput salt selection

Preparation of salt forms of an active compound is

commonly used to modulate physicochemical proper-

ties. In most cases, the goal is to increase solubility (or

dissolution rate) to improve bioavailability or to en-

hance the manufacturability of poorly soluble ioniz-

able compounds [1,3,4]. Salts may also be employed

to increase chemical stability [3] or to reduce the

solubility of a given compound for certain applications

(e.g., sustained release dosage forms) [62]. Thus, it is

important to consider the route of administration and
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dosage form requirements when selecting a salt form

for development. Since the choice of counter-ion

affects the properties of salt forms [3,4], salt selection

studies involve the preparation of a number of different

salts using a variety of pharmaceutically acceptable

acids or bases with differing properties (e.g., acidity/

basicity, molecular size, shape, flexibility, etc.). The

relevant physicochemical properties of each salt are

characterized, including degree of crystallinity, hygro-

scopicity, aqueous solubility, crystal habit, and phys-

ical and chemical stability. Based on these properties

of the salt forms, their suitability for development can

be evaluated. Several strategies for streamlining and

optimizing salt selection procedures have been

reported, including in-situ techniques for ranking the

solubility of salts [63], tiered approaches in which the

least time-consuming studies are carried out first and

used to remove from consideration salts that are not

viable [64]. One issue not readily considered by

existing strategies is the polymorphism and solvate

forming behavior of the different salt forms of a

compound, which could be used as an additional

criterion when more than one salt may be viable, but

the degree of polymorphism and solvate formation of

each may become a criterion for form selection.

HT crystallization technologies have been used to

more rapidly and comprehensively identify the range of

salt forms that may be prepared for a given compound

or series of compounds, and characterize their crystal

form diversity (polymorphs, solvates, hydrates). How-

ever, only a few studies have been published or

presented. Several HT salt selection studies on well-

characterized pharmaceutical compounds have been

carried out to demonstrate the power of these technol-

ogies in solid form discovery. For example, in a small

HT study (i.e., 96 wells) on the antibacterial sulfathia-

zole, salt formation was explored using varying stoi-

chiometric ratios of pharmaceutically acceptable

organic and mineral bases in an array of solvent

conditions [65]. The screen resulted in the rapid iden-

tification and characterization of 10 salt forms and

showed that the salts exhibited a range of melting

points depending on the counter-ion type and stoichio-

metric ratio. Similar HT salt selection experiments on

caffeine and naproxen resulted in the identification of

numerous salts of each compound [47,50,51].

In the discovery phase, HT crystallization has been

used to identify soluble salt forms of compounds

during ELO to facilitate early animal dosing, thereby

providing the ability to uncover underlying chemical

and/or biological responses elicited by candidate mol-

ecules, including toxicity or efflux [46,59]. Such

information permits rapid identification of problemat-

ic compounds or scaffolds, allowing resources to be

directed to projects with greater opportunity for suc-

cess. HT crystallization can facilitate selection of leads

that are more likely to survive preclinical develop-

ment. HT crystallization has been used successfully to

identify multiple new salt forms and the polymorphs

and solvates of each compound belonging to two

discovery programs using less than 200 mg of com-

pound per screen [59]. Approximately 150–200

experiments were performed on each compound using

a library of pharmaceutically acceptable acids or bases

with an array of solvent compositions and process

conditions. Each screen resulted in discovery of

multiple new salt forms, and in some cases poly-

morphs and solvates. Interestingly, similar salt types

were identified for each compound in a given series,

as illustrated in Fig. 5, where the frequency of

occurrence is plotted as a function of counter-ion for

each discovery series. Clear trends in the degree of

solid form diversity of salt forms, including polymor-

phism and solvation behavior, were also evident

within each compound series. These data indicate

the potential for identifying salts suitable for most

compounds tested in a particular scaffold or series,

based on analysis of only a portion of the series, i.e., a

platform-based approach to salt selection, provided

the chemistry surrounding the ionizable functionality

is not significantly altered during further structure–

activity relationship (SAR) development. Further-

more, solubility measurements of each salt form in

physiologically relevant fluids allowed ranking of salt

forms in a given series, and comparison of salts

between series was also possible. The average turn-

around time per screen was approximately 2 weeks,

such that feedback on the physicochemical properties

of each compound was provided to the medicinal

chemists on a similar time scale as potency, selectivity

and metabolism screens.

Salt selection is normally part of the standard

preformulation studies carried out during preclinical

development, where rapid identification of the possi-

ble salts of a compound and their properties can

facilitate product development. To further facilitate
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such studies, a microplate technique capable of in-

vestigating an array of conditions has been developed

to determine which counter-ion and solvent condi-

tions can be used to prepare crystalline salts of the

compound [66]. Each plate is prepared by first

depositing approximately 0.5 mg of compound into

each well using an appropriate amount of stock

solution. The counter-ion type is systematically var-

ied along the rows of the plate and different crystal-

lization solvents are deposited down the columns of

the plate. Crystallization is monitored by optical

microscopy over the course of the evaporative crys-

tallization, which can be accelerated by flowing a

stream of dry nitrogen over the plate. Once salt forms

are identified, they are scaled up for more detailed

characterization.

The microplate approach was demonstrated by

Bastin et al. [66] through several examples, however

little detail of the specific screening protocol and

results was provided. All three of the reported exam-

ples are on compounds that are weak bases with pKa

between 4.1 and 5.3. Only a small number of stable,

crystalline salts could be prepared for the two very

weak bases (i.e., pKa < 4.25), as opposed to the larger

variety found for the stronger base. In each case, the

salt forms were scaled-up for more detailed analysis

and comparison to the respective free base compound

to determine the optimal form for development. This

approach provides a useful mechanism for prelimi-

nary, small-scale salt formation studies. Both the

crystallization media and process modes accessible

by the technique are somewhat limited, resulting in a

narrow exploration of experimental conditions for salt

formation. For example, only solvents compatible

with plate materials can be used, thereby reducing

the probability that a crystalline phase can be identi-

fied. In addition, current protocols only provide for

evaporative crystallization, likely due to difficulties

with sealing of the plates. In this case, the composition

of the crystallization medium is not well controlled.

The utility of HT crystallization in ELO, although

demonstrated by initial reports of feasibility, is less

well documented than the use of HT on later stage

compounds.

3.2. Solid form discovery in highly polymorphic

systems

The statement by the late Walter McCrone in 1965

that ‘‘the number of forms of a given molecule is

proportional to the time, money and experiments

spent on that compound’’ [67] has gained credence

in recent years, as illustrated by the significant in-

crease in reported crystal form diversity of pharma-

ceutical solids. Depending on when alternative solid

forms of a compound are identified, the appearance of

a novel form may or may not be a welcomed

discovery. Occurrence of a new form in research or

early development is potentially enabling. At later

stages, the appearance of new forms, particularly

stable ones that are not bioequivalent or deemed

unprocessable, can have catastrophic consequences

for product performance as well as regulatory com-

pliance (e.g., control of crystal form). Additionally,

recent rulings on the use of alternative, commercially

viable solid forms not protected by patents from

Fig. 5. Frequency of occurrence (%) plotted as a function of the counter-ion of the salt for compounds from discovery series A and B [59].
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innovator companies have opened the market to

generic competition [68–79]. In order to mitigate

these risks, and to save time and reduce costs, many

pharmaceutical companies have begun to re-evaluate

their strategies for solid form screening and are

looking to HT crystallization technologies to address

the needs for more rapid and comprehensive explo-

ration. In this section, the application of HT crystal-

lization to highly polymorphic systems is reviewed,

including specific cases of compounds exhibiting

latent polymorphism.

Polymorphic systems are quite common among

many types of organic crystals [7]. For the purposes

of this review, compounds exhibiting more than three

polymorphic forms will be classified as being ‘‘highly

polymorphic’’. While only a handful of well-known

organic compounds are considered for practical pur-

poses to be non-polymorphic, e.g., aspirin [80,81],

sucrose and naphthalene [7], it should be stressed that

one will never be able to exclude the possibility of

polymorphs appearing, even a century after the initial

discovery of the compound. So far, no polymorphs of

aspirin have been found, despite the proposal by

Payne et al. [80] that polymorphic forms may exist.

In contrast, acetaminophen form III was observed by

Burger in 1982 using thermal microscopy [82], but it

took another 20 years for a crystal structure to be

proposed [40]. Many reports exist on the polymorphic

nature of specific drug compounds with one or two

alternative packing modes for the same chemical

composition. However, literature examples of com-

pounds with more than three packing modes are

considerably rarer, as will be summarized shortly. It

should be noted that the increased number of reports

on highly polymorphic compounds in recent years is

likely the result of enhanced screening practices and

more sensitive characterization techniques.

Highly polymorphic compounds present several

challenges in drug development. First, the generation

of different forms is often not a simultaneous event,

but rather a gradual evolution of form diversity leading

to the branding of a compound as being highly

polymorphic. Consequently, once more than one form

is identified, concern is raised that additional forms

may eventually be discovered. For instance, the 13

polymorphs of phenobarbitone evolved over ca. 13

years [7], and a fourth polymorph of carbamazepine

was reported in 2002, a full two decades after the

publication of the structures of the initial three forms

[83]. Second, selection of the preferred form of a

highly polymorphic compound for development

demands a complex set of thermodynamic and kinetic

investigations, due to the geometric increase in the

number of stability relationships that need to be

established. More complexity arises when some poly-

morphic pairs are enantiotropic, exhibiting a switch in

the identity of the stable form as a function of temper-

ature. Third, concerns over bio-performance and the

impact of a large number of polymorphs on processing

lead to regulatory issues that need to be addressed.

Decision trees [58] have been established to aid

scientists in assessing the impact of polymorphic

change and have been incorporated into the ICH

guidelines [84]. Lastly, the analytical challenge of

monitoring polymorph content in the dosage form

increases as the number of possible forms grows,

particularly with low dose compounds where the

concentration of drug in the formulation is small.

The literature on highly polymorphic pharmaceut-

icals is relatively sparse, but several examples of

compounds known to have four or more polymorphic

forms are available in the literature and are summa-

rized in Table 2. In addition to these drug examples,

the pharmaceutical ingredients mannitol and aspar-

tame have been shown to exhibit 4 and 5 polymorphs,

respectively [7]. The phenomenon in inactive exci-

Table 2

Examples of highly polymorphic drug compounds in the literature

Compound Number of

reported

polymorphs

Other forms Reference(s)

Phenobarbitone 13 [7,p.255]

Cimetidine 7 Hydrates [7,p.73]

‘ROY’ 7 7th form

found after

the initial

publication

[111,112]

Sulfathiazole 5 Numerous

solvates

[113]

Carbamazepine 4 Dihydrate

and numerous

solvates

[28,45,83,85]

MK-996 9 Hydrate [87]

MK-A 4 2 hydrates

and numerous

solvates

[86]
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pients may well be under-appreciated due to lack of

study.

In general, pharmaceutical polymorphism is likely

to be underreported in the literature, since much of the

polymorphism research is carried out in companies.

As a result of growing interest in the subject and

advances in techniques to study polymorphism, it is

expected that reports of extreme form diversity will

grow. Conferences on the subject, such as the ACS

ProSpectives symposium, reflect the appreciation for

the complexities introduced by the appearance of

polymorphism in important materials such as pharma-

ceuticals. Work has recently commenced to under-

stand the opportunities and challenges of using HT

technologies in pursuit of rapid identification and

characterization of the large number of forms pre-

sented by highly polymorphic compounds. Three

published case studies and two examples that are in

press at the time of this review will be highlighted.

Form IV of carbamazepine was reportedly discov-

ered as the result of crystallization trials in the

presence of hydroxypropyl cellulose HPC [83]. Sub-

sequent to this publication, Lang et al. [28] published

the use of polymers to influence polymorphic form

using a 96-well plate system for the screening of

polymorphs of carbamazepine and acetaminophen.

In all, 84 different polymers were employed to direct

nucleation. Form IV of carbamazepine was found to

crystallize from methanol in the presence of hydrox-

ypropyl cellulose, poly(4-methylpentene), poly(R-

methylstyrene) or poly( p-phenylene ether-sulfone).

Using the same approach, the monoclinic and ortho-

rhombic forms I and II, respectively, of acetamino-

phen were also isolated. While observation of

metastable form III was not reported in this study,

the strategy of employing polymeric additives is of

interest, as it can direct the course of crystallization

and because polymeric impurities may be in contact

with a drug substance and/or formulation at various

points in development.

Another approach, reported by Anquetil et al. [85],

identified selective conditions for the crystallization of

carbamazepine polymorphs forms I and III, as well as

the dihydrate, from methanol and/or methanol/water

solutions by thermal processing in a microliter cell

format (i.e., 35–100 Al). Optical laser trapping was

used in situ to target the microcrystals for real-time

form analysis using Raman spectroscopy. The crystal-

lization process was monitored optically and with

Raman spectroscopy as a function of temperature

and time. The study revealed the conversion of form

I to form III, as evidenced by a change in characteristic

crystal habit from needles to prisms. Raman spectros-

copy on the solution phase measured the saturation

solubility of each crystal form produced. Although

only several experiments were carried out in this study,

the authors advance the microfluidic cell format as a

potentially viable system for HT polymorph screening.

A third report details the use of in situ Raman

spectroscopy to optimize process conditions. The com-

pound MK-A has four anhydrous polymorphs and

several other forms, including two hydrates and nu-

merous solvates [86]. The study gives an example of

the complex thermodynamic relationships (monotropic

and enantiotropic pairs) that can exist in highly poly-

morphic systems and demonstrates the power of in-situ

methods for monitoring the crystallization process.

The angiotensin-II antagonist MK-996 is an exam-

ple of a highly polymorphic compound (Table 2) [87].

The structure of MK-996, depicted in Fig. 6, contains

seven rotatable bonds, the conformations of which

could lead to many configurations for crystal packing.

HT crystallization experiments with MK-996 in 96-

well arrays comprising over 1500 discrete recrystalli-

zation trials from a set of 21 solvents or solvent

mixtures yielded 186 solids, which were harvested

over a period of 7 days [87]. PXRD analysis of these

solids suggested the presence of at least 18 distinct

Fig. 6. The molecular structure of the angiotensin-II antagonist MK-

996 [87].
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forms, some resulting from solvent-mediated recrys-

tallization. A hydrate (originally named form I),

obtained by slurry conversion in the presence of

aqueous solvent mixtures in the HT experiments, was

the form previously selected for pharmaceutical de-

velopment. Importantly, a form (form D) reported by

the innovator [87] to be a ‘‘disappearing polymorph’’

[88] once form I appeared, was also found in the HT

screen. Clearly, sufficient experimentation with ratio-

nally selected diverse conditions affords the possibility

to regenerate elusive forms.

Sertraline HCl, the active ingredient in the anti-

depressant ZoloftR, is found in various crystal forms.

The molecular structure for Sertraline HCl is illustrat-

ed in Fig. 7. Information on various solid phases can

be found in patent disclosures filed by several com-

panies [89–92]. Survey of these documents, which

published between 1992 and 2001, reveals data for 27

purported crystal forms of Sertraline HCl, including

17 polymorphs, 4 solvates, 6 hydrates and the amor-

phous solid. Further analysis and comparison of

characterization data for the various forms presented

in the patents revealed that mixtures have been

mistaken for real polymorphs on at least two occa-

sions, and at least two polymorphs were disclosed

more than once (by different workers each time). In

addition, the hydrate forms reported were not readily

identified as polymorphic and many of the forms are

likely transient, e.g., only identified by variable-tem-

perature and humidity-controlled XRD. With the help

of HT crystallization, the extent of true polymorphism

of the HCl salt was estimated at eight forms so far

[92]. Two new solvates were also found in the HT

studies. Care should be taken in isolation of such

forms, particularly at small to intermediate scale, as

desolvation of solvates due to aggressive drying

during processing may cause one to overlook solvated

forms [93]. Comparing the results of the HT study to

the congruence of historical data, one can conclude

that HT screening gives rise to relevant forms of the

drug in a time frame of weeks rather than years. One

metastable form, polymorph IV, remained elusive in

the hands of the authors [92]. The lack of observation

of form IV may be due to a subtle purity difference

between early batches at Pfizer and the materials

available for testing in the HT screen. Clearly, impu-

rity effects should be explored further [32].

To date, HT studies on highly polymorphic materi-

als highlight the importance of varying processing

conditions (including solvent conditions, degree of

supersaturation, method of crystallization, desolvation

of solvates, inclusion of additives, thermal microsco-

py, etc.) to find as many forms as possible. It has been

shown that multiple process modes, including HT

processing, coupled with detailed follow-up charac-

terization studies of form stability, facilitate insight

into crystal form diversity [40]. Such a multimode

strategy becomes valuable in the quest for the most

comprehensive dataset possible for a given pharma-

ceutical material.

Undoubtedly, the definition of highly polymorphic

materials and their frequency will evolve in the age of

HT crystallization [40,60] and with the aid of ever

improved solid-state analytical capabilities [18,94,95].

The value of employing multiple processing techni-

ques to elucidate as many crystal forms as possible will

be demonstrated, as it is expected that no single

technique will generate all forms of a given compound.

Without doubt, HT crystallization strategies will be

used, as a complement to other techniques, to identify

issues of polymorphism early, thus allowing drug

development scientists to react appropriately to infor-

mation on form diversity of their compounds.

3.3. Avoiding latent polymorphism

Very few cases of latent polymorphism have been

reported in the literature. It is likely that many more

instances of the phenomenon have occurred, but

unless product development was slowed, product

performance was impacted, or generic competition

was threatened, a spotlight is not usually cast on the

issue. As an example of a public polymorph issue,

form 2 of ranitidine hydrochloride was discovered 2–
Fig. 7. The molecular structure of the selective serotonin reuptake

inhibitor (SSRI) sertraline HCl.
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3 years into development but it was (and is) the form

still marketed by GlaxoSmithKline [75,76,96]. Parox-

etine hydrochloride hemihydrate, the active ingredi-

ent in PaxilR, was discovered during development

after only an anhydrate had been known for a number

of years [97]. The hemihydrate is the form marketed

by the innovator, but recent litigations have occurred

between the innovator company and generic compe-

tition around the anhydrate form.

One of the most recognized cases of latent poly-

morphism occurred with Abbott Laboratories’

NorvirR. Two years after entry into the market, a

previously unknown, but thermodynamically more

stable, polymorph of the active ingredient (Ritonavir)

appeared. This new form (form II) was approximately

50% less soluble in the hydroalcoholic formulation

vehicle, resulting in poor dissolution behavior and

eventual withdrawal of the original NorvirR capsule

from the market [98]. At some considerable cost, a new

formulation of NorvirR using form II was eventually

developed and launched [99]. In a recent HT crystal-

lization study on Ritonavir, a total of five forms were

found: both known polymorphs and three previously

unknown forms [99]. The HT polymorph screen, which

consisted of 2000 experiments was carried out with less

than 2 g of the API and used multiple, and sometimes

combined, process methods. The three new forms were

described as a metastable polymorph, a crystalline

solvate and a non-stoichiometric hydrate. Interestingly,

the solvate was easily converted to form I via the

hydrate phase using a simple washing procedure, and

provided an unusual route to prepare the form I ‘‘dis-

appearing polymorph’’ [88]. Since the crystals of form

I prepared using this method retained the small needle

morphology of the solvate, the authors suggest that the

process may offer a potential strategy for particle size

and morphology control. The results of this study

emphasize the need for more comprehensive studies

of form diversity in the early stages of drug develop-

ment to avoid risks of form conversion downstream,

and highlight the advantage of combining parallel HT

crystallization experimentation with detailed physico-

chemical analyses to identify the diversity of solid

forms in which a given molecule can exist. Clearly,

late stage discovery of new forms or form conversion

can have serious competitive and regulatory implica-

tions (e.g., process control), especially in cases where

the new forms are not bioequivalent.

3.4. Prediction of crystallization and polymorphism:

applications to pharmaceutical form studies

Crystal structure prediction is a challenging area of

research. Due to the overwhelming influence of pack-

ing forces in determining crystal structure, it remains

extremely difficult to predict the structural impact of

subtle conformational effects and weak interactions

between adjacent molecules in a crystalline arrange-

ment. Although significant progress has been made in

the last decade, crystal structures are by and large not

reliably predictable from first principles [88]. While

this important area of theoretical research is too large a

topic to be considered in detail here, a brief overview

of the successes and challenges will be presented, and

the potential for using HT crystallization as a valida-

tion to aid model development will be highlighted. For

a more detailed discussion on polymorph and crystal

structure prediction, refer to the article by Price [100]

in this issue.

Polymorph prediction of pharmaceuticals is thwar-

ed by the complexity of active pharmaceutical mole-

cules. The number of degrees of freedom in torsion

angles and the molecule count in the unit cell (which

can be deduced by such techniques as solid-state NMR

[94]) are frequently too great to allow computations on

a reasonable time scale. Additionally, predictions are

typically carried out one space group at a time. This

limitation is mitigated by the fact that over 90% of the

organic compounds in the Cambridge Structural Data-

base (CSD) [101] crystallize in only a few space groups

[100].We know of only one example where predictions

have been extended to multicomponent systems [102].

The prevalence of multicomponents systems, some of

which have charge transfer (salts) and many of which

exist as hydrates, solvates or mixed hydrate/solvates,

essentially limits the usefulness of the prediction meth-

ods to neutral compounds. Various other technical

issues remain as the science of crystal structure predic-

tion matures [100]. Some of these issues were high-

lighted in two blind tests that were conducted in recent

years to determine the accuracy and robustness of

crystal structure prediction [103]. In the latest round,

17 methods were used to predict structure, yielding

only three correct predictions [104]. For one of the

compounds used in the study, experimental character-

ization of a second, more stable, polymorph provided

the key to the correct prediction by three participating
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research groups. The structure could have easily been

overlooked, leading to the misinterpretation of the

results as an apparent failure of the computational

methods. Thus, compounds that are amenable to struc-

ture prediction are not always studied experimentally to

the extent necessary to ensure that the relevant forms

have in fact been discovered and characterized ahead of

computational studies.

Despite the challenges, a few methods have been

developed that allow structure prediction of small,

relatively rigid organic compounds with only a few

functional groups in several important space groups

[17,105,106]. Polymorph Predictork has been imple-

mented within the commercial software Cerius2 (C2

Polymorph by Accelrys). In general, current predic-

tion methods generate large ensembles of different

packing arrangements along with calculations of rel-

ative energetics. In reality, many of the calculated

structures are not observed, giving the appearance of

over-prediction of polymorphism. This was apparent-

ly the case with acetaminophen (paracetamol) [107].

In their study of the drug, Beyer et al. [107] calculated

14 structures, 2 of which were the known monoclinic

(stable) and orthorhombic forms. The remaining 12

structures were considered as candidates for the meta-

stable form III, which had been observed by thermal

microscopy methods [82] but for which diffraction

data were unavailable. Using calculations of mechan-

ical properties and morphology, Beyer et al. separated

the 12 energetically feasible structures into two

groups, based on the likelihood of each structure to

exist as a stable form. Shortly after the publication of

the prediction study, the experimental powder pattern

of form III became available [40]. Rietveld refinement

and comparison of the experimental diffraction results

with the theoretical powder patterns published by

Beyer et al. yielded a monoclinic structure solution

for form III. This structure is in fact part of the

prediction set, but was considered an unlikely con-

tender based on its extreme plate-like morphology.

The potential for complementarity of HT crystalliza-

tion and polymorph prediction is evident from these

studies. In one sense, polymorph prediction can serve

as a yardstick for ‘‘risk assessment’’ when it comes to

form diversity, but inevitably one will require exper-

imental data to assess the scope of polymorphism that

can be elicited and the precise relative stabilities of

different crystalline arrangements.

Opportunities do exist for current use of predictions

in solid form discovery. For instance, certain hydro-

gen-bonding motifs or molecular layer types may be

observed in predicted structures. Such information can

be used to aid the design of crystallization experi-

ments. It might be desirable to employ a particular type

of interaction with salt selection or co-crystal forma-

tion by the strategic selection of crystallization con-

ditions, solvents, additives and processing methods

[22,23]. In addition, since transient or metastable

crystalline species may be difficult to characterize

accurately, one may use predicted structures to esti-

mate various physical data. For example, powder

diffraction patterns may be used to assist the accurate

description of these metastable forms [40]. Continued

development of theoretical methods coupled with

validation of the predictions by extensive crystalliza-

tion screening will lead to better models and compu-

tational methods. At present, experimental methods

must still be relied upon to assess the potential form

diversity of a given compound. It will be important to

concurrently push the limits on theoretical prediction

and HT crystallization, in order to advance our under-

standing of the nature and extent of polymorphism in

pharmaceutical compounds.

3.5. Engineering of co-crystals

Co-crystals of drugs and drug candidates represent

a new type of material for pharmaceutical develop-

ment. They are part of a broader family of multicom-

ponent crystals that also includes salts, solvates,

clathrates, inclusion crystals and hydrates as shown

in Scheme 2. The primary difference between solvates

and co-crystals is the physical state of the isolated

pure components: if one component is a liquid at

room temperature, the crystals are designated as

solvates; if both components are solids at room

temperature, the crystals are designated as co-crystals.

While at first glance these differences may seem

trivial, they have profound impact on preparation,

stability and ultimately on the ability to develop

products.

In general, it is usually easier to initially prepare

solvates than co-crystals, and indeed, solvates are often

found as by-products of polymorph and salts screens.

Co-crystals have been prepared by melt-crystallization,

grinding and recrystallization from solvents [1]. Sol-
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vent systems for co-crystals must dissolve all compo-

nents, but must not interfere with the interactions

necessary for co-crystal formation. The need to try

many solvent combinations and the availability of

multiple co-crystal formers creates a diversity that is

ideally suited for exploration by HT systems.

Co-crystals have the potential to be much more

useful in pharmaceutical products than solvates or

hydrates. The number of pharmaceutically accept-

able solvents is very small, and because solvents

tend to be more mobile and have higher vapor

pressure, it is not unusual to observe dehydration/

desolvation in solid dosage forms. Solvent loss

frequently leads to amorphous compounds, which

are less chemically stable and can crystallize into

less soluble forms. In contrast, most co-crystal

formers are unlikely to evaporate from solid dosage

forms, making phase separation and other physical

changes less likely.

Examples of co-crystals have existed in conductive

organic crystals, non-linear optical crystals, dyes,

photographic materials pigments and agrochemicals

for some time [7]. Two recent papers by Fleischman et

al. [43, 45] emphasize the importance of understanding

‘‘supramolecular synthons’’ in synthesizing co-crys-

tals containing pharmaceutical agents. For example,

the ability to insert 4,4V-bipyridine between the car-

boxylic acid dimers of aspirin, rac-ibuprofen and rac-

flurbiprofen was recently reported [43]. The three

examples clearly demonstrate the generality of the

use of a pyridine-carboxylic acid heterosynthon II

(Scheme 3) to replace a dicarboxylic acid dimer

homosynthon I. A second study focused on finding

multiple solvates and co-crystals of carbamazepine

[45]. Carbamazepine polymorphs crystallize as amide

dimers, each of which ties up the polar amide func-

tional groups through homosynthon III. Crystal struc-

tures shows that each dimer contains a peripheral H-

bond donor and acceptor pair that remain unused due

to geometric constraints imposed by the drug mole-

cule. Simple H-bond acceptor solvents like acetone

and DMSO insert themselves to fill voids between the

adjacent pairs of dimers [45]. Multiple co-crystals

formers having hydrogen bond acceptors likewise

insert themselves into the void. The homosynthon

can also be broken to form heterosynthon IV, an

amide-carboxylic acid dimer [45]. This was achieved

to form solvates with acetic, formic and butyric acids,

and co-crystals with trimesic and nitro-isophthalic

acid.

A recent study of adducts of acetaminophen

(paracetamol) with ethers and amines provides addi-

tional examples of supramolecular synthons for co-

crystal formation [108]. While amide-amide homo-

synthon could have formed, both known forms of

the pure material consist of linear head-to-tail chains

held together through motif VI; the chains are cross-

linked through synthon VII. The linear chain struc-

ture is preserved in co-crystals with 4,4Vbipyridine,
but the cross-linking interaction VII is replaced by

VIII, in which the 4,4Vbipyridine is hydrogen bond-

ed to the amide hydrogen. The chains remain cross-

Scheme 2. Types of multicomponent crystals.
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linked but only through pi-stacking interactions be-

tween 4,4Vbipyridine pairs on neighboring chains. In

co-crystals with piperazine, the acetaminophen forms

head-to-head chains through IX. Each chain is joined

to the next through a layer of piperazine molecules

that interact through heterosynthons X and XI. The

paper also includes many solvates that will not be

reviewed here, but their synthons should be applica-

ble to co-crystal formation.

The above studies focused on demonstrating the

use of supramolecular synthons to create novel crys-

talline phases. The variety of structures observed

provides hope that some forms will have superior

performance in pharmaceutical dosage forms. How-

ever, the studies stop short of providing data on the

physical properties, such as solubility, necessary to

evaluate their utility. Furthermore, only the saccharin

and nicotinamide co-crystals of carbamazepine repre-

sent pharmaceutically acceptable co-crystals. Crystals

containing two drugs may appear to be a good

technique for making combination products of two

drugs, but unless the two drugs are dosed only in

stoichiometric ratios consistent with the co-crystal

composition, such crystals would still need to be co-

formulated with at least one of the bulk drugs in order

to satisfy the clinical requirements.

We recently reported on the discovery and disso-

lution properties of pharmaceutically acceptable co-

crystals consisting of hydrogen-bonded trimers of two

molecules of cis-itraconazole and one molecule of a

1,4-dicarboxylic acid resulting from a HT crystalliza-

tion screen [44]. The crystal structure of the succinic

acid co-crystal (Fig. 8) revealed an unanticipated

interaction between the triazole of itraconazole and

the carboxylic acid (heterosynthon V in Scheme 3).

The extended succinic acid molecule fills a pocket,

bridging the triazole groups. The interaction between

the 1,4-diacid and the strongest base on itraconazole

(piperazine) is absent in the co-crystal structure. Other

1,4-diacids including fumaric acid, L-malic acid and

L-, D- and DL-tartaric acids also yielded co-crystals

with itraconazole, but co-crystals could not be made

from maleic acid with Z-regiochemistry, or from 1,3-

or 1,5-dicarboxylic acids. Hence, geometric fit

appears to be more important than acid-base chemis-

try in directing crystallization of the compounds of

itraconazole with 1,4-dicarboxylic acids.

Identification of multiple crystal forms of the same

drug with acceptable solubility, dissolution rate and

stability enables selection of the optimal form for

dosage form development. To demonstrate this fea-

ture, the dissolution of itraconazole co-crystals in

Scheme 3. Supramolecular synthons observed in co-crystals.
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aqueous medium was studied to assess their potential

impact on bioavailability of the drug from a solid

dosage form. Fig. 9 compares the dissolution profiles

of the co-crystals into 0.1 N HCl to those of crystal-

line itraconazole-free base (95 % of all crystalline

particles < 10 Am) and commercial SporanoxR beads

(amorphous itraconazole). The malic acid co-crystal

rivals the dissolution of the commercial product. In

general, the co-crystals behave more similarly to

SporanoxR than the crystalline-free base. The co-

crystal forms achieve and sustain 4- to 20-fold higher

concentrations than that achieved from the crystalline-

free base. The practical implication is significant,

since the ability to form a supersaturated solution,

even transiently, can have dramatic impact on absorp-

tion and bioavailability.

Co-crystals represent a class of pharmaceutical

materials of interest, both in terms of projected diver-

sity and applicability. The study of co-crystals, along

with polymorphs, solvates, salts and hydrates, is

perfectly suited to HT crystallization experimentation

and should be considered part of the form selection

processes.

4. Post-screening analyses and form selection

Several functional characteristics must be consid-

ered in the selection of a suitable crystal form for a

pharmaceutical dosage form. HT crystallization has

the potential to create a larger pool of crystal forms for

which functional parameters, such as dissolution rate,

chemical stability, flow and compressibility, must be

determined and compared. Strategies to accomplish

ranking of the numerous forms must be devised. An

example is the adaptation of HT for solubility mea-

surement. The plot in Fig. 9 illustrates results of a

plate-based kinetic dissolution assay in which various

forms of a compound were placed in simulated gastric

fluid and monitored for dissolution as a function of

time. The schematic in Fig. 10 shows how such an

analysis can be accomplished in a 96-well filter plate.

The concentration at a given time point is determined

after filtration of the suspension by quantification

using either UV or HPLC with UV detection.

While the entire plate is filtered at one time,

different time points can be achieved by timing the

addition of dissolution medium such that the aliquot

Fig. 9. Dissolution profiles into 0.1 N HCl at 25 jC plotted as

itraconazole concentration ([itraconazole]) as a function of time for

SporanoxR beads (n), crystalline itraconazole-free base (x) and co-
crystals of itraconazole with L-malic acid (z), L-tartaric acid (.) and
succinic acid (E) (from [44], with permission).

Fig. 8. Trimer unit of the itraconazole succinic acid co-crystal from single crystal X-ray structure (from [44], with permission).
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for the longest time point desired is dispensed first and

the shortest one comes last. Instead of varying the

form along one axis of the plate, one can choose to

study the dissolution of a single form into several

different media (see Fig. 10). Equilibrium solubility

can be determined in a variety of solvents and at

different temperatures using a similar principle to the

dissolution plate. A demonstration has been provided

using automated React-IR analysis [109]. Other func-

tional parameters, such as solid-state stability and

thermal properties, can be adapted to HT. Such

systems for ranking the stability of forms generated

from HT crystallization await publication and review

at a future date.

5. Summary and outlook

HT crystallization methodologies are capable of

screening hundreds or thousands of crystallization

conditions in parallel using small amounts of com-

pound for the identification and characterization of

diverse forms of active pharmaceutical ingredients. As

demonstrated by numerous case studies from several

stages of pharmaceutical development, such technol-

ogies have begun to show promise in enabling more

comprehensive exploration of solid form diversity.

The technologies are likely to provide a landscape

of potential operating conditions from which scientists

and engineers can design robust and scalable process-

es for transfer to manufacturing.

The ability to conduct extensive crystallizations

with small amounts of material using a variety of

solvents, additives and conditions necessarily gener-

ates large sets of data. However, the information by

itself is of limited value, unless it can be properly

analyzed. In order to extract maximum knowledge

from the studies, it is essential to have the ability to

design experiments, track samples in the process,

collect the data in a relational database, and mine the

information using statistical techniques and models in

property space that assist the scientist to maximize the

value of the data. Such models attempt to fit an output

variable to physical properties or descriptors using

techniques similar to those used in traditional quanti-

tative structure activity relationships (QSAR). These

models can be carefully extended to mixtures contain-

ing compounds that were not included in the original

experiments if validation suggests that the models are

sufficiently stable. Significant models that are found in

the analysis of the data can be stored in the database for

later retrieval and use to direct iterative experiments.

The power of this approach becomes increasingly more

visible when several properties are being co-optimized,

as can be very important in the pharmaceutical devel-

opment process where such properties as oral bioavail-

ability, stability and processability need to be

reconciled. The availability of a map of conditions that

lead to the formation of different forms (salts, hydrates,

solvates, polymorphs, co-crystals) of the drug can be

valuable to the process chemists or engineers as they

develop scalable processes to produce materials suit-

able for development and registration.

For many years, the value of composition of matter

(CoM) patents on new chemical entities, including

where appropriate, pharmaceutically acceptable salts,

has been well appreciated. However, it is only within

the last decade or so that the application of CoM

patents has been significantly extended to cover all

forms of the compound, including hydrates, solvates,

co-crystals and polymorphs. Unlike salts, which for

the most part can be prophetically claimed based on

an understanding of the chemical structure of the

compound and its ionization constants, the existence

and identity of hydrates, solvates, co-crystals and

polymorphs have defied prediction. Therefore, in

order to obtain patent protection on these forms, some

of which may have significantly different properties

and relevance as development candidates, it is essen-

tial to prepare them, identify conditions for making

them and evaluate their properties as valuable new

pharmaceutical materials.

In general, discrete crystal forms are considered

non-obvious and patentable. Given the diversity and

greater complexity of chemical structures of today’s

Fig. 10. Schematic of a 96-well dissolution filter plate.
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drug candidates [110], coupled with the advanced

technology to identify novel forms, it is common to

find multiple forms of drugs [61], some similar, some

dramatically different in terms of their in vivo perfor-

mance. These forms are all candidates for separate

intellectual property protection. Therefore, it is incum-

bent on the innovator of a new drug candidate to

identify and patent these forms in order to optimally

protect their investment in the compound. Recent case

studies suggest that identifying and patenting all forms

of new chemical entities should be a primary strategy

of all innovators of novel drugs. In this regard, the use

of HT crystallization technologies for rapid, compre-

hensive discovery and characterization of solids form

diversity offers significant advantages for the devel-

opment of a strong intellectual property position.

With the advent of HT crystallization methods,

appreciation for the landscape of physical form for

drug development has begun to change. Use of these

systems has the potential to facilitate drug develop-

ment by saving valuable time in selecting the optimal

physical or chemical form of a given compound. HT

systems that generate rich datasets offer the ability to

develop a more fundamental understanding of the

crystallization process, based on knowledge generated

from large numbers of experiments on diverse com-

pounds. Having such information at an early stage

minimizes the risk of process modifications resulting

in form changes and provides the opportunity to gain

more comprehensive intellectual property coverage.

In addition, comprehensive form data help address

important regulatory questions related to the number

of solid forms of an API and the relationships between

them.
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The evolution of crystal engineering into a form of supramo-
lecular synthesis is discussed in the context of problems and
opportunities in the pharmaceutical industry. Specifically, it
has become clear that a wide array of multiple component
pharmaceutical phases, so called pharmaceutical co-crystals,
can be rationally designed using crystal engineering, and the
strategy affords new intellectual property and enhanced proper-
ties for pharmaceutical substances.

1 Introduction
“Benzoic acid and other carboxylic acids have been shown to be
associated to double molecules in solution in certain solvents, such
as benzene, chloroform, carbon tetrachloride and carbon dis-
ulfide...Benzoic acid exists in the monomeric form in solution in
acetone, acetic acid, ethyl ether, ethyl alcohol, ethyl acetate and
phenol; in these solutions the single molecules are stabilized by
hydrogen bond formation with the solvent.” (Linus Pauling in The
Nature of the Chemical Bond, 2nd edition, Cornell University
Press, 1948.)

In terms of intrinsic value, active pharmaceutical ingredients
(API’s) are among the most valuable materials on the planet. It is
therefore surprising that the growing field of crystal engineering1–3

and its ability to produce new and potentially valuable materials has
only addressed API’s within the last two years.4–9 Pharmaceuticals
are generally comprised of an API, a formulation containing
inactive ingredients as a carrier system, and a package for market
performance and appeal. The vast majority of API’s occur as solids.
Crystalline API’s are strongly preferred due to their relative ease of
isolation, the rejection of impurities inherent to the crystallization
process and the physico-chemical stability that the crystalline solid
state affords. The problems that arise with the use of crystalline
material are usually related to poor solubility properties and the
existence of more than one crystalline form of an API. In terms of
regulatory approval crystalline forms of an API have traditionally
been limited to polymorphs, salts and stoichiometric solvates
(pseudopolymorphs).10 However, crystal engineering affords a
paradigm for rapid development of a fourth class of API’s, that of
pharmaceutical co-crystals.

Crystal engineering can be defined as application of the concepts
of supramolecular chemistry to the solid state with particular
emphasis upon the idea that crystalline solids are de facto
manifestations of self-assembly. Crystal structures can therefore be
regarded as the result of a series of weak but directional molecular
recognition events. With understanding comes the possibility of
design and it is the advent of supramolecular synthesis1–3 that
facilitates the rational design of new structures and compositions.
The roots of crystal engineering can be traced at least as far back as
the 1930’s, when Pauling defined the chemical bond in both
covalent and noncovalent terms.11 The term “crystal engineering”
was coined by Pepinsky in 195512 but was not implemented until
Schmidt studied a series of solid state reactions in crystalline
solids.13 Indeed, solvent free synthesis continues to represent an
active area of research in the context of crystal engineering.14,15

Based upon literature citations,† it is apparent that crystal
engineering enjoyed rapid growth during the 1990’s, especially in
terms of organic solids and metal-organic solids but also in terms of
organometallic16 and inorganic structures.17

What are pharmaceutical co-crystals? Herein we define pharma-
ceutical co-crystals as being a subset of a broader group of multi-
component crystals that also includes salts, solvates (pseudopoly-
morphs), clathrates, inclusion crystals and hydrates. In a
supramolecular context, solvates and pharmaceutical co-crystals
are related to one another in that at least two components of the
crystal interact by hydrogen bonding and, possibly, other non-
covalent interactions rather than by ion-pairing. Neutral com-
pounds and salt forms alike have the potential to be solvated (i.e.
interact with solvent molecules) or co-crystallized (i.e. interact with
a co-crystal former). Solvate molecules and co-crystal formers can
include organic acids or bases that remain in their neutral form
within the multi-component crystal. The primary difference is the
physical state of the isolated pure components: if one component is
a liquid at room temperature, the crystals are referred to as solvates;
if both components are solids at room temperature, the products are
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referred to as co-crystals. While at first glance these differences
may seem inconsequential, they have profound impact on the
preparation, stability, and ultimately on developability of products.
Furthermore, whereas solvates are commonplace because they
often occur as a serendipitous result of crystallization from
solution, co-crystals, especially pharmaceutical co-crystals, repre-
sent a relatively unexplored class of compounds. On the other hand,
as will become clear herein, pharmaceutical co-crystals can be
rationally designed and there are many more potential co-crystal
formers than there are solvents or counterions.

The complex nature of API structures means that they inherently
contain exterior functional groups that engage in molecular
recognition events. Indeed, it is the very presence of these
functional groups that affords biological activity but also provides
an ability to engage in more than one supramolecular event with
itself, a solvent molecule or co-crystal former, thereby forming
polymorphs, solvates or co-crystals, respectively. It is important to
note that there are two basic types of molecular recognition that
facilitate the formation of polymorphs, solvates and co-crystals.
Functional groups that are self-complementary are capable of
forming supramolecular homosynthons. For example, as revealed
by Scheme 1a, carboxylic acid moieties and amide moieties can

form homodimers via a two-point donor-acceptor molecular
recognition path. However, it is also possible for functional groups
to engage with a different but complementary functional group, as
noted by Pauling. Indeed, carboxylic acids and amides are
complementary with each other and can interact through formation
of a supramolecular heterosynthon (Scheme 1b). This particular
motif has been studied for some time in the context of co-
crystals.18

In this contribution we detail the current and potential impact of
crystal engineering on our understanding of polymorphs, solvates
and co-crystals with particular emphasis upon API’s. Carboxylic
acid and amide moieties are widely encountered in API’s and
studied in model compounds. They will therefore be used
extensively in this contribution even though it should be re-
membered that they represent just a microcosm of the functional
group diversity that exists in API’s.

2 Crystal engineering in the context of
polymorphs
“A solid crystalline phase of a given compound resulting from the
possibility of at least two different arrangements of the molecules
of that compound in the solid state” (W.C. McCrone in Physics and
Chemistry of the Organic Solid State, Vol II, Wiley Interscience,
New York, 725–726, 1965.)

McCrone’s definition of a polymorph as presented above is
particularly appropriate in the context of drugs, since the existence
of highly functional API’s invites multiple modes of self-
organization and amounts to promiscuity in self-assembly. It is this

feature and conformational flexibility that are the primary driving
forces for the existence of crystal polymorphism. It is therefore not
surprising that it is well and long documented that API’s can exist
in several polymorphic, solvated and/or hydrated forms.10,18 This
tendency for polymorphism represents both a problem and an
opportunity in pharmaceutical research. Lack of reliability of
manufacturing and physical (and sometimes chemical) instability
of a given polymorph can be an issue for a drug developer, while a
novel polymorph in the hands of a competitor can provide options
for generic pharmaceutical competition.

We shall focus upon polymorphism from a supramolecular
perspective with emphasis upon two functional groups that are
commonly encountered in API’s: carboxylic acids and amides.

2.1 Structures in which carboxylic acids are involved in
self-organization.

Carboxylic acid moieties represent perhaps the longest and most
widely studied functional group in terms of our understanding of
hydrogen bonding in both solution and the solid state.11 In the
context of crystal structures, carboxylic acids exhibit a remarkable
range of diversity in their supramolecular chemistry and this in turn
leads to observation of polymorphs in even the most simple of
chemical structures. There are two primary modes for carboxylic
acids to self-organize in the form of supramolecular homosynthons:
the dimer and the catemer. Such “supramolecular isomerism” is the
origin of polymorphism exhibited by the two polymorphs of
chloroacetic acid (Fig. 1). Fig. 1a illustrates the dimer motif which

occurs in one polymorph19 whereas Fig. 1b presents the second
form, in which a catemer supramolecular synthon results in the
formation of a tetrameric supramolecular assembly.20 It should be
noted that carboxylic acid polymorphs are not always a con-
sequence of isomerism in supramolecular homosynthons. For
example, they can result from factors such as different crystal
packing arrangements of dimer motifs or, if appropriate, torsional
flexibility, which can afford conformational polymorphism.21

Nevertheless, there are other simple carboxylic acids that exhibit
polymorphism because of dimer/catemer supramolecular isomer-
ism (e.g. hydroxybenzoic acid,22 oxalic acid23 and tetrolic
acid24).

The story does not end there: whereas there are over 4000 entries
in the Cambridge Structural Database25 (CSD) of crystal structures
in which at least one carboxylic acid moiety is present, 1179 exhibit
the dimer motif (29.4%) and only 86 exhibit the catemer motif
(2.1%). In other words, the formation of supramolecular homosyn-
thons is not the dominant supramolecular event in the solid state
even if it might be in solution. An analysis of the remaining
carboxylic acid containing crystal structures reveals that they
typically form supramolecular structures that involve a carboxylic
acid and a different functional group, i.e. they form supramolecular
heterosynthons. The ability of a molecule to engage in either
supramolecular homosynthons or supramolecular heterosynthons
represents another avenue for the existence of polymorphism.

Scheme 1 The formation of supramolecular synthons between acids and
amides: (a) supramolecular homosynthons as exhibited by acid–acid and
amide–amide dimers; (b) supramolecular heterosynthons as exhibited by
acid–amide dimers.

Fig. 1 The self-organization modes seen in the two reported polymorphs of
chloroacetic acid: (a) centrosymmetric dimer; (b) catemer motif, which
leads to a tetrameric assembly.
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Polymorphism in molecules which contain multiple functional
groups is exemplified by Fig. 2, which presents the monoclinic and

triclinic forms of 2-(2-methyl-3-chloroanilino)-nicotinic acid,26 a
molecule that exhibits analgesic and anti-inflammatory properties.
Fig. 2 reveals that 2-(2-methyl-3-chloroanilino)-nicotinic acid can
self-organize via either supramolecular homosynthons or supramo-
lecular heterosynthons: (a) generation of head-to-tail chains
sustained by a carboxylic acid–pyridine supramolecular heterosyn-
thon; (b) formation of centrosymmetric dimers sustained by the
carboxylic acid supramolecular homosynthon.

It is important to emphasize the distinction between supramo-
lecular homosynthons and supramolecular heterosynthons since the
latter represent a possible entry into the realm of multiple-
component crystals and a diverse range of compositions of matter
and physical properties. That carboxylic acids represent such a
large subset of the CSD makes it possible to ask an important
question: are supramolecular heterosynthons not just rational but
also predictable? In the context of the pyridine–carboxylic
supramolecular heterosynthon the CSD reveals that there are 424
compounds that contain both a carboxylic acid and an aromatic
nitrogen base. 198 of these compounds (46.7%) exhibit the
supramolecular heterosynthon rather than one of the carboxylic
acid supramolecular homosynthons (Scheme 2). When one con-
siders that many of the compounds in this dataset contain multiple
functional groups this is a remarkably high rate of occurence.

2.2 Structures in which primary amides are involved in
self-organization

Primary amides are also well represented in the CSD, with 1152
entries. The dominant supramolecular homosynthon is the cen-
trosymmetric dimer as presented in Scheme 1. This homosynthon
contains complementary hydrogen bond donors and acceptors and
is capable of further self-assembly, thereby generating supramo-
lecular tapes or sheets. Fig. 3a illustrates how chloroacetamide
forms a tape network based upon self-organization of homo-
dimers.27–30 Interestingly, chloroacetamide also exhibits polymor-
phism and for the same fundamental reason as chloroacetic acid: it
exhibits a catemer structure as well as a homodimer structure.31 The

polymorphic form of chloroacetamide that is the result of catemer
motifs is illustrated in Fig. 3b. It reveals that the superstructure is
also that of a tape. The two forms of chloroacetamide crystallize in
the same space group with almost identical cell parameters. This is
an extremely unusual situation and is presumably related to the fact
that the two tapes are similar in terms of dimensions and exterior
features.

Chloroacetic acid and chloroacetamide serve as illustrations of
how even small molecules with only one hydrogen bonding group
can generate polymorphs based upon supramolecular isomerism. A
similar analogy can be found in API’s that contain acid and amide
moieties. Piracetam, a learning process drug, is an amide-
containing API that exemplifies the type of polymorphism that
occurs when supramolecular isomerism occurs in supramolecular
homosynthons. There are three forms of Piracetam reported in the
CSD.32,33 Two of these forms exist as tapes that are sustained by the
amide homodimer and NH…ONC(carboxamide) hydrogen bonds
(Fig. 4a).32 The third form is sustained by catemer chains that are
crosslinked by N–H…ONC(carboxamide) hydrogen bonds (Fig.
4b).33 The superstructure can therefore be described as hydrogen
bonded sheets.

To summarize the points made thus far:
• Single component crystals that contain carboxylic acid or

amide moieties are prone to polymorphism even if only one
hydrogen bonding moiety is present and supramolecular homosyn-
thons are the primary molecular recognition events.

• In the case of API’s, the situation is further complicated by the
presence of additional hydrogen bonding moieties, which can lead
to the formation of supramolecular heterosynthons.

Fig. 2 The monoclinic (a) and triclinic (b) forms of 2-(2-methyl-
3-chloroanilino)-nicotinic acid, an analgesic/anti-inflammatory molecule.

Scheme 2 The homosynthon vs. heterosynthon motifs observed in crystal
structures of compounds in which both carboxylic acids and pyridine
moieties are present. The heterosynthon dominates, occurring in 119/245
crystal structures whereas the homosynthon occurs in only 10 crystal
structures.

Fig. 3 The self-organization modes seen in two polymorphs of chlor-
oacetamide: (a) centrosymmetric dimer that self-assembles as 1-D tapes; (b)
catemer motif, which also forms 1-D tapes.

Fig. 4 The network structures formed by Piracetam: (a) homodimers form
supramolecular tapes two forms; (b) 1-D chains sustained by the catemer
motif are found in the third form.
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• Carboxylic acid and amide groups were chosen as examples,
because they are prevalent in the CSD and in API’s. However, the
points made thus far can be regarded as being generally relevant.
For example, we recently reported34 how alcohol–ether heterosyn-
thons can afford polymorphic forms of butylated hydroxy anisole,
an antioxidant that is commonly used in solid dosage forms of
API’s.35,36 The difference between the two forms is striking: form
I exists as the result of 4-fold helical chains: form II contains
discrete hexamers.

How one might exploit supramolecular heterosynthons for the
crystal engineering of new compositions of matter will form the
basis of the remainder of this contribution.

3 Crystal engineering in the context of co-crystals
“Supramolecular synthons are structural units within super-
molecules that can be formed and/or assembled by known or
conceivable synthetic operations involving intermolecular inter-
actions”. (Gautam R. Desiraju Angew. Chem. Int. Ed. Engl., 34,
2311, 1995.)

How does one develop a strategy for the preparation of co-
crystals? Solvates are frequently encounted but are typically the
result of serendipity rather than design and are often found as by-
products of polymorph and salt screens. Co-crystals, on the other
hand, are less ubiquitous but are more prone to rational design. Co-
crystals have been prepared by melt-crystallization, by grinding37

and by recrystallization from solvents.14,15 Pharmaceutical co-
crystals have the potential to be much more useful in pharmaceuti-
cal products than solvates or hydrates. First, the number of
pharmaceutically acceptable solvents is very small. Secondly,
solvents tend to be more mobile and have higher vapour pressures
than small molecule co-crystal formers. It is not unusual to observe
dehydration/desolvation of hydrates/solvates in solid dosage forms,
depending on storage conditions. Solvent loss frequently leads to
amorphous compounds, which are generally less chemically stable
and can crystallize into less soluble forms. In contrast to solvents,
most co-crystal formers are unlikely to evaporate from solid dosage
forms, making phase separation less likely.

3.1 Co-crystals based upon acids or amides

As suggested earlier, an effective approach to understanding and
designing co-crystals is to apply the paradigm of supramolecular
synthesis, in particular exploitation of supramolecular heterosyn-
thons. The ubiquity of acids and amides in the CSD makes them
appropriate foci for design and synthesis. Indeed, the acid–amide
supramolecular heterosynthon illustrated in Scheme 1a has been
exploited by several groups for the generation of co-crystals18,38–41

and the CSD reveals that there are 118 crystal structures in which
both an acid and an amide moiety are present. Remarkably, 58 of
these structures exhibit the acid–amide supramolecular heterosyn-
thon whereas only 11 structures exhibit the acid homodimer and
only 28 exhibit the amide homodimer. Fig. 5 presents two

prototypal examples of co-crystals that are sustained by the acid–
amide supramolecular heterosynthon: succinic acid : benzamide18

and urea : glutaric acid.38 Acid–amide supramolecular heterosyn-
thons are not the only examples of robust heterosynthons that are

favored over the parent homosynthons. Acid–pyridine supramo-
lecular heterosynthons, a subset of the acid–aromatic amine set
described earlier, occur in 119 of the 245 crystal structures that
contain both functional groups. Remarkably, only 10 of these 245
structures contain acid–acid homosynthons (Scheme 2).

Representative examples of co-crystals that are sustained by the
pyridine–carboxylic acid supramolecular synthon are presented in
Fig. 6. Maleic acid : 4,4A-bipyridine forms a discrete 2:1 adduct42

whereas fumaric acid : 4,4A-bipyridine forms in 1:1 stoichiometry
and thereby generates a 1-D chain.42

3.2 Functional co-crystals

Examples of co-crystals have existed in conductive organic
crystals, non-linear optical crystals, dyes, pigments and agrochem-
icals for some time43 but have only recently been applied to API’s.
Several recent papers emphasize the importance of understanding
supramolecular heterosynthons in the synthesis of pharmaceutical
co-crystals. For example, the ability to insert 4,4A-bipyridine and
related molecules between the carboxylic acid dimers of aspirin,
rac-ibuprofen, and rac-flurbiprofen was recently reported.6 Fig. 7
illustrates two of these structures, which further demonstrate the
ability of the pyridine–carboxylic acid heterosynthon to compete
with a carboxylic acid dimer homosynthon (Scheme 2).

A second study focused on finding multiple solvates and co-
crystals of carbamazepine.5 Carbamazepine represents an excellent
test case since four polymorphs and two solvates of carbamazepine
have been reported in the literature. In all of the compounds for
which structural data is available, carbamazepine molecules
crystallize as amide dimers (Fig. 8). The crystal structures illustrate
that each dimer contains a peripheral H-bond donor and acceptor
pair that is unsatisfied due to geometric constraints imposed by the
drug molecule. Simple H-bond acceptor solvents like acetone and
DMSO insert themselves to fill voids between the adjacent pairs of
dimers. Multiple co-crystal formers having hydrogen bonding

Fig. 5 Two examples of co-crystals that are sustained by the acid–amide
supramolecular heterosynthon: (a) succinic acid : benzamide (1:2); (b) urea
: glutaric acid (1:1).

Fig. 6 Two examples of co-crystal structures formed by the acid–pyridine
supramolecular heterosynthon: (a) maleic acid: 4,4A-bipyridine; (b) fumaric
acid : 4,4A-bipyridine.

Fig. 7 The 2:1 supramolecular adducts formed by flurbiprofen and 4,4A-
bipyridine (top) and 4,4A-dipyridylethane (bottom). Similar structures occur
for ibuprofen and aspirin.
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groups likewise insert themselves into the void, including saccharin
and nicotinamide. The amide homosynthon can also be broken to
form heterosynthon Ib. This was achieved to form solvates with
acetic, formic, and butyric acids and co-crystals with trimesic and
nitroisophthalic acid. The crystal structures of the carbamazepine :
saccharin co-crystal and the formic acid solvate are illustrated in
Fig. 9.

A study of adducts of acetaminophen (paracetamol) with ethers
and amines provides additional examples of supramolecular
synthons for co-crystal formation (Scheme 3).9 While supramo-

lecular homosynthon IIIa could have formed, both known forms of
the pure material consist of linear head-to-tail chains held together
through motif IIIb; the chains are cross-linked through synthon
IIIc. The linear chain structure is preserved in co-crystals with 4,4A-
bipyridine, but the cross-linking interaction IIIc is replaced by IIId,
in which the 4,4A-bipyridine is hydrogen bonded to the amide
hydrogen. The chains remain cross-linked but only through pi-
stacking interactions between 4,4A-bipyridine pairs on neighboring

chains. In co-crystals with piperazine, the acetaminophen forms
head-to-head chains through IIIe. Each chain is joined to the next
through a layer of piperazine molecules that interact through
heterosynthons IIIf and IIIg. The paper also includes many
solvates that will not be reviewed here, but their supramolecular
synthons should also be applicable in the context of co-crystal
design and formation.

The analysis of molecules for complementarity of supramo-
lecular synthons represents a valuable approach to screening that a
knowledgeable scientist can exploit to narrow the search for co-
crystals. However, an early study of 1:1 molecular complexes
between the antibacterial agents trimethoprim (TMP) and sulfame-
thoxypyridazine (SMP) highlights the need to explore the space
beyond those leading to expected interactions.44 Each complex
contains an 8-membered, hydrogen-bonded ring joining the two
molecules as shown in Fig. 10. The specific ring structures formed

are not those that might have been predicted by inspection of the
structures of the neutral molecules. Instead, the synthons are
derived from the 2-aminopyridine of TMP and the zwitterionic
form of SMP involving the sulfonamide (pKa ~ 7) and pyridazine
(pKa ~ 2). The zwitterion is a thermodynamically unfavorable
form of SMP in aqueous solution. This example of assembly
through an unstable intermediate underscores the limitation of the
approach of analyzing co-crystal formation solely on the basis of
pKa arguments. A more comprehensive approach is needed. HT
crystallization offers the possibility to uncover unexpected inter-
actions by screening against a full library of pharmaceutically
acceptable molecules instead of limiting the studies to co-crystal
formers with perceived complementarity.

The more comprehensive approach to study expected and
unexpected co-crystal formation events is high-throughput (HT)
crystallization. The discovery of pharmaceutically acceptable co-
crystals consisting of hydrogen-bonded trimers of two molecules of
cis-itraconazole, a triazole anti-fungal agent, and a molecule of a
1,4-dicarboxylic acid resulting from a HT crystallization screen
was recently reported.8 The crystal structure of the succinic acid co-
crystal (Fig. 11) reveals a supramolecular heterosynthon between
the triazole of each pair of drug molecule and carboxylic acid
moieties on a single diacid molecule. The extended succinic acid
molecule fills a pocket, while bridging the triazole groups. The
interaction between the 1,4-diacid and the strongest base on
itraconazole (piperazine) is not observed in the co-crystal structure.
Other 1,4-diacids capable of extended (anti-) conformations also
yielded co-crystals with itraconazole, while co-crystals could not
be made from maleic acid with Z-regiochemistry, or from 1,3- or
1,5-dicarboxylic acids. Hence, structural fit appears to be far more
important than acid–base strength complementarity for co-crystal-
lization of itraconazole with 1,4-dicarboxylic acids.

The structures presented herein demonstrate that pharmaceutical
co-crystals represent an interesting and emerging class of pharma-

Fig. 8 The carbamazepine dimers that exist in all previously reported
solvates and polymorphs of carbamazepine.

Fig. 9 Examples of the supramolecular adducts formed in the crystal
structures of co-crystals and solvates of carbamazepine: (a) saccharin co-
crystal; (b) carbamazepine:formic acid solvate.

Scheme 3 The supramolecular synthons observed in co-crystals of
acetaminophen (paracetamol): IIIa–c occur in polymorphs whereas IIId
and IIIe occur in co-crystals.

Fig. 10 The 8-membered hydrogen-bonded ring that links antibacterial
agents trimethoprim (TMP) and sulfamethoxypyridazine (SMP).
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ceutical materials in terms of rational design, projected diversity
and applicability. Furthermore, the study of pharmaceutical co-
crystals, along with polymorphs, solvates, salts and hydrates, is
perfectly suited to HT crystallization experimentation and could in
the future be considered an integral part of form selection processes
in pharmaceutical research and development.

4 Conclusions and future directions
“What would the properties of materials be if we could really
arrange the atoms the way we want them?…we will get an
enormously greater range of possible properties that substances can
have, and of different things that we can do.” (Richard P. Feynman,
December 29, 1959).

In the world of pharmaceuticals, the opportunity presented by co-
crystals appears to be significant. Published examples of pharma-
ceutical co-crystals are few as yet, but we now believe the approach
can be applied broadly to API’s. The design and selection of
optimal pharmaceutical materials based on supramolecular synthe-
sis is a relatively low-risk strategy, because the approach employs
principles of molecular recognition and self-assembly rather than
creating covalent bonds. Therefore, there are no covalent modifica-
tions of the API in question. Nevertheless, some big questions
remain:

4.1 How large is the space of pharmaceutical co-crystals?

Compared with the space of salt forms, solvates and polymorphs,
how large is the space of pharmaceutical co-crystals? Polymor-
phism tendency of pharmaceutical substances varies greatly, but
the general observation is that most compounds are at some time or
another going to display polymorphic behavior. Typically, the
extent of polymorphism of pharmaceuticals is limited to a handful
of different crystal forms. A recent review classifies highly
polymorphic materials as having 4 or more forms.45 Solvates
(including hydrates) can be more numerous, and in certain cases
very large numbers of solvates can be observed. Indeed, one study
suggests that sulfathiazole is inordinately promiscuous in terms of
solvate formation, with over one hundred solvates found.46 Salt
forms can be numerous as well, with over 90 acids and 30 bases
being considered suitable for pharmaceutical salt selection.47

Examples of compounds possessing a dozen or more crystalline salt
forms have been published.48,49 It is important to remember that salt
formation is generally directed at one acidic or basic functional
group. In contrast, co-crystals can simultaneously address multiple
functional groups (synthons) in a single drug molecule. In addition,
the space is not limited to binary combinations (such as acid–base
pairs) since tertiary and quaternary co-crystals are realistic
possibilities. Co-crystal formers for pharmaceutical use remain to
be enumerated fully, but we argue that well over a hundred solid
materials with GRAS status (including food additives and other
well-accepted substances) can be employed. Even more provoca-
tively, one might consider using sub-therapeutic amounts of
eminently safe drug substances, such as aspirin and acetaminophen,
as legitimate co-crystal formers, thus expanding the arsenal even
further. Taken together with the high dimensionality and resulting
combinatorial nature of supramolecular assembly, the space of

pharmaceutical co-crystals would appear to be extremely large: one
can easily envision thousands of possibilities for any given drug
with at least two synthons present in the molecule. Such diversity
will probably be best addressed with combinatorial methodologies,
such as high-throughput crystallization.

4.2 Can there be rational, directed design of
pharmaceutical co-crystal phases?

This is another question which relates to the prospect for design.
Crystal structures are inherently unpredictable, but the interactions
that occur prior to a crystal forming or growing are predictable. An
analogy can be drawn to salt selection,47,50 in which pKa arguments
are used to select acid–base pairs that can be converted to salt
compounds. The prediction of the proton transfer event is based on
solution data, but the occurrence of a crystalline salt form cannot be
predicted a priori. Based on the examples of rational synthon
selection presented here, it follows that strategies of rational design
of co-crystal experimentation are viable.

4.3 Are pharmaceutical co-crystals more or less prone to
polymorphism than other pharmaceutical phases?

This question will not have a direct answer, because to prove the
absence of polymorphism is tantamount to “proving the negative”.
But if one considers the argument that compounds have a lower
degree of self-complementarity than complementarity to a ration-
ally selected co-crystal former, one might suspect that a compound
polymorphic in the pure state could display a decreased tendency to
polymorphism as a co-crystal relative to the pure phase. Support for
or defeat of this argument will involve significant research. Initial
indications are that polymorphic substances may provide good
candidates for co-crystal formation.39a As an example, carbamaze-
pine can exist as four well characterized polymorphs51 and a
dihydrate.52 This drug was recently converted to many co-crystals.5

In terms of assessing polymorphism, one co-crystal of carbamaze-
pine and saccharin has only displayed one packing arrangement,
despite testing via HT crystallization in over 2000 experiments.53 In
contrast, two co-crystal structures of a N,NA-bis(para-bromophe-
nyl)melamine-diethylbarbital demonstrate how a specific hetero-
synthon between the two molecules is robust, but packing of the
tapes into a crystalline arrangement can lead to two discrete
polymorphs.54 Hence, there may be opportunity to reduce the
practical extent of polymorphism of drug compounds specifically
by co-crystal formation although there may be exceptions.

4.4 What opportunities exist for tuning physico-chemical
properties by pharmaceutical co-crystal formation?

This is perhaps the most important question, because it is after all
the complex interplay of form, function and performance attributes
that determine success (or failure) of a particular pharmaceutical
formulation.55 Issues ranging from poor solubility and inadequate
dissolution properties to lack of crystallinity and attendant
instability plague the industry.56 Poor aqueous solubility is a
growing problem in the industry and it is having an impact on the
productivity of drug research. The solubility issue hampers pre-
clinical study of a new drug candidate, and can limit dosing and
bioavailability. New strategies to deal with these problems are
badly needed. Why are API’s increasingly found to be of low
solublility? There are varying ways to speculate around this
question, but some would point to the methodologies that are now
employed to discover pharmacologically active compounds. In

Fig. 11 The 2:1 supramolecular adduct formed by itraconazole and succinic
acid.
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vitro assays have largely replaced in vivo animal screens as means
to discover active compounds. The challenge of drug delivery is not
addressed until there is a real desire to advance a compound into the
development process. In addition, combinatorial chemistry and
application of genomics have generated molecular targets for which
the most potent lead compounds are inherently poorly soluble.
Attempts to engineer compounds via medicinal chemistry avenues
often lead to frustration, as the in vitro activity is frequently lost
with increased water solubility. In the end, a discovery project may
end up advancing a compound for which the stable crystal form
exhibits inadequate aqueous solubility or dissolution rate that leads
to poor oral absorption or inability to deliver by other routes (e.g.
injection or inhalation). The most common strategy currently
employed for improving bioavailability and optimizing drug
delivery is to prepare salt forms of ionizable compounds, using
pharmaceutically acceptable acids and bases. However, in the case
of compounds that cannot form stable salts in aqueous medium,
pharmaceutical scientists are left with few good options for material
design, and must resort to particle size reduction to the nanometer
range, deliberate amorphization, or solubilization in non-aqueous
vehicles. These processes lead to formulations that have more
physico-chemical problems than crystalline preparation.55

In terms of addressing the stability issue, one of the most
important challenges presently is crystallization of compounds that
are amorphous. In general, amorphs are undesirable forms due to
physical instability (at the very least, there is the theoretical
possibility of the material crystallizing at some point). Chemical
reactivity can be significantly increased in amorphous states
relative to crystalline forms.57 In addition, amorphous forms tend to
be hygroscopic and have low powder densities, giving rise to
significant processing challenges. One reason for the resistance to
crystallization is undoubtedly the mismatch that can occur in the
number of hydrogen bond donors and acceptors in a molecule. In
such cases, a solvate (or series of solvates) that leads to more
satisfied hydrogen bond arrangements may be produced, while the
pure, desolvated substance remains amorphous. An example of this
situation is the HCl salt of the ACE inhibitor quinapril HCl.57b The
opportunity exists to use co-crystallization to replace the solvate,
while taking advantage of the supramolecular synthons that are
suggested by the solvate structures. Given a co-crystal form thus
obtained, one can expect the crystallinity of the material to result in
greater stability and other desirable properties as compared with the
amorphous form. In terms of solubility, amorphous compounds can
have significant advantage over crystalline forms.58,59 Though this
advantage could find use in isolated cases, the lack of a crystalline
form and concern over phase changes make the use of amorphous
drugs in market formulations undesirable. When a crystalline form
of a pure phase exhibits poor solubility or slow dissolution rate in
aqueous media that translates to inadequate bioperformance, the
strategies of salt selection and co-crystal formation should be
considered. While salts can be made of acidic and basic drugs, the
large space of non-ionizable compounds are generally candidates
for co-crystal exploration. The in vitro dissolution profile of
carbamazepine-saccharin co-crystal60 illustrates the superior dis-
solution of the drug molecule in that context as compared with one
of the pure anhydrous polymorphs. While the polymorph tran-
siently supersaturates in the aqueous medium and subsequently
precipitates to eventually form the known dihydrate, the co-crystal
supersaturates to a sustained two-fold equilibrium solubility of the
dihydrate. Such supersaturation behavior has been found to
influence the bioavailability of carbamazepine.61 While equilib-
rium solubility of drug compounds in co-crystals may be less
affected than in the context of salt forms, the kinetic aspects of
solubilization provide the key to many successful formulation
strategies, such as oral immediate or controlled release. Co-crystals
clearly open up a vast space of possibilities for exploring the range
of dissolution characteristics, and facilitate co-optimization with
other parameters, such as stability and processability.

To summarize, despite the need for a greater understanding and
control of the crystalline phases for pharmaceutical development,
the concepts of supramolecular synthesis and crystal engineering
have remained underexploited in the world of drugs. As presented
herein, applying the concept of supramolecular synthesis to the
development of pharmaceutical co-crystals would seem to repre-
sent a new paradigm that would address both intellectual and
property issues related to drug development and delivery, espe-
cially when supramolecular synthesis is coupled with HT screening
technologies.
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The carboxylic acid–primary amide supramolecular hetero-

synthon is exploited for the generation of pharmaceutical

co-crystals that contain two active pharmaceutical ingredients

that are polymorphic in their pure forms.

That crystal engineering has matured into a form of supramole-

cular synthesis is the consequence of several decades of research

focused upon gaining a better understanding of the forces that

sustain and direct crystal structures.1 The fundamental precept of

crystal engineering is that crystals are in effect ‘‘supermolecules’’,2

the result of a series of directional, and therefore predictable,

molecular recognition events or supramolecular synthons.3 A

salient feature of crystal engineered structures is that they are

designed from first principles and can therefore consist of a diverse

range of chemical components as exemplified by coordination

polymers (i.e., metals and organic ligands),4 polymers sustained

by organometallic linkages5 and hydrogen bonded organic

networks.1d,e,6 Active pharmaceutical ingredients, APIs, are

extremely valuable materials so it is perhaps surprising that crystal

engineering has only recently addressed APIs via development of a

fourth class of API, pharmaceutical co-crystals.7 Whereas co-

crystals have long been known as addition compounds8 or organic

molecular compounds9 the Cambridge Structural Database, CSD,10

indicates that they remain relatively unexplored with very few

entries prior to 1960 and even now there are only ca. 1450 hydro-

gen bonded co-crystals vs. almost 35,000 hydrates. The potential

benefits of co-crystals include the generation of novel NLO

materials,11 solvent-free organic synthesis,12 modification of

photographic films13 and formulation of APIs,7,14 which is the

focus of this contribution.

Pharmaceutical co-crystals, i.e., co-crystals that are formed

between an API and a co-crystal former that is a solid under

ambient conditions, represent a new paradigm in API formulation

that might address important intellectual and physical property

issues in the context of drug development and delivery. In this

contribution we demonstrate how the carboxylic acid–primary

amide supramolecular heterosynthon7c can be exploited to generate

pharmaceutical co-crystals of a polymorphic API, piracetam, 1,15

in which the co-crystal formers are also polymorphic and APIs in

their own right: gentisic acid, 2,16 and p-hydroxybenzoic acid, 3.17

Piracetam, (2-oxo-1-pyrrolidinyl)acetamide, 1, is a nootropic

drug that works to boost intelligence by stimulating the central

nervous system.18 Four polymorphic forms of 1 have been

reported15 although only three, refcode BISMEV, have been

deposited in the CSD. No co-crystals, solvates or hydrates have

been reported although one study suggests that 1 may exhibit as

many as 6 polymorphs.19 Gentisic acid, 2,5-dihydroxybenzoic acid,

2, is an aspirin metabolite that exhibits NSAID activity.20 Gentisic

acid exhibits two polymorphic forms21 and forms co-crystals with

piperazine-2,5-dione and L-proline.22 Single crystals of the 1:1

co-crystal of piracetam and gentisic acid, 4, were obtained via slow

evaporation from acetonitrile. Co-crystal 4 can also be prepared

via grinding or slurrying in water. Co-crystal 4 was characterized

by IR, melting point, DSC, PXRD and single crystal X-ray

diffraction.23 The carboxylic acid–amide supramolecular hetero-

synthon has been long documented24 and 71 of the 153 structures

in the CSD that contain both a carboxylic acid and a primary

amide are sustained by this interaction. It would therefore be

unsurprising if the acid–amide supramolecular heterosynthon

were to occur in 4 and, as revealed by Fig. 1a, this is indeed the

case. The remaining H-bond donors are satisfied as follows:

the 2-hydroxy group of gentisic acid forms an intramolecular

hydrogen bond and acts an acceptor to the anti-oriented NH of

the primary amide; the 5-hydroxy group of gentisic acid serves as a

hydrogen bond donor to the ring carbonyl of piracetam (Fig. 1b).

The resulting network exhibits 4,4-topology and it is 2-fold

interpenetrated (Fig. 1c).

Piracetam also forms a 1:1 co-crystal with p-hydroxybenzoic

acid, 5. Co-crystal 5 can be crystallized from acetonitrile via slow

evaporation. Co-crystal 5 can also be prepared via grinding or

slurrying in water. The crystal structure of 525 reveals the presence

of the acid–amide supramolecular heterosynthon which in turn

dimerizes to form a tetrameric motif sustained by N–H…O

hydrogen bonding (Fig. 2). This tetrameric motif is found in 10

(14%) of the 71 structures in the CSD that contain acid–amide

supramolecular heterosynthons.26 The ring carbonyl of piracetam

molecules and the hydroxy group of 3 H-bond each tetramer to

four others, thereby affording a 3-fold interpenetrated network.

aDepartment of Chemistry, University of South Florida, SCA 400, 4202
E. Fowler Avenue, Tampa, Florida, USA. E-mail: xtal@usf.edu;
Fax: +1 813 974 3203; Tel: +1 813 974 4129
bTransForm Pharmaceuticals, Inc., 29 Hartwell Avenue, Lexington,
Massachusetts, 02421, USA
{ Electronic supplementary information (ESI) available: Experimental
details of solvent drop grinding, PXRD spectra and interpenetration in 5.
See http://dx.doi.org/10.1039/b501304f

COMMUNICATION www.rsc.org/chemcomm | ChemComm

This journal is � The Royal Society of Chemistry 2005 Chem. Commun., 2005, 4601–4603 | 4601

D
ow

nl
oa

de
d 

by
 C

al
if

or
ni

a 
St

at
e 

U
ni

ve
rs

ity
 a

t F
re

sn
o 

on
 2

2 
N

ov
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
5 

A
ug

us
t 2

00
5 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
50

13
04

F
View Article Online / Journal Homepage / Table of Contents for this issue

Page 239

http://dx.doi.org/10.1039/b501304f
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC005036
rahul
Typewritten text
EXHIBIT - VI



That APIs are promiscuous in the context of polymorphism is a

critical issue for the pharmaceutical industry:27 from a regulatory

perspective it has been established that bioactivity can change

between forms; from an intellectual property perspective, poly-

morphic forms are established in law as discrete materials and new

forms can be patented. We have therefore investigated the general

occurrence of polymorphism in existing co-crystals. A CSD search

revealed only eleven examples of polymorphism in hydrogen

bonded co-crystals for which coordinates are available for two or

more forms.28 Interestingly, the polymorphism in these eleven co-

crystals can be attributed to conformational flexibility or different

packing between layers, i.e., the hydrogen bonded supramolecular

synthons are consistent. Co-crystals 4 and 5 were therefore screened

for the existence of polymorphs using solvent-drop grinding, a

technique that has been shown to be able to generate and control

polymorphism.29 Mechanical grinding experiments were con-

ducted in reaction vessels by adding gentisic acid or p-hydroxy-

benzoic acid to solid piracetam form A. A group of 23 solvents

(water, acetone, methanol, ethanol, ethyl acetate, n-hexane, toluene,

acetonitrile, tetrahydrofuran, isopropyl acetate, benzyl alcohol,

nitromethane, dimethyl amine, 2-butanol, ethyl formate, acetic

acid, methyl ethyl ketone, methyl tert-butyl ether, chlorobenzene,

N-methyl pyrrolidone, 1,2-dichloroethane, dimethyl sulfoxide and

dimethoxyethane) was evaluated by adding a different solvent to

each well. The samples were ground for 20 minutes and charac-

terized using powder X-ray diffraction. Co-crystals 4 and 5 were

also obtained by slurrying 0.62 mmol of piracetam and 0.62 mmol

of gentisic acid or p-hydroxybenzoic acid in water (100mL) for 60

or 16 hours, respectively. Co-crystals 4 or 5 were obtained from all

grinding and slurrying reactions as a mixture with one or both of

the starting materials, i.e., co-crystals 4 and 5 do not exhibit poly-

morphism based on a series of solvent-mediated grinding experi-

ments (See ESI for experimental details and PXRD spectra{).

In summary, we address herein the use of supramolecular

heterosynthons, in particular the carboxylic acid–primary amide

Fig. 1 (a) The carboxylic acid–amide supramolecular heterosynthon in

the 1:1 co-crystal of piracetam and gentisic acid, 4. Structural parameters:

O–Hacid
…O 5 2.590(15) Å, N–Hsyn

…O 5 2.907(18) Å, N–Hanti
…O 5

2.944(19) Å. (b) A portion of the hydrogen bond network in 4. (c) A space-

filling model of the 2-fold interpenetration that occurs in 4.

Fig. 2 (a) The carboxylic acid–amide supramolecular heterosynthon in

the tetrameric motif that sustains 5. Structural parameters: O–Hacid
…O 5

2.598(3)Å, N–Hsyn
…O 5 2.955(3) Å, N–Hanti

…O 5 2.908(3) Å. (b) A

portion of the hydrogen bond network in 5.

4602 | Chem. Commun., 2005, 4601–4603 This journal is � The Royal Society of Chemistry 2005
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dimer, to crystal engineer pharmaceutical co-crystals from pairs of

APIs that are polymorphic in their pure forms. An analysis of the

CSD and evaluation of new pharmaceutical co-crystals suggests

that these co-crystals are robust enough to be prepared via

solution, slurry or solid-state methods and that they appear to be

less prone to polymorphism than the corresponding single

component APIs. However, it should be stressed that the amount

of data available concerning the extent of polymorphism in

co-crystals remains minimal and that one will not be able to make

definitive conclusions even if exhaustive high throughput screen-

ings are conducted.
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{ See http://dx.doi.org/10.1039/b501304f for crystallographic data in CIF
or other electronic format.
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