
AFFIDAVIT OF JERRY L. ATWOOD, Ph.D. 

I, the undersigned, Jerry L. Atwood, US Passport No. 028224440 with a business address 

of Department of Chemistry, 601 S. College Avenue, University of Missouri-Columbia, 

Columbia, MO 65211, after having been warned that I must state the truth and if I fail to 

do so I will be liable to penalties prescribed by law, hereby declare in writing as follows: 

1. I reside at 5704 Short Line Dr., Columbia, Missouri 65203. I hold a B.S. degree in 

Chemistry and Mathematics from Southwest Missouri State University (1964) and a 

Ph.D. in Chemistry from the University of Illinois (1968). 

2. Since 1994, I have been employed as Professor and Chairman of the Department of 

Chemistry at the University of Missouri-Columbia. From 1968 to 1994, I was 

employed by the University of Alabama, where I successively held the titles of 

Assistant Professor, Associate Professor, Professor, and University Research Professor. 

In 1999 I became Curators’ Professor at the University of Missouri-Columbia. 

3. From 1985 to 1998, I was Editor of the Journal of Chemical Crystallography. In 1999 I 

was named Consulting Editor for the Journal of Chemical Crystallography. I edited the 

Journal of Supramolecular Chemistry from 2000 to 2003, and I was Associate Editor 

of Chemical Communications from 1996 to 2005. From 1992 until 2000, I was Editor 

of Supramolecular Chemistry. From 1985 to 1993, I was Regional Editor for the 

Journal of Coordination Chemistry. I have been Co-Editor-in-Chief of the New Journal 

of Chemistry since 2005. I am Co-Editor of the Inclusion Compounds book series (five 

volumes), Comprehensive Supramolecular Chemistry (ten volumes), and the 

Encyclopedia of Supramolecular Chemistry (2 volumes). I currently serve on the 

Editorial Boards of Crystal Growth & Design, Crystal Engineering, the Journal of 

Coordination Chemistry, the New Journal of Chemistry, and Supramolecular 

Chemistry. I have published more than 650 articles in refereed journals. I have authored 

twelve patents. I have taught more than 10,000 students in undergraduate University 

chemistry courses and I have taught and supervised graduate students (at both the 
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Masters and Ph.D. level) with a primary emphasis on organic synthesis and 

crystallization. I am an expert in the fields of organic and inorganic chemistry and 

crystal growth and engineering. Over the years, I have consulted numerous innovative 

and generic pharmaceutical companies with regard to issues pertaining to synthesis, 

processes and pre-formulation including crystallization, salt formation and 

polymorphism. I have consulted widely for industry, particularly in the fields of 

pharmaceutical chemistry and polymer chemistry. A copy of my curriculum vitae is 

attached hereto as Appendix "A".  

4. I was requested by Applicant to review Prof. Serajuddin's declaration and IL 172,563 

and respond to Prof. Serajuddin's assertions relating to the formation of phosphoric acid 

salts of 4-oxo-4-[3-(trifluoromethyl)-5,6-dihydro[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-

yl]-1-(2,4,5-trifluorophenyl)butan-2-amine (sitagliptin).  

5. Prof. Serajuddin essentially argues that a skilled person would have expected that the 

only possible stable phosphoric acid salt form of sitagliptin would be the 

dihydrogenphosphate salt and that other phosphoric acid salt forms of sitagliptin are not 

chemically feasible. Briefly, Prof. Serajuddin argues that the pKa difference between 

phosphoric acid and sitagliptin is not sufficient to allow a stable phosphoric acid salt 

other than the dihydrogenphosphate salt.  

6. As detailed below, Prof. Serajuddin's assertions are without any scientific merit and 

contradict first principles of chemistry. Prof. Serajuddin's assertions are also 

inconsistent with his own publications. As I elaborate below, there is every expectation 

that sitagliptin can form various phosphoric acid salts. Moreover, had Prof. Serajuddin 

carried out some experiments, he would have immediately found out that his entire 

assertions fly in the face of reality. 

Phosphoric acids  

7. Phosphoric acid (H3PO4) is a triprotic compound, i.e. it has three acidic protons which 

can be donated to an appropriate base to form salts. Therefore, phosphoric acid has the 
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potential for forming the dihydrogenphosphate salt (H2PO4
-
), the 

monohydrogenphosphate salt (HPO4
-2

) and the phosphate salt (PO4
-3

). For instance, the 

known stable ammonium phosphates are (NH4)H2PO4 (ammonium acid 

dihydrogenphosphate; CAS 7722-76-1), (NH4)2HPO4 (diammonium acid phosphate; 

CAS 7783-28-0) and (NH4)3PO4 (triammonium phosphate; CAS 10361-65-6). As 

phosphoric acid has three donatable protons, it is sometimes used with another cation 

such as potassium, sodium or ammonium. All these phosphoric acids are well known 

stable commercial products. 

Sitagliptin base molecule and simple acid-base chemistry 

8. The chemical structure of sitagliptin is as follows: 

 

  As can be readily observed, sitagliptin has several potential sites for protonation which 

can accept a proton from the acid.           

9. The reaction of phosphoric acids with a base with multiple protonation sites such as 

sitagliptin is expected to result in various salts of different combinations, including 

differing stoichiometries. This is simple acid base chemistry. 

pKa differences 

10. As noted above, Prof. Serajuddin argues that the pKa difference between sitagliptin and 

phosphoric acid (H3PO4) does not allow the formation of any salt form other than the 

dihydrogenphosphate salt.  
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11. pKa is the negative log of the ionization constant for an acid or a base in aqueous 

solution. It is used as a measurement of the strength of the base or the acid in an 

aqueous medium (McMurry, pp. 52-53, Appendix "B").  

12. The first pKa value of phosphoric acid is 2.12; the second is 7.21 and the third is 12.67. 

The pKa value of sitagliptin, as reported by Applicant during prosecution of IL 

172,563, is 7.7. According to Prof. Serajuddin, in order to obtain a stable salt of a basic 

drug, "the pKa of the acid used should be at least 2-3 units below that of the drug". 

Therefore, Prof. Serajuddin concludes that phosphoric acid and sitagliptin can form a 

dihydrogenphosphate salt because the pKa difference between the first pKa of 

phosphoric acid (2.12) and sitagliptin (7.7) is above 3 units. However, the 

monohydrogenphosphate salt of sitagliptin cannot be formed because the pKa 

difference between the second pKa of phosphoric acid (7.21) and sitagliptin (7.7) is 

only 0.5. 

13. As detailed below, Prof. Serajuddin's arguments are incorrect speculations. 

pKa values in water are different from pKa values in other solvent systems    

14. Prof. Serajuddin's starting point is totally flawed. He bases his entire argument on the 

pKa values of phosphoric acid and of sitagliptin in aqueous medium. These pKa values 

are an indication of ionization in water. However, salts are commonly formed in non-

aqueous solutions. The pKa values in water are not a measure of the acid and base 

strength in a non-aqueous medium or in mixed organic–aqueous solvent systems and 

can vary significantly (F.G. Bordwell, "Equilibrium Acidities in Dimethyl Sulfoxide 

Solution", Acc. Chem. Res. 21 (1988), 456-463, Appendix "C"). The difference in pKa 

value of the same compound in aqueous medium vs. organic medium can be in many 

orders of magnitude.  

15. For instance, A. Bhattacharyya et al., "Conductometric Studies on the Dissociation 

Constants of Phosphoric Acid in Methanol-Water Mixture", Electrochimica Acta 25 

(1980), 559-561 (Appendix "D") teaches that in solutions of water and methanol in 
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varying concentrations the first pKa value of phosphoric acid can vary from 2.1 to 4.9. 

Similarly, H. Yüksek et al., "Synthesis and Determination of pKa Values of Some New 

3,4-Disubstituted-4,5-Dihydro-1H-1,2,4-triazol-5-one Derivatives in Non-aqueous 

Solvents", Molecules 9 (2004), 232-240 (Appendix "E") also teaches that different 

medium can substantially impact the pKa value.  

16. Therefore, even if Prof. Serajuddin's argument had any substance at all, it would have 

been relevant to the prediction of the making of sitagliptin phosphate salt only in water. 

It is not predictive for other commonly used solvents or solvent systems which are 

routinely used for salt formation. This is basic chemistry. It is also acknowledged by 

Prof. Serajuddin on page 159 of Handbook of Pharmaceutical Salts (Appendix 5 to 

Prof. Serajuddin's declaration). I am therefore surprised that Prof. Serajuddin did not 

mention this fact in his declaration.  

pKa of sitagliptin was not known at the priority date of IL 172,563  

17. It is my understanding that the pKa of sitagliptin was not known at the priority date of 

IL 172,563. Prof. Serajuddin also mentions that he relies on the pKa value of sitagliptin 

as reported by Applicant during prosecution of IL 172,563, well after the priority date 

of the application. Without the pKa value of sitagliptin, Prof. Serajuddin's arguments 

collapse as the skilled artisan had no reference value for sitagliptin.  

18. Moreover, calculation or measurement of pKa value is an intricate exercise for a 

molecule of the chemical complexity of sitagliptin. Not only is the measurement itself 

difficult, but the stability of the molecule must also be ascertained throughout the entire 

measurement in which the molecule is exposed to highly acidic conditions. This is 

particularly so for a sensitive compound such as the free base of sitagliptin. The 

multiple ionization sites further add to the complexity of the exercise.  

19. The pKa value of sitagliptin is the key data of Prof. Serajuddin's analysis. As indicated, 

the data were only known to Applicant and were not available at the priority date to the 

skilled person. Hence, in order to challenge the validity of the application, Prof. 
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Serajuddin relies on data that only became available much later than the priority date. 

This is pure hindsight.    

Prof. Serajuddin ignores that sitagliptin has numerous protonation sites   

20. Prof. Serajuddin discusses and dismisses the possibility of a phosphoric acid salt with 

more than one substrate base of sitagliptin. He however disregards the possibility that 

more than one site of the sitagliptin molecule will be protonated, thus forming a salt of 

sitagliptin cation with two or more dihydrogenphosphate anions (i.e. instead of a salt 

consisting of 1 phosphoric acid with 1, 2 or 3 molecules of base, a salt consisting of 1 

molecule of base with 2 or more phosphoric acid molecules). According to Prof. 

Serajuddin's arguments, in order to predict whether or not such salts can be formed, one 

needs to know all the pKa values of sitagliptin and not only the first pKa. These pKa 

values were not known at the priority date of the application. I am not aware that they 

have been reported even today. Hence, the lack of pKa information for sitagliptin 

renders Prof. Serajuddin's analysis useless.  

Salt formation is a trial and error endeavor   

21. In any event, Prof. Serajuddin grossly exaggerates the significance of the ∆pKa 

between conjugate base and acid. This is not a scientific principle as Prof. Serajuddin 

seems to incorrectly imply. Even Prof. Serajuddin himself stated in his publications 

that, in any case, notwithstanding the pKa differences, the reality of salt formation 

remains "a trial and error endeavor" (C.G. Smith et al., The Process of New Drug 

Discovery and Development (editors), 2006, at p. 26, Appendix "F"). Moreover, in 

section 2.1 of Handbook of Pharmaceutical Salts on "feasibility assessment for salt 

formation" (Appendix 4 to Prof. Serajuddin's declaration), Prof. Serajuddin states that 

"no predictive procedure to determine whether a particular acidic or basic drug would 

form a salt with a particular counter-ion has been reported in the literature".  

22. In addition, to the extent that the pKa difference can provide any guidance, it is that the 

pKa value of the acid should be equal to or lower than the pKa of the conjugate base in 
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order to create a salt (i.e. a 2-3 unit difference is not necessary). For instance, Gould 

states that "to form a salt the pKa of the conjugate acid has to be less than or equal to 

the pKa of a basic centre of the drug" (P.L. Gould, Salt Selection of Basic Drugs, 

International Journal of Pharmaceutics, 33 (1986) 201, at p. 202, Appendix "G"). As 

discussed below, salts may be formed even in cases where the pKa value of the acid is 

higher than the pKa value of the base. Prof. Serajuddin himself states that "although it 

is generally agreed that a successful salt formation requires the pKa of a conjugate acid 

to be less than the pKa of the conjugate base to ensure sufficient proton transfer from 

the acidic to the basic species, the salt formation still remains a trial and error 

endeavor" (Smith, page 26, Appendix "F").  

23. In any event, if one were to rely on the pKa difference, any pKa difference would be 

considered sufficient. This is exactly the case for sitagliptin phosphate. The first pKa of 

sitagliptin is 7.7 and the second pKa of phosphoric acid is 7.21. Accordingly, contrary 

to Prof. Serajuddin's assertions, sufficient pKa differences exist for more than one 

ionization to occur. The pKa difference does not support any expectation that only the 

dihydrogenphosphate can be formed. Just the contrary.  

Complete ionization in solution is not necessary to form a salt  

24. Prof. Serajuddin further asserts that in order to form a stable salt, the acid must be 

completely ionized. According to Prof. Serajuddin's explanations, complete ionization 

of the second hydrogen atom of phosphoric acid occurs at a pH of 9.21 (section 49). 

Unless a pH of 9.21 is reached, it will be "extremely difficult" to obtain a stable 

monohydrogenphosphate salt. This is a total misconception.  

25. The aim is to obtain a solid salt, not a salt in solution. A stable solid will be obtained by 

precipitation when the solution is super-saturated. When the solution is in equilibrium 

at pH 7.21, the concentration of dihydrogenphosphate salt equals the concentration of 

monohydrogenphosphate salt. If, under those conditions, the monohydrogen salt 

becomes super-saturated and precipitates, it will drive the equilibrium to form more 
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monohydrogenphosphate salt in solution which will further precipitate and so on. It is 

therefore not at all necessary to obtain complete ionization in solution and there is no 

need to reach a pH of 9.21.  

Ammonium phosphate experiments are perfectly valid examples showing that the 

pKa of the conjugate acid does not have to be lower than the pKa of the base 

26. As indicated above, ammonium phosphate experiments demonstrate that phosphoric 

acid has three acidic protons, which can be donated to an appropriate base to form 

dihydrogenphosphate, monohydrogenphosphate and phosphate salts. Prof. Serajuddin 

argues that this example is "inappropriate and irrelevant" and presents a long list of 

irrelevant properties of ammonia as a liquid and as a gas, all intended to demonstrate 

that ammonia is not useful in a pharmaceutical environment. Prof. Serajuddin totally 

misses the point. Ammonia is able to remove all three protons from phosphoric acid to 

make ammonium phosphate. The pKa of aqueous ammonia is 9.21 (see 

http://chemweb.unp.ac.za/chemistry/Physical_Data/pKa_compilation.pdf) whereas the 

third pKa of phosphoric acid is much higher (12.67). Therefore, the ammonium 

phosphate experiments are perfectly valid examples to demonstrate that in order to 

create a salt, the pKa of the conjugate acid does not have to be lower than the pKa of 

the base.  

27. There are abundant additional examples in the literature to the same effect, including 

phosphate salts specifically. For instance, bis(4-amino-trans-azobenzene) hydrogen 

phosphate salt is reported in the literature (I. Halasz et al, "Hydrogen Phosphate and 

Dihydrogen Phosphate Salts of 4-aminoazobenzene", Acta Cryst C63 (2007), o61-o64, 

Appendix "H"). The pKa difference between the base and the first pKa of phosphoric 

acid (2.12) is 0.70. The pKa difference between the base and the second pKa of 

phosphoric acid (7.21) is -4.39 (the pKa value of the amino group of 4-

aminoazobenzene is reported in K.N. Bascombe et al., "Acidity Functions of Some 

Aqueous Acids", J. Chem. Soc. (1959), 1096-1104, Appendix "I"). 4-aminoazobenzene 

also forms the dihydrogen phosphate phosphoric acid solvate salt (see, I. Halasz et al, 
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Appendix "H"). This salt is formed by the protonation of the azo group of the 4-

aminoazobenzene molecule. The pKa value of the azo group of this molecule is less 

basic than the pKa of the amino group (see, G. Cilento, "Resolution of the Over-all 

Basicity of the Carcinogenic and Noncarcinogenic Derivatives of 4-

Aminoazobenzene", Cancer Res 20 (1960), 120-124, Appendix "J"). Thus the pKa 

difference between the base and the first pKa of phosphoric acid (2.12) is even less 

than 0.70. 

28. Other examples are guanine phosphate salts. Guaninium dihydrogenphosphate salt and 

bis(guaninium) hydrogen phosphate salt are reported in E. Bendeif et al., "Tautomerism 

and Hydrogen Bonding in Guaninium Phosphite and Guaninium Phosphate Salt", Acta 

Cryst. B63 (2007), 448-458 (Appendix "K") and J.N. Low et al., "Structure of 

Bis(guaninium) Hydrogenphosphate 2.5 hydrate", Acta Cryst. C42 (1986), 1045-1047 

(Appendix "L"). The pKa differences are 1.18 and -3.91, respectively (the pKa value of 

guanine is reported in V. Verdolino et al., "Calculation of pKa Values of Nucleobases 

and the Guanine Oxidation Products Guanidinohydantoin and Spiroiminodihydantoin 

Using Density Functional Theory and a Polarizable Continuum Model", J. Phys. Chem, 

112 (2008), 16860-16873, Appendix "M"). As can be seen, salts are formed not only 

when the pKa difference is below 2 or 3 units, but also when the pKa difference is 

negative.   

29. To sum up, Prof. Serajuddin's arguments that sitagliptin and phosphoric acid can only 

form a dihydrogenphosphate salt and that this was the "expectation" based on the pKa 

values of the acid and the base are artificial and totally unfounded.  

30. In any event, in order to completely rebut Prof. Serajuddin's assertions, I ran some 

experiments demonstrating that sitagliptin and phosphoric acids form additional salts. 

In all experiments, sitagliptin free base obtained from Merck was used (Batch no. 

0000013867). Certificate of Analysis, XRPD and DSC of Batch no. 0000013867 of the 

free base of sitagliptin are attached hereto as Appendix "N". The Laboratory Notebook 

pages of the experiments are attached hereto as Appendix "O".  
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Bis(sitagliptin) phosphoric acid salt   

31. Sitagliptin free base (1.50 g) (0.00368 moles) was combined with isopropanol (3.2 mL) 

and distilled water (1.4 mL). The mixture was stirred for 5-10 minutes to form a clear 

solution. Phosphoric acid (85% w/w) 0.215 g (0.00186 moles) was added with stirring. 

The solution was heated with stirring to 70ºC for 15 minutes, cooled to room 

temperature and left stirring overnight. The solution solidified. The solid was dried for 

~ 6h at room temperature under vacuum and was analyzed by XRPD (file 

0431_sample1_2.xrdml), TGA (file 0431_Sample_1_2.tai) and DSC (file 

0431_Sample_1_2.002), Appendix "P". In addition, a sample was analyzed by 

elemental analysis (Appendix "Q").  

 C H N P 

Observed   39.36% 3.83% 14.30% 3.02% 

Calculated (sitagliptin)2(H3PO4)(H2O)3 39.76% 4.07% 14.49% 3.20% 

32. As can be determined from the analytical results, the compound produced is 

bis(sitagliptin)H3PO4 trihydrate, i.e., phosphoric acid can donate two protons to 

sitagliptin.  

33. This conclusion is further supported by the agreement between the calculated and 

experimental values for the nitrogen and phosphorous content that corresponds to the 

stoichiometry of a bis(sitagliptin) phosphoric acid ((sitagliptin)2(H3PO4)) salt.  

34. To further demonstrate that phosphoric acid can donate two protons to sitagliptin, I also 

ran the following similar procedure, this time using methanol as a solvent:  

Bis(sitagliptin) phosphoric acid salt – Procedure in Methanol 

35. Sitagliptin free base (1.50 g) (0.00368 moles) was combined with methanol (4.6 mL). 

Phosphoric acid (85% w/w) (0.21 g) (0.0018 moles) was added to the solution. The 
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solution was heated with stirring to 70ºC for 15 minutes and cooled to room 

temperature. A white crystalline powder was formed. The solid was dried overnight at 

room temperature under vacuum and was analyzed by XRPD (file 

0431_sample8.xrdml), TGA (file 0431_Sample_8.tai) and DSC (file 

0431_SAMPLE8.008), Appendix "R". In addition, a sample was analyzed by elemental 

analysis (Appendix "S"). 

 C H N P 

Observed   40.81% 3.54% 14.82% 3.39% 

Calculated (sitagliptin)2(H3PO4)(H2O) 41.30% 3.79% 15.05% 3.33% 

36. As can be determined from the analytical results, the compound produced is 

bis(sitagliptin)H3PO4 monohydrate, again demonstrating that phosphoric acid can 

donate two protons to sitagliptin.  

37. As elaborated above, this conclusion is further supported by the agreement between the 

calculated and experimental values for the nitrogen and phosphorous content that 

corresponds to the stoichiometry of a bis(sitagliptin) phosphoric acid 

((sitagliptin)2(H3PO4)) salt.  

Sitagliptin ammonia phosphoric acid salt   

38. As another demonstration that the second proton of phosphoric acid can be donated to 

sitagliptin, I reacted sitagliptin with ammonia phosphoric acid (NH4H2PO4).  

39. Sitagliptin free base (1.50 g) (0.00368 moles) was combined with isopropanol (3.2 mL) 

and distilled water (1.4 mL). The mixture was stirred for 5-10 minutes to form a 

solution. Ammonia phosphoric acid (NH4H2PO4) (0.42 g) (0.00365 moles) was added 

with stirring. The mixture was heated to 70ºC with stirring for 15 minutes and then 

cooled to room temperature to yield a white crystalline powder. The solid was dried 

overnight at room temperature under vacuum and was analyzed by XRPD (file 
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0431_sample3.xrdml), TGA (file 0431_Sample_3.tai) and DSC (file 

0431_SAMPLE3.004), Appendix "T". In addition, the sample was analyzed by 

elemental analysis (Appendix "U").  

 C H N P 

Observed   34.36% 4.21% 14.67% 5.50% 

Calculated (sitagliptin) (NH4H2PO4)
 33.87% 4.62% 14.81% 5.46% 

40. As can be determined from the analytical results, the compound produced is (sitagliptin 

NH4H2PO4)·2.5 H2O, i.e., phosphoric acid can donate its second proton to sitagliptin. 

This conclusion is further supported by the agreement between the calculated and 

experimental values for the nitrogen and phosphorous content that corresponds to the 

stoichiometry of sitagliptin ammonia phosphoric acid salt.  

 Sitagliptin bis(phosphoric acid) salt   

41.  As a demonstration that sitagliptin can form salt with phosphoric acids by protonation 

of two sites, I carried out the following experiment.  

42. Sitagliptin free base (0.75 g) (0.00184 moles) was combined with acetone (4.0 

mL). The mixture was stirred for 5-10 minutes to form a solution. Anhydrous, 

crystalline H3PO4 (0.36 g) (0.00368 moles) was added with stirring. The mixture was 

heated to 50°C with stirring for 15 minutes and the clear solution was then cooled to 

room temperature. The acetone was removed under vacuum at room temperature. The 

white product was crushed with a spatula and then placed under vacuum overnight and 

was analyzed by XRPD, TGA and DSC (Appendix "V"). In addition, a sample was 

analyzed by elemental analysis (Appendix "W"). 

 C H N P 

Observed   31.80% 3.54% 10.71% 10.10% 
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Calculated (Sitagliptin) (H3PO4)2 

(with 2% acetone and 1% water residues) 

32.14% 3.72% 11.26% 9.96% 

43.  As can be determined from the analytical results, the compound produced is 

amorphous (Sitagliptin)(H3PO4)2, i.e., sitagliptin forms a salt with 2 molecules of 

phosphoric acid by protonation of two of its sites. This conclusion is further supported 

by the agreement between the calculated and experimental values for the nitrogen and 

phosphorous content.  

44. The experiments reported above clearly demonstrate that contrary to Prof. Serajuddin's 

unfounded assumptions, the dihydrogenphosphate salt is by no means the inevitable 

result of reacting sitagliptin with phosphoric acids. As clearly exemplified in these 

experiments, reacting sitagliptin with phosphoric acids result in the formation of 

various salts. Therefore, Prof. Serajuddin's unfounded assumptions do not stand up to 

scientific reality.         

45. In addition to the experiments described above, I ran additional experiments as 

described in the attached LNB's. These experiments would require additional work to 

isolate or obtain pure compounds. As the experiments reported above unequivocally 

rebut Prof. Serajuddin's assertions, I did not find it necessary to fine tune every 

experiment that I ran. However, there is no doubt in my mind that, in addition to the 

salt claimed in IL 172,563 and the salts reported above, additional phosphoric acid salts 

of sitagliptin can be made.   

WO '498 

46. In sections 44-47 and 54-55 of his declaration, Prof. Serajuddin comments on the WO 

'498 patent application. I reviewed WO '498 and, in particular, the sections on pages 9 

line 27 – page 10, line 15, on which Prof. Serajuddin relies. It is my clear opinion that 

Prof. Serajuddin attempts to incorrectly interpret WO '498 based on hindsight and with 

the benefit of Applicant's subsequent research.  
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47. WO '498 describes a large class of beta-aminotetrahydrotriazolo[4,3-a]pyrazine 

compounds which are optionally in the form of pharmaceutically acceptable salts. Lists 

of potentially suitable salt-forming acids and bases are provided. WO '498 exemplifies 

33 compounds belonging to this class, including sitagliptin. All 33 beta 

aminotetrahydrotriazolo[4,3-a]pyrazine compounds are exemplified as the 

hydrochloride salts. It is therefore incorrect to say that WO '498 directs the skilled 

person to sitagliptin, let alone to a phosphate salt of sitagliptin, and not to one of the 

many other salt formers listed in WO '498.  

48. Even if the skilled person would have opted to make a phosphate salt, numerous 

phosphate salts are possible as I already explained above. A phosphate salt is not 

synonymous to a dihydrogenphosphate salt. Prof. Serajuddin's assertion that only one 

single species of phosphate salt of sitagliptin is possible or expected is erroneous as I 

demonstrated theoretically and empirically above. Therefore, any attempt to assert that 

WO '498 in any manner renders Applicant's invention "obvious" is totally misleading.                  

Declaration of Dr. Leonard Chyall  

49. I am advised that on October 17, 2010, Opposer submitted an additional declaration of 

Dr. Leonard Chyall. At the request of Applicant, I also reviewed Dr. Chyall's 

declaration.  

50. In his declaration, Dr. Chyall asserts that he ran salt formation experiments for the 

purpose of obtaining a phosphate salt other than a 1:1 adduct of sitagliptin and 

phosphoric acid. He further asserts that he varied common parameters used in the 

experiments in a "deliberate attempt" to obtain different possible salts and that his 

experiments "encompassed a wide range of experimental conditions in deliberate 

attempts to prepare a phosphate salt other than a 1:1 adduct of sitagliptin and 

phosphoric acid" (see, for instance, sections 23 and 72 of Dr. Chyall's declaration). Dr. 

Chyall nevertheless reports that he failed to obtain any salt other than the 

dihydrogenphosphate salt of sitagliptin. He concludes that his experiments "indicate" 
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that there is "only one possible molecular ratio, a 1:1 ratio", namely, 

dihydrogenphosphate salt of sitagliptin.  

51. I was surprised to see that Dr. Chyall did not attach to his declaration the laboratory 

notebooks describing the experiments which he conducted. This is highly uncustomary 

and does not allow a thorough analysis of the experiments. I am advised that 

Applicant's counsel requested Opposer to provide the notebooks and that a disc 

containing the notebooks was thereafter received on October 28, 2010. A printout of 

the laboratory notebooks as received is attached hereto as Appendices "X1", "X2", 

"X3" and "X4". Upon review of the notebooks, it transpired that numerous analytical 

results or pages were missing, partial or unclear. I am advised that on January 4, 2011, 

January 11, 2011 and January 19, 2011, Applicant's counsel requested Opposer to 

provide the missing material and information. On February 24, 2011 Opposer provided 

another disc with some additional laboratory notebooks and analytical results. A 

printout of the additional material is attached as Appendix "Y". Also attached hereto is 

the correspondence between the parties' counsel with respect to the missing laboratory 

notebooks and data (Appendices "Z1" and "Z2", correspondence in Hebrew and 

translations to English).          

Dr. Chyall's failed experiments  

52. The experiments I ran unequivocally rebut Dr. Chyall's assertions and render Dr. 

Chyall's failed attempts to obtain other salts irrelevant. In any event, the procedures 

reported by Dr. Chyall do not represent attempts to deliberately obtain different 

possible molecular combinations of the sitagliptin and phosphoric acid. As detailed 

below, they rather appear as experiments that were designed to fail. Among others, Dr. 

Chyall conducted the experiments in temperatures expected to suppress the reaction, 

added one of the reagents (phosphoric acid) drop-wise, causing the reaction to start 

without the required excess molar amount, used excess solvent causing the salt to 

disproportionate, etc.         
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53. Moreover, contrary to Dr. Chyall's assertions, his experiments did not encompass a 

wide range of experimental conditions. Just the opposite. As detailed below, the 

experimental parameters used by Dr. Chyall were in fact extremely narrow. Among 

others, Dr. Chyall conducted his "salt screening" experiments in one single solvent 

(methanol), did not try any other solvent system and went to great lengths to avoid the 

presence of water in the reactions which he conducted.  

54. I will now discuss in detail Dr. Chyall's experiments:      

Two experiments are irrelevant    

55. Overall, Dr. Chyall reported that he performed 12 experiments. In two of the 

experiments, Dr. Chyall used a molar ratio of 1:1.05 between the sitagliptin base and 

the acid (Nos. 4063-02-01 and 4063-34-01). In order to obtain salts of different 

molecular combinations, one needs to use an excess molar ratio of either the base or the 

acid, not a molar ratio which is essentially a 1:1 ratio. Thus, these experiments are 

irrelevant.  

Five experiments with excess sitagliptin base   

56. In five of the experiments (4063-18-01, 4063-04-01, 4063-35-01, 4063-51-01, 4063-

57-01), Dr. Chyall used a molar excess of the sitagliptin base.  

Temperature of the reaction  

57. It is common to heat organic reactions including salt formation experiments. The 

heating is generally at temperatures just below the boiling point of the solvent (in the 

case of methanol, 65º C). Among others, the solubility of the compound greatly 

increases with the temperature. In addition, higher temperatures affect the kinetics of 

the reaction and may "favor" a reaction which is otherwise not energetically favored. 

Higher temperature also favors an increased yield. 
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58. Despite these well known realities, Dr. Chyall ran most of his experiments at low or 

ambient temperatures. In one of the experiments (4063-50-01), Dr. Chyall conducted 

the reaction in a water bath cooled to 0ºC. In three of the experiments (4063-03-01, 

4063-19-01, 4063-32-01), he conducted the reaction at ambient temperature. Dr. Chyall 

heated the solution to reflux (65ºC) only in one experiment (4063-56-01). As 

elaborated below, although Dr. Chyall heated this particular reaction, he did not 

perform the experiment in a manner that allows the formation of other salt forms. 

59. It is odd that out of the five experiments, Dr. Chyall conducted only a single 

experiment with heating and, instead, used ambient temperatures or even cooled the 

reaction to a temperature of 0ºC. These are not optimal conditions and may suppress a 

reaction creating a 2:1 sitagliptin to phosphoric acid salt from taking place.  

Dr. Chyall ran the experiments only with a single solvent (methanol)  

60. As noted, Dr. Chyall asserted that he used a wide range of experimental conditions and 

also varied the "composition of the solvent". Another striking feature in Dr. Chyall's 

failed experiments is that, contrary to his assertions, he in fact only used methanol as a 

solvent in all his experiments. If one fails to obtain the desired salt product using a 

particular solvent, it is expected to conduct the experiment in different solvent systems. 

As explained above, different solvent systems can affect the strength of the acid and the 

base and, therefore, affect the outcome of the salt forming reaction. In addition, 

different solvent systems can affect the crystallization of different solid state forms and 

this, in turn, could also affect the salt that is created in the experiment. This is an 

everyday reality in the lab. If Dr. Chyall endeavored to run experiments showing that 

salt adducts other than the 1:1 salt are possible, he should have tried different solvents 

and solvent systems. For some reason, Dr. Chyall did not do so and conducted his 

experiments only with methanol. 
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Dr. Chyall did not use a methanol – water solvent system  

61. Dr. Chyall asserts that in one out of the five experiments (4063-35-01), he used as a 

reaction solvent "12.5% water in methanol" (see table 1 in section 24 of Dr. Chyall's 

declaration). This could lead one to assume that Dr. Chyall was actually using a solvent 

mixture of methanol (87.5%) and water (12.5%). This is not at all the case.  

62. As transpires from Dr. Chyall's laboratory notebooks, this particular reaction was also 

conducted in methanol (see page 35 of LNB 4063). Dr. Chyall dissolved sitagliptin free 

base in methanol and then added drop-wise to the reaction solution phosphoric acid in 

water (85% phosphoric acid; 15% water; see page 17 of LNB 4036). Accordingly, the 

reaction started in a solvent system without water, continued in a solvent system 

containing minute amounts of water and contained 12.5% water only after Dr. Chyall 

completed the addition of the phosphoric acid drop-wise, long after the reaction started.  

63. Generally, when one wants to conduct a reaction in a particular solvent system, one 

first mixes the solvents in the required concentrations and then conducts the reaction in 

the solvent mixture. Dr. Chyall's procedure (to add the second solvent drop-wise 

together with one of the reagents of the reaction) is uncustomary. It is not equivalent to 

a salt forming experiment conducted in a mixed aqueous – organic solvent system.   

Dr. Chyall avoided water in his experiments 

64. Furthermore, it appears that Dr. Chyall went to great lengths to conduct his salt forming 

experiments in a non-aqueous system. Phosphoric acid is sold and used as a stock 

solution of phosphoric acid in water (85%, 15% w/w). According to his laboratory 

notebooks, Dr. Chyall sourced an 85% aqueous solution of phosphoric acid from 

Sigma-Aldrich. Rather than using the phosphoric acid solution, Dr. Chyall diluted the 

solution with methanol so as to make the phosphoric acid solution substantially free of 

water and used it in his experiments. The use of a mixed solvent system containing an 

organic solvent and water is a common strategy in salt forming experiments. This was 

carefully avoided by Dr. Chyall.    
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The use of excessive amounts of methanol and the slurrying of the crystals                              

65. In his experiments, Dr. Chyall uses a ratio of 1 mL solvent (methanol) to 100 mg 

sitagliptin free base. This ratio is about three times more solvent than the ratio I used in 

my experiments (1 ml solvent to ~ 325 mg free base) and also used in IL 172,563 (p. 

15). In Dr. Chyall's experiments, solids formed within minutes to several hours. 

Nevertheless, Dr. Chyall left the solids to slurry in methanol for an additional day. 

Thereafter, as transpires from the laboratory notebooks, he washed the solids three 

times with large amounts of methanol (3 x 2 mL).  

66. Use of such excessive amounts of methanol is unnecessary and, in fact, can make the 

2:1 salt disproportionate into a 1:1 salt. The poor yields obtained in Dr. Chyall's 

experiments are also indicative of excessive use of solvent. 

67. In order to demonstrate this, I ran the following experiments:  

68. First, I prepared another sample of bis(sitagliptin) phosphoric acid salt in a manner 

similar to the procedure described above for the sample prepared in isopropanol and 

water (the procedure is described in the attached laboratory notebook, Appendix "O"). 

It was analyzed by XRPD, TGA and DSC (Appendix "AA"). In addition, a sample was 

analyzed by elemental analysis (Appendix "BB").  

 C H N P Solvent 

Observed   39.80% 3.93% 14.51% 3.46% 5.9% 

Calculated (Sitagliptin)2(H3PO4)(H2O)3 39.76% 4.07% 14.49% 3.20% 5.6% 

69. As can be determined from the agreement between the calculated and the experimental 

results, the compound produced is bis(sitagliptin) (H3PO4) trihydrate.   

70. I then slurried a 500 mg sample of the material prepared above in 5 mL of methanol for 

24 hours. I vacuum filtered the resulting white solids and solvent and washed the flask 
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and the collected precipitate three times with 2 mL methanol for each wash. The 

resulting collected precipitate was air dried to content weight yielding about 100 mg 

(see laboratory notebook attached as Appendix "O"). After slurrying, I analyzed the 

resultant solid by XRPD, DSC and TGA (attached as Appendix "CC"). These analytical 

data show that the sample converted from bis(sitagliptin)(H3PO4) trihydrate (2 Base: 1 

Acid ratio) to sitagliptin dihydrogenphosphate salt (1 Base: 1 Acid ratio). In addition, 

the sample was sent to elemental analysis (attached hereto as Appendix "DD"). The 

results of the elemental analysis also demonstrate that the sample is sitagliptin 

dihydrogenphosphate salt (1 Base: 1 Acid ratio).      

71. This experiment therefore shows that use of excess solvent prevents the formation of 

disitagliptin monohydrogenphosphate salt. It is also possible that disitagliptin 

monohydrogenphosphate salt was initially formed in Dr. Chyall's experiments. 

However, Dr. Chyall failed to isolate it because he had it slurried in methanol and then 

washed three times with significant volumes of methanol thus forcing conversion of the 

salt.        

Five experiments with a molar excess of phosphoric acid  

72. In the remaining five experiments (4063-03-01, 4063-19-01, 4063-32-01, 4063-50-01, 

4063-56-01), Dr. Chyall used a molar excess of phosphoric acid. These experiments are 

flawed for the same reasons explained above. Other than one single experiment, Dr. 

Chyall ran the experiments at ambient and 0ºC. Dr. Chyall ran his experiments only 

with a single solvent (methanol). He did not use a methanol – water solvent system and 

tried to avoid water in his experiments. In addition, Dr. Chyall used excess methanol, 

slurried the crystals for an additional day and then washed them with excess amounts of 

methanol. 

73. Moreover, in this series of five experiments, Dr. Chyall allegedly tried to create a 1 

(sitagliptin): 2 (phosphoric acid) salt and, therefore, used an excess amount of 

phosphoric acid (1:2.1 in experiments 4063-03-01, 4063-32-01, 4063-50-01, 4063-56-
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01 and 1:5.01 in experiment 4063-19-01). However, as previously indicated, Dr. Chyall 

adds the phosphoric acid drop-wise, i.e. the reaction starts without an excess 

phosphoric acid. Only after the reaction starts and its kinetics established, additional 

quantities of phosphoric acid are gradually added until there is an excess molar amount 

of phosphoric acid.  

74. Reagents can be added drop-wise when it is necessary to prevent excessive heating of 

an exothermic reaction. There was no reason to add phosphoric acid drop-wise in Dr. 

Chyall's experiments. It is indeed odd that Dr. Chyall's experiments were conducted in 

this manner. In any event, this clearly affects both the stoichiometries and the kinetics 

of the reaction and could very well affect the results obtained by Dr. Chyall.    

75. To sum up, contrary to his assertions, Dr. Chyall did not run a study intended to 

evaluate whether phosphate salts of sitagliptin other than the 1:1 salt can be formed 

using a broad range of common parameters. To the contrary. Dr. Chyall ran a small 

number of experiments using a very narrow set of parameters. Some of the parameters 

selected appear odd and may have prevented the forming of salts other than the 1:1 salt 

or caused the salts to disproportionate after they had been formed. Even after he failed 

to obtain salts other than the 1:1 salt, Dr. Chyall did not change the reaction parameters 

as he was expected to do. The fact that I successfully made other sitagliptin phosphate 

salts further demonstrates that Dr. Chyall's experiments were meaningless and poorly 

designed.  

Dr. Chyall's pH solubility experiments 

76. Dr. Chyall also conducted "pH solubility experiments" for sitagliptin. Dr. Chyall asserts 

that these experiments support his conclusion that "only a 1:1 salt of sitagliptin is 

isolable". As discussed above, Dr. Chyall's conclusion is clearly incorrect. Instead of 

obtaining other species of the salt by varying some common parameters in his 

experiments, Dr. Chyall opted to conduct a long series of solubility studies to justify his 

failed experiments.   
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77. In any event, these pH solubility studies are a truly futile exercise. pH solubility 

calculations require knowledge of the pKa of sitagliptin. In addition, experimental pH 

max studies require access to the API. It is my understanding that none of these were 

available at the priority date of the application. Accordingly, similarly to Prof. 

Serajuddin's analysis, Dr. Chyall's pH solubility studies are nothing but an artificial 

exercise in hindsight. 

78. As indicated above, organic solvents and water-organic solvent systems are very 

frequently used to make salts. For instance, IL 172,563 exemplifies the making of the 

dihydrogenphosphate salt in isopropanol and water. Dr. Chyall himself purportedly 

attempts to make other species of phosphate salts in methanol. pH solubility studies are 

performed in water and therefore are totally irrelevant for organic solvent systems or 

for water – organic solvent systems as the organic solvent impacts the solubility of the 

compound and the pKa of the acid and the base. For some reason, there is not a word 

about this in Dr. Chyall's declaration.  

79. pH max studies are conducted in a saturated solution, not in a supersaturated solution 

which is commonly used in salt formation experiments. The behavior of the base and 

the acid and the kinetics of the reaction are different in a supersaturated solution. By 

controlling supersaturation it should be possible to isolate additional salt forms. This is 

another reason why Dr. Chyall's experiments are practically meaningless.  

80. Dr. Chyall's pH solubility experiments are also poorly designed and poorly executed. 

Dr. Chyall derived a theoretical solubility curve for sitagliptin based on the 

measurement of the intrinsic solubility of sitagliptin base and of the anhydrate 

dihydrogenphosphate salt. Dr. Chyall sought to validate the theoretical curve by 

measuring additional solubility points (Fig. 3). For some reason, he did not take any 

measurements in the critical area between pH 4.2 to 7. For practical purposes, pH max 

is considered as a range of pH over which a change in equilibrium occurs. The lack of 

measurements in the most critical areas below and above Dr. Chyall's calculated pH 
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max totally undermines the accuracy and credibility of the curves derived by Dr. 

Chyall.  

81. Dr. Chyall's theoretical curve does not correlate with the experimental data points. Dr. 

Chyall attempts to justify this lack of correlation on the grounds that "the highly 

concentrated solutions with extremely high ionic strengths no longer behave as ideal 

solutions". This is merely an unsubstantiated speculation that cannot justify the lack of 

correlation up to ~ pH 4. In fact, review of the experimental data points confirms that 

sitagliptin has a second pH max. This is consistent with the fact that sitagliptin has 

more than one protonation site. However, Dr. Chyall's theoretical curve is based on the 

incorrect premises that sitagliptin is a mono-basic compound. These incorrect premises 

bias Dr. Chyall's solubility studies and, indeed, as can be clearly seen from Figure 3 of 

Dr. Chyall's declaration, the solubility curve on which Dr. Chyall relied is incorrect.   

82. Moreover, Dr. Chyall only calculated the theoretical pH max and measured empirical 

solubility points for one salt form of sitagliptin (the anhydrous form of sitagliptin 

dihydrogenphosphate salt). Salt solubility can differ, sometimes substantially, between 

different salt forms. Therefore, in order to obtain the pH max range, one needs 

solubility information about different salts forms. Conducting pH solubility studies 

with solubility information of a single salt form, as done by Dr. Chyall, is a futile 

exercise which does not provide meaningful information on the range of pH max for 

sitagliptin and cannot predict which salt forms can be made.   

83. In the concluding paragraphs of his declaration, it appears that Dr. Chyall qualifies his 

own conclusions and states that his experiments merely show that the 1:1 salt is the 

only "stable" salt, rather than the only possible phosphate salt of sitagliptin. Prof. 

Serajuddin also makes similar comments implying that he recognizes that other 

sitagliptin phosphate salt forms can be made but that they will not be stable. My 

understanding is that whether or not other phosphate salts of sitagliptin are stable is 

irrelevant. Opposer asserted that the only possible salt is the 1:1 salt and this has been 

unequivocally proven to be false. In addition, even if a compound is unstable it can be 
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of a Seven-Coordinate Samarium(III) Cation Complex," Inorg. Chem., 24, 4620 
(1985). 

 
265. D. R. Corbin, J. L. Atwood, and G. D. Stucky, "Hydrogenation of Unsaturated 
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dienyl)titanium(III)]," Inorg. Chem., 25, 98 (1986). 
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(1986). 
 
267. G. Erker, U. Dorf, J. L. Atwood, and W. E. Hunter, "The Metallaoxirane Type 
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(1986). 

 
271. M. D. Rausch, K. J. Moriarty, J. L. Atwood, J. A. Weeks, W. E. Hunter, and H. G. 
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tert-butylphosphido)-bis(dicarbonylrhodium)(Rh-Rh) in P1," Acta Crystallogr., C42, 
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C5H3(SiMe3)2); Single-crystal X-ray Structure Determinations of the Chloride and 
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Characterisation, Including X-ray Diffraction Study, of [Th{η-C5H3(SiMe3)2}3]; the 
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303. S. G. Bott, A. Alvanipour, S. D. Morley, D. A. Atwood, C. M. Means, A. W. 

Coleman, and J. L. Atwood, "Stabilization of the AlMe2+ Cation by Crown Ethers," 
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J. Org. Chem., 52, 1875 (1987). 

 
309. J. A. Ewen, L. Haspeslagh, J. L. Atwood, and H. Zhang, "Synthesis, Crystal 

Structure, and Isospecific Propylene Polymerizations with Ethylenebis(4,5,6,7- 
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456 Acc. Chem. Res. 1988,21, 456-463 

Equilibrium Acidities in Dimethyl Sulfoxide Solution 
FREDERICK G. BORDWELL 

Department of Chemistry, Northwestern University, Evanston, Illinois 60201 
Received May 6, 1988 (Revised Manuscript Received August 10, 1988) 

Equilibrium acidities provide a fundamental data 
base for assessment of the electronic and steric effects 
brought about by structural variations in organic 

dissociation constant of an acid, formally defined by eq 
1, depends on the ability of the solvent to  solvate the 

molecules. The Hammett eauation.' based on the H-A H+ + A- (1) 
aqueous acidities of meta- and &a-substituted benzoic 

aqueous acidities of substituted acetic acids, 
proton, the anion, and the undissociated acid. Since 

and solvation of most neutral acids is small compared 
acids, and the Taft equation, based Partially on the 

GCH2C02H,2 have served chemists in this regard for 
Over 40 years* The Ho acidity function and 
the like have allowed the aqueous acidity scale, which 

downward into the negative PKa region by about an 

solvation of the proton is constant in a given solvent 

to that of their conjugate bases, differences in acidities 
brought about by structural variations or 
changes are usually caused by changes in the energies 

changing from Me2S0 to H20 for oxygen acids forming 
has a pKa range Of '-l2' to be extended 

equal amounta3 The aqueous scale has also been ex- 
tended upward by about 12 pKa units by the use of H- 

bases.4 These models and functions have severe lim- 
itations, however. 

of the anions. The large acidity increases observed in 

oxyanions that are strongly H-bonded to water provide 
examples (Table I), 

acids such as F3CS03H, HBr, HCI, and CH3SOBH are 
acidity functions that cosolvents and strong In Table 1 we see that the acidities of very strong 

The first acidity scale to be established in a pure 
solvent other than water was the result of the pioneering 
work of Conant, Wheland, and McEwen in ether or 
ben~ene .~  During the past 20 years an ion-pair acidity 
scale covering an "effective pKa range- from about 15 
to 40 has been developed in cyclohexylamine (CHA),6 
and similar studies in other low-dielectric-constant 
solvents including 1,2-dimethoxyethane (DME)7a and 
tetrahydrofuran (THF)7b*c have been carried out. A 
more limited ion-pair acidity scale has been developed 
in liquid NH,.7d Also, during this period, acidity scales 
have been established in the polar non-hydrogen- 
bond-donor (NHBD) solvents dimethyl sulfoxide 
(Me$0)8 and N-methylpyrrolidin-2-one (NMP)? which 
have relatively high dielectric constants. The pK,'s 
measured in these solvents differ from ion-pair pK,'s 
in that they are absolute, in the sense that they are 
based on Me2S0 and NMP as the standard states, 
which allows direct comparisons to be made with H20 
and gas-phase pK,'s. A truly absolute acidity scale has 
been established in the gas phase, which, for the first 
time, provides intrinsic measures of structural effects 
free of solvent effects.1° Our purpose in this Account 
is (a) to discuss briefly acidities in various solvent me- 
dia, (b) to present a table of representative equilibrium 
acidity constants in M e 8 0  solution, and (c) to illustrate 
ways in which these pK, data can be used. In an ac- 
companying Account we compare acidities in Me2S0 
solution with intrinsic gas-phase acidities and discuss 
some of the insights into solvation effects provided 
thereby. 

Acidities in H 2 0  and Me2S0. It is important to 
recognize that pKa values are solvent dependent. The 

Frederick 0. Bordweii is Professor Emeritus at Northwestern University. 
(For a biography summarlzing his earlier research activftles. see Acc . chem . 
Res. 1972, 5. 374). In the period 1970-1980 the Bordweli research group 
established acidity scales in Me,SO and N-methyl-2-pyrroiidone solvents us- 
ing a method adapted from one developed by E. C. Steiner at Dow Chemical 
Co. Since 1980 the research focus has shifted to the application of the data 
in the Me2S0 scale to problems in physical organic chemistry, the results of 
which are summarized in this Account. 
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Table I 
Eauilibrium Acidities in Dimethyl Sulfoxide and  in  Water 

457 

acid PKAHzO) pKa(MezSO)b acid pKa(Hz0) pK,,(Me&30)b 
F3CSOSH -14" 0.3c F3CSOzNHz 6.3 9.7 
HBr -9" 0.gc PhSH 6.5 10.31 

PhCOaH 
CHSCOzH 
PhNH3' 
HN3 

O F 0  

x" 
PhSOzH 
C5HbNH' 

-8" 
-0.6" 
0 
3.0 
3.2 
4.25 
4.75 
4.6 
4.7 

4.8 

3.5 
5.2 

1.8c 
1.6c - Od 
3.6 

15 f 2 
11.1 
12.3 

3.6d 
7.9e 

7.3f 

7.1 
3.4d 

(CH3CO)zCHz 8.9 
HCN 9.1 
NH4+ 9.2 
CHaNOz 10.0 
PhOH 10.0 
CHz(CN)z 11.0 
F3CCHzOH 12.4 
(CH3SOz)zCHz 12.7 
CHBCONHz 15.1 

CH,OH 15.5 

HZO 15.75 

13.3 
12.ge 
10.5d 
17.2 
18.0 
l l . O *  
23.6 
15.0 
25.5 

29.0 

32 

Estimated by the Ho method; in pure HzO their acidities are leveled to that of H30+ (pKa = -1.75). From measurements made in our 
laboratory, unless otherwise noted. e McCallum, C.; Pethybridge, A. D. Electrochim. Acta 1975,20,815-818. dReference 8d. (Reference 8c. 
'Reference 34. 

leveled in Me2S0 to that of Me2SOH+, just as they are 
leveled to that of H30+ in H20. For strong oxygen acids 
such as picric acid and 4-chloro-2,6-dinitrophenol, which 
form highly delocalized anions on dissociation, acidities 
do not differ greatly in H20 and Me2S0. As the oxygen 
acids in Table I become weaker, charge delocalization 
in the anion decreases and the difference in acidity in 
H20 vs Me2S0 (ApK,) increases from near zero for 
picric acid to 15 pKa units for the weakest acids, MeOH 
and H20. This change is due primarily to the strong 
H-bond donor properties of the water solvent, which 
achieve maximum effectiveness toward localized ions 
such as F-, F3CCH20-, MeO-, or HO-. The strong 
H-bqnd acceptor properties of H20 make PhNH3+ and 
pyridinium ions (but not the NH4+ ion) weaker acids 
in H20'than in Me2S0. (Me2S0 is also a good H-bond 
acceptor and solvates cations well.) Solvation of the 
CH(CN)2- by H20 and Me2S0 appears to be nearly 
equal. 

Acidities in Solvents of Low Dielectric Constant. 
Ion-Pair pK,'s. Ion-pair acidity scales in cyclo- 
hexylamine (CHA): DME, THF, or other solvents of 
low dielectric constant' complement that in Me2S0 in 
some respects but are more limited in scope. These 
scales were originally anchored arbitrarily on the H pKa 
= 18.49 for 9-phenylfluorene (9-PhFlH) in H20/  
sulfolane, but more recently they have been anchored 
on the pKa of fluorene in Me2S0 (22.3 on a per-hy- 
drogen basis) .I1 

The size of ion-pairing effects will depend somewhat 
on the nature of the cation. For example, with Li+ 
counterion in OHA, PhC=CH appears to be a stronger 
acid than in Me2S0 by 6.1 pK units, but with Cs+ 
counterion in DME ApK is only 2.4 units.12 Ion-pairing 
effects of anions with K+ counterion are of little or no 
importance in dilute (millimolar) Me2S0 solution, ex- 
cept for strongly chelating anions such as that formed 
from CH3COCH2COCH3 A method for detecting such 
ion-pairing effects and a spectroscopic method for 

(11) Kaufman, M. J.; Streitwieser, A., Jr. J. Am. Chem. SOC. 1987,109, 
6092-6097. 

(12) Bordwell, F. G.; Drucker, G. F.; Andersen, N. H.; Denniston, A. 
D. J. Am. Chem. SOC. 1986,108,7310-7313. See ref 11 and Kaufman et 
al. (Kaufman, M. J.; Gronert, S.; Burs, D. A.; Streitwieser, A., Jr. J. Am. 
Chem. SOC. 1987,109,602-603) for additional examples and discussion. 

measuring ion-pair association constants (K,) have 
been devised.13" Ion pairing stabilizes the anion and 
leads to an apparent acidity increase. Small corrections 
of the pKa values are therefore needed. For chelating 
anions the size of K,  increases along the series K+ C 
Na+ C Li+. 

Acidities in Other NHBD Solvents. An acidity 
scale in N-methylpyrrolidin-2-one (NMP) has also been 
established by using the overlapping indicator method.g 
Relative acidities in NMP and Me2S0 correlate beau- 
tifully (see Figure 5 in ref 9), and the absolute acidities 
do not differ greatly. Ion-pairing association constants 
with K+ counterion for chelating anions and homo- 
hydrogen bonding constants for phenols13b are also 
similar in NMP and Me2S0. Since differences in free 
energies of transfer from H20 to solvents such as 
HMPA, Me2S0, NMP, DMF, and MeCN do not differ 
greatly,14 we can expect relative acidities in Me2S0 to 
provide a good model for those in these NHBD solvents. 
Differences in free energies of transfer of the proton in 
these solvents may be appreciable, however, and can 
lead to sizable differences in absolute acidities. For 
example, the pK,'s for PhOH in Me2S0, NMP,g and 
MeCNsd are 18.0, 20.1, and 27.2, respectively. 

Acids in the pKa range 32-35 are difficult to measure 
in MezSO (pKa = 35) because of the leveling effect of 
the Very weak acids such as amines, alkyl 
sulfides or ethers, benzenes, alkylbenzenes, alkenes, and 
alkanes are not deprotonated by MeSOCH2K in 
Me2S0, showing that their pK,'s are above 35. Con- 
ceivably, the pKis for some of these compounds could 
be measured in a more weakly acidic solvent such as 
HMPA, but problems with ion pairing can be expected 
to increase. It is possible to obtain at least a rough 
estimate of the pK:s of some of these compounds by 
extrapolation, however.16 

(13) (a) Olmstead, W. N.; Bordwell, F. G. J.  Org. Chem. 1980, 45, 
3299-3305. (b) Bordwell, F. G.; McCallum, R.; Olmstead, W. N. J. Org. 
Chem. 1984,49,1424-1427. 

(14) Alexander, R.; KO, E. C. F.; Parker, A. J.; Broxton, T. J. J. Am. 
Chem. SOC. 1968,90,5049-5069. 

(15) Olmstead, W. N.; Margolin, 2.; Bordwell, F. G. J. Org. Chem. 

(16) Bordwell, F. G.; Algrim, D. J. J. Am. Chem. SOC. 1988, 110, 
1980,45, 3295-3299. 

2964-2968. 
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Table I1 
Equilibrium Acidities in Dimethyl Sulfoxide at 25 OC 

acid P K O  acid PK,O 
5-nitrobarbituric acid 

2,4-dinitronaphthol 
PhN+HMez 

saccharin 

2,6-dinitrophenol 

(F3CSOz)zCHp 

F3CCOZH 

PhCH(CN)z 

2,4-dinitrophenol 

PhCOSH 
F3CSOzCHzCOPh 

ClpCHCOzH 
PhSCH(S0zPh)z 
F3CCHZSOzNHPh 
2,4,5-C1&6HzSH 
Ph3P+CHzCOPh 
PhnP+CH,CN 
PhSOzH - 
PhSOzCHzNOz 
PhSeH 

HONO 
H3N'CHZCOzH 
CHz=CHCHZNOZ 
(CsF&CHCN 
tetrazole 
9-cyanofluorene 
barbituric acid 
(CH,C0)3CH 
H3N+CHzCOzEt 
p-N02C6H&0zH 
F3CS02NH2 

4 

PhSH 

1,3-cyclohexanedione 
9- (methoxycarbony1)fluorene 
fluoradene 

PhCOCHzCN 

(F3C)SCOH 
P-NO&H4OH 

@%J 
F S C C H ( C O ~ M ~ ) ~  
PhCOzH 
F3CSOZCHzSPh 
CHz(CN)z 

PhSOzCHzCOPh 

S C N H  

PhSOzCHzCN 
(PhSOz)zCH2 
PhCHzNOz 
CH3COzH 

benzo- 1,2,3-triazole 

9-(ethylsulfonyl)fluorene 
9-isocyanofluorene 
pentaphenylcyclopentadiene 
5-fluorouracil 
5,5-diethylbarbituric 

2-thiopyridone 

(PhNH),C=S 

(CH3CO)qCHz 

(PhC0)zCHz 

0.8 
2.1 
2.1 
2.45 
3.45 
4.0 
4.2 
4.9 
5.1 
5.1 
5.2b 
6.4c 
5.55 
5.7 
6.0 
6.1 
7.05 
7.1 
7.1 
7.1b 
7.4d 

7.5 
7.5e 
7.7 
7.95 
8.2 
8.3 
8.4 
8.6 
8.7' 
9.0 
9.7 

10.1 

10.3 
10.2 
10.3d 
10.35 
l0.d 
10.7 
10.8 
10.8 

10.8 
11.0 
11.0 
11.0 
11.2 

11.4 
11.8 

11.9 
12.0 
12.25 
12.3 
12.3c 
12.3 
12.3 
12.5 
12.7 
13.0 
13.3 
13.3 
13.35 
13.4 

PhCONHOH 
2,3-dihydroxynaphthalene 
N-acetyloxindol 
1,2,3-triazole 
uracil 
adenine 
CH3COCHzCOzEt 
(MeS02)zCHPh 
2,5-diphenylcyclopentadiene 
9-cyano-9,lO-dihydroanthracene 

0 

PhaCH3 
It 
" +  

MeAN\Me 

fluorenone benzylimine 

succinimide 
CH,C(=S)NHPh 

CH3COCHzCOzEt 

F3CSOZCHzPh 

Me 

O ~ N H  (4 - pyridone) 

fluorenone phenylhydrazone 
MeCH(COCHd, 
1,2,3- triphenyfiidene 
PhCHzSH 
9-(phenylthio)fluorene 
9-(benzylsulfinyl)fluorene 
PhSOzNHNMe, 
nitrocycloheptane 

nitrocyclopentane 

(PhSe)&HPh 
fluorenone oxime 
CHz(C0zEt)z 
benzimidazole 

CsF&HzCN 

PhSOzNHz 

CH3CH(SOZEt)z 
NOZNH(=NH)NHz 
3-((phenylsulfonyl)methyl)pyridine 
isonicotinic hydrazide 
2,6-di-tert-butylphenol 
PhC(=S)NHp 
HpNCN 
PhCHpSOzF 
MeZCHNO2 

0 
It 

PhSCHCIz  

\ 
TS 

! 
2-indanone 

2-pyridone 

2-naphthol 

CH,CH~CHZCHZSH 

PhSOzNHNHz 

PhCOCHPSPh 
F3CCONHz 
CH,NO, 
nicotinic hydrazide 
CH3SOZNHz 
PhCOCHzPh 
nitrocyclobutane 
nitrocyclohexane 
9-phenylfluorene 
(CHnCOLNH 
cy clopeniadiene 
PhOH 

13.65 
13.7 
13.88 
13.9 
14.1 
14.2 
14.2 
14.3 
14.3 
14.3 
14.4 

14.4 
14.5 
14.55 
14.6 
14.7 
14.75 
14.75 

14.8 

14.9 
15.05 
15.2 

, 15.4 
15.4 
15.7 
15.8 
15.8 
15.8 
16.0 
16.1 
16.15 
16.2 
16.4 
16.4 
16.7 
16.7 
16.7 
16.8 
16.85 
16.9 
16.9 
16.9 
16.9 
16.95 

16.95 
17.0 
17.0 
17.1 
17.1 
17.1 
17.15 
17.2 
17.5 
17.5 
17.65 
17.8 
17.9 
17.9 
17.9 
18.0 
18.0 
18.1 
18.2 
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Table I1 (Continued) 

acid PK," acid PK,' 
F3CSOzCHMe2 21.8 ox i n d o 1 e 

(EtO)zP(O)NHPh 
p-CH&6H&30ZCHzN=C 
CH&(=S)NHz 
PhCON(Me)OH 
N-methvloxindole 
imidazoie 
PhCOCHzSePh 
1,3-dimethylbenzoimidazolium ion 
PhCOCHPhz 
(PhCH2)2C=O 
F~CSOZCH~ 
PhCONHNH2 
4-chloro-2-nitioaniline 
PhCOCH,SCH,Ph 
Me3SiCH{COzEt)z 
PhCHzSOZSCHzPh 
PhzP(S)CHzP(S)Phz 

PhSOZNHC(=NH)NHz 

P hCOCH2S 

PhCHZN=CHCOzEt 
(PhNH)zC=O 
NH&(=NH)NHCN 

2-phenylindene 

-0 
pyrazole 
carbazole 
PhCHZSOSPh 
PhCHzCOCH3 
10-cyano-9-methylanthracene 
indene 
PhzC=NOH 
PhCH=CHCHZS02Ph 
PhCOCHFz 
PhSOzCHZPPhz 
PhCOCHZNPhz 
p-NOzCsH4CHs 
F3CSOZCHzMe 
i-PrCH(COzEt)z 

H 

0 
II 

PhSCH2CI 
II 
N 

'TS 

2-benzylbenzothiazole 

indole 
PhCH=NNHPh 
PhCOCHzOPh 
(HzN)zC=S 
PhCONHC(=NH)NHZ 
PhSOzCHzSiPhs 
PhCH2C(=S)NMe2 
PhSCHzCOzMe 

isonicotinamide 
PhC(Me)=NNHPh 
phenoxazine 

9- (trimethylsily1)fluorene 
4-acetylpyridine 

CHSCONHPh 

PhCOCHzF 

18.28 
18.3 
18.4 
18.45 
18.5 
18.58 
18.6 
18.6 
18.6 
18.7 
18.7 
18.75 
18.9 
18.9 
19.0 
19.0 
19.1 
19.3 
19.4 
19.45 
19.45 

19.5 
19.55 
19.6 
19.8 
19.9 
19.9 
19.9 
20.0 
20.1 
20.1 
20.2 
20.2 
20.2 
20.3 
20.4 
20.4 
20.5 
20.7 

20.7 

20.8 

20.8 

2 0 9  

24.7h (pK.") 
20.95 
21.1 
21.1 
21.1 
21.25 
21.3 
21.3 
21.4 
21.45 
21.5 
21.5 
21.65 
21.7 
21.7 
21.8 

2-methylindene 
CH3CONHNHz 
PhCHZCN 
9-cyano-9,lO-dihydrophenanthrene 
nicotinamide 
CH3COCHzSOzPh 
PhC=CCHZSOzPh 
4,5-methylenephenanthrene 
2-thiophenecarboxamide 

2- ((phenylsulfony1)methyl) furan 
9-methylfluorene 

PhSOzCHPhz 

P h S O 2 C H 2 G  

P h CH (C N NnO 

CHz=CHCHZSOzPh 
U 

3-methylindene 
Ph3PCH3+ 
2-furancarboxamide 
fluorene 

phenothiazine 

pyrrole 
PhCH(Me)CN 
PhOCHzCONHz 
1-indanone 

PhCHzCOzEt 

(PhS)BCH 

PhSCHzCONHz 
PhSeCHzCONHz 
2,3,4-trimethylimidazolium ion 
4-aminopyrimidine 
(HzNNH)ZC=O 
PhCONHp 
(Ph2C=CH)2CHPh 
PhSOzCH2Ph 
HCONH, 
F3CCHz6H 

(PhCHz)zSOz 
PhSOzCHzCl 

MeOCHzCONHz 
t-BuSCHzCONHz 
p-F3CSO&H4CH3 
2-pyrrolidone 
3- ((phenylsulfony1)methyl)thiophene 
cyclohexanone oxime 

benzoxazole 
PhzC=NCHzPh 

CH3COCH2CH3 
HzNCOzEt 
t-BuCH(COzEt)p 
HZNCH2CONH2 
PhCHzCONHz 

PhzNH 
PhCOCH3 

csclobutanone 
CH3SO20Ph 
PhCHzSOzNMez 

4-benzylpyridine N-oxide 
2-aminopyrimidine 

Y 

CH3CONHz 

CH3C(=S)NMez 
PhZC=CHCHzPh 

PhZC=CHCHPhz 
c-C,H&OPh 
cyclopentanone 

21.8 
21.8 
21.9 
21.9 
22.0 
22.1 
22.1 
22.2 
22.3 
22.3 
22.3 
22.3 
22.35 

22.4 

22.5 
22.5 
22.5 
22.55 
22.6 
22.6 
22.7 
22.8 
23.0 
23.0 
23.0 
23.0' 
29.6' (pK,") 
23.0 
23.1 
23.2 
23.9 
23.3 
23.35 
23.4 
23.4 
23.45 
23.45 
23.8 
23.9 
23.9 
24.1 
24.1 
24.2 
24.2 
24.3 
24.3 
24.4 
24.4 
24.6 
24.7 
24.7 
24.7 
24.7 
24.95 
25.05 
25.2 
25.2 
25.2d 

25.2 
25.9 

25.5 

25.5 
25.6 
25.65 
25.8 
25.8 
25.8 
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Table I1 (Continued) 

acid PKC acid PKC 
26.1 CHSOH 29.0 

thiazole 29.4 
M e s M e  P - P ~ S O ~ C B H ~ C H ~  29.85 

Me Me 2-benzylthiophene 29.9 
26.1 xanthene 30.0 

3- benzylpyridine 30.15 
(CHJZCHOH 30.25 & - 4-methylthiazole 30.3 

c-CdH&OPh 26.15 camphor 30.4 
30.6 PhNHNHPh 

MezCHCOPh 26.25 

cyclohexanone 26.4 PhNHz 30.6 
CHSCOCH3 26.5 Ph3CH 30.6 
4-aminopyridine 26.5 
F J C S O ~ C H \  ,CH2 I 26.6 

CH2 PhSOzCH2OMe 30.7 
c-CBHIICOP~ 26.7 PhSCHzPh 30.8 
4- benzylpyridine 26.7 9-methylanthracene 31.1 
cyclodecanone 26.8 CH3SOZCH3 31.1 
PhSCHPhz 26.8 (n-PrS)&H 31.3 
(HzN)zC=O 26.95 CHSCN 31.3 
benzothiazole 27.0 HZO 31.2 
PhS(0)CHzPh 27.2 PhzCHZ 32.2 
PhCHzNEC 27.4 (CH&COH 32.2 
heptamethylindene 27.4 

2-methylbenzothiazole 27.6 
2-aminopyridine 27.7 

26.2 
Me+&H 

2-piperidone 26.4 S 

30.65 
C ) - P h  

(33Ik 0 

Ph--S-CH3 
(EtO)zP(O)CHzPh 27.55 II 

II 
0 27.7 \Me 

!.! 
PhSCH3 I I  CH3S(O)CH3 35 

4-methylpyridine (3Wk 

(39Ik 

(4Uk 

cycloheptanone 27.8 
9-phenylxanthene 27.9 
PhSOzCHzOPh 27.9 NH3 
4-methyloxazole 28.0 2-methylnaphthalene (42)k 
PhOCHzCN 28.1 PhSCH3 (Wk 
[(CHS)ZCHIZC=O 28.2 2-methylthiophene (Wk 

(1 \ T S  

2-benzylpyridine 28.2 2-methylfuran (43Ik 
c-CaHSCOPh 28.25 PhCH3 (43Ik 
PhSOzCHzF 28.5 CHZ=CHCHS (44)kJ 
3-aminopyridine 28.5 CH3SCH3 (45Ik 
PhC=CH 28.7 PhOCH3 (49Ik 
(Et0)2P( O)CHzSiMes 28.7 CH4 (Wk 

"The pK,'s were selected from a list of about 1200 that have been measured in our laboratory. The pK,'s of oxygen acids have been 
corrected for homohydrogen bonding, and pK,'s of acids forming chelating anions have been corrected for ion pairing with K'. The ylides 
formed from cations are often reactive, and these values should be regarded as tentative. Most pK,'s were measured by using two or more 
indicators or standard acids and are believed to be accurate to *O.l unit. bCourtot-Coupez, J.; Le DgmBzet, M. Bull. SOC. Chim. Fr. 1969, 
1033-1039. CRitchie, C. D.; Lu, S., private communication. dArnett, E. M.; Harrelson, J. A., Jr. J. Am. Chem. SOC. 1987, 109, 809-812. 
eHughes, D. L.; Bergan, J. J.; Grabowski, E. J. J. Org. Chem. 1986,51,2579-2585. fRitchie, C. D.; Uschold, R. E. J. Am. Chea .  SOC. 1968, 
90, 2821-2824. BFried, H. E. Ph.D. Dissertation, Northwestern University, 1982. hStreitwieser, A., Jr  Acc. Chem. Res. 1984, 17, 353-357. 
'Cornforth, F. W. Ph.D. Dissertation, Northwestern University, 1974. 'Shkurko, 0. P.; Terekhova, M. J.; Petrov, E. S.; Mamaev, V. P.; 
Shatenshtein, A. J. J. Org. Chem. USSR (Engl. Trawl.)  1981,17, 260-264. kVaiues in parentheses were extrapolated by methods such as 
those described in ref 16. 'From ref 52, assuming a BDE of 81 for the C-H bond in Ph3CH.S1 

withdrawing groups,n cY-heteroatoms,22 phenyl  group^,^ 
phenylthio groups,24 alkyl groups on C-H acids,25 sp 
hybridization at  carbon,26 remote substituents (in 

(21) (a) Bordwell, F. G.; Van Der Puy, M.; Vanier, N. R. J. Org. Chem. 
1976,41,1884-1885. (b) Bordwell, F. G.; Algrim, D. J. Org. Chem. 1976, 

(22) (a) Bordwell, F. G.; Van Der Puy, M.; Vanier, N. R. J. Org. Chem. 
1976,41,1885-1886. (b) Bordwell, F. G.; Fried, H. E. Tetrahedron Lett. 

(23) Bordwell, F. G.; Bares, J. E.; Bartmess, J. E.; McCollum, G. J.; 
Van Der Puy, M.; Vanier, N. R.; Matthews, W. S. J. Org. Chem. 1977, 

(24) Bordwell, F. G.; Bares, J. E.; Bartmess, J. E.; Drucker, G. E.; 
Gerhard, J.; McCollum, G. J.; Van Der Puy, M.; Vanier, N. R.; Matthews, 
W. S. J. Org. Chem. 1977, 42, 326-331. 

(25) (a) Bordwell, F. G.; Drucker, G. E.; McCollum, G. J. J. Org. Chem. 
1976,41,2786. (b) Bordwell, F. G.; Bartmess, J. E.; Hautala, J. A. J. Org. 
Chem. 1978,43,3095-3101. (c) Zbid. 1982,47,2504-2510. (d) Bordwell, 
F. G.; Bausch, M. J.; Wilson, C. A. J. Am. Chem. SOC. 1977, 109, 

The Me2S0 Acidity Scale. Structural Effects on 
Acidities. In Table I1 we present data for equilibrium 
acidities in M e a 0  for over 300 compounds. The effects 
of structural variations on acidities for many of these 
have been discussed in papers from Our laboratory, in- 
cluding the effects of cyclopropyl rings,20 a-electron- 41, 2507-2508. 

(17) Algrim, D.; Bares, J. E.; Branca, J. C.; Bordwell, F. G. 1978,43, 
5024-5026. 1977, 1121-1124. 

(18) In CHA a Bransted-type extrapolation gives an ion-pair pK, for 
toluene of 41,% and two extrapolations from azine acidities in DME have 

(19) Terekhova, M. I.; Petrov, E. E.; Shkurko, 0. P.; Mikhaleva, M. 
H.; Mamaev, V. P.; Shatenshtein, A. I. J. Org. Chem. USSR (Engl. 
Transl.) 1983,19,405-408. 

(20) (a) Bordwell, F. G.; Vanier, v. R.; Matthews, W. S.; Hendrickson, 
J. B.; Skipper, P. L. J. Am Chem. SOC. 1975,97,7160-7163. (b) Bordwell, 
F. G.; Bartmess, J. E.; Hautala, J. H. J. Org. Chem. 1978,43,3113-3116. 
(c) Bordwell, F. G.; Branca, J. C.; Johnson, C. R.; Vanier, N. R. J. Org. 

given a value of 42. 42, 321-325. 

Chem. 1980, 45, 3884-3889. 5465-5470. 
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f l ~ o r e n e s ~ ~  and in acetophenones28), ion pairing,13 steric 
inhibition of resonance,29 alkyl groups in alcohols,15 
a r ~ m a t i c i t y , ~ ~  thiol groups,31 methyl effects on cyclo- 
pentadienes and and homohydrogen bonding 
in phen01s.l~~ Papers from other laboratories have 
discussed the first and second ionization constants of 
9,9’-bifl~orenyl,~~ the effects of cyclization on acidities 
of ketones and carboxylic esters containing 6-dicarbonyl 
 group^,^ and the effects of aza groups on acidities.% In 
the accompanying paper we compare some of these 
structural effects on solution acidities with those on 
intrinsic gas-phase acidities and discuss insights into 
solvation effects derived therefrom.36 

The MezSO acidity scale has proved useful in several 
ways. Jorgensen and his students have used the pK,’s 
as one of the parameters in an interactive computer 
program, CAMEO, that is being designed to predict 
products of organic reactions, given the starting mate- 
rials and  condition^.^^ By combining pKa values in 
Me2S0 for 21  delocalized carbanions and 5 phenoxide 
ions with calculated 1~ delocalization energies of 6 car- 
bocations, Arnett has developed a “master equation” 
to correlate data for 30 reactions ( r  = 0.9948). Equa- 
tions of this type are capable of providing a simple 
means of estimating heterolysis energies in solution for 
thousands of bonds that give resonance-stabilized an- 
ions and cations on cleavage.38 In our laboratory we 
have found that rates (log kobsd) of reactions between 
the conjugate bases of various families of acids and 
electrophiles can be correlated generally with pKHA 
values to give linear Brernsted pl0ts,3~ as will be brought 
out in the next section. 

Acid-Base Families and the Brernsted Relation- 
ship. For acids in Table I1 containing an aromatic 
nucleus, Hammett-type families can be prepared by 
placing substituents in remote positions. Taft-type 
families such as GCHzCONHz and GCH2COPh can also 
be prepared, and other types of families can be con- 
structed from various groups of acids, e.g., an azole 
family (pyrrole, pyrazole, imidazole, etc.). The p values 
in Table 111, when combined with literature B and a; 

(26) Bordwell, F. G.; Algrim, D.; Fried, H. E. J. Chem. SOC., Perkin 

(27) Bordwell, F. G.; McCollum, G. J. J. Org. Chem. 1976, 41, 

(28) Bordwell, F. G.; Cornforth, F. W. J.  Org. Chem. 1978, 43, 

(29) Bordwell, F. G.; Drucker, G. E. J.  Org. Chem. 1980,45,3325-3328. 
(30) Bordwell, F. G.; Drucker, G. E.; Fried, H. E. J. Org. Chem. 1981, 

(31) Bordwell, F. G.; Hughes, D. L. J. Org. Chem. 1982,47,3224-3232. 
(32) Bordwell, F. G.; Bausch, M. J. Am. Chem. SOC. 1983, 105, 

(33) Streitwieser, A., Jr. Acc. Chem. Res. 1984,I7, 353-357. 
(34) Arnett, E. M.; Harrelson, J. A., Jr. J. Am. Chem. SOC. 1987,109, 

809-812. 
(35) Terekhova, M. I.; Petrov, E. S.; Mikhaeleva, M. A,; Shkurko, 0. 

P.; Mamaev, V. P.; Shatenshtein, A. I. J. Org. Chem. USSR (Engl. 
Transl.) 1982, 18, 6-10. 

(36) Taft, R. W.; Bordwell, F. G. Acc. Chem. Res., accompanying paper 
in this issue. 

(37) Jorgensen, W. L.; Gushurst, A. J. J.  Org. Chem. 1986, 51, 
3513-3522. 

(38) (a) Amett, E. M.; Molter, K. E. Acc. Chem. Res. 1985,18,339-346. 
(b) Arnett, E. M.; Chawla, B.; Amarnath, K.; Whitaell, L. G., Jr. Energy 
Fuels 1987,1, 17-23. Amett, E. M.; Whitaell, L. G., Jr.; Amarnath, K.; 
Cheng, J.-P.; Marchot, E. J. Macromol. Chem., Macromol. Symp. 1988, 

(39) For a review, see: Bordwell, F. G.; Hughes, D. L.; Cripe, T. A. in 
Nucleophilicity; Harris, M. J., McManus, S. P., Eds.; Advances in 
Chemistry 215; American Chemical Society: Washington, DC, 1987; 
Chapter 9. 

Trans. 2 1979, 726-728. 

2391-2395. 

1763-1768. 

46, 632-635. 

6188-6189. 

13/14, 21-31. 

Table I11 
Hammett p Values for Equilibrium Acidities in MezSO 

Solution at 25 O C  

acid familv DK-~ Db nf R2 ref 
ArCH(CN), 4.2 4.2 f 0.1 5 0.997 g 
ArSOzH 7.1 2.4 f 0.2 4 0.986 h 
ArSH 10.2 4.8 f 0.3 5 0.988 31 
ArCOzH 11.0 2.6 9 i 
ArCONHOH 13.65 2.6 4 0.989 i 
ArOH 18.0 5.3 f 0.1 8 0.991 i 3 b  
ArCH2COCH8 19.9 4.7 4 0.999 k 
ArNHCOCH, 21.45 4.1 6 k 
ArCHzCN 21.9 5.9 8 0.939 1 
ArCH(NC4H,0)CN 22.4 7.0 f 0.1 7 0.996 m 
fluorenes 22.6 7.5 f 0.53c 14 0.939 27 
fluorenes 22.6 5.7 f 0.3d 7 0.989 g 
phenothiazines 22.7 5.21 5 0.982 n 

ArCOCH, 24.7 3.55 f 0.05 14 0.998 28 
ArNHPh 24.95 5.4 3 0.997 n 
GCHZCONHZ 25.5 3.1 f 0.3 13 0.976 22b 
ArNH2 30.6 5.7 f 0.1 6 0.998 o 
ArCHPh, 30.6 5.7 f 0.3d 7 0.989 p 

ArCHzSOzPh 23.4 4.8 10 0.999 g 

9-methylanthracenes 36.1 >loe 9 E 

pK, of the parent acid. The Hammett plots are restricted for 
the most part to meta points; U,.OM. is 0.02 in Me2S0, however, 
rather than the value of 0.12 derived from benzoic acids in water.28 
The up- values for p-N02, p-RCO, and like substituents are made 
abnormally high, in part, by substituent solution-assisted reso- 
nance (SSAR) effects.% CFor 2- and 2,7-substituents; p is abnor- 
mally high because PhCO, CN, etc. groups are included and the 2- 
and 2,7-positions have some para character. For 3-substituents. 
e p is abnormally high; the correlation is poor since para substitu- 
ents are used and steric effects in the 10-position are severe. 
f Number of substituents. SBranca, J. C. Ph.D. Dissertation, 
Northwestern University, 1979. Hughes, D. L. Ph.D. Disserta- 
tion, Northwestern University, 1981. ’Ritchie, C. D.; Uschold, R. 
E. J. Am. Chem. SOC. 1968,90, 2821-2824. )Hughes, D. L.; Whang, 
Y., unpublished results. Chehel-Amiran, M., unpublished results. 
I Bares, J. E. Ph.D. Dissertation, Northwestern University, 1976. 
“Mueller, M. E., unpublished results. “Cheng, J.-P. P b D .  Dis- 
sertation, Northwestern University, 1987. Algrim, D. J. Ph.D. 
Dissertation, Northwestern University, 1981. PTwyman, C. L. un- 
published results. 

values,4O provide a means of estimating pK,‘s for hun- 
dreds of additional acids. 

Rates of reactions of electrophiles with the conjugate 
bases of acids within a family can be studied under 
conditions where steric, as well as solvent, effects are 
kept constant. Plots of log kobsd vs pKm values give 
linear Brernsted plots, which are similar to Hammett 
plots but are much more precise since they do not de- 
pend on an arbitrary model (the pKLs of benzoic acids 
in water). These Brernsted plots have been found to be 
linear for nearly all combinations of anions with elec- 
trophiles tried to date. The types of reactions include 

that for all of these reactions the nucleophilicities of the 
bases depend on only two factors, (a) their basicity, as 
measured by pKHA, and (b) the sensitivity of the reac- 

(40) See Exnerlb for an extensive list of u vs u- constants. The u- 
values for the NO2, RCO, CN, and RSOz groups are exalted in Me SO in 
part by substituted solvation-assisted resonance (SSAR) effects.% 

(41) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. SOC, 1986, 108, 
7300-7309 and references cited therein. 

(42) Bordwell, F. G.; Cheng, J.-P.; Clemens, A. H. J. Am. Chem. SOC. 

(43) Bordwell, F. G.; Mrozack, S. R. J. Org. Chem. 1982,47,4813-4815. 
(44) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. SOC. 1986, 108, 

(45) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. SOC. 1985, 107, 

(46) Bordwell, F. G.; Bausch, M. J. J. Am. Chem. SOC. 1986, 108, 

S~2,4l s~2’,4’ E2,@ s ~ h , ~  HT+,& and %-.& This means 

1987, 109, 1773-1782. 

5993-5996. 

4734-4744. 

1985-1988. 
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tion to changes in basicity, as measured by the slope 
of the Brernsted plot, ONu. @Nu values usually fall in the 
range 0.2-0.5 for SN2,  sN2', and E2 reactions and in the 
range 0.5-1.0 for SNAr, HT+, and eT- reactions. 

Reactions of PhCH2Cl with families of delocalized 
anions bearing various types of donor atoms have been 
found to have similar ONu values. This has allowed the 
rate constant order for anions of the same basicity, but 
with different donor atoms, reacting with electrophiles 
such as PhCH2Cl to be approximated: S- (lo3) > C- 
(l.0j > 0- (0.3) > N- (0.1).47 For reactions having PNu 
values of 0.3 the total rate span is about lo9 for delo- 
calized anions derived from the acids in Table 11, but 
the rate span increases exponentially as PNu increases. 
Thus, for some proton- or single-electron-transfer re- 
actions, where PNu can approach unity, the rate span 
will be of the order of 1030. 

Acidities, Basicities, Reactivities, and Redox 
Potentials in Me2S0. A plot of the oxidation poten- 
tials, Eox(A-), of 2- and 2,7-substituted fluorenide ions 
vs the pKm values of their conjugate acids is linear with 
a slope near unity, indicating that substituents in the 
2- and 2,7-positions do not stabilize (or destabilize) 
9-fluorenyl radicals.48 This explains the linearity of 
Brernsted plots, with slopes near unity, observed for 
2-G- and 2,7-G2F1H- ions reacting by single-electron 
transfer (SET) with acceptors such as 1,l-dinitro- 
cy~lohexane.~~ On the other hand, 9-G substituents 
have strong stabilizing (or destabilizing) effects on 9- 
G-F1' radicals, the size of which can be measured, rel- 
ative to 9-H-F1', by eq 2.48 

AE, = 1 . 3 7 A p K ~ ~  23.06AEOx(A-) (2) 

In eq 2, AE, provides an estimate of the effect of the 
9-G substituent on the energy of the 9-G-F1' radical, 
relative to that of the 9-H-F1' radical. The AE, values 
range from a stabilizing effect of as much as -10 
kcal/mol for G = R2N to a destabilizing effect of +2 
kcal/mol for G = RS02.48 These AE, values can be 
equated with the relative homolytic bond dissociation 
energies (ABDEs) of 9-C-H bonds in the corresponding 
fluorenes, 9-G-Fl-H. 

Absolute BDEs for acidic C-H bonds in hydrocarbons 
or their derivatives can be estimated from eq 3, which 

BDE = 1 . 3 7 p K ~ ~  + 23.06EOx(A-) 4- 55.9 (3) 

is based on a thermodynamic cycle derived by Nicholas 
and (Equation 3 was derived earlier in a 
different way by Friedrich and used to estimate BDEs 
in water for hydroquinone and phenol.50) The BDEs 
in Me2S0 solution for the acidic C-H bonds in fluorene, 
indene, cyclopentadiene, 9-methylanthracene, di- 
phenylmethane, triphenylmethane, xanthene, phenol, 
thiophenol, and aniline estimated in this way agree 
satisfactorily with gas-phase B D E s . ~ ~  

The pK, values for a few hydrocarbons, including 
cyclopentadiene (CpH,), toluene, propene, and iso- 

(47) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. SOC. 1984, 106, 

(48) Bordwell, F. G.; Bausch, M. J. J. Am. Chem. SOC. 1986, 108, 

(49) Nicholas, A. M. P.; Arnold, D. R. Can. J. Chem. 1982, 60, 

(50) Friedrich, L. E. J. Org. Chem. 1983,48, 3851-3852. 
(51) Bordwell, F. G.; Cheng, J.-P.; Harrelson, J. A., Jr. J. Am. Chem. 

3234-3239. 

1979-1985. 

2165-2179. 

SOC. 1988, 110, 1229-1231. 

butane, relative to triphenylmethane have been esti- 
mated from the algebraic sum of the differences in their 
BDEs and the differences in the oxidation potentials 
of their conjugate bases.52 For example, the Eo,(A-) 
value for the CpH- ion was found to be less negative 
than that of the Ph3C- ion by 18 kcal/mol. When the 
6 kcal/mol difference in the BDEs of CpH2 (81 kcal/ 
mol) and Ph3CH (75 kcal/mol) was taken into account, 
an estimated difference in acidities of 8.8 pK, units was 
arrived at. If we use the pK, of 30.6 for Ph3CH in 
Me2S0 as a reference, the estimated relative pKa for 
CpH2 is then 22. But, as Breslow points out, the pKa 
of 22 rests in part on the BDE of 75 for Ph3CH, which 
has not been checked by modern methods.52 Indeed, 
if the BDE of 81 f 3 estimated by eq 3 is used,51 the 
pK, calculated for CpH2 becomes 17.6, which is in good 
agreement with the value of 18.0 determined in Me2S0 
(Table 11). 

By combining pKHA values with Eox(A-) and Eox(HA) 
values, according to eq 4, it is possible to  estimate 

(4) 

acidities of radical cations of the type HA", where A 
may be S, 0, N, C, and the like.53 Direct experimental 
determination of pKHA'+ values presents a formidable 
problem since establishment of the equilibrium HA" 
e H+ + A', which involves two radical species, is dif- 
ficult, as is the measurement of the radical concentra- 
tions. The method is of particular value for estimating 
acidities of radical cation C-H acids, which generally 
have pKHA'+ values of 0 to -30.54 A similar method, 
which is also based on a thermodynamic cycle, has been 
used to estimate the acidities of the conjugate acids of 
radical anions.55 

For single-electron-transfer (SET) reactions from 
fluorenide carbanions to an acceptor of the type 1,l- 
(N02)2-c-CGHlo or 1-N02-1-Ts-c-C6Hlo, Marcus-type 
plots of log koM vs Eo,(A-) have been found to be linear 
in several  instance^.^^.^^ Recently, a family of seven 
9-R2N-fluorenide ions having basicities that vary over 
a relatively small range (pKHA's = 20.4 f 2.2) but have 
Eox(A-) values varying over a substantial range (0.427 
V; 9.8 kcal/mol) has proved useful for testing for the 
presence of an SET component in SN2-type substitution 
reactions.58 This family gave a linear Marcus-type plot 
for reactions with F3CCH21, a known SET 
and the log ksET values calculated with the Marcus 
equation, with X and AGO values derived according to 
the method of Eberson,GO were found to correspond well 

PKHA" = PKHA + 23.06[EOx(A-) - Eox(HA)]/1.37 

(52) Jaun, B.; Schwarz, J.; Breslow, R. J. Am. Chem. Soc. 1980,102, 
5741-5748. 

(53) Bordwell, F. G.; Bausch, M. J. J. Am. Chem. Soc. 1986, 108, 
2473-2474. The thermodynamic cycle on which this method was based 
was derived by Nicholas and Arnold.'@ 

(54) Cheng, J.-P. Ph.D. Dissertation, Northwestern University, 1987. 
(55) (a) Parker, v. D.; Tilset, M.; Hammerich, 0. J. Am. Chem. SOC. 

1987,109, 7905-7906. (b) Bausch, M. J., unpublished results privately 
communicated. 

(56) Bordwell, F. G.; Bausch, M. J.; Wilson, C. A. J. Am. Chem. SOC. 
1987. 109, 5465-5470. Over large ranges of AGO the Marcus equation 
predicts curvature, but over rekively small ranges in the endergonic 
region the curve is flat and essentially linear.67 

(57) Klinger, R. J.; Kochi, J. J. Am. Chem. SOC. 1982,104,4186-41969 
(58) Bordwell, F. G.; Harrelson, J. A., Jr. J. Am. Chem. SOC. 1987,109, 

8112-8113; 1988, 110, in press. 
(59) Bordwell, F. G.; Wilson, C. A. J. Am. Chem. SOC. 1987, 109, 

547cb5474. 
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with the experimental log kobsd values. Application of 
the test to reactions with Ph2CHCl, which gives S N ~  
kinetics and products with no evidence of radical-type 
products, gave linear Marcus-type plots and log ksET 
values corresponding to the experimental log kobsd 
values. It was concluded that the “SN2 reactions” of 
9-R2N-Fl- ions with Ph2CHCl are occurring by a radical 
pair mechanism. This approach promises to be of 
general use for elucidating the role of SET in reactions 
of families of anions with electrophiles. 

Concluding Remarks. The Me2S0 acidity scale, for 
which about 300 representative values are given in 
Table 11, furnishes (a) quantitative acidity data that can 

(60) Eberson, L. Acta Chem. Scand. Ser. B 1982, B36,533-546; 1984, 
B38, 439-459. Eberson, L. Electron Transfer Reactions in Organic 
Chemistry; Springer-Verlag: New York, 1978. 

(61) Lund, H.; Kristensen, L. H. Acta Chem. Scand. Ser. B 1979, B33, 
495-498. Lund, T.; Lund, H. Acta Chem. Scand., Ser. B 1986, B40, 
470-485. 

(62) Pross, T. Acc. Chem. Res. 1985, 18, 212-219. 

be related to intrinsic gas-phase data to provide infor- 
mation on solvation effects and (b) quantitative basicity 
data that can be related to reactivity data by means of 
Brernsted, Hammett, and Marcus equations. Combi- 
nation of the pKa data with electrochemical data can 
provide estimates of (a) relative radical stabilities, (b) 
homolytic bond dissociation energies of H-A acids, (c) 
radical cation acidities, and (d) the acidities of radicals. 

The experimental results presented and referred to  in this 
paper were obtained during the past  15 years by the students 
whose names appear in  the references. Special thanks goes to  
W .  S. Matthews, who modified the Steiner method, reducing the 
time necessary for each titration and at  the same time making 
it more precise. The author wishes to  express his sincere ap -  
preciation to these research associates and wishes to  thank the 
National Science Foundation and Petroleum Research Fund for 
financial support during this period. Discussions with Prof. R. 
W .  Taft  were most helpful in preparing the manuscript. W e  
are grateful to Crown Zellerbach Corp. and more recently to 
Gaylord Chemical Corp. for generous gifts of dimethyl sulfoxide. 

Structural and Solvent Effects Evaluated from Acidities 
Measured in Dimethyl Sulfoxide and in the Gas Phase’ 
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Departments of Chemistry, University of California, Irvine, California 9271 7, and Northwestern University, Evanston, Illinois 60201 

Received May 4,  1988 (Reuised Manuscript Received August 30, 1988) 

The preceding paper gives extensive data for equi- 
librium acidities in dimethyl sulfoxide (Me2SO) and 
makes comparisons with corresponding results in other 
condensed-phase media.2 In the present paper the 
results of 76 selected gas-phase acidities3 are compared 
with corresponding results in Me2S0 as a means of 
separating inherent effects of molecular structure on 
acidities from solvent effects. Simplified concepts are 
presented on relationships between solvent effects and 
structure. Broad applicability of the results and con- 
cepts is shown. 

Table I gives comparisons of gas-phase and Me2S0 
acidities, expressed by 1.364ApKa = -AGO values in 
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mett at Coiumbla University, Taft spent 15 years at The Pennsylvania State 
Unlverslty. He has been at Irvlne slnce it began In 1965. The present Ac- 
count is taken from extensive studles of the effects of molecular structure on 
gas-phase protoktransfer equlllbrla, using Ion cyclotron resonance spectros- 
copy. Current work also Includes blndlng studles In the gas phase wlth a 
variety of unlvalent cations. Additional Interests Include studies of structural 
and solvent effects on hydrogen-bond aclditles and baslcltles and thelr appii- 
cations to treatments of solute partltionlng between bilayers and blologlcal 
actlvlties. 
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kcal/mol (hereafter abbreviated as kcal) for the pro- 
ton-transfer equilibria (eq 1) of 76 typical acids HA with 

9-phenylfluorenide ion (g-PhFl-). The acids have been 
selected to illustrate important kinds of structural and 
solvent effects. Positive values of -AGO indicate greater 
acidity (lower pKa) for HA than for 9-phenylfluorene 
(9-PhFlH) and vice versa. The acidities from NH4+ to 
CH4 cover a range of 211 kcal in the gas phase and 74 
kcal in MezSO solution. The values in the table are 
arranged in order of increasing Me2S0 medium effects, 
as defined by AGO,,, - AGO,,, = &AGO (where s = 
Me2SO), which cover a range of 160 kcal or 117 pKa 
units. 

+University of California. * Northwestern University. 
(1) This work was supported by grants from the National Science 

Foundation (UCI and NU). 
(2) Bordwell, F. G. Acc. Chem. Res., preceding paper, in this issue. 
(3) All neutral-acid -AGO values are from the gas-phase acidity scale 

of Prof. J. E. Bartmess (avayable by request in care of the Department 
of Chemistry, University of Tennessee, Knoxville, TN 37996-1600). The 
unpublished results of Drs. F. Anvia, A. D. Headley, J. F. Gal, I. Koppel, 
M. Mishima, R. W. Taft, and S. Ueji have been incorporated into this 
scale, which is anchored to the most reliable absolute thermodynamic 
acidities. The gas-phase acidities for the three positively charged acids 
in Table I are from ref 4 with correction to a proton affinity of NH, of 
204.0 kcal/mol. All -AGog) values are from pK,‘s cited in ref 2. 
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CONDUCTOMETRIC STUDIES ON THE 
DISSOCIATION CONSTANTS OF PHOSPHORIC 

ACID IN METHANOL-WATER MIXTURES 
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Abslraet -The dissociation constants of phosphoric acid have been determined in methanol-water mixtures 
(8.0-87x by weight of methanol) by tbe method suggested by Gclb. The results have been verified by 
Fuoss-Kraus method. A0 values of HClO,, KCIO, and KH,PO., (and hence of H,PO,) in mixed solvents 
have been determined in the usual way. The role of solvents on the dissociation rnnstants has been discussed. 

The dissociation constants of weak organic acids in 
different mixed solvents have been the subject of much 
study by different methods. However, relatively little is 
known regarding the dissociation constants of in- 
organic acids in mixed solvents. We present in this 
communication the determination of the dissociation 
constants of HJP04, an acid readily available and 
widely used for the preparation of buffers involving a 
wide range of pHs. This will enable us to prepare 
buffers in different mixed solvents, the lack of which is 
one of the strong handicaps for the measurement of 
H+ ion concentrations in mixed solvents by pH-metry. 

We have applied conductometric methods as the 
methods involve no serious approximations[i, 21. 

EXPERiMENTAL 

Conductivity water was prepared by redistilling 
good distilled water with alkaline permanganate in an 
all-glass distilling set. Precautions were taken to 
prevent the water from contamination with CO,. 
Methanol (E. Merck) was treated with sufficient 
quantity of preheated CaO, kept overnight and distil- 
led in an all-glass distilling set. The middte fraction was 
collected and used without further treatment. The 
slight traces of water, if any, were neglected. Phos- 
phoric acid (G.R.* E. Merck) was used. The purity of 
phosphoric acid was tested gravimetrically. HClO+ 
(G.R. E. Merck) used were estimated by acid-base 
titration with standardized caustic soda solution. 
Succinic acid (G.R. E.M.) was used as a primary 
standard. KH,PO, (A.R.t-B.D.H.) was recrystallised 
from water, dried and estimated gravimetrically. 
KClO_, was prepared by adding fairly concentrated 
KOH (G.R. E.M.) to solutions of HC104 acid. The 
precipitated KCIO, was recrystallized twice from 
water and used. The weight percentages ofmethanol in 
the solvent-mixtures were obtained in the same way as 
described previously[3]. 

Conductance measurements were made with the aid 

* G. R. - Guaranted Reagent. 
? A.R. - Analar Reagent. 

of a Leeds and Northrup model 4959 conductance 
bridge with a sensitivity of +O.l%. A 1000 Hz signal 
was employed. A dip-type Philips condutance cell with 
cell constant, 8, = 0.82cm-’ was utilized. Cell 
constant was determined in the usual way. The 
measurements were done at 25” t_ 0.02”C. 

In the “titration” method[4], the conductance of a 
known amount of the acid solution of known strength 
was measured. At regular intervals definite amounts of 
HClO, of higher strength in appropriate solvent were 
added. The conductanoe at each stage was recorded 
after allowing the mixture to attain equilibrium. The 
blank “titrations” were performed in the same way, the 
experimental solution being replaced by the same 
amount of the appropriate solvent mixtures. The 
conductances of the solvent mixtures were also taken 
to apply corrections where necessary. The experiment 
was repeated to obtain concurrent results. 

Similarly, experiments were performed both with 
different concentrations of the acid and salts in 
different percentages of methanol. The ionic strength 
were kept as low as practicable (Z lo-’ - loo4 M). 

RESULTS 

For a mixture of completely dissociated HClO, (an 
assumption which is regarded to be valid in mixed 
solvents containing high percentages of organic sol- 
vents and at low concentrations of HCIOI) and partly 
dissociated HA, the dissociation constant for the 
reaction (only the first dissociation constant ofH,PO, 
is considered). 

HA * H++A- (1) 
can be written as 

K= MCHA~ + G~CIOJ X.f: 

(1 - 4 

The terms have their usual significance. 
However, when the conductances of the mixture, 

l/R (containing HA and HCIOI) and blank solutions 
(l/R*) (containing HClO., only) are equal, we obtain 
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following Gelb[4], The value of the Onsager constants 

C HCIO+ h"C,O, + m&4N;iA 

= C*,c,0,~:"cI04 (3) 
and 

[ 

82.4 
e=(ET)1(2q ’ 1 

Or 

cm04 + ~GI* = C'"C104 (4 

(* indicates the quantities in blank solution) 

8.20 x lo5 
e = (sr)f’* 

used to calculate 

assuming A&,o? = NuA and A;lclo. = A:uclo, in 
aqueous and mrxed solvents from which a can be 
calculated. Here, A’ = molar conductance of the 
completely dissociated electrolyte at any ionic 
strength and A = the molar conductance of the 
electrolyte at that ionic strength ie A = ah 

a = 1, in the case of HClO,. 

However, refinement of a values are possible taking 

a = WgHClo4 - CHCIO.)/BGA 

where 

were calculated from the interpolated values of visco- 
sities and relative permittivities of methanol-water 
mixtures obtained from the literatureE71. Previously 
determined A” values in different percentages of mixed 
solvents and 8 and 0 values were utiliid to calculate .z 
and hence F(z). The values of logf+ were calculated 
from 

-logf* = AJ(aC) 

using appropriate values of A in different mixed 
solvents. Generally, two iterations are sufficient to 
have consistent results. 

as we have used dilute solutions and kept ionic 
strengths sufficiently low. 

A0 values of perchloric acids in different mixed- 
solvents have been determined in the same way as 
described before. The values of A:,, and K were 
obtained from the plot of AC against l/A of a number 
of dilute solutions of HA utilizing the equation 

AC= -KAO+KhO*l/A. 

The method, however, is an approximate one parti- 
cularly for weak electrolytes and in solvents of low 
dielectric constants. The values of K and A0 can be 
considerably improved by a method of computation 
used by Fuoss and Kraus[S,6] utilising the equation 

F(z) 1 ACf 1 -~-.---z+- 

A K Aa2 F(z) ho 

However, the improvement in the values of K and 
A0 is very small in the present case, since the solutions 
under study are of low ionic strengths. The accuracy of 
extrapolated A0 values are limited. Improved values of 
A&o. were obtained from the relation 

A&o, = AL,, + APCHzro. - A&o, 

where A&ro., AoUzpO, and Agcro4 are obtained in the 
usual way. 

DISCUSSIONS 

One of the aims of the present work is to fmd a 
suitable method of determining the dissociation con- 
stants of weak acids in mixed solvents. The results 
definitely indicate that the method suggested by 
Gelbe[4] can be well-adopted in mixed solvents. The 
method is rapid and ensures high accuracy. The 
accuracy could be considerably improved with sen- 
sitive bridges and better facilities. The method due to 
Fuoss and Kraus[S, 61 along with measured A* values 

Table 1. Dissociation Constants of phospharic in methanol-water mixtures (temp. 25°C) 

Mole fraction 
of MeOH 

AO/W-l Cd~ nm-’ pK, of &PO4 

i/E X 100 HCIO, KClO, KH,PO, H,PO, * t 1 (i 

0.0000 1.27 415.0 142.0 111.5 384.5 - 2.11 2.14 
0.0466 1.33 381.3 llB.5 96.0 358.5 2.34 2.38 2; 2.37 
0.0968 1.40 331.3 99.2 84.6 316.7 2.56 2.61 2.64 2.61 
0.1593 1.48 280.5 88.0 72.1 264.6 2.76 2.80 2.72 2.70 
0.2279 1.57 228.0 80.0 64.4 2 12.4 2.88 2.99 2.96 2.90 
0.3126 1.69 195.1 74.2 60.0 180.9 3.12 3.18 3.16 3.10 
0.3997 1.84 171.7 71.0 58.2 158.9 3.46 3.50 3.51 3.45 
0.5000 2.01 151.5 68.2 55.0 138.3 3.77 3.82 3.84 3.8 1 
0.6392 2.25 131.0 75.6 60.0 115.4 4.20 4.23 4.20 4.30 
0.8034 2.57 117.5 92.0 67.0 92.5 4.89 4.88 5.00 4.87 

* pK, from a piot of AC vs l/h. 
t pK, from Fuoss-Kraus’s method. 
$ pK, from titration method without /3 correction. 
$j pK. from titration method with correction. 
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(as given before) appears to be one of the best methods 
of determining pK values of weak acids free from 
assumptions. 

The accuracy of the results may be taken to be 
f 0.04 pK in water to k 0.10 pK in high percentages of 
organic solvents. 

A0 values of KH,PO,, KC104, HCIO, and H,PO, 
in methanol and water mixtures are given in Table 1. It 
has been found that A&oq values obtained by indirect 
method have some disagreement as expected. Com- 
parison ofthe results in mixed solvents are not possible 
due to lack of data. The reliability of the results can be 
had from the following considerations. 

The A&, in water has been found to be 415.0 f2- l 
cm’ mol-’ in good agreement with the values ob- 
tained in the literature (&?,+ = 349.8 Q-’ cm2 mol- ’ 
and J.;,o _ = 6S.48 or 67.329 61-l cm* mol-’ in water 
at 2SaC5 The A&po1 and h&o, values in water at 
25°C have been found 111.50 and 142.00 8-l cm2 
mol-’ respectively (a:+ = 73.501” and ;l&,o.- = 
36 R- ’ cm2 mol- 1 at 25°C). The values, therefore, 
agree fairly well with the values reported in the 
literature. The A0 values decrease as the percentage of 
organic solvent increases. This cannot be simply 
related with the change in dielectric constant. The 
decrease is generally found to be very small in case of 
KH,PO, and KCIO,. A0 values decrease up to 
60 wt% but increase from 70 wt% of methanol and 
onwards in case of KHIPO., and -KCIOL whereas in 
case of HClO, and &PO,. ho values show a decreas- _ -., 
ing trend. Shedlovsky et a/[1 1] observed an increase in 
the equivalent conductance values at infinite dilutions 
at about 90 wt% CHsOH and beyond. 

The pK values of H,PO, in methanol and water 
mixtures are presented in Table 1. In view of absence of 
pK values of inorganic acids in mixed solvents, it is 
difficult to compare the results. In spite of the limited 
accuracy of the conductivity bridge, the results, ob- 
tained by two distinctly different methods compare 
favourably well. The expected trend of increasing 
pK-values (about 2 in pK from 0 to 87 wt% org. solv.) 
with increasing alcohol concentration is observed. 

The results show a good linearity when the pK 
values are plotted against mole fraction of organic 
solvent and l/c up to about 64 wt% of organic solvents. 
Deviations are apparent at higher percentages. Mar- 
ginal improvements occur when the activities of water 
are taken into consideration as suggested by Ya- 
suda[12]. The deviations must be due to ion-solvent 
interactions. 

The ApK = pK, - pK, can be divided into 

APK = APK,, + APK,.,I. 

The “electrostatic part” can be written as[ 131 

ApK., = 1X.6(; - O-0128)(& + +-) 

But in view of lack of accurate values of the radii of ions 
and the approximate nature of the equation, the 
equation had not been applied. It is clear that precise 
values of the radii of ions are prerequisite to calculate 
“electrostatic part” using Born(13] equation or mo- 
dified equations[14- 161. Moreover, the dielectric con- 
stant is known to be function of the distance. 

It is imperative, however, that proper knowledge of 
the “non-electrostatic” contributions particularly ba- 
sicity and ion-solvent interactions are necessary to 
understand the behaviour of the solvents. But we are 
unable to throw much light on these aspects from our 
present study. 
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Abstract: 3-Alkyl(Aryl)-4-amino-4,5-dihydro-1H-1,2,4-triazol-5-ones (2) reacted with 
2-furoyl chloride and thiophene-2-carbonyl chloride to afford the corresponding 3-
alkyl(aryl)-4-(2-furoylamino)-4,5-dihydro-1H-1,2,4-triazol-5-ones (3) and 3-alkyl(aryl)-
4-(2-thienylcarbonylamino)-4,5-dihydro-1H-1,2,4-triazol-5-ones (4), respectively. The 
new compounds synthesized were characterized by using IR, 1H-NMR, 13C-NMR and 
UV spectral data together with elemental analysis. In addition, to investigate the effects 
of solvents and molecular structure upon acidity, compounds 3 and 4 were titrated 
potentiometrically with tetrabutylammonium hydroxide in four non-aqueous solvents 
(isopropyl alcohol, tert-butyl alcohol, N,N-dimethylformamide and acetonitrile). The 
half-neutralization potential values and the corresponding pKa values were determined for 
all cases.  

 
Keywords: 4,5-Dihydro-1H-1,2,4-triazol-5-ones; acylation; acidity; potentiometric 
titration; syntheses. 
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Introduction 
 

1,2,4-Triazole and 4,5-dihydro-1H-1,2,4-triazol-5-one derivatives are reported to show a broad 
spectrum of biological activities such as antifungal, antimicrobial, hypoglycemic, antihypertensive, 
analgesic, antiparasitic, hypocholesteremic, antiviral, anti-inflammatory, antitumor and anti-HIV 
properties [1-14]. These observations prompted us to synthesize some new 4,5-dihydro-1H-1,2,4-
triazol-5-one derivatives with potential biological activity. In addition, several articles, involving the 
acylation of 4,5-dihydro-1H-1,2,4-triazol-5-one derivatives, have also been published up to date [11, 
12,15,16]. 

On the other hand, it is known that 1,2,4-triazole and 4,5-dihydro-1H-1,2,4-triazol-5-one rings have 
weak acidic properties, so some 1,2,4-triazole and 4,5-dihydro-1H-1,2,4-triazol-5-one derivatives were 
titrated potentiometrically with tetrabutylammonium hydroxide in non-aqueous solvents, and the pKa 
values of the compounds were determined [11, 17-20]. We have previously described the synthesis and 
potentiometric titrations of some new 4,5-dihydro-1H-1,2,4-triazol-5-one derivatives in different non-
aqueous medium [21, 22], where we determined the pKa values of these compounds for each non-
aqueous solvent. 

The aim of this work is to synthesize a series of 3-alkyl(aryl)-4-(2-furoylamino)-4,5-dihydro-1H-
1,2,4-triazol-5-ones (3) and 3-alkyl(aryl)-4-(2-thienylcarbonylamino)-4,5-dihydro-1H-1,2,4-triazol-5-
ones (4) from the reactions of 3-alkyl(aryl)-4-amino-4,5-dihydro-1H-1,2,4-triazol-5-ones (2) with 2-
furoyl chloride and thiophene-2-carbonyl chloride, respectively (Scheme 1). Moreover, the synthesized 
compounds 3 and 4 were titrated potentiometrically with tetrabutylammonium hydroxide (TBAH) in 
four non-aqueous solvents, including isopropyl alcohol, tert-butyl alcohol, N,N-dimethylformamide 
and acetonitrile to determine their pKa values. For each new compound synthesized, the half-
neutralization potential (HNP) and the corresponding pKa value were determined in the four mentioned 
non-aqueous solvents. The data obtained from the potentiometric titrations were interpreted, and the 
effect of the C-3 substituent and solvent effects were studied [17-22].  Determination of pKa values of 
active constituents of certain pharmaceutical preparations is important, because their distribution, 
transport behavior, bonding to receptors, and contributions to metabolic behavior depend on the 
ionization constant [23].   
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Results and Discussion 
 

In this study, the structures of the newly synthesized 3-alkyl(aryl)-4-(2-furoylamino)-4,5-dihydro-
1H-1,2,4-triazol-5-ones (3) and 3-alkyl(aryl)-4-(2-thienyl-carbonylamino)-4,5-dihydro-1H-1,2,4-
triazol-5-ones (4) were identified using elemental analysis and IR, 1H-NMR, 13C-NMR and UV 
spectral data, and these obtained spectral values were seen to be compatible with literature reports [24, 
25]. In addition, these newly synthesized compounds 3 and 4 were titrated potentiometrically with 
tetrabutyl-ammonium hydroxide (TBAH) in non-aqueous solvents such as isopropyl alcohol (ε=19.4), 
tert-butyl alcohol (ε=12), N,N-dimethylformamide (ε=37) and acetonitrile  (ε=36).  

The mV values were plotted versus TBAH volumes (mL) added, and thus potentiometric titration 
curve was formed for all the cases.  From these curves, the HNP values were measured, and the 
corresponding pKa values were calculated. 

As an example, the potentiometric titration curves for 0.001 M  3-Benzyl-4-(2-furoylamino)-4,5-
dihydro-1H-1,2,4-triazol-5-one (3c) solutions titrated with 0.05 M TBAH in isopropyl alcohol, tert-
butyl alcohol, N,N-dimethylformamide and acetonitrile are given in  Figure 1. As it is clearly seen in 
Figure 1, a typical S-shaped titration curve was obtained. 
 

Figure 1. Potentiometric titration curves of 10-3 M 3-Benzyl-4-(2-furoylamino)-4,5-
dihydro-1H-1,2,4-triazol-5-one (3c) solutions titrated with 0.05 M TBAH in isopropyl 
alcohol (●), tert-butyl alcohol (▲), N,N-dimethylformamide ( ) and acetonitrile (▼) at 
25 °C. 

 
 
 
 
 
 
 
 
  
    
 
 
 
 
 

The half-neutralization potentials (HNP) and the corresponding pKa values for compounds 3 and 4, 
obtained from the potentiometric titrations with 0.05 M TBAH in isopropyl alcohol, tert-butyl alcohol, 
N,N-dimethylformamide and acetonitrile, are given in Table 1. 
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Table 1. The half-neutralization potentials (HNP) and the corresponding pKa values of 
compounds 3 and 4 in isopropyl alcohol, tert-butyl alcohol, N,N-dimethylformamide and 
acetonitrile. 

 
Isopropyl 

alcohol 
Tert-butyl 

alcohol 
N,N-Dimethyl  

formamide 
Acetonitrile Compd.  

no 
HNP 
(mV) 

pKa HNP  
(mV) 

pKa HNP  
(mV) 

pKa HNP 
(mV) 

pKa 

3a -292 11.63 -206 9.84 
 

-447 14.56 -430 14.57 
 

3b -298 11.69 -260 11.01 
 

-459 15.69 -388 13.69 
 

3c -111 8.79 -162 9.49 
 

-172 10.38 -96 8.48 
 

3e -290 11.52 -248 10.76 
 

-443 15.30 -409 14.10 
 

3f -312 11.97 -186 9.52 
 

-491 15.26 -329 12.48 
 

4a -275 11.07 -273 11.10 
 

-450 14.37 -374 13.38 
 

4b -297 11.87 -254 10.86 
 

-324 12.39 -333 12.54 
 

4c -291 11.42 -175 11.63 
 

-347 12.42 -352 12.91 
 

4d -214 10.66 -285 11.84 
 

-320 12.82 -227 11.52 
 

4e -286 11.48 -277 11.26 
 

-436 14.23 -284 11.60 
 

4f -293 11.47 -291 11.40 -388 13.17 -333 12.51 

 
As it is well known, the acidity of a compound depends on some factors. The two most important  

factors are the solvent effect and molecular structure [18-22, 26-28].  Table 1 shows that the HNP 
values and the corresponding pKa values obtained from potentiometric titrations depend on the non-
aqueous solvents used. The results obtained illustrate that tert-butyl alcohol is the best solvent. As can 
be observed in Figure 1, for example, the potential jump of compound 3c in the end-point is very large 
for tert-butyl alcohol ranging from –266 mV to –599 mV. In addition, Table 1 shows that the 
molecular structure of titrated compounds affects the HNP and corresponding pKa values depending on 
the substituents at C-3 in the same solvent. 
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Experimental 
 
General 
 

Melting points were taken on a Electrothermal digital melting point apparatus and are uncorrected. 
IR spectra were registered using KBr disks on a Perkin-Elmer 1600 FTIR spectrometer. 1H-NMR and 
13C-NMR spectra were recorded in DMSO-d6 with TMS as internal standard on a Varian Mercury 
spectrometer at 200 MHz and 50 MHz, respectively. UV absorption spectra were measured for ethanol 
solutions in 10 mm quartz cells between 200 and 400 nm using a Shimadzu UV-1201 
spectrophotometer. For potentiometric titrations, a Jenway 3040 ion analyser pH meter (calibrated 
according to the instructions of the manufacturer) equipped with an Ingold pH electrode were used. 
During the titrations, the titrant was added in increments of 0.05 mL after each stable reading, and the 
corresponding mV values were recorded. Chemicals were supplied from Fluka and Merck. After 
purification, isopropyl alcohol was used to prepare 0.05 M tetrabutylammonium hydroxide (TBAH). 
For all potentiometric titrations, 0.05 M TBAH in isopropyl alcohol was used. The starting compounds 
2a-e were prepared from the reactions of the corresponding ester ethoxycarbonylhydrazones (1a-e) 
with hydrazine hydrate according to literature [16,29].   
 
General Method for the Preparation of 3-alkyl(aryl)-4-[2-furoylamino]-4,5-dihydro-1H-1,2,4-triazol-
5-ones (3) or 3-alkyl(aryl)-4-[2-thienylcarbonyamino]-4,5-dihydro-1H-1,2,4-triazol-5-ones (4): 

 
3-Alkyl(aryl)-4-amino-4,5-dihydro-1H-1,2,4-triazol-5-one (2) (0.01 mol) was refluxed with a 

solution of the appropriate heteroaroyl chloride (2-furoyl chloride or 2-thiophenecarbonyl chloride) 
(0.01 mol) in n-butyl acetate (40 mL) for 6 hours and then allowed to cool. The product was 
recrystallized from an appropriate solvent to give 3 or 4. The following compounds were prepared 
applying this procedure: 

 
3-Methyl-4-(2-furoylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (3a). Yield 90%; m.p. 83 °C (H2O); 
Calculated for C8H8N4O3 (208.18): 46.16% C, 3.87% H, 26.91% N; found: 46.70% C, 4.18% H, 
26.79% N. 1H-NMR: δ 2.06 (s, 3H, CH3), 6.76 (s, 1H, Ar-H), 7.40 (s, 1H, Ar-H), 8.02 (s, 1H, Ar-H), 
11.38 (s, 1H, NH); 11.73 (s, 1H, NH); 13C-NMR: δ 10.72 (aliphatic carbon), 112.65, 116.87, 145.05, 
147.07 (aromatic carbons), 145.36 (triazole C3), 152.89 (triazole C5), 157.24 (C=O); IR: 3500, 3170 
(NH), 1715, 1680 (C=O), 1596 (C=N) cm-1; UV λmax nm, (ε, L·mol-1·cm-1): 253 (26350), 212 
(16510) nm. 
 
3-Ethyl-4-(2-furoylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (3b). Yield 87%; m.p. 111-112 °C 
(EtOH-toluene, 1:3); Calculated for C9H10N4O3 (222.20): 48.65% C, 4.54% H, 25.21% N; found: 
48.35% C, 4.74% H, 24.93% N. 1H-NMR: δ 1.11 (t, 3H, CH3), 2.33 (q, 2H, CH2), 6.70 (s, 1H, Ar-H), 
7.33 (s, 1H, Ar-H), 7.95 (s, 1H, Ar-H), 11.33 (s, 1H, NH); 11.70 (s, 1H, NH); 13C-NMR: δ 9.88, 18.17 
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(aliphatic carbons), 112.57, 116.74, 145.00, 149.10 (aromatic carbons), 147.00 (triazole C3), 152.96 
(triazole C5), 157.14 (C=O); IR: 3450, 3260 (NH), 1715, 1695 (C=O), 1595 (C=N) cm-1; UV λmax nm, 
(ε, L·mol-1·cm-1): 211 (11390) nm. 
 
3-Benzyl-4-(2-furoylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (3c). Yield 82%; m.p. 160-162 °C 
(EtOH); Calculated for C14H12N4O3 (284.27): 59.15% C, 4.25% H, 19.71% N; found: 59.48% C, 
4.18% H, 18.79% N. 1H-NMR: δ 3.72 (s, 2H, CH2), 6.74 (s, 1H, Ar-H), 7.20-7.36 (m, 7H, Ar-H), 
11.71 (s, 1H, NH); 11.90 (s, 1H, NH); 13C NMR: δ 30.40 (aliphatic carbon), 112.80, 117.10, 126.89, 
128.47 (3C), 128.63 (3C), 134.60 (aromatic carbons), 146.20 (triazole C3), 152.00 (triazole C5), 163.30 
(C=O); IR: 3450, 3230 (NH), 1746, 1715 (C=O), 1590 (C=N), 770, 705 (monosubstituted benzenoid 
ring) cm-1; UV λmax nm, (ε, L·mol-1·cm-1): 246 (28720), 221 (23950) nm. 
 
3-(4-Chlorobenzyl)-4-(2-furoylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (3e). Yield 90%; m.p. 177-
178 °C (EtOH-H2O, 1:3); Calculated for C14H11N4O3Cl (318.72): 52.76% C, 3.48% H, 17.58% N; 
found: 52.45% C, 3.87% H, 17.56% N. 1H-NMR: δ 3.82 (s, 2H, CH2), 6.75 (s, 1H, Ar-H), 7.25-7.38 
(m, 5H, Ar-H), 8.02 (s, 1H, Ar-H), 11.36 (s, 1H, NH); 11.92 (s, 1H, NH); 13C-NMR: δ 30.30 (aliphatic 
carbon), 112.40, 117.10, 128.58 (3C), 130.96 (2C), 131.90, 134.10, 147.03 (aromatic carbons), 145.00 
(triazole C3), 153.00 (triazole C5), 157.30 (C=O); IR: 3400, 3210 (NH), 1725, 1688 (C=O), 1595 
(C=N), 810 (1,4-disubstituted benzenoid ring) cm-1; UV λmax nm, (ε, L·mol-1·cm-1): 256 (14340), 221 
(16830) nm. 
 
3-Phenyl-4-(2-furoylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (3f). Yield 79%; m.p. 278-239 °C 
(H2O); Calculated for C13H16N4O3 (270.25): 57.78% C, 3.73% H, 20.73% N; found: 58.02% C, 3.50% 
H, 20.43% N. 1H-NMR: δ 6.75 (s, 1H, Ar-H), 7.47-7.52 (m, 4H, Ar-H), 7.85-7.86 (m, 2H, Ar-H), 8.03 
(s, 1H, Ar-H), 11.82 (s, 1H, NH); 12.49 (s, 1H, NH); 13C-NMR: δ 112.80, 117.20, 126.25, 127.14 
(2C), 129.30 (2C), 130.91, 146.53, 147.17 (aromatic carbons), 145.21 (triazole C3), 153.62 (triazole 
C5), 157.45 (C=O); IR: 3450, 3150 (NH), 1713, 1670 (C=O), 1590 (C=N), 760, 695 (monosubstituted 
benzenoid ring) cm-1; UV λmax nm, (ε, L·mol-1·cm-1): 246 (29600), 216 (22900) nm. 
 
3-Methyl-4-(2-thienylcarbonylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (4a). Yield 83%; m.p. 255-
256 °C (EtOH); Calculated for C8H8N4O2S (224.24): 42.85% C, 3.60% H, 24.99% N; found: 43.26% 
C, 3.45% H, 24.98% N. 1H-NMR: δ 1.99 (s, 3H, CH3), 7.06-7.29 (m, 1H, Ar-H), 7.45-8.22 (m, 2H, 
Ar-H), 11.46 (s, 1H, NH); 11.70 (s, 1H, NH); 13C-NMR: δ 11.87 (aliphatic carbon), 129.30, 131.56, 
134.00, 135.84 (aromatic carbons), 146.21 (triazole C3), 153.82 (triazole C5), 161.84 (C=O); IR: 3300, 
3150 (NH), 1720, 1660 (C=O), 1610 (C=N) cm-1; UV λmax nm, (ε, L·mol-1·cm-1): 248 (29140), 212 
(19790) nm. 
 
3-Ethyl-4-(2-thienylcarbonylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (4b). Yield 82%; m.p. 202-
203 °C (EtOH-H2O, 1:3); Calculated for C9H10N4O2S (238.26): 45.37% C, 4.23% H, 23.51% N; 
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found: 45.03% C, 4.18% H, 23.57% N. 1H-NMR: δ 1.14 (t, 3H, CH3), 2.41 (q, 2H, CH2), 7.27-7.29 
(m, 1H, Ar-H), 7.97-7.99 (m, 2H, Ar-H), 11.47 (s, 1H, NH); 11.79 (s, 1H, NH); 13C-NMR: δ 10.11, 
18.34 (aliphatic carbons), 128.79, 130.76, 133.47, 135.40 (aromatic carbons), 149.26 (triazole C3), 
153.19 (triazole C5), 161.05 (C=O); IR: 3500, 3175 (NH), 1720, 1675 (C=O), 1600 (C=N) cm-1; UV 
λmax nm, (ε, L·mol-1·cm-1): 250 (22220), 207 (16500) nm. 
 
3-Benzyl-4-(2-thienylcarbonylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (4c). Yield 86%; m.p. 220-
222 °C (EtOH-H2O, 1:3); Calculated for C14H12N4O2S (300.33): 55.99% C, 4.03% H, 18.65% N; 
found: 55.73% C, 3.73% H, 18.38% N. 1H-NMR: δ 3.82 (s, 2H, CH2), 7.26 (s, 6H, Ar-H), 7.95 (s, 2H, 
Ar-H), 11.46 (s, 1H, NH); 11.94 (s, 1H, NH); 13C-NMR: δ 31.10 (aliphatic carbon), 127.18, 128.76 
(3C), 129.08 (2C), 131.10, 133.90, 135.40, 135.90 (aromatic carbons), 147.90 (triazole C3), 153.40 
(triazole C5), 161.20 (C=O); IR: 3250, 3100 (NH), 1725, 1660 (C=O), 1600 (C=N), 770, 705 
(monosubstituted benzenoid ring) cm-1; UV λmax nm, (ε, L·mol-1·cm-1): 251 (22220), 210 (30440) nm. 
 
3-(4-Methylbenzyl)-4-(2-thienylcarbonylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (4d). Yield 77%; 
m.p. 167-168 °C (EtOH-H2O, 1:3); Calculated for C15H14N4O2S (314.36): 57.31% C, 4.48% H, 
17.82% N; found: 57.10% C, 4.27% H, 17.93% N. 1H-NMR: δ 2.27 (s, 3H, CH3), 3.95 (s, 2H, CH2), 
7.11-7.27 (m, 5H, Ar-H), 7.95-8.00 (m, 2H, Ar-H), 11.43 (s, 1H, NH); 11.89 (s, 1H, NH); IR: 3250, 
3120 (NH), 1760, 1670 (C=O), 1615 (C=N), 790 (1,4-disubstituted benzenoid ring) cm-1; UV λmax 
nm, (ε, L·mol-1·cm-1): 269 (23580), 211 (24660) nm. 
 
3-(4-Chlorobenzyl)-4-(2-thienylcarbonylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (4e). Yield 90%; 
m.p. 190-191 °C (EtOH-H2O, 1:3); Calculated for C14H11N4O2SCl (334.78): 50.23% C, 3.31% H, 
16.74% N; found: 50.55% C, 2.99% H, 16.50% N. 1H-NMR: δ 3.82 (s, 2H, CH2), 7.24-7.37 (m, 5H, 
Ar-H), 7.93-7.97 (m, 2H, Ar-H), 11.41 (s, 1H, NH); 11.93 (s, 1H, NH); 13C-NMR: δ 29.00 (aliphatic 
carbon), 127.25 (3C), 129.39, 129.57 (2C), 130.90, 131.99, 132.63, 134.30 (aromatic carbons), 145.90 
(triazole C3), 152.90 (triazole C5), 159.80 (C=O); IR: 3220, 3100 (NH), 1730, 1665 (C=O), 1595 
(C=N), 805 (1,4-disubstituted benzenoid ring) cm-1; UV λmax nm, (ε, L·mol-1·cm-1): 251 (15100), 222 
(24400) nm. 
 
3-Phenyl-4-(2-thienylcarbonylamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (4f). Yield 85%; m.p. 160-
161 °C (EtOH-H2O, 1:3); Calculated for C13H10N4O2S (286.31): 55.54% C, 3.52% H, 19.57% N; 
found: 55.16% C, 3.52% H, 19.43% N. 1H-NMR: δ 7.29-8.05 (m, 8H, Ar-H), 11.85 (s, 1H, NH); 12.46 
(s, 1H, NH); 13C-NMR: δ 126.10, 126.98 (2C), 127.10, 129.25 (2C), 130.90 (2C), 133.80, 135.50 
(aromatic carbons), 146.20 (triazole C3), 153.70 (triazole C5), 161.10 (C=O); IR: 3250 (NH), 1730, 
1675 (C=O), 1610 (C=N), 770, 700 (monosubstituted benzenoid ring) cm-1; UV λmax nm, (ε, L·mol-
1·cm-1): 253 (25710), 210 (16990) nm. 
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4-Amino-trans-azobenzene {or 4-[(E)-phenyldiazenyl]aniline}

can form isomeric salts depending on the site of protonation.

Both orange bis{4-[(E)-phenyldiazenyl]anilinium} hydrogen

phosphate, 2C12H12N3
+�HPO4

2ÿ, and purple 4-[(E)-phenyl-

diazenyl]anilinium dihydrogen phosphate phosphoric acid

solvate, C12H12N3
+�H2PO4

ÿ�H3PO4, (II), have layered struc-

tures formed through OÐH� � �O and NÐH� � �O hydrogen

bonds. Additionally, azobenzene fragments in (I) are

assembled through CÐH� � �� interactions and in (II) through

�±� interactions. Arguments for the colour difference are

tentatively proposed.

Comment

4-Aminoazobenzene has three N atoms, each possessing an

unshared electron pair. In addition to the cis±trans isomerism,

each of the N atoms can be protonated and isomeric cations

can thus be formed. This property is potentially applicable in

the design of piezochromic materials because two groups of

salts, according to colour, can be distinguished. So far, purple

and orange salts have been isolated. In our preliminary

studies, we have found that the orange hydrogen phosphate

salt of 4-amino-trans-azobenzene {4-[(E)-phenyldiazenyl]-

aniline}, when pressed into a KBr pellet, turns purple over a

period of a few minutes to a few days (LukicÂ et al., 2007). We

have encountered dif®culties in determining the exact reaction

taking place in the KBr pellet that causes the colour change.

To the best of our knowledge, no work has reported results on

colour changes in the solid state of salts of 4-amino-

azobenzene. Even though the number of salts of 4-amino-

azobenzene characterized in the solid state is still relatively

small, an assumption can be made about the cause of the

colour change. Tentatively, we propose that the colour of

4-aminoazobenzene salts depends on the site of protonation.

In the Cambridge Structural Database (Version 5.27; August

2006; Allen, 2002), three orange salts are reported, all having

the amino group protonated, and one purple salt with only the

azo group protonated. Undoubtedly, ®nding an unequivocal

answer about the origin of this effect requires a broader study.

In this paper, as a ®rst step in this investigation, we report the

crystal structures of the hydrogen phosphate, (I), and dihy-

drogen phosphate, (II), salts of 4-aminoazobenzene.

The formula unit of the orange salt (I) consists of two

4-aminoazobenzene molecules, both in the trans con®guration

and protonated on the amino N atom, along with a hydrogen

phosphate anion (Fig. 1). The purple compound (II) consists

of one 4-aminoazobenzene molecule, also in the trans

con®guration, protonated on an azo group N atom, a dihy-

drogenphosphate anion and one solvent molecule of

phosphoric acid (Fig. 2). In compound (II), alternatively, the

hydrogen-bonded phosphoric acid and dihydrogen phosphate

units could be considered as jointly forming the anion.

Different sites of protonation of 4-aminoazobenzene result in

quite different geometries for the cations. This is probably the

cause of the different colours of these salts. In both

compounds, the geometry of the cation deviates signi®cantly

from planarity, but the deviation is more pronounced in the

purple salt (II). The relative twist of the phenyl ring is 18.0 (1)�

in compound (II), and 2.2 (3) and 6.8 (2)� in compound (I).

This larger value in (II) can be explained by repulsions

between H atoms of the phenyl ring and a hydrogen-bond

acceptor which approaches the protonated azo group.

organic compounds
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Figure 1
A view of (I), showing the atom-labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level.
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Both compounds have many possible hydrogen-bond donor

groups of the type NH or OH and they are all, in accord with

Etter's ®rst rule (Etter et al., 1990), involved in hydrogen

bonds. In (I), the anions are linked through OÐH� � �O
hydrogen bonds (Table 1) and form a chain running in the

[001] direction (Fig. 3). There are adjacent chains of anions in

the (100) plane, which are related by inversion. In this way,

layers of anions are formed even though there is no hydrogen

bonding between the chains. A layer of anions is surrounded

by cations which, through NÐH� � �O hydrogen bonds, connect

the chains. This forms a complex hydrogen-bonding network

and a sheet structure parallel to the (100) plane (Fig. 4). There

are no strong interactions between the sheets. The

morphology of the orange crystals also reveals this. Crystals,

obtained by evaporation from ethanol, are plate-like with

{100} as the two most developed planes. Crystals also show

pronounced cleavage parallel to the same planes. The

hydroxyl group of the hydrogen phosphate ion is involved in

hydrogen bonding only as a donor group so that, with seven

remaining hydrogen-bond donor groups in (I), two O atoms

are acceptors in two interactions and one in three (Table 1).

The relative orientation of the non-polar azobenzene frag-

ments is such that a CÐH� � �� interaction is formed. Atoms

H2 and H8 are at distances of 3.304 and 3.090 AÊ , respectively,

from the mean planes of the benzene rings of the azobenzene

fragment at (x, 3
2 ÿ y, ÿ1

2 + z), and at distances of 3.322 and

3.140 AÊ , respectively, from the centroids of these rings. The

second independent azobenzene fragment forms CÐH� � ��
interactions with two adjacent molecules. Firstly, atoms H14

and H20 lie 2.885 and 3.061 AÊ , respectively, from the mean

planes (2.999 and 3.101 AÊ , respectively, from the centroids) of

the benzene rings of the azobenzene fragment at (x, 1
2 ÿ y,

ÿ1
2 + z). The second interaction is towards one benzene ring of

the azobenzene fragment at (x, 1
2 ÿ y, 1

2 + z). The distance of

H23 from the mean plane of the benzene ring is 3.47 AÊ (2.96 AÊ

from its centroid). This interaction could also account for the

deviation from planarity of the azobenzene fragment.

Compound (II) is also in accord with Etter's rule as it has

eight independent possible hydrogen-bond donor groups and

all of them are involved in hydrogen bonds. A network is

formed through ®ve OÐH� � �O and three NÐH� � �O
hydrogen bonds (Table 2). Dihydrogen phosphate anions and

molecules of phosphoric acid are connected through OÐ

H� � �O hydrogen bonds and form a chain running in the [100]

direction. This chain is surrounded by cations, each forming

three hydrogen bonds of the NÐH� � �O type and linking

anionic chains. A two-dimensional network is thus formed

parallel to the (001) plane (Fig. 5). Azobenzene fragments

within this layer are related by translation in the [100] direc-

tion and are in contact through �±� stacking interactions.

In order to elucidate the chemical reaction taking place in

the KBr pellet, we shall try to obtain further structural

evidence with other salts of 4-amino-trans-azobenzene and to

record UV±vis spectra of these salts in KBr pellets.

organic compounds
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Figure 4
The two-dimensional network of hydrogen bonds in (I), extending in the
(100) plane, perpendicular to the plane of the drawing.

Figure 3
A layer of anions in (I) in the (100) plane. Chains of anions are formed in
the [001] direction. Hydrogen bonds connecting hydrogen phosphate ions
are shown with thicker dashed lines. [Symmetry code: (i) x, ÿy + 1

2, z ÿ 1
2.]

Figure 2
A view of (II), showing the atom-labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level.
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Experimental

For the preparation of (I), 4-aminoazobenzene (5 mmol, 0.986 g) and

H3PO4 (5.5 mmol, 5.5 ml of 1.0 mol dmÿ3 aqueous solution) were

dissolved in 96% EtOH (10 ml), with mild heating and stirring over a

period of 3 h. This resulted in a dark-purple solution. Orange crystals

precipitated after cooling. The crystals were rinsed three times with

96% EtOH and dried in air (yield 1.08 g, 88%). Crystals of (I)

suitable for single-crystal X-ray diffraction were obtained after one

week by slow evaporation of an EtOH solution [50 mg of (I) in 5 ml

of 96% EtOH] at room temperature. For the preparation of (II), a

further 10 ml of H3PO4 (aqueous, c = 1.0 mol dmÿ3) was added to the

mother liquor left from the preparation of (I) and the resulting purple

solution was left to evaporate at room temperature. After approxi-

mately three weeks, purple plate-shaped crystals of (II) were isolated

and used as obtained in the diffraction experiment.

Salt (I)

Crystal data

2C12H12N3
+�HPO4

2ÿ

Mr = 492.47
Monoclinic, P21=c
a = 26.757 (4) AÊ

b = 11.2998 (15) AÊ

c = 7.9943 (12) AÊ

� = 96.709 (12)�

V = 2400.5 (6) AÊ 3

Z = 4
Dx = 1.363 Mg mÿ3

Mo K� radiation
� = 0.16 mmÿ1

T = 293 (2) K
Plate, orange
0.45 � 0.40 � 0.04 mm

Data collection

Oxford Xcalibur-3 CCD area-
detector diffractometer

! scans
17388 measured re¯ections
4676 independent re¯ections

3382 re¯ections with I > 2�(I )
Rint = 0.058
�max = 26.0�

Re®nement

Re®nement on F 2

R[F 2 > 2�(F 2)] = 0.075
wR(F 2) = 0.229
S = 1.05
4676 re¯ections
338 parameters
H atoms treated by a mixture of

independent and constrained
re®nement

w = 1/[�2(F 2
o) + (0.140P)2

+ 1.0658P]
where P = (F 2

o + 2F 2
c )/3

(�/�)max = 0.003
��max = 0.95 e AÊ ÿ3

��min = ÿ0.55 e AÊ ÿ3

Salt (II)

Crystal data

C12H12N3
+�H2PO4

ÿ�H3PO4

Mr = 393.23
Orthorhombic, P212121

a = 4.5515 (4) AÊ

b = 10.5973 (9) AÊ

c = 34.705 (3) AÊ

V = 1673.9 (3) AÊ 3

Z = 4
Dx = 1.560 Mg mÿ3

Mo K� radiation
� = 0.31 mmÿ1

T = 293 (2) K
Plate, purple
0.55 � 0.15 � 0.02 mm

Data collection

Oxford Xcalibur-3 CCD area-
detector diffractometer

! scans
Absorption correction: analytical

(Alcock, 1970)
Tmin = 0.911, Tmax = 0.993

22198 measured re¯ections
4015 independent re¯ections
3323 re¯ections with I > 2�(I )
Rint = 0.041
�max = 28.1�

Re®nement

Re®nement on F 2

R[F 2 > 2�(F 2)] = 0.040
wR(F 2) = 0.101
S = 1.07
4015 re¯ections
251 parameters
H atoms treated by a mixture of

independent and constrained
re®nement

w = 1/[�2(F 2
o) + (0.0585P)2]

where P = (F 2
o + 2F 2

c )/3
(�/�)max < 0.001
��max = 0.23 e AÊ ÿ3

��min = ÿ0.24 e AÊ ÿ3

Absolute structure: Flack (1983),
1631 Friedel pairs

Flack parameter: ÿ0.11 (10)

organic compounds
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Table 1
Hydrogen-bond geometry (AÊ , �) for (I).

DÐH� � �A DÐH H� � �A D� � �A DÐH� � �A

N1ÐH3A� � �O2ii 0.88 (2) 1.84 (3) 2.721 (3) 173 (3)
N4ÐH4A� � �O3 0.88 (2) 2.02 (3) 2.901 (3) 176 (3)
N1ÐH2A� � �O1iii 0.89 (2) 1.86 (3) 2.737 (3) 166 (3)
N1ÐH1A� � �O3 0.87 (2) 1.97 (3) 2.811 (3) 161 (3)
N4ÐH6A� � �O1iv 0.88 (2) 1.78 (3) 2.663 (3) 173 (3)
N4ÐH5A� � �O3v 0.88 (2) 1.96 (3) 2.816 (3) 161 (3)
O4ÐH1P� � �O2i 0.87 (2) 1.68 (3) 2.523 (3) 164 (3)

Symmetry codes: (i) x;ÿy� 1
2; zÿ 1

2 (ii) ÿx� 1; y� 1
2;ÿz� 1

2; (iii) ÿx� 1, ÿy� 1,
ÿz� 1; (iv) ÿx� 1; yÿ 1

2;ÿz� 1
2; (v) x;ÿy� 1

2; z� 1
2.

Figure 5
The two-dimensional network of hydrogen bonds in (II), extending in the
(001) plane.

Table 2
Hydrogen-bond geometry (AÊ , �) for (II).

DÐH� � �A DÐH H� � �A D� � �A DÐH� � �A

O3ÐH5� � �O6 0.86 (3) 1.78 (3) 2.647 (3) 176 (3)
O4ÐH6� � �O5 0.84 (3) 1.72 (3) 2.554 (3) 169 (3)
N3ÐH3� � �O1 0.91 (3) 2.03 (3) 2.899 (3) 161 (3)
O2ÐH4� � �O1i 0.87 (4) 1.71 (4) 2.568 (3) 168 (4)
O7ÐH7� � �O6i 0.82 (3) 1.72 (3) 2.537 (2) 171 (3)
N1ÐH2� � �O7ii 0.90 (4) 2.17 (3) 2.994 (3) 149 (3)
O8ÐH8� � �O5iii 0.85 (4) 1.75 (4) 2.579 (3) 167 (4)
N1ÐH1� � �O6iv 0.91 (4) 2.12 (4) 3.011 (3) 168 (3)

Symmetry codes: (i) x� 1; y; z; (ii) xÿ 3
2;ÿy� 3

2;ÿz; (iii) xÿ 1
2;ÿy� 3

2;ÿz; (iv)
xÿ 1; yÿ 1; z.
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In both structures, the H atoms bonded to N and O atoms were

located from a difference Fourier map and then re®ned isotropically

with a common Uiso value, and with NÐH bond distances restrained

to 0.86 AÊ and OÐH bond distances restrained to 0.90 AÊ . H atoms

bonded to C atoms were placed at geometrically calculated positions,

with CÐH bond distances ®xed at 0.93 AÊ and Uiso(H) values of

1.2Ueq(C). Re®nement of the Flack parameter (Flack, 1983; Flack &

Bernardinelli, 2000) was attempted for structure (II) using the TWIN

and BASF commands in SHELXL97 (Sheldrick, 1997), but it did not

converge (shift/s.u. = 1.06 consecutively in an inde®nite number of

re®nement cycles). Attempted re®nement of the inverted structure

led to instabilities in SHELXL97, but we observed that the value of x

had settled at approximately 1.08 (9). If the Flack parameter was

re®ned without re®ning the other parameters, the value x = ÿ0.1 (1)

was found. For the inverted structure, also without re®nement of the

atomic parameters, the result was x = 1.1 (1). From these results (high

s.u. and lack of convergence) we cannot make a de®nite decision

about the absolute structure of (II). The reported absolute structure

was chosen as the more probable one.

For both compounds, data collection: CrysAlis CCD (Oxford

Diffraction, 2003); cell re®nement: CrysAlis RED (Oxford Diffrac-

tion, 2003); data reduction: CrysAlis RED; program(s) used to solve

structure: SHELXS97 (Sheldrick, 1997); program(s) used to re®ne

structure: SHELXL97 (Sheldrick, 1997); molecular graphics:

ORTEP-3 (Farrugia, 1997) and SCHAKAL99 (Keller, 1999); soft-

ware used to prepare material for publication: PARST (Nardelli,

1995) and SHELXL97 (Sheldrick, 1997).

The authors thank the Ministry of Science and Technology

of the Republic of Croatia for ®nancial support (grant No.

0119611) and Dr B. KojicÂ-ProdicÂ for helpful discussions.

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: FA3051). Services for accessing these data are
described at the back of the journal.
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Bascombe and Bell: 

223. Acidity Functions of Some Aqueous Acids. 
By K. N. BASCOMBE and R. P. BELL. 

Measurements have been made of the indicator acidities a t  25' of aqueous 
solutions of sulphuric, phosphorous, methanesulphonic, formic, acetic, mono- 
chloroacetic, dichloroacetic, and trichloroacetic acids, several of which were 
studied over the whole range of compositions. The dissociation constants of 
several of the indicators were re-determined, and measurements over a range 
of wavelengths were used to detect effects on the absorption spectra of the 
indicators due to the medium. Such effects were prominent in the most con- 
centrated solutions of the carboxylic acids, and i t  is concluded that acidity 
functions cannot be accurately defined in these solutions. The theoretical 
treatment previously developed for solutions of strong acids is used to derive 
an approximate value of 4 for the dissociation constant of methanesulphonic 
acid. 

THE Hammett acidity function has been widely used in assessing the mechanistic 
significance of kinetic measurements in concentrated acid solutions, and recent reviews l p 2  
have dealt thoroughly with this subject. There is also a close connection between, 
indicator acidities and the general problem of interpreting the equilibrium properties of 
concentrated electrolyte solutions.3,4 Nevertheless , a large proportion of the available 
experimental data is derived from Hammett's pioneer work, which employed a visual 
colorimeter without temperature control. The present paper reports measurements a t  
25", in which a spectrophotometer was used, and special attention was paid to limitations 
upon the accuracy with which the acidity function can be defined or measured. In 
particular, measurements were carried out over a range of wavelengths, so as to detect any 
effect of changes in the medium on the absorption spectra of the species concerned. Many 
of the measurements relate to solutions of weak acids which have not previously been fully 
investigated. 

EXPERIMENTAL 
Of the acids used, perchloric, hydrochloric, sulphuric, acetic, formic, monochloroacetic 

trichloroacetic, and iodic were " AnalaR " products. Phosphorous, dichloroacetic, and toluene- 
$-sulphonic acids were of " Laboratory Reagent " grade, the last being recrystallised from 
alcohol. Methanesulphonic acid was manufactured by Boots Pure Drug Co., Ltd., and its 
purity checked by titration. 

The following indicators were B.D.H. Laboratory Reagents, recrystallised from alcohol, and 
having m. p. within 2' of the accepted value : p-aminoazobenzene, m-nitroaniline, phenylazo- 
diphenylamine, $-nitroaniline, o-nitroaniline, $-nitrodiphenylamine, 2 : 4-dinitroaniline, benzyl- 
ideneacetophenone, and NN-dimethyl-p-nitroaniline. 4-Chloro-2-nitroaniline was a laboratory 
specimen recrystallised from alcohol. 4-Methyl-2 : 6-dinitroaniline was prepared as described 
by Brady, Day, and Rolt (m. p. 165" from alcohol). 6-Bromo-2 : 4-dinitroaniline was 
prepared by brominating 2 : 4-dinitroaniline in glacial acetic acid a t  100' (cf. Elion 6). The 
product separated on cooling and was filtered off, washed with water, dried, and twice recrystal- 
lised from alcohol (m. p. 151O). NN-Dimethyl-2 : 4-dinitroaniline was prepared by adding solid 
NN-dimethyl-$-nitroaniline to excess of 1 : 1 aqueous nitric acid. The amine dissolved, but after 
a few minutes yellow crystals of the nitrate of the required product began to separate. After 
half an hour the mixture was neutralised with an excess of aqueous sodium hydroxide and the 
solid product filtered off, washed with water, dried, and recrystallised from alcohol (m. p. 86'). 

The acid solutions were standardised by volume either against borax, or (through sodium 
hydroxide solution) against constant-boiling hydrochloric acid. The weight concentrations 

Paul and Long, Chem. Rev., 1957, 57, 1. 
Long and Paul, Chem. Rev., 1957, 57, 935. 
Bascombe and Bell, Discuss. Furuduy Soc., 1957, 24, 158. 
Wyatt, Discuss. Faruduy SOC., 1957, 24, 162. 
Brady, Day, and Rolt, J., 1922, 527. 
Elion, Zec. Trav. chim., 1923, 42, 171. 
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[ 19591 Acidity Functions of Some Aqueous Acids. 1097 
given in the Tables were calculated from published densities, supplemented by our measure- 
ments on solutions of phosphorous and methanesulphonic acids. Stock indicator solutions 
were made up by weight in water or in the acid solution being investigated and the solutions for 
measurement were made by adding a known weight of indicator solution to a much larger 
volume of acid solution, giving indicator concentrations of about 1 0 - 5 ~ .  The same indicator 
stock solution was used for measuring the absorption of the acidic and the basic form of the 
indicator and of the solution being investigated, so that it was not necessary to know its con- 
centration accurately. 

Optical densities were measured with a Unicam S.P. 500 spectrophotometer with a cell 
compartment regulated a t  25” f 0.02”. The latter consisted of a metal block resembling that 
described by Evans, Herington, and Kynaston : 7 the temperature was controlled by a platinum 
resistance thermometer embedded in the block, which formed one arm of a Wheatstone bridge 
and actuated a relay. The optical-density scale was tested by making measurements with 
solutions of potassium chromate which have been shown8 to obey Beer’s law with high 
accuracy. The apparent extinction coefficient a t  a given wavelength varied with con- 
centration, decreasing by 2% for each unit increase in optical density. This shows that the 
scale of the instrument is slightly in error, and the true optical densities (D) were calculated 
from those read from the scale (D*) by the relation D = 500*/(50 - D*). Similar difficulties 
in the accurate use of the Unicam S.P. 500 instrument have been reported by Davies and 
Prue.9 

All measurements employed stoppered 10 mm. silica cells which were optically matched. 
Water was used in the comparison cell, and measurements were made over a range of 1000- 
1500 %i at  intervals of 100 or 200 A. In any set of measurements the observed optical densities 
(after application of the correction described above) were converted to a standard indicator con- 
centration, usually that used in measuring the spectrum of the basic form of the indicator: 
these converted optical densities are represented by D’. 

The acidity function H,, as measured by an uncharged basic indicator B, is defined by 

H ,  = pK + log [B]/[BH+] = pK + log (D’ - D’BH+)/(D’B - D’) . . (1) 

where pK refers to BHf, and UBH+ and DIB are the converted optical densities for solutions in 
which the indicator is present entirely in the acidic and in the basic form respectively. D’BH+ 
was usually measured in sulphuric acid of about 50% concentration. It was much smaller 
than DIB for all the indicators used, with the exception of benzylideneacetophenone, which was 
used only for a few measurements with methanesulphonic acid: it was therefore not necessary 
to know D I B H +  accurately. Indicators with pK > -1 are appreciably protonated even in 
dilute acid solution, and for these the value of DIB was measured in 0-lM-aqueous sodium 
hydroxide. Since these indicators were not used in very concentrated acid solutions it is 
reasonable to use this value throughout in calculating H ,  from eqn. (1). The validity of this 
assumption can be tested to some extent by making measurements a t  different wavelengths, 
since it is unlikely that a change of medium would change the value of D’B at  a given wave- 
length without also changing the shape of the absorption curve. This test was carried out in 
most of the measurements, and examples are given under the individual acids. The most 
weakly basic indicators (pK - 3  to -7) were used in very concentrated acid solutions, some- 
times up to lOOyo acid, and it is certainly not appropriate to use the value of D’B measured in 
water or dilute alkali. In most instances DIB was measured in a solution of the acid being 
studied just below the concentration range in which protonation begins to become appreciable : 
this procedure was used by Hammett and Deyrup.10 However, other procedures are possible 
and their use does not lead to identical results in concentrated solutions, as illustrated by our 
measurements with P-nitrodiphenylamine in sulphuric acid. The same uncertainty is revealed 
by the apparent variation of indicator ratio when the same solution is investigated a t  different 
wavelengths. 

The 
pK values for the first three indicators were obtained from measurements in dilute solutions of 
hydrochloric, perchloric, and toluene-p-sulphonic acid, which were assumed to be completely 

The indicators used, together with the values assumed for pK,, are listed in TabIe 1. 

’ Evans, Herington, and Kynaston, Trans. Fayaday SOC., 1953, 49, 1284. 

lU Hammett and Deyrup, J. Amer. Chem. SOC., 1932, 54, 4239. 

Kortum, 2. phys. Chem., 1936, B, 33, 243. 
Davies and Prue, Trans. Faraday SOC., 1955, 51, 1045. 
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Bascombe and Bell: 
hocia ted .  As would be expected in very dilute solution, the observed values of 
log { [BH+]/p][H+]) showed no trend with acid concentration, and the values given for pK are 
averages for all measurements. As an example the results for 9-aminoazobenzene are given in 
Table 2. The limits of error given for the indicator ratio I and the value of log { (BH+J/[B][H+]) 
calculated from it  are based upon the precision and reproducibility of the instrumental readings. 

I. 
11. 

111. 
IV. 
V. 

VI . 
VII. 

VIII. 
IX. 
X. 

TABLE 1. pK valws of indicators. 
Indicator PK (i) Method 

.............................. p -  Aminoazobenzene 2.82 (a) 
m-Nitroaniline 2-60 (4 

itroaniline 1.02 (4 
- 0.29 (c) 

9-y  
NN-Dimethyl-2 : 4-dinitroaniline - 1.00 (4 
4-Chloro-2-nitroaniine - 1-02 (c )  
p-Nitrodiphenylamine - 2.4 to  - 2.9 (c )  
4 : 6-Dichloro-2-nitroaniline - 3.61 (b) 
4-Methyl-2 : 6-dinitroaniline - 3.96 (b) 
6-Bromo-2 : 4-dinitroaniline - 6.64 PI 

.................................... 

.................................... 

.................................... o-Nitroaniline 
............ 

........................ 
........................... 

.................. 

.................. 

.................. 

PK (3 
2.76 
2.50 
0.99 

- 0.29 

- 1.03 
- 2.50 
- 3.32 
- 4.44 
- 6.71 

- 

(i) Present paper. 
(ii) '' Best value " given by Paul and Long.' 
(a) Measured directly in dilute solutions of strong acids. (b) From overlap in solutions of methane- 

sulphonic acid. (c) From overlap in solutions of sulphuric acid. 

Table 2 shows that the observed indicator ratio is independent of the wavelength, and the same 
is true for m-nitroaniline and 9-nitroaniline. The values obtained for the pK of these indicators 
agree fairly well with the '' best values " of Paul and Long.' The values obtained for the 
remaining seven indicators are discussed in connection with the measurements on solutions of 
sulphuric and methanesulphonic acids. 

Unless otherwise stated, 
measurements were made a t  the wavelengths of maximum absorption of the basic form, which 
were as follows: I 3800 A, II 3600 A, III 3800 A, IV 4100 A, V 3900 A, VI 4200 A, VII 4100 A, 
VIII 4200 A, IX 4500 I%, X 3550 A. Details 
follow for the individual acids. 

Results.-In the Tables the indicators are numbered as in Table 1. 

The acid concentration (concn.) is in moles/l. 

TABLE 2. Measurement of pK for p-aminoazobenzene. 

IHC11 I 
0.00358 2.26 f 0-12 

2.65 f 0.09 
2.60 f 0.09 
2.73 f 0.09 t 
3-66 f 0.12 
3.87 f 0.16 
4.06 f 0.17 

0.00366 

0.00540 
0-00658 
0.00715 
0*00880 5.94 f 0.18 

1% {tBH+I/ 
I [Bl W+3) 

1% {[BH+l/ 
[BlCH+l) [P-Me*C*H,.~,Hl 

2.80 f 0.03 040171 1-17 f 0.03 2-83 f 0-01 
2.75 f 0.09 2.80 0.02 
2-79 f 0-08 * 2-82 f 0.02 
2.68 f 0-08 t 2.77 f 0.02 
6.73 f 0-26 2.82 f 0.02 

2.86 f 0-02 
2.84 f 0.02 0.00435 
2.89 f 0.02 
2-83 f 0-02 0*00870 
2-77 f 0.03 
2.84 f 0.02 
2.83 f 0-02 

I = [BH*J/[B]. 
0.53 f 0.02 

2.94 f 0.06 
2.98 f 0-06 * 
2.95 & 0-06 f 
7-10 f 0.27 

2-78 f 0.02 Measurements at 3800 A unless otherwise stated. 0.00087 
0.00266 1.72 f 0.04 2-81 f 0.01 * Measurements at 3600 A. 

2-81 f 0.01 t Measurements at 4000 A. 
2-83 f 0.01 
2.81 f 0.01 
2-87 f 0.02 

0.0455 

0.00957 

[HC10*1 

Sulfihecric acid. This was studied in order to check the pK values for some of the indicators, 
and also to provide more accurate data for the intermediate range of concentrations. Most of 
the results are given in Table 3; they are independent of the wavelength within experimental 
error ( 2 - - 6 %  in I ,  or 0.01 to 0.02 in H,, depending upon the value of I and the part of the 
instrumental scale being used). The values of H ,  derived from indicators I, 11, and 111 are in 
good mutual agreement, by use of the pK values in Table 1, and up to a concentration of c = 
0.01 they agree within 0.02 unit with H ,  = - log [H+], where [H+] is calculated from 
.fi [H+]([H'] - c)/(2c - [H+]) = 0.0103, where fa is given in terms of the ionic strength p by 
- l o g f ,  = 2p+/(1 - 4 -  p?). This calculation assumes that fH+ = fHso4-, and the ionic strength is 
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[1959] A cidity Functions of Some A queous A cids. 1099 
obtained by successive approximations, while K = 0-0103 is the value given by Davies, Jones, 
and Monk 11 for the second dissociation constant of sulphuric acid. 

The pK values for indicators IV, V, and VI have been chosen to give concordant values of 
H ,  in the region of overlap, as shown in Table 3. pK(1V) and pK(V1) are in good agreement 
with the best values of Paul and Long (cf. Table 1). Indicator V has not previously been 
investigated, and is of interest in being a tertiary amine: nevertheless, i t  gives results closely 
parallel with those of the primary amine VI of similar pK. The indicator NN-dimethyl-2 : 4 : 6- 

TABLE 3. Sdphuric acid. 
Key to wavelengths (A) : m maximum absorption, a 3400 A, b 3600 A, c 3700 A, d 3800 A, e 3900 A, 

f 4000 A, g 4400 A, h 4600 A. 
Concn. Wt. % Indr. A I H ,  Concn. Wt. yo Indr. h I *, 

I11 b 28.6 -0.44 
I11 c 28.2 -0.43 

0.80 2.92 1.20 10.9 

0.00050 0.0049 I m 0.62 3.03 
0.00058 0.0057 I m 0.76 2-94 

0.76 2.94 
0.78 2.93 
1-02 2-81 
0-98 2-83 1.22 11.1 

I f 1.02 2-81 

1.54 13.8 VI m 0.415 -0.64 
1-56 14.1 IV m 2.43 -0.68 

0.00098 0.0096 I m 1-13 2.77 1.49 13.4 IV m 2.13 -0.62 
0*00118 0.0116 I m 1.43 2-67 
0.00134 0.0131 I m 2.04 2-51 
0.00239 0.0234 I m 2-99 2.35 1-57 14.2 I11 m 48.3 -0-66 
0.00253 0.0248 I m 3.09 2.33 1-66 14.75 I11 m 53.3 -0-71 
0.00409 0.0401 I m 4.84 2-14 1.85 16.3 IV m 3-51 -0-83 
0.00434 0.0425 I m 5.07 2.12 1-86 16.4 VI m 0.65 -0.83 
0.00480 0.0470 I m 5-48 2.08 1.91 16-8 VI m 0.72 -0.88 
0.00603 0-0590 I m 6.8 1.99 1.94 17-1 IV m 3-74 -0.86 
0.00615 0.0602 I1 m 3-34 1.98 I11 b 81 - 0.89 

0.00908 0.0890 I m 9.8 1-83 I11 f 82 - 0.90 
7.6 1-62 2.20 19.1 V m 0.84 -0.93 

7-0 1.66 2.61 22-2 VI m 1-55 -1.21 

1-42 2.68 22.6 IV m 9-1 -1.25 
I1 d 11.3 1.45 2.95 24.6 V m 2-38 -1-38 

IV d 13.2 -1.40 

IV g 13.5 -1.42 
V m 5.21 -1.72 

V m 10.8 -2-03 

0.0333 0-326 XI m 16.6 1-32 2.96 24.6 VI m 2-30 -1.38 
0.0410 0.400 I11 m 0.63 1-22 
0-0625 0-612 111 m 0.91 1.06 3.02 25-1 IV m 13.6 -1.42 
0.235 2-26 I11 m 3.44 0.48 
0.278 2.67 I11 m 4.11 0.41 3.55 28.7 
0.280 2-69 I11 m 4-14 0-40 3.55 28.7 VI m 4.38 -1.66 
0-365 3.39 I11 m 5.47 0.28 4.29 33.6 

0.90 8.3 I11 m 17.3 -0.22 4.54 35.2 V m 14-1 -2-15 

0.98 9.1 I11 m 19.5 -0.27 4.61 35.6 { VI m 15.9 -2-22 

4.84 37.1 V m 23.7 -2.37 
5.08 38-6 VI m 26.7 -2.45 

I11 e 29.0 -0.44 
29.0 -0-44 

1.45 -0.44 

IV g 1.47 -0.45 

0.00750 0.0734 I m 8-3 1.90 2.04 17.8 { I11 m 83 - 0.90 

1.65 VI f 1.57 -1.22 

I1 a 12-4 1.41 VI g 1.53 -1.20 

0-540 5.10 I11 m 8.5 0.09 4.33 33.8 IV m 75 -2.16 

0.90 8.3 IV m 0.89 -0.24 VI f 16.9 -2.22 

1.18 10.75 I11 m 27.7 -0.42 VI g 15.5 -2.21 

trinitroaniline gives ionisation curves in 65-75% aqueous sulphuric acid and in acetic acid 
solutions of sulphuric acid which deviate considerably from those given by primary amines,lO* l2 

but individual deviations are more prominent in these highly acid solutions. 
Attempts were made to study sulphuric acid solutions more concentrated than 6M by using 

indicator VII (p-nitrodiphenylamine) . Since this will not be appreciably protonated at  con- 
centrations less than about 2 ~ ,  it is possible to investigate the effect of acid concentration 
upon D'B, the absorption of the basic form. Table 4 shows the results for three wavelengths 
in the neighbourhood of the maximum (4100 A). It is clear that there is a considerable medium 
effect, which varies with wavelength. Three different assumptions have been made in calculat- 
ing the indicator ratios in the range 4~-7~-sulphuric acid: (i) D'* has the same value as in 

l1 Davies, Jones, and Monk, Tvans. Faraday Soc., 1952, 48, 921. 
I 2  Hall and Spengemann, J .  A m .  Chem. SOC., 1940, 62, 2487. 
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1100 Bascombe and BeLL: 
neutral aqueous solution. (ii) DIB has the same value as in 1.8~-sulphuric acid (i.e., just below 
the protonation range). (iii) D’B is calculated from Table 4 by linear extrapolation 
to the relevant acid concentration. Table 5 shows the results of these three assumptions. 
The values of I differ considerably according to the assumption made about D’B: with assump- 
tions (i) and (ii) there is also a considerable variation with wavelength, but with assumption (iii) 

’IABLE 4. Medium efect on the absorption of p-nitrodiphenylamine. 
[H,SO,I 0.575 0.98 1-38 1-83 
3800 A 2-82 2-87 2.85 2.89 

D b  ............... 4100 A 3.80 3-90 3.94 4.05 { 4400A 2-60 2.61 2.72 2.76 

this variation is no greater than the uncertainty in the extrapolation for obtaining D’B. How- 
ever, this may be coincidental, since the values of I on assumption (iii) are not consistent with 
the results of Table 3 obtained with indicators IV, V, and VI. The choice of pK = -2.4 for 
p-nitrodiphenylamine gives coincident values of H ,  at  4 . 4 ~ ~  but the plots of H ,  against Concn. 
diverge sharply at  higher concentrations. On the other hand, either assumption (i) with 
pK = -2.93 or assumption (ii) with pK = -2.60 leads to values of H ,  which are consistent 
with Table 3. The values of H ,  from measurements at 4100 %i are given in Table 6:  as can be 
seen from Table 5, somewhat different values would be obtained by using other wavelengths. 

TABLE 5. 

Concn. A (A) 

4.38 { %: 
4400 

4.87 { %: 
4400 

5.68 { 1%; 
4400 

A@arent indicator ratios for p-nitrodiphenylamine in sulphuric acid. 
I I 

6) 
0.199 
0.156 
0.130 
0.328 
0.268 
0.226 
0.673 
0.644 
1.516 

I 

(ii) 
0.384 
0.323 
1-290 
0-532 
0.457 
0.305 
1.08 
0.89 
0.63 

7 r- 
(iii) Concn. A (A) (i) 

1.80 
6-36 { %: 1-64 

0.465 
0.495 
1.457 4400 1.33 

4-39 
7.04 { %: 4.31 

0.665 
0-684 
0.644 4400 3.80 
1.25 
1.26 
1.28 

&- 

(ii) (iiij’ 
2.23 2-54 
2-03 2.72 
1.54 2.55 
5.21 6- 3 
5.09 6- 7 
4.19 6.8 

Tables 6 6  illustrate the difficulties which can arise in more concentrated solutions and the 
consequent uncertainties in H,. These uncertainties arise partly from effects of the medium 
upon absorption spectra, and partly from a more fundamental breakdown in the concept of 
acidity functions, in that H ,  may no longer be independent of the indicator used for its measure- 
ment, It is probable that these medium effects are particularly large for ’-nitrodiphenylamine, 
since most of the other indicators showed a much smaller dependence of apparent indicator 
ratio upon wavelength even when no allowance was made for the variation of D’B with 
concentration. 

TABLE 6. Ho from p-nitrodiphenylamine in sulphuric acid. 
(All measurements a t  4100 A, maximum.) 
pK for indicator: (i) -2.93, (ii) -2.60, (iii) -2.40. 

Assump- Assump- 
Concn. Wt. yo tion DIB I H ,  Concn. Wt. % tion D’B I Ho 

i 3-53 0-156 -2.11 3.53 1.64 -3.14 
4.38 34.2 { ii 4-05 0.323 -2.11 6-36 45.9 { 4-05 2.03 -2.91 

iii 4-97 2-72 -2.84 
i 3.53 0.268 -2.36 i 3.53 4.31 -3-57 

4.87 37-2 { ii 4.05 0-457 -2-26 7.04 49.6 { ii 4.05 5-09 -3.31 
iii 4.67 0-68 -2.24 iii 5.10 6.70 -3.33 

5.68 42.2 { ii 

... 
111 4.57 0.495 -2.10 

i 3.53 0-64 -2.74 
4.05 0.89 -2.55 

iii 4.83 1.26 -2.50 

The values of H ,  in Tables 3 and 6 are in general agreement with Hammett and Deyrup’s 

Methanesul’honic acid. This acid was studied over the whole concentration range O-lOO%, 
measurements lo as recalculated by Paul and Long1 but show much less scatter. 
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[1959] Acid i ty  Funct ions of Some Aqaeous Ac ids .  1101 

partly in order to provide pK-values for indicators VIII, IX, and X, and partly because of the 
interest of an acid slightly weaker than the common mineral acids. Of the eight indicators 
used two were unsatisfactory. $-Nitrodiphenylamine gave inconsistent results, and appeared 
to react slowly with the acid. With benzylideneacetophenone the basic form has no absorption 
in the range usually examined, while the protonated form has a peak at  4300 A in concentrated 
sulphuric acid. This appears a t  4100 A in 100% methanesulphonic acid; on addition of water 
the extinction coefficient increases by 30% in 95% acid, and then falls in the range SO--SO%, 
simultaneously shifting to 3900 A. This behaviour suggests either that several species are 
present or that the absorption spectra are subject to large medium effects : in either event the 
indicator is unsuitable for measuring acidities. The results for the remaining indicators are 
given in Table 7. 

Concn. 
0.302 

0.749 

1.557 

1.925 

2.51 
2-98 
3.30 

4.82 

6-16 
6.44 
7-15 

Wt. yo 
3.0 

6.8 

13.9 

17.0 

21-9 
25.5 
28.0 

39.5 

48.3 
50-2 
54.5 

TABLE 7. Methanesulphonic acid. 
Key to wavelengths: m maximum absorption, a 3300 A, 
b 3400 A, c 3800 A, d 4200 A, e 4400 A, f 4600 A, g 4800 A. 

Indr. A I Ho Concn. Wt. % Indr. X 
I11 m 2.72 0.43 
I11 b 11.0 -0.02 8-32 61.5 (:::: k 
I11 c 11.5 -0.04 9.38 67.4 VIII m 
I11 m 24.7 -0.37 10-46 73-3 (III m 

IV m 1.81 -0.55 10.78 74-9 m 

VI m 0.59 -0-79 11-85 80-6 VIII  m 
VI m 0.72 -0-88 12.12 82-1 I X  m 
VI c 2.18 -1.36 12-74 85-2 I X  m 
VI 2.27 -1.38 13.45 88.9 X m  
VI f 2-18 -1.36 13.95 91.4 X m 
VI m 7.4 -1.89 X a  
IV m 56.9 -2.05 14.77 95.7 { X m  
VI m 19.1 -2.30 x c  

15-07 100*0 X m  

I11 m 11-3 -0-03 VIII f 

IV c 1.78 -0.54 

IV e 1-77 -0.54 I X  g 
IV m 2.28 -0.65 10.85 75.3 VIII m 

1 
0.165 
0.151 
0.170 
0.538 
1.99 
1-23 
1-21 
1.20 
2.91 
9-6 
7.6 

26-7 
0.309 
0.94 
6.4 
6.1 
6.3 

16.7 

Ho 
- 2.82 
-2.79 
- 2.84 - 3.34 
- 3.91 
- 4.05 
- 4.04 
- 4.04 
- 4.07 
- 4.59 
- 4.84 
- 5-39 
- 6.12 
- 6.61 
- 7.44 
- 7.42 
- 7.43 
- 7.86 

There is no detectable variation of apparent indicator ratio with wavelength for any of the 
indicators studied, even close to 100% acid. The pK values taken for indicators 111, IV, and VI 
are those previously obtained, while those for VIII, IX, and X are chosen so as to give good 
overlap or alignment in the present set of measurements (cf. Table 1). The values for VIII 
and I X  differ somewhat from Paul and Long’s best values, but the latter are based mainly on 
Hammett’s early measurements with sulphuric acid and the differences probably reflect the 
spread of his experimental data in this region of concentration. 

An “ AnalaR ” specimen showed a small absorption in the range 
3500-4500 A, which was increased by vacuum distillation. The unpurified acid was there- 
for used, and a small correction applied. 

Trichloroacetic acid. 

The results are given in Table 8. 

TABLE 8. Trichloroacetic acid. 
Measurements at peak wavelength, except those marked a (3400 A), b (3800 A), c (4200 A), 

d (4400 A). 
Concn. Wt. yo Indr. 
0.221 4.0 IV 
0.574 9.1 IV 

0.786 12.5 { i: 
IV 

1-07 16-6 IV 
1.72 25-5 I11 

I I11 

37-0 I ::: 2-70 

1 
0.111 
0-306 
0-435 (b) 
0.406 
0-429 (d) 
0.509 

10-7 
10-8 (a) 
10.4 
10.0 (c) 

HO 
0.67 
0.22 
0-07 
1.10 
0-08 
0.00 

-0.01 
0.00 

$- 0.01 + 0.02 

Concn. Wt. % Indr. 
3.89 49.5 111 

4-99 59.9 { ::: 
I11 

6.68 74-0 { i: 
IV 

7.26 78.6 I11 

I 
9.5 

11-4 (a) 
10-8 
10.9 (c )  

1-12 (b) 
1-07 
1-12 (d) 

34.3 

Ho + 0.04 
- 0.03 
- 0.01 
-0.01 
- 0.34 
- 0.32 
- 0.34 
- 0.53 

The results are satisfactorily independent of wavelength, and the two indicators give con- 
If allowance is made for the different pK values taken for p-nitroaniline, our cordant values. 
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1102 Bascornbe and Bell : 

results agree fairly well with those of Randles and Tedder,ls who allowed for the absorption of 
the acid solution, but they are much lower than the three measurements reported by Hammett 
and Paula1* who made no such allowance. 

Measurements were made over the whole range of composition 0- 
100% with three indicators, but only the measurements with p-nitroaniline are recorded in 
Table 9. o-Nitroaniline and 4-chloro-2-nitroaniline were used in the range 80-100% acid, but 
the apparent indicator ratios varied greatly with wavelength in the neighbourhood of maximum 
absorption, and no reliance can be placed on the results. 

The values in Table 9 agree fairly well with the less accurate measurements of Bell and 
Brown l6 when allowance is made for the different pK values assumed for the indicator. 

Monochzloroacetic acid. Measurements were extended up to the saturated solution (820/,) 
and are given in Table 10. 

Dichloroacetic acid. 

TABLE 9. Dichloroacetic acid. 
Indicator p-nitroaniline. Measurements a t  peak wavelength, except those marked a (3400 A) or 

b (4200 A) 
Concn . 
0.281 
0.558 
1.098 
2.35 

2.93 

3.44 

5.07 

Wt. % 
3.1 
6.8 

13.1 
26.9 

33.0 

37.8 

52.0 

I 
1.18 
1.76 
2.32 
2.34 
2-34 (a) { 2-37 
2.15 (b) 
2.28 
2.43 (a) { 2.36 
2.29 (b) 

HO 
0.95 
0.77 
0-65 
0.65 
0.66 
0.65 
0.6 1 
0436 
0.64 
0.65 
0.66 

Concn. Wt. % I 
5.49 55.5 2.51 
6-46 63.0 3.03 
7-28 68.4 3.65 

8-35 76.4 { 6.33 

9-76 85.5 { 16-7 

5-37 (a) 

5.68 (b) 
11.5 (u) 

15.9 (b) 

HQ 
0.62 
0.54 
0.46 
0.29 
0.29 
0-26 

- 0.05 
-0.19 
-0.19 

TABLE 10. Monochtoroacetic acid. 
All measurements with p-nitroaniline, except those marked * , which are with p-aminoazobenzene. 

Measurements a t  peak wavelength, except those marked a (3400 A) or b (4200 A). 
Concn. Wt. % I HQ Concn. Wt. % I HO 

1.39 
0.396 1.42 
0.432 (b) 1-38 
0.499 (a) 1.32 

1-29 

0-217 (a) 1-68 
0-234 1.65 4-90 
0.226 (b) 1.66 

0.363 3.38 { 
0.535 
0-625 (b) 1-23 

0-684 6.30 0.276 1-58 
0.728 6-70 0-277 1.58 6.67 
0.748 6.89 17-7 * 1.57 
1-357 12-24 0.322 1.51 7-40 56.7 0.624 1-23 

1-13 
0.762 1.14 
1-18 (b) 0.94 
1-45 (u) 0.86 

0-82 

1-462 13.12 0-352 1.47 
2.10 18.4 0-361 1.46 8.06 
2.13 18-8 0.360 1.46 
2.17 19-1 0.366 1.46 
2.19 19.3 0.363 1.46 9.36 68.8 { 1.58 
2-40 21.0 22-0 * 1-48 2.11 (b) 0.68 
2.75 23.8 0.354 1-47 2.03 (a) 0.72 
2.87 24.7 0-364 1.46 10-86 77.4 { 2-07 0.70 
3.29 28.0 0-362 1-46 2-65 (b) 0-60 

0.346 (a) 1.48 1-77 (u) 0.76 
3.33 28.3 { 0.358 1-47 11.21 79-3 { 2-06 0.70 

0.347 (b) 1-48 2.86 (b) 0-57 

3-56 30.1 0-363 1.46 11.65 81.6 { 1.11 0-98 
4.59 37-8 22.5 * 1-47 1.40 (b) 0.88 

52.2 { 

3.43 29.1 0.362 1-46 0.99 (a) 1.02 

The results of measurements with indicators I and I11 are in good agreement, but for solu- 
tions more concentrated than about 50% there is a considerable dependence on wavelength, 
and in this region the Ho scale is certainly not defined to better than about f0.1. 

With this acid the observed optical densities changed with time, possibly Formic acid. 

l3 Randles and Tedder, J., 1955, 1218. 
l4 Hammett and Paul, J .  Amev. Chem. SOC., 1934, 56, 827. 
35 Bell and Brown, J., 1954, 774. 
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[ 19591 Acidity Functions of Some Aqueous Acids. 1103 
because of slow reaction between the acid and the amines (cf. Davis la). It was possible to 
extrapolate back to zero time with fair accuracy, but the results were still unsatisfactory. 
Measurements with indicator I1 suggested only small variations of H ,  in the range 1.6-2-0 for 
7--80% formic acid solutions. By contrast, the use of indicators I11 and IV produced H ,  
values which decrease continuously by more than 3 units over the same range of concentrations: 
however, with the pK values of Table 1 there is a discrepancy of about 0-25 unit between the 
values of H,  derived from these two indicators. It is therefore not possible to define an acidity 
scale on the basis of these measurements. Because of the variation with time, measurements 
were carried out a t  the peak wavelength only. 

Measurements were carried out over the whole range of compositions: there 
was no change with time during the time necessary for measurement, but it was not found 
possible to define an acidity scale. Indicator I1 at  its peak wavelength showed very small 
changes in indicator ratio in the range 5--85% acetic acid, corresponding to H ,  values in the 
range 2.25-2-45, but the use of different wavelengths introduced discrepancies of up to 0.3 in 
H,. In confirmation of this, both nitrobenzene and 2 :  4-dinitroaniline (which are not ap- 
preciably protonated in the solutions used) showed considerable changes in absorption spectra 
when the acetic acid concentration was varied from 5% to 85%. Measurements with indicator I 
suggested a decrease of H ,  from 2.3 to 1.9 in the range 7-60% acetic acid, but there is no reason 
to believe that this result is reliable. The most that can be said is that there are no very large 
changes in indicator acidity in the range 5--85%. 

This was investigated up to the limit of solubility (about 50%) with 
indicators 111, IV, and VI, and the results are given in Table 11. There is satisfactory agree- 
ment between the different indicators, but the effect of varying the wavelength shows that there 
are increasing uncertainties in the acidity scale above about 20% acid. 

Acetic acid. 

Phosj~horous acid. 

TABLE 11. Phosphorous acid. 
Key to wavelengths: m maximum absorption, a 3400 A, b 3800 A, c 4200 A, d 4400 A, e 4600 A. 

0.096 0.436 I11 m 0.67 1-26 6.04 22.7 IV m 1.22 -0.38 

I11 a 2.31 0-65 7.46 26.9 { IV m 1.76 -0-54 

I11 c 2.17 0.68 8-32 29.6 VI m 0-408 -0.63 

9.38 32.6 { VI m 0-449 -0.67 
IV d 0.181 0-45 VI e 0-373 -0.69 

0.99 4.36 { IV m 0.208 0.39 

a 4-77 0-34 10.24 35.8 IV m 3-21 -0.80 
1.18 5.15 { I:: m 5.12 0-31 10.86 37.2 VI m 0.78 -0.91 

I11 c 4.46 0-36 12.05 40.8 IV m 4.75 -0.97 
IV b 0.307 0.22 12.60 42.2 VI m 1.08 -1.06 { I; 7 0.288 0-25 13.8 46.1 { :i m 2.07 -1.34 
IV b 0.585 -0.05 VI e 1.71 -1.25 
IV m 0.619 -0.08 

Coacn. Wt. % Indr. X I H ,  Concn. Wt. % Indr. h I Ho 

0.235 1.06 I11 m 1.16 0.96 IV b 1.36 -0.43 

I11 m 2.23 0.67 IV d 1.66 -0.48 

IV b 0.188 0.43 VI b 0.181 -0.28 

2.01 8.55 0.322 0.20 b 0.68 -0.86 

IV d 0.627 -0.09 
4.01 15.6 

Iodic acid. No satisfactory measurements were obtained with this acid. The " AnalaR " 
material gave a cloudy solution in water. Clear solutions 0.2-1.6~ were obtained after 
recrystallisation, but their acidity towards p-nitroaniline decreased slowly on keeping, without 
reaching any steady value. This phenomenon may be due to a slow polymerisation or 
depolymerisation of iodic acid species in solution. The existence of polymerised species has 
been suggested several times, but the constitution of these solutions is obscure.1' 

DISCUSSION 
The above measurements provide revised pK values for a number of indicators (includ- 

ing one new one, NN-dimethyl-2: 4-dinitroaniline) and for the acidity functions of 
solutions of sulphuric, trichloroacetic, and dichloroacetic acids. Solutions of methane- 
sulphonic, monochloroacetic, and phosphorous acid were investigated for the first time, and 
measurements were also made with solutions of acetic, formic, and iodic acids, though it 

l6 Davis, 2. phys. Chem., 1912, 78, 353. 
l7 Morgan, Quart. Rev., 1954, 8, 123. 
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1104 A cidity Funct ions of Some Aqueous A cids. 

was not possible to define any reliable acidity functions for the last three. Our measure- 
ments show that under favourable conditions it is possible to define Ho with an accuracy 
of about 0.02 unit, and it is noteworthy that this is the case for methanesulphonic acid 
over the whole range of compositions, the pure acid having Ho = -7.86. Trichloroacetic 
acid also gives a satisfactory acidity scale up to the solubility limit of 79% acid, and 
dichloroacetic acid up to about 80%. However, measurements at different wavelengths 
show that the spectra of indicators often show considerable changes in concentrated 
solutions of weak acids, and this was specially marked for acetic, formic, and monochloro- 
acetic acids. Under these conditions the acidity function cannot be accurately defined, 
and it is dangerous to draw conclusions from measurements at a single wavelength. The 
indicator p-nitrodiphenylamine shows large medium effects even with sulphuric acid 
solutions, and it is unfortunate that no other indicator has been investigated between 
pK -1 and pK -3. 

Solutions of phosphorous acid show a steady increase of acidity over the concentration 
range investigated, thus resembling all other inorganic acids which have been studied.. In 
the intermediate range of concentrations the values of Ho resemble those for ortho- 
phosphoric acid and potassium hydrogen sulphate, which have similar dissociation 
constants.* The three chloroacetic acids (and also trifluoroacetic acid 13) show quite a 
different type of behaviour, in that the acidity is almost independent of concentration over 
the range 1-5h1, and is much less than for an inorganic acid of similar dissociation constant. 
The cause of this behaviour is obscure, but it is possible that, as suggested by Paul and 
Long: it depends upon the " salting in '' effect of the large organic molecules or ions upon 
the basic form of the indicator. 

Methanesulphonic acid behaves as a much stronger acid than any of the others 
investigated here, though its solutions are less acidic than those of hydrochloric, perchloric, 
sulphuric, or nitric acids. It has been recently shown that the acidity functions of the 
strong acids can be accounted for quantitatively up to about 8~ by a simple treatment 
involving the assumption that the hydrogen ion in aqueous solution is firmly associated 
with four water molecules. If we assume that the same treatment can be applied to 
methanesulphonic acid, then by inserting the observed values of Ho in eqn. (5) of ref. 3, it 
is possible to compute the true hydrogen-ion concentration and hence the degree of 
dissociation. This gives 89%, 86%, 64%, and 53% dissociation at 0.5, 1.0, 2.0, and 
3 . 0 ~ ~  corresponding to a concentration dissociation constant of about 4: i.e., methane 
sulphonic acid is intermediate in strength between trif€uoroacetic acid (K = 0.18) and nitric 
acid (K = 23).19 

The validity of this procedure can be tested by using it to calculate the acidity functions 
of aqueous nitric acid, for which the true degrees of dissociation are known with some 
certainty from measurements of Raman spectra and proton magnetic re~0nance.l~ The 
results of such calculations are shown in Table 12: the agreement is as good as could be 
expected. 

TABLE 12. Observed and calculated acidity functions for  aqueous nitric acid. 
Concn. ................................. 2.00 3.54 4.55 5.61 6.74 
a ....................................... 0.95 0.89 0.84 0-76 0.71 

calc. .............................. -0.66 - 1-21 - 1.51 - 1.79 -2*10 
Ho{ obs. .............................. - 0.67 - 1.18 - 1-47 - 1.71 - 1.94 

We thank the Department of Scientific and Industrial Research and Monsanto 
Chemicals Ltd. for grants to one of us (K. N. B.). 

PHYSICAL CHEMISTRY LABORATORY, OXFORD. 
* The values given by Bell and Brown 16 for potassium hydrogen sulphate indicate a levelling off 

of the acidity a t  a relatively low value in the range 1-3~,  but recent and more accurate measurements 
by Satchell l8 show that it does in fact behave Iike the other inorganic acids. 

[Received, October 31st, 1958.1 

Satchell, J., 1958, 3904. 
l9 Young, Wu, and Krawetz, Discuss. Furaduy Soc., 1957, 24, 37 and personal communication from 

Professor Young. 
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Resolution of the Over-all Basicity of Carcinogenic and
Noncarcinogenic Derivatives of 4-Aminoazobenzene

G. ClLENTO

(Departamento de QuÃmica da Factildade de Filosofia, Ciencias e Letras, Universidade de Sao Paulo,
Sao Paulo, Brasil)

SUMMARY

The pKa of the over-all basicity of 4-aminoazobenzene and derivatives has been re
solved in pKam and pK^, which represent the pKa of the two basic centers, the amino
nitrogen and the /3-azo nitrogen.

This resolution has made possible for the first time a comparison of the carcinogenic
activity of these dyes with a property related to electron density at these centers.

It appears that excessive electron density around the amino nitrogen brings about
loss of activity.

The recent hypothesis of the Pullmans that both basic centers are concerned in the
activity of aminoazo dyes is consistent with the results of the present work.

There is a fairly good correspondence between our pK&mand pK,Â¿zdata and the
electric charges on the amino nitrogen and /3-azonitrogen atoms as theoretically evalu
ated by the Pullmans.

In contrast to the polycyclic aromatic hydro
carbons, little is known about the relationship
between electronic structure and carcinogenic ac
tivity for derivatives of 4-aminoazobenzene. Pull
man (9) suggested that an optimum electron densi
ty at the azo group could be a crucial factor.
Badger and Lewis (2) attempted to test this
hypothesis by studying the rate of peracid oxida
tion of azo dyes. However, since the amino group
reacted under these conditions (1), the study
had to be limited to noncarcinogenic azobenzenes
without this substituent, and the extrapolated
results led to no convincing conclusion.

The addition of protons to aminoazo compounds
has also been studied with the aim of correlating
basicity with carcinogenic activity (1, 3, 4, 16,
17). However, this approach also appeared to
be unsatisfactory for the evaluation of the relative
electron densities, since more than one conjugate
acid is formed (1, 3, 6, 13-15), and the pKa merely
measures the over-all basicity.

We have now calculated from pKa data reported
by Sawicki (15) the pKa of the amino group and
the pKa of the azo group for a number of deriva
tives of 4-aminoazobenzene. We have thus com
pared for the first time the carcinogenic activity
of aminoazo dyes with a property related to the
electron density of the two basic centers.

Received for publication July 28, 1959.

THEORETICAL
The very fact that a mixture of cations is

formed on protonation of derivatives of 4-amino
azobenzene contributes to the over-all basicity
by an entropy of mixing effect. This entropy is
given by

where Nam and NM are the mole fractions of the
ammonium cation and of the azonium cation,
respectively. To calculate the effect of this entropy
of mixing on the pKa, one uses the equation

AF = AH -TAS = - 2.3R TpKa ,

where AS is the total change on entropy on
protonation. A part of AS, such as the entropy
of mixing AAS, will contribute to pKa by anamount ApA"0.One has

Hence,
-2.3RT (Nam log Num+ Nuz log Na2)

Therefore,
A/>Ã„'a= â€”¿�(Namlog Nam+ NaI log Nai).

This contribution, &pKa, attains the largest
value in those cases in which both cations are
formed in equal amounts. Then:

= - (0.5 log 0.5 + 0.5 log 0.5) = 0.3

120
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CiLEXTOâ€”Resolution of the Basicity of Aminoazo oyen 121

The Nam and Naz values can be calculated
roughly from the intensities Â£~5ooand Â¿^320,that
is, of the longer wave-length transition (azonium
cation) around 500 m/u and of the ultraviolet
band around 320 m^ (ammonium cation) in the
"acid spectrum" of the dye, the acidity being

such that all the dye is protonated and none
is biprotonated. These data are available (15).
On the other hand, the molar absorbances e neces
sary for the calculations are also available (3):
e is close to 6.1 X IO4 for the azonium cation
and to 2.2 X IO4 for the ammonium cation. For
all compounds here studied the sum of the mole
fraction of these cations is near unity. When
this was not the case (substituent[s] markedly
affecting the absorption bands of the two parent
conjugate acids), the compounds were not included
in this study.

From the experimental value of pKa, subtract
ing ApKa, one obtains a corrected pKa (pKa corr).
On the other hand, the equations for the basicity
of both centers are:

v - [pye]freeIH+] ...
[Am+]

^_[Dye]free[g+] (2)

where [Dye]free, [Am+] and [Az+] represent the
concentrations of the free base, of the ammonium
cation and of the azonium cation, respectively.
Inverting and summing up equations (1) and
(2), one gets

[Dye]fre
_Ã•Ã•7+1 '

Hence,
[Am [Az

V V \ Â£7-4-1
"â€¢amAaI L-" J

from which,
. J\. am ~T"â€¢¿�*Â»â€¢az TV i i
log _â€”â€”â€”â€”= pH + log

[Dye]free

[Am+] + [Az+]

[Dye] free

The right side of this equation is analogous
to the Henderson-Hasselbach equation. Hence,

â€¢¿�*Â»-ara~l â€¢¿�"-az

from which

(3)

To calculate Aam and K^ another equation
is obviously necessary. Let us divide equation
(1) by equation (2):

JAz+]_ = 6.1X104 = Q
[Am+] Â£~32o 3 '

2.2X IO4

(4)

Q represents the ratio of the intensities of the
two absorption bands E ~ 500/jE ~ 320; it is
the Ce/Ae ratio of Sawicki (15).

From equation (4) one has:

rr _ Â«5A am

Inserting this value in the inverted form of equa
tion (3) and simplifying, one arrives at

i _3+Q x

Separating l/K&m and passing to the logarithms:

log -j^-= #*.,â€ž= #*.â€žâ€ž+ log 3-log(Ã–+3) . (5)
â€¢¿�"â€¢am

Similarly one arrives at

). (6)

Clearly, only approximate values can be expect
ed from these equations, since Q is only an approxi
mate ratio of the concentration of the two cations.
Since Q depends upon the acidity (15) all values
used were taken at about the same normality
(1.0-1.2 N HC1). Obviously, not too much sig
nificance should be attached to the second decimal
in the pK values presented in Tables 2 and 3,
this being especially true for 2'-substituted com
pounds, because for these 2'-derivatives there is a

reduced molar absorption of the azonium form (3).

RESULTS AND DISCUSSION
The aminoazo dyes which have been tested

for the induction of liver tumors in the rat are
arranged in order of increasing pKa values in
Table 1, together with the corresponding carcino
genic activities. The same comparison with the
pKa.mand pK^ values as calculated from equations
(5) and (6) is presented in Tables 2 and 3, respec
tively. It can be seen that somewhat less scattering
occurs with the data represented in Table 2.
If one realizes that many factors probably deter
mine the relative carcinogenic potencies, it seems
reasonable to suspect that the activity disappears
when the electron density at the amino nitrogen
is above a certain value. Clearly this is only a
possibility, another good one being the necessity
of a N-CH3 group for carcinogenic activity (7).
These two possibilities are not necessarily inde
pendent of each other.
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TABLE 1 TABLE i

THEOVER-ALLBASICITIESANDCARCINOGENICITIESOF
VARIOUSDERIVATIVESOF4-AMiNOAZOBENZENE

Compound*(N-CH,,

N-CHjC,H5)-ABS'-NOÃ®-DAB2'-Cl-DABS'-CF3-DAB2',

5'-diCH3-DAB4'-F-DAB3'-Cl-DAB2'-CH3-DAB4'-CHaCONH-DABABDAB2',

3-diCH3-AB4'-C2Hi-DAB3'-CH3-DAB4'-CH3-DABMAB3,4'-diCH3-AB3'-CH3-MAB4',

5-diCH3-2-aminoazobenzene(N-CH,,
N-CH2CH3)-AB(N-QID-AB2,3'-diCH3-AB2,4'-diCH.,-AB(N.N-diCsHJ-AB2-CH3-DABS-CH3-DABpK.\1.61.671.741.842.02.002.012.042.252.282.282.292.302.332.362.372.392.432.52.582.582.922.923.083.083.48Carcinogenic

activity^0520010-125-62-3006<11010-12<16010-1206000000

* The following abbreviations are used: AB, 4-aminoazo-
benzene; MAB, N-methyl-4-ammoazobenzene; DAB, N,N-
dimethyl-4-aminoazobenzene.

t In 50 per cent aqueous ethanol. All the data taken from
reference (15).

ÃŽCarcinogenic activities taken from reference (7) and from
J. A. Miller, E. C. Miller, and G. C. Finger, Cancer Research,
17:387, 1957.

150

100

4'-CH,
4'-i-C5H7

4'-CzH,
J-CH,

4'-CHjCONH

4'-F 3-CI

3'-NO2

-0.2 0.2 04 06

CHART1.â€”j>Kmvalues for various 3' or 4' monosubstituted
4-dimethylaminoazobenzenes vs. Hammett's substituent
constant a for the group. The 4'-i-C3H7 and 3'-COCH3 deriva

tives are not included in Tables 1, 2, and 3 because they have
not been tested for carcinogenic activity.

THECALCULATEDBASICITIESOFTHEAMINONITROGEN
INVARIOUSDERIVATIVESOF4-AMiNOAZOBENZENE

Compound(N-CHs,

N-CH2CÂ«H5)-ABS'-NOÃ®-DABS'-CF3-DABS'-C1-DAB2'-Cl-DAB4'-F-DABMABDABS'-CH3-DABS'-CHs-MAB4'-CÃHs-DAB4'-CHaCONH-DAB2'-CH3-DAB4'-CH3-DAB2',

5'-diCH3-DAB(N-CjHJ-ABABS,4'-diCH3-AB(N-CH3,

N-C,H5)-AB2',3-diCH3-AB2-CH3-DAB2,3'-diCH3-AB2,4'-diCH3-AB4',5-diCH3-2-aminoazobenzene(N,N-diC2H5)-AB3-CH3-DABpKm0.91.031.301.371.471.551.641.641.671.681.731.751.781.791.81.951.972.012.142.082.202.322.392.52.

83S.4Carcinogenic

activity0505-Â«210-126610-1210-121002-3<100006<1000000

TABLE 3

THEBASICITIESOFTHE#-AzoNITROGENIN VARIOUS
DERIVATIVESOF4-AMiNOAZOBENZENE

Compound*2'-Cl-DAB2',3-diCH3-AB2'-CH3-DAB2',5'-diCH3-DAB(N-CH3,

N-CHzCeHO-ABS'-NOs-DAB4'-F-DAB3'-CF3-DABAB3'-Cl-DAB3,4'-diCH3-AB4'-CH3CONH-DAB4'-C2Ha-DABDAB4'-CH3-DAB3'-CH3-DAB(N-CH3,

N-CjEtÃ¬-ABMAB3'-CH3-MAB(N-C2Hi)-ABN.N-diCzHi-AB2,4'-diCH3-AB2,3'-diCH3-AB2-CH3-DABpXÂ«0.500.720.760.81.11.101.241.331.351.441.541.551.661.711.721.801.811.901.972.022.042.232.332.72Carcinogenic

activity2<12-300510-12e05-600106<110-126610-1200000

* Compounds 3-CH3-DAB and 4',5-diCH3-2-aminoazoben-
zene are missing from this table because they undergo only
very little, if any, protonation at the azo group.
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There are only two apparently serious excep
tions to this threshold concept? 4'-CH3CONH-
DAB and (N-CHj, N-C2H5)-AB, both readily ex
plained by conversion in the inactive 4'-NH2-DAB
(8)1and the active N-CH8-AB (7) (that is, MAB).

The necessity of an optimum electron density
at the amino nitrogen suggests that the carcinogen
in vivo is subjected to another reaction which
would take place at the amino group and which
would divert it into another path, distinct from
that which leads to malignancy. It is interesting
to note that if this observation of a threshold
is correct, then, as a consequence, the data in
Table 3 tend to confirm the original Pullman
hypothesis. Hence, the results will be consistent
withâ€”although not proof ofâ€”the more recent
views of the Pullmans (11), namely, that both
basic centers might determine the carcinogenic
activity.

In their theoretical studies of chemical carcino-
genesis the Pullmans (10, 11) have calculated
the electric charges on the nitrogen atoms in 4-

2.40

2.00

160

3'-COCHj

Ã•-CI

ÃŽ'-CF,
3'-Ni) t

O.Z 0.4

(T

0.6 08

CHART2.â€”pKavalues for various 3' or 4' monosubstituted
4-dimethylaminoazobenzenes vs. Hammett's substituent con

stant <rfor the group. To draw the straight line the method of
averages was employed.

aminoazobenzene ("AB") and in its ring mono-

methyl derivatives. Their theoretical results found
strong experimental support in the work of Ci-
lento, Miller, and Miller (3). Thus, the effect
of methyl substitution on the relative proportion
of azo protonation and amino protonation ob
served by the latter authors was foundâ€”aspointed
out by the Pullmans (12)â€”in perfect agreement
with the theoretical prediction.

Clearly, it would be important to compare
the pK&mand pK^ values with the theoretically
evaluated charges on the amino nitrogen and on
the ÃŸ-azonitrogen. In view of the approximations
involved and also because our data are for DAB

'The inactivity of e'-NHz-DAB, as well as that of 4'-
N(CH3)2-DAB could be due to excessive electron density on
the amino nitrogen atoms. The pKa of the latter compound
is 3.2 (G. Cuento, J. Org. Chem., in press).

compounds, whereas that of the Pullmans are
for AB derivatives, we can only say that, except
for two points, a general correspondence is found.
The two points are: (a) the increase in basicity
of the amino group by a 2-methyl group is higher
than expected; and (6) although the 4'-CH3 sub

stituent does not increase the basicity of the
azo nitrogen, it nevertheless does not reduce this
basicity as predicted.

Finally, it is interesting to examine the relation
ship of pK.*m and pK^ with the Hammett (5)
"sigma" constants of 3' and 4' substituents.

Chart 1 shows that there is a close relationship
between pKnm and cr values.2 This is a most
gratifying result, because the relationship with
pKa values is not striking (Chart 2); moreover,
it adds further support for the calculations pre-

140

1.50

1.10

S'-NOt

-02 O.Z 0.4

CT

CHABT3.â€”pKâ€žvalues for various 3' or 4' monosubstituted
4-dimethylaminoazobenzenes vs. Hammett's substituent con

stant a for the group.

sented in this paper. On the other hand, the rela
tionship with pKM values is poor (Chart 3). This
is, of course, as expected. For instance, Pullmans'

calculations (11) show an increasing deactivation
of the protonable azo nitrogen with increasing
electron donor ability of a 2' or 4'-substituent.
Now, if the 4'-derivatives are excluded, a close

linear relationship is observed (Chart 3).
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The crystal structures of three similar guaninium salts,

guaninium monohydrogenphosphite monohydrate,

C5H6N5O+
�H2O3P��H2O, guaninium monohydrogenphos-

phite dihydrate, C5H6N5O+
�H2O3P��2H2O, and guaninium

dihydrogenmonophosphate monohydrate, C5H6N5O+
�-

H2O4P��H2O, are described and compared. The crystal

structures have been determined from accurate single-crystal

X-ray data sets collected at 100 (2) K. The two phosphite salts

are monoclinic, space group P21/c, with different packing and

the monophosphate salt is also monoclinic, space group P21/n.

An investigation of the hydrogen-bond network in these

guaninium salts reveals the existence of two ketoamine

tautomers, the N9H form and an N7H form.

Received 6 October 2006

Accepted 31 January 2007

1. Introduction

Under physiological conditions the purine base guanine exists

predominantly in the neutral, keto tautomeric form. It has

long been postulated that the presence of unpreferred or rare

tautomeric forms might be involved in base mispair formation

during polymerase-mediated DNA replication, resulting in

genetic mutations (Yun et al., 2003). However, it has also been

estimated that these unpreferred tautomeric forms might be

present, under physiological conditions, at a very low

frequency of 10�6 to 10�5 (Topal & Fresco, 1976). The complex

network of hydrogen-bond interactions that modulate DNA

base recognition is based on the assumption of specific

tautomeric and ionic states for the nucleic acid bases. The

importance of tautomeric equilibria has been widely recog-

nized since the early work of Watson & Crick (1953). Several

models of spontaneous mutation in DNA are based on the

existence of minor tautomeric forms (Kwiatkowski &

Pullman, 1975; Topal & Fresco, 1976; Cohen et al., 2003;

Slósarek et al., 2006; Guille & Clegg, 2006). In the Watson–

Crick base-pairing scheme of nucleic acids, the nucleic acid

bases are assumed to have the amino or the lactam structure

(see Fig. 1). Although it has been suggested that the purine

and pyrimidine bases can also exist in their minor tautomeric

imino and lactim forms (Wong, 1973), the fraction of the minor

tautomers, as determined by IR, UV and thermodynamic

measurements, is very small, typically less than 1% (Kenner et

al., 1955; Katritzky & Waring, 1963; Brown & Hewlins, 1968;

Wolfenden, 1969; Schweizer & Hollis, 1969; Kokko et al., 1962;

Miles et al., 1963; Becker et al., 1965). However, 1H NMR

results have indicated that the minor tautomers of cytosine

and guanine are present to 15% at room temperatures in

neutral aqueous solution (Lee et al., 1971, 1972; Lee & Chan,

1972; Chan & Lee, 1972).
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This explains the great experimental and theoretical effort

focused on the study of tautomerism of nucleic acid bases.

Recently some theoretical studies have been conduced on the

tautomerism of neutral guanine (Colominas et al., 1996;

Barsky & Colvin, 2000; Choi & Miller, 2006). It was found that

neutral guanine exists in the aqueous phase as a mixture of

two major ketoamine tautomers, the N9H form (A, population

85%) and a N7H form (B, population 15%; Fig. 2). Among

these two tautomers, B has been shown by theoretical studies

to be more stable than A for isolated guanine (Lin et al., 1980).

However, A was known to be the only tautomeric form found

in polar solvents (Miles et al., 1963; Shapiro, 1968) or in the

crystalline state (Thewalt et al., 1971).

Using structural data retrieved from the Cambridge Struc-

tural Database, Taylor & Kennard (1982) determined that the

N7 position (B form) is the most favourable protonation site

of the guanine molecule. They found significant changes in the

geometry of the purine skeleton owing to protonation, espe-

cially in the C5—N7—C8 angle, 104.2 (3)�, in the neutral

guanine molecule and 108.0 (2)� in the protonated case. Del

Bene (1983) optimized the geometry of both neutral and

protonated guanine molecules and calculated the protonation

energies for four different protonation sites (N1, N3, N7 and

N9). She came to the same conclusions as Taylor & Kennard

(1982), i.e. the most favourable site is N7 with C5—N7—C8

angles of 104.0 and 109.1� in the neutral and the protonated

guanine, respectively.

We describe the crystal structures of guaninium mono-

hydrogenphosphite monohydrate, C5H6N5Oþ�H2O3P��H2O

(I), guaninium monohydrogenphosphite dihydrate,

C5H6N5Oþ�H2O3P��2H2O (II), and guaninium dihy-

drogenmonophosphate monohydrate, C5H6N5Oþ�H2O4P��-

H2O (III). Crystals of these salts are also of interest because

they serve as convenient model systems to compare the

structural properties of the two tautomeric forms in the

crystalline state.

2. Experimental

2.1. Syntheses

The synthesis of (I) was carried out by dissolving the

guanine base (Aldrich, 98%) in a concentrated acidic aqueous

solution of H3PO3 (Merck, 30%). The solution was gently

heated and then set aside for evaporation. Colorless single

crystals of a prismatic form grew from the solution, by slow

evaporation at room temperature, over a period of a few days,

from which one small specimen was selected and used for X-

ray analysis. Crystals of (II) were obtained by slow evapora-

tion at room temperature of a dilute aqueous solution

containing the guanine base and phosphorous acid in stoi-

chiometric ratios. A few days later, crystals grew as white

needles. Crystals of (III) were prepared by mixing two dilute

aqueous solutions of guanine and orthophosphoric acid,

H3PO4 (Carlo ERBA, 85%), so as to obtain an equimolar

ratio in the resulting solution. This solution was then kept at

room temperature and colorless needles appeared after a very

long 9 month period.

2.2. Single-crystal X-ray diffraction

The crystal structures of the three guanine hybrid materials,

i.e. guaninium monohydrogenphosphite monohydrate (I),

guaninium monohydrogenphosphite dihydrate (II) and

guaninium dihydrogenmonophosphate monohydrate (III),

have been determined by single-crystal X-ray diffraction

analysis. Diffraction data were collected at 100 (2) K using an

Oxford–Xcalibur–Sapphire2 CCD-based diffractometer on

crystals of 0.40 � 0.15 � 0.10 mm for (I), 0.40 � 0.15 �

0.10 mm for (II) and 0.42 � 0.10 � 0.07 mm for (III) with

graphite-monochromated Mo K� radiation (� = 0.71073 Å)

equipped with a liquid-nitrogen Oxford Cryostream cooling

device. The temperature control was calibrated using a K-type

Chromel–Alumel thermocouple positioned at the same place

on the crystal. The crystal temperature was stable to within

2 K. The cell parameters were determined from an analysis of

the Bragg peak positions collected on the same sets of 15

images. X-ray diffraction data were collected at a fixed

detector position using ! step scans repeated at eight different

values of the angle. Each frame covered a 1� omega rotation
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Figure 2
The two neutral guanine tautomeric forms N9H (A) and N7H (B).

Figure 1
The tautomers of (a) guanine and (b) cytosine.
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step. The intensity decay was monitored by repeating the

initial frames at the end of the data collections and analysing

the duplicate reflections. Coverage of reciprocal space was

more than 99% complete to sin �=� of 0.7 Å�1. Data proces-

sing was performed using the CrysAlis RED program (Oxford

Diffraction, 2004). Absorption effects were corrected by

numerical methods based on crystal face indexing (using the

program ABSORB; DeTitta, 1985). Equivalent reflections

were scaled and averaged using SORTAV (Blessing, 1995).

The structures were solved by direct methods (Sheldrick,

1997) and successive Fourier synthesis, and then refined by

full-matrix least-squares refinements on F2. All calculations

were carried out using the WinGX software package

(Farrugia, 1999). The electron density of the H atoms was

clearly identified in the Fourier difference maps, and their

atomic coordinates and isotropic displacements parameters

were refined. Other details of the crystallographic and

refinement data are summarized in Table 1.1
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Table 1
Experimental details.

(I) (II) (III)

Crystal data
Chemical formula C5H6N5O+

�H2PO3
�
�H2O C5H6N5O+

�H2PO3
�
�2H2O C5H6N5O+

�H2PO4
�
�H2O

Mr 251.15 269.17 267.15
Cell setting, space group Monoclinic, P21/c Monoclinic, P21/c Monoclinic, P21/n
Temperature (K) 100 (2) 100 (2) 100 (2)
a, b, c (Å) 4.9700 (2), 12.7506 (7), 15.0499 (8) 4.6812 (4), 24.0561 (15), 9.5186 (7) 4.5414 (3), 12.5774 (6), 18.1485 (9)
� (�) 92.293 (4) 99.773 (7) 93.689 (5)
V (Å3) 952.96 (8) 1056.35 (14) 1034.48 (10)
Z 4 4 4
Dx (Mg m�3) 1.751 1.692 1.715
Radiation type Mo K� Mo K� Mo K�
� (mm�1) 0.308 0.291 0.296
Crystal form, color Needle, white Needle, white Needle, white
Crystal size (mm)3 0.40 � 0.15 � 0.10 0.60 � 0.15 � 0.10 0.42 � 0.10 � 0.07

Data collection
Diffractometer Xcalibur-Saphire2 Xcalibur-Saphire2 Xcalibur-Saphire2
Data collection method ’ ’ ’
Absorption correction Integration Integration Integration

Tmin 0.93 0.845 0.87
Tmax 0.98 0.972 0.98

No. of measured, independent and
observed reflections

13 648, 2749, 2727 31 247, 3086, 2911 42 941, 3013, 2971

Criterion for observed reflections I>2�ðIÞ I>2�ðIÞ I>2�ðIÞ
Rint 0.0410 0.0402 0.0628
�max (�) 30.0 30.0 30.0
Intensity decay None None None

Refinement
Refinement on F2 F2 F2

R[F2 > 2�(F2)], wR(F2), S 0.043, 0.105, 1.15 0.040, 0.098, 1.17 0.042, 0.107, 1.11
No. of reflections 2749 3086 3013
No. of parameters 185 202 194
H-atom treatment Mixture of independent and

constrained refinement
Mixture of independent and

constrained refinement
Mixture of independent and

constrained refinement
Weighting scheme w = 1/[�2(F2

o) + (0.0523P)2 + 0.7658P],
where P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) + (0.0432P)2 + 0.8027P],

where P = (F2
o + 2F2

c )/3
w = 1/[�2(F2

o) + (0.064P)2 + 0.5194P],
where P = (F2

o + 2F2
c )/3

(�/�)max 0.001 < 0.0001 < 0.0001
��max, ��min (e Å�3) 0.62, �0.28 0.54, �0.27 0.54, �0.38

Computer programs used: CrysAlis CCD and CrysAlis RED (Oxford Diffraction, 2004), SHELXS97 and SHELXL97 (Sheldrick, 1997), ORTEPIII (Farrugia, 1997), WinGX (Farrugia,
1999).

Figure 3
A perspective view of the guaninium monohydrate monohydrogenphos-
phite with atom-labeling scheme. Displacement ellipsoids are drawn at
the 50% probability level. H atoms are represented by spheres.

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: LB5008). Services for accessing these data are described
at the back of the journal.
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3. Results

3.1. Structures and crystal packing

3.1.1. Guaninium monohydrogenphosphite monohydrate,
C5H6N5O

+
�H2O�P

�
�H2O (I). A perspective view of (I) is given

in Fig. 3. The guaninium cations, phosphite anions and water

molecule build almost perpendicular layers (Fig. 4). The main

feature of this stacking is the presence of centrosymmetric

(H4P2O6)2� dimers holding two layers together through strong

hydrogen bonds. The guaninium entities are bonded together

by two N—H� � �N bonds, and by four N—H� � �O and one O—

H� � �O hydrogen bonds to the H2O3P� phosphite groups and

the water molecule. Their intermolecular packing appears to

be controlled by a three-dimensional network of hydrogen

bonds.

The monohydrogenphosphite anion shows, as expected, a

distorted tetrahedral configuration (Table 2), with a long

protonated P—OH [1.5790 (1) Å] bond in agreement with

that already described by Harrison (2003a) and Bendeif et al.

(2005). As observed in the crystal structures of guanine picrate

monohydrate and thioguanine picrate monohydrate (Bugg &

Thewalt, 1975), and bisguaninium hydrogenphosphate

hydrate (Low et al., 1986), the guanine base is mono-

protonated at the imino group of the imidazolyl portion N7

owing to the reaction with phosphorous acid, while the pyri-

midine imino N3 group is not protonated. The geometrical

features of the guaninium cations, C5H6N5Oþ (Table 3), are in

accordance with those previously observed in similar guani-

nium complexes (Bugg & Thewalt, 1975; Low et al., 1986;

Maixner & Zachová, 1991).

The anion behaves as both hydrogen-bond donor (through

the O5 atom) and acceptor (through the O3, O4 and O5

atoms). Both O3 and O4 atoms are bifurcated hydrogen-bond

acceptors via H1 and H22 atoms, and via H5 and H7 atoms,

respectively, while the O5 atom acts as both a hydrogen-bond

donor via the H5 atom and an acceptor via the H11 atom

(Table 4). These different roles explain the significant differ-

ences between the P—O distances in the H2PO�3 tetrahedron.
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Figure 4
A perspective view of the packing of (I), showing the alternating
C5H6N5Oþ�H2O3P� and H2O moieties.

Table 2
Bond lengths (Å) and angles (�) for monohydrogenphosphite anions in
(I) and (II) and for dihydrogenmonophosphate in (III).

(I)
P1 O3 O4 O5 H12
O3 1.490 (1) 2.552 (1) 2.510 (2) 2.260 (2)
O4 115.81 (6) 1.523 (1) 2.523 (1) 2.252 (2)
O5 109.73 (4) 108.87 (6) 1.579 (1) 2.247 (2)
H 109.2 (10) 108.2 (10) 104.4 (10) 1.26 (2)

(II)
P1 O3 O4 O5 H12
O3 1.504 (1) 2.570 (2) 2.546 (2) 2.248 (2)
O4 116.72 (6) 1.514 (1) 2.483 (2) 2.255 (2)
O5 111.68 (6) 107.14 (6) 1.572 (1) 2.272 (2)
H 107.6 (9) 108.7 (9) 104.2 (9) 1.28 (2)

(III)
P1 O1 O2 O3 O4
O1 1.5090 (9) 2.533 (1) 2.531 (1) 2.466 (1)
O2 114.01 (6) 1.510 (1) 2.523 (1) 2.546 (1)
O3 110.49 (6) 109.84 (6) 1.572 (1) 2.485 (2)
O4 106.30 (6) 111.32 (6) 104.42 (6) 1.573 (1)

The P—O and P—H distances in (I) and (II), and the P—O distances in (III) run
diagonally across the table (in italics). The three O—P—O angles and the three O—P—H
angles in (I) and (II), and the six O—P—O angles in (III) are below the diagonal. The five
internal O� � �O distances as well as the O� � �H distances in (I) and (II), and the six internal
O� � �O distances in (III) are above the diagonal.

Table 3
Bond lengths (Å) and angles (�) for the guaninium cations.

Compound (I) (II) (III)

Pyrimidine ring
C6—N1 1.391 (2) 1.395 (2) 1.383 (2)
N1—C2 1.376 (2) 1.376 (2) 1.380 (2)
C2—N3 1.334 (2) 1.336 (2) 1.330 (2)
N3—C4 1.349 (2) 1.352 (2) 1.349 (2)
C4—C5 1.384 (2) 1.382 (2) 1.387 (2)
C5—C6 1.426 (2) 1.426 (2) 1.417 (2)
C6—O6 1.235 (2) 1.234 (2) 1.247 (2)
C2—N2 1.336 (2) 1.341 (2) 1.333 (2)
C6—N1—C2 126.0 (1) 125.7 (1) 125.2 (1)
N1—C2—N3 123.4 (1) 123.5 (1) 123.2 (1)
C2—N3—C4 112.2 (1) 112.4 (1) 113.0 (1)
N3—C4—C5 127.7 (1) 127.5 (1) 127.2 (1)
C4—C5—C6 120.0 (1) 120.3 (1) 119.5 (1)
C5—C6—N1 110.4 (1) 110.5 (1) 111.8 (1)

Imidazolyle ring
C5—N7 1.386 (2) 1.385 (2) 1.389 (2)
N7—C8 1.327 (2) 1.326 (2) 1.321 (2)
C8—N9 1.345 (2) 1.350 (2) 1.347 (2)
N9—C4 1.376 (2) 1.382 (2) 1.376 (2)
C5—N7—C8 107.9 (1) 107.4 (1) 107.3 (1)
N7—C8—N9 110.1 (1) 110.5 (1) 111.0 (1)
C8—N9—C4 108.1 (1) 107.6 (1) 107.5 (1)
N9—C4—C5 106.8 (1) 106.6 (1) 106.7 (1)
N7—C5—C4 107.1 (1) 107.7 (1) 107.4 (1)
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These entities generate centrosymmetric (H4P2O6)�2 dimers

through two strong hydrogen bonds between the O4 and O5

atoms (Fig. 4).

Guaninium cations are hydrogen bonded to the anionic

layers by three means: two strong hydrogen bonds (N7—

H7� � �O4 and N1—H1� � �O3) and a weaker one (N2—

H22� � �O3; Fig. 5a). The organic cations are laced together by

only one hydrogen bond from the N2 amino group to the

pyrimidine N3 imino group (N2—H21� � �N3) to form infinite

perpendicular layers. The water molecule is involved in three

strong hydrogen bonds connecting two guaninium cations via

N9—H9� � �O1W and O1W—H11� � �O6, and one mono-

hydrogenphosphite anion via O1W—H12� � �O5, so that it

plays an important role in the stability of such an arrangement.

3.1.2. Guaninium monohydrogenphosphite dihydrate,
C5H6N5O

+
�H2O3P

�
�2H2O (II). The crystal structure of (II)

(Figs. 6 and 7) can be described by layers of guaninium cations,

monohydrogenphosphite anions and water molecules. The

asymmetric unit contains one guaninium cation, one mono-

hydrogenphosphite anion and two water molecules. The

monohydrogenphosphite chains and guaninium layers are

parallel to the (001) plane and alternate at approximately y =
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Figure 5
Hydrogen bonding involving guaninium cations (a) in (I) and (b) in (II).

Figure 6
A perspective view of the guaninium dihydrate monohydrogenphosphite
(ORTEP3; Farrugia, 1999) with atom-labeling scheme. Displacement
ellipsoids are drawn at the 50% probability level. H atoms are
represented by spheres.

Table 4
Hydrogen-bond geometry (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A

(I)
O5—H5� � �O4i 0.88 (3) 1.66 (3) 2.535 (2) 177 (3)
N7—H7� � �O4ii 0.92 (2) 1.80 (3) 2.698 (2) 165 (2)
N9—H9� � �O1W 0.91 (3) 1.80 (3) 2.702 (2) 170 (2)
N1—H1� � �O3iii 0.84 (2) 1.91 (2) 2.714 (2) 160 (2)
O1W—H12� � �O5i 0.88 (3) 1.88 (3) 2.755 (2) 176 (2)
O1W—H11� � �O6iv 0.90 (3) 1.92 (3) 2.817 (2) 172 (3)
N2—H22� � �O3iii 0.84 (3) 2.24 (3) 2.967 (2) 145 (2)
N2—H21� � �N3v 0.88 (2) 2.14 (2) 3.022 (2) 178 (2)

(II)
O5—H5� � �O4i 0.83 (3) 1.74 (3) 2.559 (2) 173 (4)
N7—H7� � �O1Wii 0.91 (3) 1.75 (3) 2.658 (2) 177 (3)
N9—H9� � �O3iii 0.87 (2) 1.85 (2) 2.721 (2) 172 (2)
O1W—H11� � �O6iv 0.79 (2) 1.95 (2) 2.730 (2) 169 (3)
N1—H1� � �O2W 0.84 (3) 1.96 (3) 2.774 (2) 164 (3)
O2W—H24� � �O3v 0.82 (3) 2.00 (3) 2.814 (2) 170 (3)
O2W—H23� � �O4i 0.83 (3) 2.07 (3) 2.874 (2) 164 (3)
O1W—H12� � �O4vi 0.81 (3) 2.18 (3) 2.907 (2) 151 (3)
N2—H21� � �N3iii 0.88 (2) 2.09 (2) 2.971 (2) 179 (1)
N2—H22� � �O3ii 0.89 (2) 2.59 (2) 3.127 (2) 120 (2)
N2—H21� � �O2Wiii 0.89 (2) 2.38 (2) 3.130 (2) 142 (2)

(III)
O3—H3� � �O1i 0.90 (3) 1.67 (3) 2.567 (1) 174 (2)
O4—H4� � �O6ii 0.85 (3) 1.75 (3) 2.592 (1) 169 (3)
N7—H7� � �O2iii 0.92 (3) 1.74 (3) 2.651 (2) 173 (3)
N9—H9� � �O1Wiv 0.94 (2) 1.73 (2) 2.665 (2) 170 (2)
O1W—H12� � �O1v 0.85 (3) 1.90 (3) 2.737 (1) 168 (3)
N1—H1� � �O2 0.90 (2) 1.85 (2) 2.751 (2) 172 (2)
O1W—H11� � �O3vi 0.78 (4) 2.06 (4) 2.824 (1) 165 (3)
N2—H22� � �O1 0.88 (2) 1.96 (2) 2.838 (2) 175 (2)
N2—H21� � �N3vii 0.82 (2) 2.20 (2) 3.016 (2) 178 (3)

Symmetry codes: for (I): (i) 1 � x; 1� y; 1� z; (ii) 1þ x; 3
2� y; z� 1

2; (iii) x; y; z� 1; (iv)
x � 1; 3

2� y; 1
2þ z; (v) �x; 1� y;�z. For (II): (i) x; 1

2� y; 1
2þ z; (ii) x; y; 1þ z; (iii)

1 � x;�y; 1� z; (iv) �1 � x;�y; 1� z; (v) x� 1; y; z; (vi) �x; y� 1
2 ;

1
2� z. For (III): (i)

1 þ x; y; z; (ii) 3
2� x; y� 1

2 ;
1
2� z; (iii) 3

2� x; 1
2þ y; 1

2� z; (iv) x� 1; y; z; (v)
1 � x; 1� y; 1� z; (vi) x; 1þ y; z; (vii) �x; 1� y; 1� z.
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1
4, y = 3

4 and at y = 0, y = 1
2, respectively (Fig. 7). The stability of

such an arrangement results from a hydrogen-bond network

which maintains the cohesion of the monohydrogenphosphite

chains, guaninium layers and water molecules in the crystal.

Contrary to its behavior in (I), the inorganic H2O3P�

moiety builds a zigzag polymeric network of tetrahedra, linked

together by strong P—O� � �H—O—P hydrogen bonds along

the c direction. Inside these infinite chains each H2O3P� group

is connected to two adjacent neighbors by strong hydrogen

bonds, O5—H5� � � O4 = 2.559 (2) Å.

As in (I), the guanine base is monoproronated at N7. The

geometrical features of the monohydrogenphosphite anion

and of the pyrimidine and imidazolyl rings (Tables 2 and 3) are

also similar to those observed in (I). Infinite layers of guani-

nium cations are linked to the anionic layers through two

hydrogen bonds: firstly via a strong N9—H9� � �O3 hydrogen

bond and secondly via a weaker N2—H22� � �O3 hydrogen

bond (Fig. 5b). The functional groups N3 and N2 of the

pyrimidine ring are a hydrogen-bond acceptor and donor,

respectively, that hold together the guaninium cations through

a long N3� � �H21—N2 hydrogen bond (Table 4). The first

water molecule’s O1W atom acts as a donor of two hydrogen

bonds via the H11 and H12 atoms towards the O6 atom of the

guaninium and O4 atom of the phosphite group, respectively,

and as a hydrogen-bond acceptor via the H7 atom. However,

the second water molecule’s O2W atom is a donor of two

hydrogen bonds to two phosphite anions via H24 and H23

towards O4 and O3 atoms, respectively, and a two hydrogen-

bond acceptor from guaninium cations via H1 and H22 atoms.

Therefore, the water molecules play an important role in the

three-dimensional network of hydrogen bonding.

3.1.3. Guaninium dihydrogenmonophosphate monohy-
drate, C5H6N5O

+
�H2O4P

�
�H2O (III). The crystal structure of

(III) (Fig. 8) can be described as being composed of chains of

H2PO�4 groups extending along the a direction and alternating

with C5H6N5Oþ guaninium-stacked layers and water mole-

cules. The H2PO�4 chains are interconnected to the guaninium

layers through several O� � �H—O and O� � �H—N hydrogen

bonds (Fig. 8).

As expected, the distorted tetrahedral geometry of the

H2PO�4 anions (Table 2) clearly shows two main types of P—O

distances: two long P—OH bonds [P—O3 1.572 (1) and P—O4

1.573 (1) Å] owing to the presence of the acidic H atoms on

the PO4 tetrahedron, and two short P—O(T) bonds [P—O1

1.5090 (9) and P—O2 1.510 (1) Å] corresponding to the
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Figure 8
A perspective view of the guaninium monohydrate dihydrogen mono-
phosphate with the atom-labeling scheme. Displacement ellipsoids are
drawn at the 50% probability level. H atoms are represented by spheres.

Figure 7
Unit-cell projection on the (100) plane of the packing of (II) showing the
alternating C5H6N5Oþ�H2O3P� and H2O moieties.

Figure 9
Hydrogen bonding involving guaninium cations in (III).
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terminal O atoms commonly observed in dihydrogen mono-

phosphate groups (Masse & Durif, 1990; Boukhris et al., 1994).

As previously observed in (I) and (II), the guanine base is

also monoprotonated at the N7 imino group. The angle

between the mean plane of the imidazolyl and pyrimidine

rings (i.e. the dihedral angle) is 3.68 (2)� and this puckering

along the C4—C5 bond is commonly found in purine struc-

tures (Bugg, 1972). The strong hydrogen bonds between the

neighboring imino N1 atom and the amino N2 atom of the

pyrimidine ring, and the H2PO�4 anion as well as the contacts

between N9 and O1W and N7 and H2PO�4 are all above the

average guaninium plane (Fig. 9); therefore, they prevent the

two rings from being completely coplanar. The exocyclic

carbonyl (O6) and amino (N2) groups deviate only slightly by

0.014 (1) and �0.008 (1) Å, respectively, from the mean least-

squares plane of the purine base.

Within the inorganic chains, the H2PO�4 tetrahedra are

interconnected through a strong hydrogen bond [O3� � �O1

2.567 (1) Å] and form infinite chains extending along the a

direction, with a P� � �P distance of 4.541 (5) Å (Fig. 10) as

observed in (II) [P� � �P 4.814 (6) Å]. In contrast, in (I) the

H2PO�3 anions are held together in pairs yielding H4P2O2�
6

dimers.

Guaninium cations are anchored to two H2PO�4 groups

belonging to two different chains by four hydrogen bonds: one

H2PO�4 anion interacts with the guaninium cation via strong

hydrogen bonds [O4� � �O6 = 2.592 (1) and N7� � �O2

2.651 (1) Å], whereas the other H2PO�4 anion is weakly

bonded to the guaninium cation [N1� � �O2 2.751 (1) and

N2� � �O1 2.838 (2) Å]. Finally, the guaninium cations are

hydrogen-bonded together through a centrosymetric N2� � �N3

R2
2(8) ring (Fig. 9), as defined by Bernstein et al. (1995). These

R2
2(8) rings give rise to inclined layers with an interplanar

separation of 3.6105 Å; because of this long interplanar

distance no layer–layer interaction was observed.

The water molecule is located in the same planes as the

guanine base pairs and provides protons to form a strong

hydrogen bond with H2PO�4 groups [O1W� � �O1 2.737 (2) Å],

and a relatively weaker one with another H2PO�4 group

belonging to another phosphoric chain [O1W� � �O3

2.824 (1) Å], so the water molecules ensure the connection

between the phosphoric chains (Fig. 10). On the other hand,

the water molecule acts as a hydrogen-bond acceptor via the

H9 atom of the imino group containing N9 [N9� � �O1W

2.665 (1) Å].

4. Discussion

4.1. Guaninium monohydrogenphosphite salts

4.1.1. Monohydrogenphosphite anions. The geometry

around the P atom is tetrahedraly distorted in each structure:

inside the H2PO�3 tetrahedron of (I), the P—O4 bond

[1.523 (1) Å] is relatively longer than the P—O3 bond

[1.490 (1) Å]. This significant difference in P—O bond

distances in (I) is due to the fact that O4 is involved in strong

hydrogen bonding with O5 and N7 [O5� � �O4 2.535 (2) and

N7� � � O4 2.698 (2) Å] compared

with O3 which is bonded via a

weaker hydrogen bond to the N1

atom of the pyrimidine ring

[N1� � �O3 2.714 (2) Å] and

compared with the amino group

N2 atom [N2� � �O3 2.967 (2) Å].

In (I) each H2PO�3 tetrahedron is

linked to an equivalent one by

inversion symmetry through two

strong hydrogen bonds between

O4 and O5 atoms. This type of

aggregation gives rise to strongly

bonded dimers of (H4P2O6)2�

characterized by the short inter-

molecular O5� � �O4 distances

[2.535 (1) Å] between the

H2PO�3 units, which are of the

same order of magnitude as the

O� � � O distances in the tetra-
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Figure 11
Guaninium arrangement (a) in (I) and (b) in (II). PLATON (Spek, 2003).

Figure 10
A perspective view of the arrangement of the monophosphate anions in
(III). PLATON (Spek, 2003).
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hedral unit. The internal P1� � �P1 distance is 4.139 (5) Å.

Similar inter-anion linkages have been seen in other related

organic phosphite structures, such as 2A5NP+
�H2PO�3 (Pecaut

& Bagieu-Beucher, 1993), C6H8Nþ�H2PO�3 (Paixão et al.,

2000) and C7H8NOþ2 �H2PO�3 (Bendeif et al., 2005).

By contrast, in (II) H2PO�3 units are linked into a polymeric

chain by P—O—H� � �O—P hydrogen bonds in the [001]

direction, resulting in a P1� � �P1 separation of 4.814 (6) Å. The

presence of such an arrangement has already been noticed in

related ionic compounds, such as CH6Nþ3 �H2PO�3 (Harrison,

2003b), C2H6NOþ2 �H2PO�3 and C4H9N2Oþ3 �H2PO�3 (Aver-

buch-Pouchot, 1993).

4.1.2. Guaninium cations. The dihedral angle between the

imidazolyl and the pyrimidine rings in (I) is 2.2 (2)�, while in

(II) the two rings are nearly coplanar and their deviation from

the mean plane is only 0.35 (2)�. This can be explained by the

strong interconnection of the guaninium cation with two

(H4P2O6)2� dimers in the cis conformation in (I). The devia-

tion of the amino and carbonyl groups from the least-squares

plane of pyrimidine rings is �0.068 (1), +0.018 (1) Å for (I)

and of 0.052 (1), �0.025 (1) Å for (II), respectively. The

delocalization of the electron density appears to be weaker in

the N7—C8—N9 fragment compared with the N3—C2—N2

fragment, as shown from the interatomic distances C4—N3,

N3—C2 and C2—N2 (Table 3). The shortening of the C2—N2

bond is also influenced by inter cations N2� � �N3 and cation–

anion N2� � �O3 hydrogen bonds involving both H atoms of the

N2 amino group. The C2—N2 bond distance is slightly longer

in (II) compared with (I): the exocyclic amino group N2 atom

is involved in three hydrogen bonds in (II), while in (I) only

two hydrogen bonds occur (Table 4). The interplanar

separation between guaninium layers in (II) is only

3.213 (5) Å (Fig. 11b), leading to a �� � �� stacking interaction

between the base pairs, in contrast to the structure of (I) in

which guaninium cations are linked together to form

perpendicular layers (Fig. 11a). No interlayer contact is

observed in such an arrangement. In conclusion, the strength

of the intermolecular hydrogen-bond interactions is in

agreement with the subtle intramolecular bond-length

changes.
4.1.3. Hydrogen bonding. In (I) the guaninium cations are

linked to the anionic layers via three N—H� � �O hydrogen

bonds, N7—H7� � �O4, N1—H1� � �O3 and N2—H22� � �O3,

while in (II) only two N—H� � �O hydrogen bonds occur

between them, N9—H9� � �O3 and N2—H22� � �O3. The strong

N7� � �O4 2.698 (2) Å hydrogen bond, which directly links the

monohydrogenphosphite anion H2PO�3 and the imino group

N7 atom in (I) (Fig. 5a), leads to the suggestion that the

guanine base exists in a N9H tautomeric form compared with

compound (II), where the monohydrogenphosphite anion is

hydrogen-bonded directly to the imino group N9 atom of the

imidazolyl moiety via a strong hydrogen bond [N9� � �O3

2.721 (2) Å; Fig. 5b].

In the three guanine salts the guaninium cations are related

together through a centrosymmetric N2� � �N3 R2
2(8) ring, as

already observed in similar guanine compounds: guanine

hydrochloride dihydrate (Iball & Wilson, 1963) and bisgua-

ninium hydrogenphosphate hydrate (Low et al., 1986), and

also to that in guanine hydrochloride monohydrate (Broom-

head, 1951) in which the base pairs are hydrogen-bonded

together via centrosymmetric N7—H7� � �O6 bonds.

Water molecules play an important role in the three-

dimensional network. They maintain the cohesion between

the organic and inorganic layers in the crystal structure

stacking. O1W plays the same role in (I) and (II), acting as a

hydrogen-bond acceptor and as a double hydrogen-bond

donor, while the water molecule O2W in (II) is a bifurcated

hydrogen-bond donor and acceptor.

The hydrogen-bonding schemes for (I) and (III), although

similar, exhibit slight differences in hydrogen-bond lengths

(Table 4). The major differences occur in the hydrogen bonds

involving the water molecule. Indeed, in (I) the water mole-

cule is connected to one H2PO�3 group and to the carbonyl

group (O6) of the guanine base, whereas in (III) it is

connected to two different H2PO�4 groups belonging to two

parallel phosphoric chains.

As also observed previously (Doran et al., 2001; Harrison,

2001) the phosphite H atom is not involved in the hydrogen-

bonding scheme since it is slightly negatively charged

(Bendeif, 2007).

4.2. Cambridge Structural Database

A Cambridge Structural Database (CSD Version 5.27,

November 2005; Allen, 2002) search revealed only nine

organic–inorganic guaninium salts, which are listed in Tables 5

and 6. All the crystals are centrosymetric, most are monoclinic

(seven entries), with one compound triclinic (P�11) and one

orthorhombic (Pnma). Guanine cations are divided into three

categories, monoprotonated at N7 (entries 2–6), diprotonated

at N7 and N3 (entries 7–9) and not protonated (entry 1).

Tables 5 and 6 show that monoprotonated guaninium cations

connect together in two ways: either via only one relatively

weak centrosymetric R2
2ð8Þ N2� � �N3 hydrogen bond (entries 3

and 6) or via two strong hydrogen bonds, centrosymetric R2
2(8)

N2� � �N3 and R2
2ð10Þ N7� � �O6 (entries 2, 4 and 5). It is inter-

esting to note that in guanine hydrobromide and hydro-

chloride monohydrate (entries 4 and 5, respectively)

guaninium cations connect together in a similar fashion giving

rise to the formation of perpendicular layers. In guanine

hydrochloride dihydrate (entry 6) guaninium cations show a

different type of interconnection, but they always form

perpendicular layers. However, in the diprotonated cases

guanine cations are not held together as seen in entries 8 and

9; in one case they are connected via only one strong hydrogen

bond, N9� � �O6 (entry 7). In non-protonated guanine (entry 1),

pairs of guanine bases are linked through three weak

hydrogen bonds first via centrosymetric R2
2(8) N9� � �N3,

secondly through N7� � �N1 and thirdly via N2� � �O6.

The monoprotonation of the guanine base at N7 shortens

the C4—C5, C5—N7 and C8—N9 bonds by 0.0296, 0.0217 and

0.0238 Å, respectively (Fig. 12 – see supplementary material)

and enlarges the C5—N7—C8 angle by 3.94�, while reducing

the N7—C8—N9 angle by 3.66� (Fig. 12 – see supplementary
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material). The diprotonation of the guanine base at N7 and N3

increases the N3—C2 bond by 0.037 Å and reduces the N1—

C2 bond by 0.0213 Å (Fig. 13 – see supplementary material).

The C2—N3—C4 angle increases by 5.4�, while the N1—C2—

N3 and N3—C4—C5 angles decrease by 4.99 and 4.06�,

respectively (Fig. 13 – see supplementary material).

As seen from Tables 5 and 6, anions, i.e. proton donors

interacting with guanine bases, are in most cases connected

directly to the imino group N9 atom in the guanine mono-

protonated salts and are connected to both the N9 and N3

atom imino groups in the diprotonated cases, whereas water

molecules are observed to form strong hydrogen bonds with

the imino group N7 atom. However, in compounds (I) and

(III) studied here, the H2PO�3 and H2PO�4 anions are

hydrogen bonded directly to the N7 imino group, whereas

water molecules form strong hydrogen bonds with the imino

group N9. This is the first case in which phosphate or phos-

phite anions are linked directly to the imino group N7 via a

strong hydrogen bond in guaninium salts. This raises the

question: Does protonation at N7 indicate that before proto-

nation the N9H tautomer was the favored form? In fact,

inspection of hydrogen bonding in all the compounds listed in

Tables 5 and 6 revealed that the hydrogen bonds between the

imino group N7 atom and the anions or water molecules

appear to be shorter than those observed between the imino

group N9 atom and the anions or water molecules. To confirm

such a hypothesis, deuterated phosphorous acid should be

used and a neutron diffraction experiment performed to

follow the protonation process in these salts and to show

definitively where the protonation occurs.
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Table 5
CSD search on hybrid guanine salts.

Entry
Compound name and
refcode as given in CSD

Chemical structure
as given in CSD

Overall supramolecular
network

Anion
position† Comment

1 Guanine monohydrate
(GUANMH10)

Three-dimensional – Water molecule makes a strong
hydrogen bond with O6 and a
weaker one with N2. Guaninium
cations are related together in two
ways: (i) via centrosymetric N3� � �N9
hydrogen bonds and (ii) via O6� � �N2
and N7� � �N1.

2 Bisguaninium hydrogen-
phosphate hydrate
(DUKKOJ)

Three-dimensional N9 Water molecule OW1 makes a
hydrogen bond with N1 and the
water molecule OW2 atom is not
involved in hydrogen bonding.
Guaninium cations are related in two
ways: (i) via centrosymetric R2

2ð8Þ
N3� � �N2 hydrogen bonds and (ii) via
centrosymetric R2

2(10) O6� � �N7.
They also form layers parallel to the
diagonal of the ab plane.

3 Guanine picrate monohy-
drate (GUNPIC10)

Three-dimensional N9 Water molecule makes a hydrogen
bond with N7 and O6. Guaninium
cations are related by centrosymetric
R2

2ð8Þ N3� � �N2 hydrogen bonds.

4 Guanine hydrobromide
monohydrate
(GUANBM)

Three-dimensional N9 Water molecule makes a hydrogen
bond with N1. Guaninium cations
are related in two ways: (i) via a
centrosymetric R2

2(8) N3� � �N2
hydrogen bond and (ii) via centro-
symetric R2

2ð10Þ O6� � �N7 and form
perpendicular layers.

5 Guanine hydrochloride
monohydrate
(GUANCH01)

Three-dimensional N9 Water molecule makes a hydrogen
bond with N1. Guaninium cations
are related in two ways: (i) via a
centrosymetric R2

2(8) N3� � �N2
hydrogen bond and secondly via
centrosymetric R2

2ð10Þ O6� � �N7 and
form perpendicular layers.

6 Guanine hydrochloride
dihydrate (GUANCD)

Three-dimensional N1 Water molecule O1W atom makes a
hydrogen bond with N7 and O2W
makes a hydrogen bond with N9.
Guaninium cations are related by a
centrosymetric R2

2(8) N3� � �N2
hydrogen bond and also form
perpendicular layers.

† For atom numbering see Fig. 1.
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5. Conclusion

The crystal structures of the guaninium salts have been

determinated and show different anion packing. Inspection of

hydrogen bonding between the phosphite (phosphate) anion

and the guanine cation shows, for the first time, a direct

hydrogen-bond interaction between the guanine N7—H

residue and OPO2H (OPO3H).

This is in favor of the N9H tautomeric form. A neutron

diffraction experiment using deuterated phosphorous or

phosphoric acid might help to confirm such a hypothesis.

Further work in this direction is planned.
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Abstract. 2CsH6NsO+.HPO42-.2.5H2 O, Mr=445.3,  
triclinic, P i ,  a - -9 .607(4 ) ,  b=10 .221 (4 ) ,  c =  
10.603 (9) A, a =  84.5 (1), f l=  108.2 (1), 7 =  
119.7(1) °, U = 8 5 6 . 9 A ,  3, Z - - 2 ,  D x = 1 . 7 3 M g m  -3, 
Cu Ka, 2 = 1.5418/1,, g = 1.978 mm -I, F(000) = 462, 
T--  293 K, R = 0.07 for 1085 unique reflections. The 
title compound consists of two protonated guanine 
bases which form a network of hydrogen-bonded 
ribbons which run parallel to each other. Between these 
ribbons lie channels containing the hydrogenphosphate 
anion and the water molecules. P - O  bond lengths are 
1.44 (1)--1.47 (1) ,/k. 

Introduction. The crystals of the title compound were 
obtained during an attempt to crystallize 2'- 
deoxyguanosine monophosphate. This compound ap- 
parently dissociated giving the title compound. A 
similar dissociation occurred during an attempt to 
crystallize ApT, adenine-thymine dinucleoside mono- 
phosphate, when an adeninium compound similar to the 
present compound was formed (Walker, ToUin & Low, 
1982). 

Experimental. Crystals grown from aqueous solution. 
Crystal dimensions approx. 0.5 × 0.5 x 0.5 ram. Cell 
dimensions and intensity data from Weissenberg 
photographs processed by the SERC Microdensi- 
tometer Service. Data collected in range h = 0--5 from 
crystal mounted about a, k = 0-6 from b-axis crystal 
and l = 0  from c-axis crystal. Range of indices: 
- 1 0  < h < 9 , - 1 1  < k < 12, 0 < l < 12. No absorption 
corrections applied. 2649 reflections measured of which 
1088 unique, Rin t = 0.085. 1085 reflections used in 
refinement: three very strong reflections, 210, 211 
and 003, omitted on grounds of extinction. This number 
of reflections constitutes about one quarter of those 
possible in the unique hemisphere of reciprocal space. 
Atoms of the bases located using MULTAN78 (Main, 
Hull, Lessinger, Germain, Declercq & Woolfson, 
1978); other atoms obtained after Fourier recycling. 
Refinement (on F) by blocked-matrix least squares with 
SHELX76 (Sheldrick, 1976). Non-H atoms except 

water O atoms refined anisotropically; H atoms 
included at calculated positions with isotropic tem- 
perature factors fixed at 0.05 A, 2. Difference map did 
not reveal any peaks which could be assigned unam- 
biguously to the H atoms; H atom attached to N(7) of 
each base on the basis of an N(7) . . .0(6)  intermolecular 
short contact. This short contact, by implying the 
presence of H on N(7), also implies that the bases exist 
in a protonated form, H atom of HPO]- anion not 
included; 257 parameters refined, R =0.070,  unit 
weights ;  (A/O')max = 0.012; max. difference-map peak 
0.47 e A -3, min. - 0 . 5 4  e A -a. Site occupancies of 
atoms O(2W) and 0(3 W) refined initially and, on the 
basis of this refinement, then fixed at 1.0 and 0.5, 
respectively. An examination of the Fourier peaks for 
these two atoms indicated that they were somewhat 
elongated, indicating a certain amount of positional 
disorder. This is reflected in their higher temperature 
parameters. Other programs used, XANADU 
(Roberts & Sheldrick, 1975) and PLUTO (Motherwell 
& Clegg, 1978). Scattering factors from International 
Tables for X-ray Crystallography (1974). No correc- 
tion for secondary extinction. 

Discussion. Atomic coordinates are given in Table 1,* 
with bond lengths and angles in Table 2. The atomic 
numbering is given in Fig. 1. The two independent bases 
have almost identical bond lengths and angles. The 
bases form hydrogen-bonded ribbons as shown in Fig. 
2: N(2A)...N(3A)(--x, 1 - y, 2 -  z) 3.03 (2), N(2B)... 
N ( 3 B ) ( 1 - x ,  I - y ,  2 - z )  3.01(2), N(7A)...O(6B)- 
(1 - x, - y ,  2 - z) 2.69 (2), N(7B)...O(6A)(1 - x, - y ,  
2 - z )  2.71 (2)A. There are several other short 
contacts involving the bases, the phosphate O atoms 
and O(1W). N(1A)...O(1P)(x, y, z) 2.75 (2), N(9A)-.. 
O(2P)(x, y, 1 + z) 2.66 (2), N(9B)-.-O(4P)(1 - x ,  

* Lists of structure amplitudes, anisotropic thermal parameters 
and calculated H-atom coordinates have been deposited with the 
British Library Lending Division as Supplementary Publication No. 
SUP 42863 (10 pp.). Copies may be obtained through The 
Executive Secretary, International Union of Crystallography, 5 
Abbey Square, Chester CH 1 2HU, England. 

0108-2701/86/081045-03501.50 © 1986 International Union of Crystallography 
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l--y,  2--z)  2.65(2) and N(1B)---O(1W)(x, y, z) 
2.74 (2)A. These contacts can, on the basis of the 
lengths and angles involving the H atoms in their 
calculated positions, be safely assumed to be H bonds. 
There are several other short contacts of less than 3 A 
between the phosphate anion and the water molecules 
which lie in a channel between the base ribbons. The 
guanine bases exist in a protonated form. Taylor & 

Table 1. Coordinates (x 104) for non-H atoms with 
e.s.d.'s in parentheses and equivalent isotropic tem- 
perature factors (A 2 x 103); for water 0 atoms, 

temperature factors are refined isotropic values 

u~ ~ y u a ~  aj a~.a~. 

x y z U,q 
Molecule A 
N(1) 840 (11) 2643 (10) 8453 (8) 
C(2) 458 (14) 3509 (13) 9056 (10) 
N(2) -155 (12) 4323 (10) 8258 (9) 
N(3) 652 (12) 3566 (10) 10335 (9) 
C(4) 1301 (14) 2701 (12) 11003 (10) 
C(5) 1690 (14) 1820 (13) 10473 (I 1) 
C(6) 1470 (14) 1715 (12) 9129 (10) 
0(6) 1764 (10) 977 (8) 8491 (7) 
N(7) 2311 (11) 1133 (10) 11540 (9) 
C(8) 2269 (15) 1574 (13) 12648 (11) 
N(9) 1633 (12) 2530 (10) 12331 (8) 

22 (3) 
19 (3) 
30 (3) 
23 (3) 
21 (3) 
23 (4) 
21 (3) 
30 (2) 
24 (3) 
28 (4) 
24 (3) 

21 (3) 
23 (3) 
33 (3) 
25 (3) 
24 (4) 
23 (4) 
26 (4) 
32 (2) 
25 (3) 
34 (4) 
30 (3) 

Molecule B 
N(I) 5848 (11) 2604 (10) 8565 (9) 
C(2) 5560 (14) 3530 (13) 9169 (11) 
N(2) 4981 (12) 4355 (11) 8345 (9) 
N(3) 5853 (12) 3670 (11) 10458 (9) 
C(4) 6461 (15) 2767 (13) 11134 (1 I) 
C(5) 6751 (15) 1810 (13) 10609 (11) 
C(6) 6440 (14) 1653 (13) 9261 (12) 
0(6) 6675 (10) 861 (8) 8604 (7) 
N(7) 7379 (11) 1143 (10) 11680 (9) 
C(8) 7453 (16) 1684 (13) 12791 (12) 
N(9) 6870 (12) 2686 (11) 12475 (9) 

Phosphate and oxygen (water) 
P(I)" 1739 (4) 3999 (3) 5286 (3) 21 (1) 
O(1P) 397 (11) 3518 (10) 5888 (8) 41 (3) 
O(2P) 1104 (10) 4038 (9) 3864 (7) 33 (3) 
O(3P) 2397 (11) 2947 (10) 5551 (9) 47 (3) 
O(4P) 3107 (11) 5522 (9) 5858 (8) 45 (3) 
O(1 t4,') 5149 (12) 2682 (11) 5860 (9) 55 (3) 
O(2W) 6894 (20) 815 (17) 5733 (16) 138 (6) 
O(314/) * 870 (30) 9868 (28) 5216 (24) 96 (8) 

* Site occupancy 0.5. 

0(8) 

c(o) 

2 
N(3 )  

Fig. 1. A t o m i c  number ing  of the guaninium base. 

Kennard (1982) suggest that guanine bases can be 
classified according to the rule: protonated if C(5)- 
N(7)-C(8) > 106.1 °, neutral if C(5)-N(7)-C(8) < 
106.1 o. The present structure confirms this conclusion, 
C(5)-N(7)-C(8) is 109 (1) ° for both bases. 

Table 2. Interatomic distances (,i~) and angles (o) 

A B 
C(2)-N(I) 1.38 (2) 1.37 (2) 
C(6)--N(1) !.40 (2) 1.40 (2) 
N(2)-C(2) 1.34 (2) 1.34 (2) 
N(3)-C(2) 1.31 (1) 1.31 (2) 
C(4)-N(3) 1.35 (2) 1.36 (2) 
C(5)-C(4) 1.35 (2) 1.35 (2) 
N(9)-C(4) 1.36 (1) 1.36 (I) 
C(6)--C(5) 1.38 (2) 1.37 (2) 
N(7)-C(5) 1.40 (2) 1.40 (2) 
O(6)-C(6) 1.24 (2) 1.26 (2) 
C(8)-N(7) 1.32 (2) 1.32 (2) 
N(9)-C(8) 1.36 (2) 1.36 (2) 

O(1P)-P(I) 1.46 (1) 
O(2P)-P(1) 1.44 (1) 
O(3P)-P(I) 1.46 (1) 
O(4P)-P(1) 1.47 (1) 

C(6)-N(1)---C(2) 124 (1) 123 (1) 
N(2)---C(2)--N(I) 116(1) 115(1) 
N(3)-C(2)-N(I) 124 (1) 124 (1) 
N(3)-C(2)-N(2) 120 (1) 120 (1) 
C(4)--N(3)-C(2) 112 (1) 112 (1) 
C(5)-C(4)--N(3) 126 (1) 127 (1) 
N(9)-C(4)-N(3) 126 (1) 125 (1) 
N(9)-C(4)---C(5) 108 (1) 109 (1) 
C(6)-C(5)-C(4) 122 (1) 121 (1) 
N(7)-C(5)---C(4) 106 (1) 106 (I) 
N(7)-C(5)---C(6) 131 (1) 132 (1) 
C(5)-C(6)--N(I) 111 (1) 112 (1) 
O(6)---C(6)-N(1) 119(1) 118(1) 
O(6)-C(6)-C(5) 131 (1) 130 (1) 
C(8)-N(7)-C(5) 109 (1) 109 (I) 
N(9)-C(8)-N(7) 108 (1) 108 (1) 
C(8)-N(9)---C(4) 109 (1) 108 (1) 

O(2P)-P(i)-O(IP) 110 (1) 
O(3P)-P(I)-O(IP) 110 (1) 
O(3P)-P(1)-O(2P) 109 (I) 
O(4P)-P(1)-O(IP) 109 (I) 
O(4P)-P(1)-O(2P) 109 (I) 
O(4P)-P(1)-O(3P) 109 (1) 

O N~ B C~N~13 
• , - - ,  06%.,,.(" 

°°° 

B 

Fig. 2. View perpendicular to base A showing the hydrogen- 
bonded ribbon formed by bases. 
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Abstract. C~sH10N2, M r =  254.2, monoclinic, P2Jc, 
a -- 9.885 (5), b = 14.210 (7), c - -  9.6066 (5)/~, t =  
103.08(10) °, U = 1 3 1 4 / k  3, Z = 4 ,  D m = 1 . 2 8 ( 1 ) ,  
D x = 1.28 g c m  -3, Cu Ka, 2 = 1.5418/~, # = 
5 .21cm -~, F (000 )=528 ,  room temperature, R =  
0.046 for 1052 observed reflections. The X-ray 
crystallographic structure is similar to that of 1- 
bromotriptycene [Palmer & Templeton (1968). Acta 
Cryst. B24, 1048-1052]. The short cyanide--ethane 
bond lengths [1.439 (5), 1.429 (5)/1,] may furnish 
some evidence of electron delocalization, though the 
cyanide bond lengths [1.141 (4), 1.139 (4)/I,] are of 
the expected magnitude. The other bond lengths and 
angles do not reveal any peculiarities. 

Introduction. The Diels-Alder addition reaction of 
dicyanoacetylene with anthracene has been used for the 
preparation of the title compound (Weis, 1963). No 
doubt prompted by the similarity of the dicyano 
grouping in this compound to that of phthalonitrile, a 
commonly used precursor in the synthesis of 
phthalocyanines, the use of the former compound has 
been described (Kopranenkov & Rumyantseva, 1975). 
In order to gain some idea of the volume available in the 
axial positions of the metallobarrelenoporphoryrazine 
as well as pave the way to the interpretation of their 
X-ray crystallographic data the molecular structure of 
the title compound has been determined. In addition, 
such a study provides the opportunity of studying the 
structural effect of a single ethene group, which is not 
part of a peripheral benzene group, on the central ring 
system. 

0108-2701/86/081047-02501.50 

Experimental. A more convenient method for the 
preparation of the dicyano compound starts with the 
Diels-Alder addition of the dimethyl ester of dicarboxy- 
acetylene to anthracene (Diels & Thiele, 1931; Holmes, 
1949), followed by conversion of the diester product to 
the diamide by treatment with ammonia and final 
conversion to the dicyano form by reaction of the 
diamide with thionyl chloride in dimethylformamide. 
The final product after recrystallization from aceto- 
nitrile was characterized as follows: m.p. 540--541 K; 
composition: calculated: C 85.02, H 3.96, N 11.02%, 
found: C 85.38, H 4.20, N 10.72%; MS m/e (rel. int. 
%) 254 (M +, 100%), 227 (38), 203 (12), 178 (38). 'H 
NMR 7.54 (4H), 7.13 (4H), 6.03 (2H) p.p.m. 

Crystal dimensions 0.2 x 0.1 x 0.1 mm. D m by 
flotation. Cell dimensions determined from 24 reflec- 
tions. 1948 reflections measured, 0 =  3-60 °, Philips 
PW 1100 diffraetometer, 1052 [I > 3o'(/)] used, index 
range h -11 /10 ,  k 0/15, 10/10; Lorentz-polarization 
and absorption corrections (transmission coefficients 
max. 0.955, min. 0.924) applied; standard reflections 
measured every 4 h showed no reduction in intensity 
over the data-collection period; structure solved by 
direct methods; refined by full-matrix least squares 
using SHELX76 (Sheldrick, 1976), F values, aniso- 
tropic temperature factors for non-hydrogen atoms and 
H atoms in geometrically calculated positions (riding 
model, C - H  1.08/k) with a common isotropic tem- 
perature factor [U 0.071 (4)/~,2], R = 0.046, wR = 
0-047, where w = o--2(F); A/oma x 0.001 in final cycle; 
no correction for extinction; scattering factors taken 
from International Tables for X-ray Crystallography 

© 1986 International Union of Crystallography 
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PROJECT EL20100011 Cmpd 184    Notebook No. 4031           9 
                Continued From Page 

       
LIMS 229438, 231202 – submitted for X-ray 
      - submitted for SM images 
 
229438 – observed on SM#3, 5x objective, pictures saved to D: drive 
 
231202 – observed on SM#3, 5x objective, pictures saved to D: drive 
 
4031-09-01 – in agate mortar and pestle ground small amount 229438 
  For ~30 seconds 

  - submitted for X-ray 
 
4031-09-02    in agate mortar and pestle ground small amt 231202 
                       for ~30 seconds 
                       - submitted for X-ray 

 
 
         Read and Understood By 
Skylar Wolfe   5/3/10                 Len Chyall                         7/17/10 
Signed    Date      Signed   Date 
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PROJECT EL20100011 Cmpd 184    Notebook No. 4031           13 
                Continued From Page 
 
Water bath 2062 set to 25 °C pipette 
H2O 
pH meter 0607 calibrated 4,7,10 
 
4031-13-01 –  ground 229438 (FB) using agate mortar, pestle for ~30 seconds, transferred 

to 2 dram vial, added cross stir bar, 5 mL H2O 
 

4031-13-02 – ground 229438 (FB) using agate mortar, pestle for ~30 seconds, transferred 
to 2 dram vial, added cross stir bar, 5 mL H2O 

 
4031-13-03 – ground 231202 (Salt) using agate mortar, pestle for ~15 seconds, transferred 

to 2 dram vial, added cross stir bar, 5 mL H2O 
 
4031-13-04 – ground 231202 (Salt) using agate mortar, pestle for ~15 seconds, transferred 

to 2 dram vial, added cross stir bar, 5 mL H2O 
 

At t=0 (timer#20283072 exp 7/22/10) 
Samples placed in water bath to stir 

 
 
         Read and Understood By 
Skylar Wolfe   5/6/10                 Len Chyall                         7/17/10 
Signed    Date      Signed   Date 
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PROJECT EL20100011 Cmpd 184    Notebook No. 4031          21 
              Continued From Page  20 
       
4031-21-01 – ground 229438 in mortar pestle for ~30 seconds 
  transferred to vial 
 
4031-21-02 - ground 231202 in mortar/pestle for ~ 15 seconds  
  transferred to vial 

 
 

 
 Continued  22 

  Read and Understood By 
Skylar Wolfe  5/12/10                 Len Chyall                         7/19/10 
Signed   Date         Signed   Date 
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

INOVA-400  "nmr2.aptuit.net"
VNMR6.1C; rev 2004-03-08; patch all205 
OS: Solaris 9

Processed by: P. Wheeler

 Acq. Date: May 14 2010
 Probe: 5mm_VDBP
 Solvent: DMSO
 Ambient temperature
 Spin rate: 20 Hz
Pulse Sequence: s2pul
 Relax. delay: 5.000 sec
 Pulse width: 9.1 usec (90.0 deg.)
 Acq. time: 2.500 sec
 Spectral width: 6400.0 Hz (16.008 ppm)
 40 scans
 Acquired points: 32000
Observe Nucleus: H1 (399.7957232 MHz)
DATA PROCESSING
 Line broadening: 0.2 Hz
 FT size: 131072

Plot file: 399497-1
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

Plot file: 399497-3
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

Plot file: 399497-4
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

Plot file: 399497-5
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

Plot file: 399497-6
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

INDEX    FREQUENCY  PPM      HEIGHT
  1        999.482  2.500       97.4
  2        603.584  1.510      141.8

Plot file: 399497-1_peaks
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

INDEX    FREQUENCY  PPM      HEIGHT
  1       3324.385  8.315        0.9
  2       3055.342  7.642        0.9
  3       2989.326  7.477       65.6
  4       2979.560  7.453      132.0
  5       2972.627  7.435      128.4
  6       2962.764  7.411       54.0
  7       2895.576  7.243        0.9

Plot file: 399497-2_peaks
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

INDEX    FREQUENCY  PPM      HEIGHT
  1       1992.744  4.984       58.2
  2       1967.646  4.922        8.8
  3       1950.264  4.878       67.1
  4       1946.553  4.869       66.7
  5       1929.170  4.825        7.4
  6       1694.599  4.239       30.8
  7       1689.912  4.227       59.9
  8       1684.932  4.215       38.3
  9       1642.353  4.108       29.2
 10       1639.717  4.101       28.5
 11       1593.037  3.985       41.6
 12       1587.666  3.971       66.1
 13       1582.978  3.959       49.1
 14       1573.213  3.935       28.4
 15       1567.353  3.920       12.1
 16       1310.420  3.278       25.6
 17       1304.463  3.263       25.3
 18       1088.057  2.722       11.9
 19       1082.490  2.708       14.7
 20       1074.385  2.687       27.0
 21       1068.916  2.674       27.7
 22       1059.932  2.651       15.0
 23       1044.599  2.613       31.7
 24       1036.494  2.593       29.8
 25       1031.318  2.580       18.9
 26       1022.920  2.559       15.5
 27       1001.240  2.504      102.2
 28        999.482  2.500      132.0
 29        997.724  2.496      111.4
 30        995.674  2.490       92.9
 31        986.787  2.468       41.7
 32        972.041  2.431        5.5

Plot file: 399497-3_peaks
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

INDEX    FREQUENCY  PPM      HEIGHT
  1        832.978  2.084      132.0
  2        794.209  1.987       23.5

Plot file: 399497-4_peaks
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

INDEX    FREQUENCY  PPM      HEIGHT
  1        603.584  1.510      132.0

Plot file: 399497-5_peaks
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229438, Compound 184, Lot sal-069, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399497

INDEX    FREQUENCY  PPM      HEIGHT
  1        487.373  1.219       13.5
  2        475.752  1.190       65.4
  3        468.623  1.172      125.9
  4        461.494  1.154       63.5
  5        416.572  1.042      127.0
  6        410.420  1.027      125.5
  7        348.896  0.873       17.1
  8        342.353  0.856       18.5
  9        259.150  0.648       13.8
 10         51.826  0.130       41.1
 11         32.783  0.082       45.1
 12         25.557  0.064      132.0
 13          3.682  0.009       24.9
 14         -0.713  -0.002       13.0
 15         -4.912  -0.012       23.0

Plot file: 399497-6_peaks
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231202, Compound 184, Lot D-1895NN-13067/3, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399864

INOVA-400  "nmr2.aptuit.net"
VNMR6.1C; rev 2004-03-08; patch all205 
OS: Solaris 9

Processed by: P. Wheeler

 Acq. Date: May 14 2010
 Probe: 5mm_VDBP
 Solvent: DMSO
 Ambient temperature
 Spin rate: 20 Hz
Pulse Sequence: s2pul
 Relax. delay: 5.000 sec
 Pulse width: 9.1 usec (90.0 deg.)
 Acq. time: 2.500 sec
 Spectral width: 6400.0 Hz (16.008 ppm)
 40 scans
 Acquired points: 32000
Observe Nucleus: H1 (399.7957232 MHz)
DATA PROCESSING
 Line broadening: 0.2 Hz
 FT size: 131072

Plot file: 399864-1
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231202, Compound 184, Lot D-1895NN-13067/3, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399864

Plot file: 399864-2
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231202, Compound 184, Lot D-1895NN-13067/3, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399864

Plot file: 399864-3
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231202, Compound 184, Lot D-1895NN-13067/3, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399864

Plot file: 399864-4
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231202, Compound 184, Lot D-1895NN-13067/3, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399864

INDEX    FREQUENCY  PPM      HEIGHT
  1       1001.240  2.504      106.4
  2        999.482  2.500      141.8
  3        997.724  2.496      106.1

Plot file: 399864-1_peaks
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231202, Compound 184, Lot D-1895NN-13067/3, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399864

INDEX    FREQUENCY  PPM      HEIGHT
  1       3247.627  8.123      107.9
  2       3016.865  7.546       93.6
  3       3009.346  7.527       95.4
  4       3001.142  7.507      108.9
  5       2991.279  7.482      132.0
  6       2984.150  7.464      126.9
  7       2974.092  7.439       63.9

Plot file: 399864-2_peaks
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231202, Compound 184, Lot D-1895NN-13067/3, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399864

INDEX    FREQUENCY  PPM      HEIGHT
  1       1983.857  4.962       25.8
  2       1964.521  4.914        9.4
  3       1947.041  4.870       23.4
  4       1934.932  4.840       25.2
  5       1917.842  4.797        7.5
  6       1691.670  4.231       30.4
  7       1645.088  4.115       10.1
  8       1628.682  4.074       10.2
  9       1623.408  4.061       10.1
 10       1594.111  3.987       28.7
 11       1553.682  3.886        7.6
 12       1414.228  3.537       13.1
 13       1152.998  2.884       31.6
 14       1084.736  2.713       15.8
 15       1076.142  2.692       14.1
 16       1067.353  2.670       14.9
 17       1050.752  2.628        5.2
 18       1001.240  2.504       99.1
 19        999.482  2.500      132.0
 20        997.724  2.496       98.8

Plot file: 399864-3_peaks
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231202, Compound 184, Lot D-1895NN-13067/3, in DMSO-d6 w/ TMS, 1H NMR, referenced to solvent at 2.5 ppm

File: 399864

INDEX    FREQUENCY  PPM      HEIGHT
  1        757.197  1.894       30.7
  2        696.260  1.742       82.1
  3        623.701  1.560       58.7
  4        608.564  1.522      124.2
  5        492.842  1.233       11.1
  6        416.474  1.042       59.4
  7        410.322  1.026       59.1
  8        339.814  0.850        8.1
  9         59.541  0.149      132.0
 10         49.287  0.123       88.4
 11         41.670  0.104       28.3
 12         32.783  0.082       28.6
 13         24.971  0.062       62.7
 14         20.283  0.051       22.8
 15         15.986  0.040       19.7
 16         -1.201  -0.003       45.5
 17         -5.401  -0.014       45.0
 18        -11.748  -0.029        8.5

Plot file: 399864-4_peaks
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DR. SHLOMO COHEN & CO 
LAW OFFICE 

 

 

January 4, 2011 

Mr. Tal Band, Adv.             9615/71 

S. Horowitz & Co.              by fax 

31 Ahad Haam Street           Without prejudice 

Tel Aviv 65202 

 

 

Dear Tal, 

 

 

re: Opposition to Registration of Patent No. 172563 – Additional Evidence 

by the Opponent  

 

 

Based on a perusal of the laboratory notebooks in connection with the materials Dr. Chyall 

received and which describe the experiments he carried out, it turns out that certain materials 

are missing or unclear, as follows:  

 

1. In Paragraph 16 of his affidavit, Dr. Chyall mentions that he received from Teva samples 

of sitagliptin free base from batch sal-069 and batch sal-008,087. In Paragraph 18 of his 

affidavit, Dr. Chyall mentions that he received from Teva samples of a phosphate salt of 

sitagliptin (batches D-1895NN-13067/3 and D1895MM14084/2). In the laboratory 

notebooks which we received no documentation appears about receipt of the material, the 

weighing thereof, the LIMS numbers that were allocated to it, etc. Please send the 

missing pages. 

 

2. In the assays of the free base batches there are references to laboratory notebooks that 

were not delivered to us (such as 43371001/63) and deleted portions (redacted). Please 

send un-erased copies of the laboratory notebooks for our perusal as well as the missing 

pages. 

 

3. According to the documentation in notebook 4031, the samples 4031-02-01 to 4031-02-

05, 4031-03-02, 4031-04-01, 4031-05-01, 4031-06-01, 4031-07-01 were sent for UV 

examination. Please send the results of the UV examinations for our perusal. 

 

4. It is not possible to read the preparation procedure of samples 4031-09-01, 4031-09-02 

(notebook 4031, p. 9). Please report the procedure in a clear manner. Likewise, please 

send the results of the X-ray examinations for our perusal. These results are not reported 

in the laboratory notebooks and are not attached. 

 

5. Please send for our inspection results of the X-ray examinations of samples 4031-10-01 

to 4031-10-04, samples 4031-26-01 to 4031-26-05 and samples 4031-29-01 to 4031-29-
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03 (notebook 4031, pages 9, 26 and 29 respectively). These results are not reported in the 

laboratory notebooks and are not attached. 

 

6. It is not possible to read the preparation procedure of samples 4031-13-01 to 4031-13-04 

(notebook 4031, at p. 13). Please deliver the procedure clearly. 

 

7. Please identify samples LIMS 233075, 233074 (notebook 4031, p. 17). In addition, 

please send for our perusal the results of the microscopy images of these samples and 

samples LIMS 231202, 229438. 

 

8. It is not possible to read the preparation procedure of samples 4031-21-01, 4031-21-02 

(notebook 4031, p. 21). Please deliver the procedure clearly. 

 

9. Please explain how the pH of sample 4031-25-05 (notebook 4031, p. 25) was adapted. 

 

10. Samples 4031-24-01 to 4031-24-08 were sent for HPLC analysis. The procedure for 

preparation of the samples for the HPLC analysis is described in notebook 4060, p. 28 

(re-numbered as samples 4060-28-01 to 4060-28-08). However, the analysis results are 

not reported in the laboratory notebooks and are not attached. Please attach the analysis 

results. 

 

11. Samples 4031-27-01 to 4031-27-05 were sent for HPLC analysis (notebook 4031, p. 27). 

The procedure for preparation of the samples for the HPLC analysis is described in 

notebook 4060 (p. 32, samples 4060-32-01 to 4060-32-05). However, the analysis results 

are not reported in the laboratory notebooks and are not attached. Please attach the 

analysis results. 

 

12. Samples 4030-30-04 to 4030-30-06 were sent for HPLC analysis. The procedure for 

preparation of the samples for the HPLC analysis is described in book 4060 (p. 42-43, 

samples 4060-42-01 to 4060-42-03). However, the analysis results are not reported in the 

laboratory notebooks and are not attached. Please attach the analysis results. 

 

13. Dr. Chyall relates to samples no. 4031-11-01, 4031-11-03, 4031-11-05, 4031-11-07 in 

Table 4 of his affidavit. Please send for our perusal the results of the X-ray and the HPLC 

analysis performed in connection with these samples. In the laboratory notebook it is 

mentioned that the samples were sent for X-ray examinations, but these results are not 

reported in the laboratory notebooks and are not attached. 

 

14. Sample 4063-09-01 (notebook 4063, p. 9-10) was prepared from the substance LIMS 

232802. Please identify the aforesaid substance. In addition, please indicate for what use 

this sample was prepared. 

 

15. Please explain for what purpose the following samples were prepared and what use was 

made of them: 

 

● 4063-14-01 to 4063-14-03 (notebook 4063, p. 14-15). 
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● Samples 4063-16-01 and 4063-16-02 (notebook 4063, p. 16) 
 

● Sample 4063-36-01 (notebook 4063, p. 36). 
 

● Samples 4063-47-01, 4063-48-01 (notebook 4063, p. 47-48). 

 

In order that we can make progress in preparing the reply to Dr. Chyall’s affidavit without 

unnecessary delays, we would appreciate your prompt reply. 

 

 

Sincerely 

 

( - ) 

Liad Whatstein, Adv. 
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DR. SHLOMO COHEN & CO 
LAW OFFICE 

 

 

January 11, 2011 

Mr. Tal Band, Adv.           9615/71 

S. Horowitz & Co.            by fax 

31 Ahad Haam Street         Without prejudice 

Tel Aviv 65202 

 

Dear Tal, 

 

re:  Opposition to Registration of Patent No. 172563 – Additional Evidence 

by the Opponent  

 

Further to our letter of January 4, 2011, we would request you to send for our perusal the 

additional missing material which was documented in the laboratory notebooks that describe 

the experiments reported in Dr. Chyall’s affidavit, as follows: 

 

1. Results of the C13 NMR tests of samples D1895NN-13067/3, 4063-03-01, SAL-087,088 

(notebook 4063, p. 62). 

 

1. Results of the C
13 

NMR tests of the sample identified as LIMS 235849 (notebook 4063, 

p. 63-64). Please identify the aforesaid substance and send for our perusal the test result. 

 

In order for us to be able to make progress in preparing the reply to Dr. Chyall’s affidavit 

without unnecessary delays, we would appreciate your prompt reply to this letter of ours and to 

the letter of January 4, 2011. 

 

 

Sincerely, 

 

 

( - ) 

for/ Liad Whatstein, Adv. 

 

 

 

 

 
(174) 
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DR. SHLOMO COHEN & CO 
LAW OFFICE 

 

January 19, 2011  

Mr. Tal Band, Adv.             9615/71 

S. Horowitz & Co.              by fax 

31 Ahad Haam Street           Without prejudice 

Tel Aviv 65202 

 

Dear Tal, 

 

re: Opposition to Registration of Patent No. 172563 – Additional Evidence 

by the Opponent  

 

We have not yet received the material listed in our letters of January 4, 2011 and January 11, 

2011. 

 

The laboratory notebooks which describe the experiments reported in Dr. Chyall’s affidavit, 

including the material and information which the Opponent was requested to supplement, 

ought to have been attached to the Opponent’s additional evidence from the outset. For some 

reason the Opponent delivered the laboratory notebooks only in light of the Applicant’s 

request. Even after it did so, it sent only partial and deficient material, without documents and 

results of many analyses which are mentioned in the laboratory notebooks, which form an 

integral part thereof and are required for examining the experiments which the Opponent 

submitted. 

 

Likewise, in addition to the material the Opponent was requested to supplement, the Opponent 

is requested to give details as to how Dr. Chyall calculated the solubility graph described in 

Paragraphs 67-68 of his affidavit and in Figure 2 and how he calculated the value of the 

pHmax in that graph. 

 

In view of the timetable that has been set for this case and in order to move forward with the 

proceeding without unnecessary delays, the Opponent is called upon to deliver all the missing 

material and information by not later than January 25, 2011. In light of the fact that our first 

letter was sent already on January 4, 2011, and because it is to be assumed that such material 

was in any event studied and examined before the Opponent submitted its additional evidence, 

there is no justification for any additional delay in the delivery of the material which ought to 

have been attached to Dr. Chyall’s affidavit in the first place. 

 

 

Sincerely, 

 

( - ) 

Liad Whatstein, Adv. 
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S. HOROWITZ & CO. 
Attorneys, Notaries, Patent Attorneys 

 

 

January 19, 2011 

Mr. Liad Whatstein, Adv.                   T/44/548 

Shlomo Cohen & Co., Law Office 

Century Tower 

124 Ibn Gvirol Street 

Tel Aviv 62038                          By facsimile  

 

 

Dear Liad, 

 

re: Opposition to Patent Application 172563 

 

 

1. I acknowledge receipt of your letters of January 4, 2011, January 11, 2011 and January 

19, 2011 in the above connection. 

 

2. Dr. Chyall’s laboratory notebooks, and the documentation of the HPLC analyses which 

were carried out on batches of the free base were delivered to your client as far back as 

October 28, 2010, shortly after the filing of the additional evidence. The fact that your 

client has remembered, only after the elapse of nearly three months (and concurrent with 

the filing of an application for an extension of time for the submission of its evidence) to 

refer to my client with a long list of requests pertaining to the material that was delivered, 

is most surprising, and it continues “to push in slowly” additional new requests. It is 

difficult to get away from the impression that your client did not take the trouble at all to 

go over the material that was delivered to it until very recently. In these circumstances 

your client has no one but itself to blame. 

 

3. Furthermore: without relating at this stage to your client’s requests on their merits, and 

without derogating from any right or argument available to Teva, it must be made clear 

that, in any event, there is no obligation on my client according to law to respond to the 

requests that were made to it. Likewise, and contrary to the impression to be gained from 

some of the requests appearing in your abovementioned letters, Dr. Chyall is certainly 

not available now for cross-examination by your client. If your client has questions on 

the merit and substance of the experiments, then the way and the stage for clarifying 

them is not under the guise of so-called “requests for supplementing of information”. 

 

4. Notwithstanding the foregoing, and on an ex gratia basis only, my client is clarifying 

your client’s long list of requests and will reply to your above-referenced letters shortly. 

 

5. Obviously, the fact that your client has chosen to split its requests into three different 

letters, causes a lengthening of the process for clarifying the requests. In these 

circumstances, and in light of the afore said, my client strenuously rejects the attempt, 
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which is to be inferred from your letter, “at preparing the ground” for an allegation that 

my client is supposedly causing any sort of delay in the preparation of your client’s 

evidence. 

 

6. Clearly, nothing in this letter of mine constitutes acquiescence to and/or admission of any 

of your client’s arguments or allegations, or has the effect of prejudicing any right and/or 

argument Teva has with regard to the abovementioned matter. 

 

 

Respectfully yours, 

 

 

( - ) 

for/Tal Band, Adv. 

S. Horowitz & Co. 
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DR. SHLOMO COHEN & CO 
LAW OFFICE 

 

January 19, 2011  

Mr. Tal Band, Adv.             9615/71 

S. Horowitz & Co.              by fax 

31 Ahad Haam Street           Without prejudice 

Tel Aviv 65202 

 

Dear Tal, 

 

re: Opposition to Registration of Patent No. 172563 – Additional Evidence 

by the Opponent  

 

 

I am in receipt of your letter of today’s date. 

 

Your client’s attempt to blur and cover up its own omissions will be of no avail. 

 

Your client left out and omitted many documents and a great deal of vital information which 

form an integral part of the laboratory notebooks and which it was obliged to attach from the 

inception. 

 

The list of requests is indeed a long one, but that is the consequence of the massive omissions 

from the laboratory notebooks. 

 

In order to discover the missing items and the omissions, my client was compelled to devote an 

immense amount of work, inter alia, in deciphering the illegible handwriting in the laboratory 

notebooks. Your client will bear all the immense expenses that my client has incurred by virtue 

of this. 

 

All the material is readily available to your client. There was no justification for the fact that it 

was not delivered from the outset. There is no justification for an additional delay in the 

delivery thereof. 

 

If the material is not delivered up to the time specified in my letter of January 19, 2011, there 

will be no other option than to apply to the Registrar of Patents in order for him to direct your 

client to deliver all the missing material without additional delays. 

 

 

Sincerely, 

 

 

( - ) 

for/Liad Whatstein, Adv. 
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S. HOROWITZ & CO. 
Attorneys, Notaries, Patent Attorneys 
 

January 24, 2011 

Mr. Liad Whatstein, Adv.                   T/44/548 

Shlomo Cohen & Co., Law Office 

Century Tower 

124 Ibn Gvirol Street 

Tel Aviv 62038          By facsimile  

 

Dear Liad, 
 

re: Opposition to Patent Application 172563 

 

1. I acknowledge receipt of your letter dated January 19, 2011. 
 

2. Teva vigorously rejects your client’s allegation in regard to so-called “missing items” 

and “omissions” of documents and information. The truth that was revealed in the 

experiments is obviously not to your client’s liking. However, it would be best if your 

client were to focus its efforts on discharging the onus imposed upon it, and not in 

unfounded attempts to blacken Teva’s name. 
 

3. As stated in my previous letter, there is no obligation in law on Teva to respond to the 

“requests for the supplementing of information” sent by your client. In spite of this, and 

on ex gratia basis only, we are investigating the list of requests that were included in 

your last three letters. By virtue of the multitude of requests, and the fact that your client 

chose to send them in a split form, means that the required investigation will take a 

longer time. 
 

4. For the avoidance of doubt, Teva is not subject to any of your client’s dictates, and to the 

time which it purports to allocate for completion of the investigation. As mentioned in 

my previous letter, we will reply to your letters as soon as possible. Your client chose to 

send its requests only three months after it had received the laboratory notebooks, “in the 

90
th

 minute” before the time for s of its evidence. In these circumstances, it has no one 

but itself to blame. 
 

5. If your client chooses to bother and harass the Registrar with groundless applications in 

this regard, it is obvious that all the expenses which Teva will incur shall be borne by 

your client, and by it alone. 
 

6. Clearly, nothing in this letter of mine constitutes any form of acquiescence and/or 

admission by Teva of any of your client’s allegations, or has the effect of prejudicing any 

right and/or argument Teva has in connection with the abovementioned matter. 
 

 

Respectfully yours, 

 
 

( - ) 

Tal Band, Adv. 

S. Horowitz & Co. 

Merck Exhibit 2221, Page 374 
Mylan Pharmaceuticals Inc. v. Merck Sharp & Dohme Corp. 

IPR2020-00040 



 
 

1 

DR. SHLOMO COHEN & CO 
LAW OFFICE 

 

January 24, 2011 

Mr. Tal Band, Adv.             9615/71 

S. Horowitz & Co.              by fax 

31 Ahad Haam Street           Without prejudice 

Tel Aviv 65202 
 

Dear Tal, 
 

re: Opposition to Registration of Patent No. 172563 – Additional Evidence 

by the Opponent  
 

I received your additional letter of today’s date. 
 

Your client’s flurry of words cannot change the realities: partial and defective laboratory 

notebooks and “a multitude of requests” as you defined them, are the outcome of multiple 

omissions. 
 

Your client is doing everything it can in order to drag out the proceeding. To start with it 

suddenly remembered to submit additional evidence many months after the time for the 

submission of its evidence had passed. Subsequently it delivered evidence without the 

laboratory notebooks. When it eventually condescended to deliver up the laboratory notebooks, 

these were, as already mentioned, only partial and incomplete. Now, even though all the 

missing material ought in any event to be in its possession, your client requires a very 

protracted period of time and repeated extensions in order to supplement what is missing. 
 

Your client’s complaint that my client delayed for a period of three months until it referred 

with a request for the supplementing of the missing items is a complete distortion of the true 

realities. My client struggled for a lengthy period in an attempt to decipher the illegible 

laboratory notebooks and referred to you about two months after it had received the laboratory 

notebooks, once the scope of missing items and omission began to become clear. 
 

Contrary to the impression likely to be obtained from your client’s letter, it is not doing my 

client any “favor” by responding to my client’s demands. Without the missing material, the 

evidentiary weight of the experiments which your client submitted is virtually feather-

weight. Over and above that, my client will naturally relate extensively in its evidence to 

the dubious experiments which your client submitted. 
 

The fact that your client is submitting its evidence “little by little” and with huge delays, is 

something that causes my client immense bother and harassment and large expenses. My client 

will insist that your client compensate my client for all the unnecessary expenses being 

incurred by it and, on an ex gratia basis, is granting your client a last extension until January 

31, 2011 to deliver the missing material and information. Thereafter, my client will file 

appropriate applications without any further warning. 
 

Sincerely, 
 

( - ) 

Liad Whatstein, Adv.
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S. HOROWITZ & CO. 
Attorneys, Notaries, Patent Attorneys 

 

February 24, 2011 

Mr. Liad Whatstein, Adv.                   T/44/548 

Shlomo Cohen & Co., Law Office 

Century Tower 

124 Ibn Gvirol Street 

Tel Aviv 62038                            By facsimile  

 

Dear Liad, 

 

re: Opposition to Patent Application 172563 

 

We are replying herewith to your letters of January 4, 2011, January 11, 2011 and January 19, 

2011 in the above connection. 

 

The answer to the questions that were raised by your client appear below in the same sequence 

in which the questions appeared in each of the letters. 

 

Answers to your client’s requests in the letter of January 4, 2011: 

 

 

1. Aptuit Laboratory documents the receipt of samples from outside sources electronically, 

by means of the LIMS (Laboratory Information Management Services) system. On the 

compact disk which is attached to this letter, in the file CMPD184ExternalSamples.pdf, 

you will find a printout from the LIMS system of the samples which Aptuit Laboratory 

received from Teva, as well as delivery documents in respect of the aforesaid samples. 

 

 As mentioned in our letter to you of October 28, 2010, a clerical error was made in 

Paragraph 16 of Dr. Chyall’s opinion in the number of one of the samples of the 

sitagliptin base, which was marked as sal-008/087. The correct number of this sample is 

sal-088,087. 

 

 The Aptuit Laboratory does not perform a weighing of samples received from external 

sources at the time of receipt thereof, unless the substance that is the subject of the 

sample is controlled by the Federal Agency for the War on Drugs in the USA (DEA). 

 

2. The pages of the notebook on which a reference appears to the documentation of the 

HPLC analyses of the sitagliptin base batches, which were delivered to your client on 

October 28, 2010, are to be found on the compact disk which is attached to this letter in 

the library “Teva Notebooks”. As we stated in our letter of October 28, 2010, the 

blacked-out portions in the documentation delivered to your client relate to samples 

which have nothing to do with the experiments that were performed in connection with 

the opposition proceeding. Accordingly, there is no basis for delivering these pages to 

your client without the blackings out. 
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3. A table appears below which presents the numbers of the samples that are the subject 

matter of the question, their LIMS numbers and the file numbers which relate to the UV 

analyses that were conducted on them. The files are contained in the compact disk which 

is attached to this letter, under the library “Microplate”. 

 

Notebook LIMS No. UV Microplate filename 

4031-02-01 230669 393629, 393633, 393634 

4031-02-02 230681 393663 

4031-02-03 230682 393664 

4031-02-04 230683 393665 

4031-02-05 230684 393666 

4031-03-02 230804 393882 

4031-04-01 230832 393958 

4031-05-01 231012 394231 

4031-06-01 231183 394473 

4031-07-01 231351 394782, 394848 

 

4. In the library “Aptuit Notebooks” on the compact disk which is attached to this letter, a 

printed copy is to be found on p. 9 of laboratory notebook no. 4031. Likewise, in the 

library “XRPD” are the XRPD are the analysis files of samples 4031-09-01 and 4031-09-

02, as follows:  

 

Sample LIMS XRPD Filename 

4031-09-01 223074 397961 

4031-09-02 223075 397962 

 

5. Set forth below is a table which presents the numbers of the samples that are the subject 

matter of the question, their LIMS numbers and the numbers of the files which relate to 

the XRPD analyses that were performed on them. The files are contained in the compact 

disk which is attached to this letter in the “XRPD” library. Samples 4031-26-01 to 4031-

26-05 relate to filtered solutions that were obtained in experiments with these samples. 

The solids that were obtained in the aforesaid experiments were collected and were 

examined under XRPD in samples 4031-25-01, 4031-25-03, 4031-25-04 and 4031-25-

05, as mentioned on p. 26 of laboratory notebook no. 4031. 

 

 It must be mentioned that due to an error which occurred in files 405649 and 405651, in 

relation to the LIMS numbers and the numbers of the samples of LIMS 236932 and 

LIMS 236944 (marked in the table below with an 
ª
), it was not possible to attribute the 

XRPD analyses in these files to the samples that were actually examined. In any event, 

Dr. Chyall did not rely on these analyses in his opinion. 
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Sample LIMS XRPD Filename 

4031-10-01 233039 397912 

4031-10-02 233040 397913 

4031-10-03 233041 397914 

4031-10-04 233042 397915 

4031-25-01 234624 401141 

4031-25-03 234625 401142 

4031-25-04 234626 401143 

4031-25-05 234627 401144 

4031-29-01ª 236932 405649 

4031-29-02 236943 405650 

4031-29-03
ª
 236944 405651 

 

6. In the “Aptuit Notebooks” library on the compact disk, which is attached to this letter, 

there is a printed copy of p. 13 of laboratory notebook no. 4031. 

 

7. Sample no. LIMS 233074 is the sample that appears in the laboratory notebook under 

number 4031-09-01, which is a sample from LIMS 229438 that was crushed with a 

pestle and mortar, as appears on p. 9 of laboratory notebook no. 4031. 

 

 Sample no. LIMS 233075 is the sample appearing in the laboratory notebook under 

number 4031-09-02, which is a sample from LIMS 231202 that was crushed with a 

pestle and mortar, as appears on p. 9 of laboratory notebook no. 4031. 

 

 The microscopy analyses files of the aforesaid samples are contained in the compact disk 

which is attached to this letter in the “microscopy” library, as follows:  

 

Notebook LIMS No. Microscopy File 

4031-09-01 233074 398703-1.jpg 

4031-09-02 233074 398649-1.jpg 

n/a 231202 397467-1.jpg (analyzed without oil) 

398647-1.jpg (analyzed under oil) 

n/a 229438 397466-011.jpg (analyzed without oil) 

397466-012.jpg (analyzed without oil) 

398646-1.jpg (analyzed under oil) 

 

8. In the “Aptuit Notebooks” library on the compact disk, which is attached to this letter, 

there is a printed copy of p. 21 of laboratory notebook 4031. 

 

9. Your client’s request for an explanation as to how the pH in sample 4031-25-05 was 

adapted goes beyond the scope of a request to receive documentation of the experiments, 

and this stage of the proceedings is not the correct place for it. Without derogating from 

any right or argument which Teva may have, the time for cross-examinations in this case 

has not yet arrived. 
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10. Samples 4031-24-01 to 4031-24-08 were given additional laboratory notebook numbers 

for purposes of performing the HPLC analysis, as set forth in the table below: 

 

Sample No. HPLC Sample No. LIMS No. of 

HPLC Sample 

HPLC 

Filename 

4031-24-01 4060-28-01 234037 399964 

4031-24-02 4060-28-02 234038 399965 

4031-24-03 4060-28-03 234039 399966 

4031-24-04 4060-28-04 234040 399967 

4031-24-05 4060-28-05 234041 399968 

4031-24-06 4060-28-06 234042 399970 

4031-24-07 4060-28-07 234043 399971 

4031-24-08 4060-28-08 234044 399972 

 

 The HPLC analyses files of the aforesaid samples are on the compact disk, which is 

attached to this letter, in the “HPLC” library. 

 

11. Samples 4031-27-01 to 4031-27-05 were given additional laboratory notebook numbers 

for purposes of performing the HPLC analysis, as set forth in the table below: 

 

Sample No. HPLC Sample No. LIMS No. of 

HPLC Sample 

HPLC 

Filename 

4031-27-01 4060-32-01 234572 401016 

4031-27-02 4060-32-02 234573 401018 

4031-27-03 4060-32-03 234574 401019 

4031-27-04 4060-32-04 234575 401020 

4031-27-05 4060-32-05 234576 401021 

 

 The HPLC analyses files of the aforesaid samples are on the compact disk which is 

attached to this letter, in the “HPLC” library. 

 

12. Samples 4031-30-04 to 4031-30-06 were given additional laboratory notebook numbers 

for purposes of performing the HPLC analysis, as set forth in the table below: 

 

Sample No. HPLC Sample No. LIMS No. of 

HPLC Sample 

HPLC 

Filename 

4031-30-04 4060-42-01 236763 405261 

4031-30-05 4060-42-02 236764 405262 

4031-30-06 4060-42-03 236765 405263 

 

 The HPLC analyses files of the aforesaid samples are on the compact disk, which is 

attached to this letter, in the “HPLC” library. 

 

13. Samples 4031-11-01, 4031-11-03, 4031-11-05 and 4031-11-07 were given different 

laboratory notebook numbers for purposes of performing XRPD and HPLC analyses, as 

described in the following tables: 
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 HPLC analyses: 

 

Sample No. HPLC Sample 

No. 

LIMS No. of HPLC 

Sample 

HPLC Filename 

4031-11-01 4060-12-02 233004 397819 

4031-11-03 4060-12-04 233006 397821 

4031-11-05 4060-12-10 233008 397823 

4031-11-07 4060-12-08 233010 397826 

 

 The HPLC analyses files of the aforesaid samples are on the compact disk attached to 

this letter, in the “HPLC” library. 

 

 XRPD analyses: 

 

Sample No. XRPD Sample 

No. 

LIMS No. of XRPD 

Sample 

XRPD Filename 

4031-11-01 4060-10-01 233039 397912 

4031-11-03 4060-10-02 233040 397913 

4031-11-05 4060-10-03 233041 397914 

4031-11-07 4060-10-04 233042 397915 

 

 The XRPD analyses files of the aforesaid samples are on the compact disk, which is 

attached to this letter, in the “XRPD” library. 

 

14. Sample no. 4063-09-01 is part of sample no. LIMS 232802 (Molecular Sieves, 3A, 1.6 

mm Sigma-Aldrich Batch #MKAA0920), which was inserted into a vacuum oven and 

heated at ~200ºC overnight, as stated on p. 9 of laboratory notebook no. 4063. 

 

 Your client’s request to receive an explanation regarding the use for which the sample 

that is the subject of the question was prepared goes beyond the scope of a request to 

receive documentation of the experiments, and this stage of the proceedings is not the 

right place for it. Without derogating from any right or argument Teva has, the time for 

cross-examinations in this case has not yet arrived. 
 

15. Your client’s request to receive an explanation as to why the samples that are the subject 

of the question were prepared, and what use was made of them, is a clear departure from 

the scope of a request to receive documentation of the experiments, and this stage of the 

proceedings is not the place for it. Without derogating from any right or argument Teva 

has, the time for cross-examinations in this file has not yet arrived. 

 

 Without derogating from foregoing, and from any right or argument of Teva, files of the 

proton NMR analyses that were carried out in connection with samples 4063-14-02, 

4063-14-03, 4063-16-01 and 4063-16-02 can be found on the compact disk attached to 

this letter, in the library “PNMR”, as follows:  
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Sample No. PNMR Filename 

4063-14-02 399496 

4063-14-03 399793 

4063-16-01 399497 

4063-16-02 399864 

 

 

Replies to your client’s request in the letter dated January 11, 2011: 

 

16. The C
13

 NMR analyses files of samples D1895NN-13067/3, 4063-03-01 and sal-087,088 

are to be found on the compact disk, which is attached to this letter, in the “C13 NMR” 

library, as follows:  

 

Sample LIMS C
13
 NMR Filename 

D1895NN-13067/3 231202 409909 

4063-03-01 233141 409910 

SAL-087,088 233285 410032 

 

17. Sample LIMS 235849 is the dihydrate phosphate salt of sitagliptin. Preparation of this 

sample is described in Paragraph 44 of Dr. Chyall’s opinion, and it appears in table no. 1 

to his opinion. The C13 NMR analysis of sample LIMS 235849 (4063-57-01) is contained 

in the compact disk which is attached to this letter in the “C13 NMR” library under the 

file name 410114. 

 

Answer to your client’s request in the letter dated January 19, 2011: 

 

18. Your client’s request to receive an explanation about the manner in which Dr. Chyall 

calculated the solubility graph described in Paragraphs 67-68 and Figure 2 of his opinion, 

and how he calculated the pH max value of the aforesaid graph, constitutes a departure 

from the scope of a request to receive documentation of the experiments, and this stage 

of the proceedings is not the proper place for it. Without derogating from any of Teva’s 

rights or arguments, the time for cross-examinations in this matter as yet to arrive. 

 

As an aside, it should be clarified that the correspondence regarding your client’s request for 

information has fully exhausted itself. The material that has been delivered to your client, in 

answer to the aforesaid requests, has been furnished on an ex gratia basis. If your client is still 

not satisfied with the material that has been delivered to it, it obviously has the possibility of 

applying in this connection the honorable Registrar. Clearly Teva will insist on costs being 

awarded against your client in respect of such an unfounded application. 

 

It is difficult to escape the impression that the sole purpose of the prolonged harassment by 

your client is nothing more than laying a foundation for an application for an extension of time 

in which to file its evidence, which is an application that is totally unjustified. My client rejects 

these attempts to create an artificial basis for such an application, and gives notice already at 

this point that it will not agree to an extension of time (other than on collegial grounds only). 
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Obviously nothing contained in this letter, or anything that is not stated herein, constitutes an 

admission or acquiescence on the part of Teva to any allegation or argument advanced by your 

client, in the same way that nothing herein derogates from any right or argument which Teva 

has, and these are fully reserved to it. 

 

 

Respectfully yours, 

 

 

( - ) 

Tal Band, Adv. 

S. Horowitz & Co. 
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DR. SHLOMO COHEN & CO 
LAW OFFICE 

 

February 28, 2011 

Mr. Tal Band, Adv.             9615/71 

S. Horowitz & Co.              by fax 

31 Ahad Haam Street           Without prejudice 

Tel Aviv 65202 
 

Dear Tal, 
 

re: Opposition to Registration of Patent No. 172563 – Additional Evidence 

by the Opponent  
 

I have received your letter of February 24, 2011. 
 

Your client devotes most of its efforts to dragging the proceeding out in really unprecedented 

fashion. 
 

To begin with it split up its evidence and submitted additional evidence many months after the 

date for submission of its evidence had passed. 
 

Thereafter, it gave its additional evidence without laboratory notebooks in support of the 

experiments it had conducted. 
 

When your client eventually condescended to delivering the laboratory notebooks subsequent 

to my client’s request, these were partial and deficient. 
 

Later on, my client was compelled to conduct a lengthy correspondence with your client in 

connection with its request for the supplementing of the missing material. 
 

Only after it had procrastinated for about two additional months from the time of my first 

letter, precisely before the time for filing of the evidence in reply on behalf of my client, did 

your client eventually see fit to deliver up the missing material.  

 

And this time, too, it revealed a little and covered up twice as much... 
 

My client is now in the midst of examining the material. If an extension of time is required, my 

client will make an appropriate application to the Office. In the circumstances of the case, in 

which your client delayed for a protracted period of time in delivering the material that ought 

to have been attached to its evidence in the first place, the responsibility for any extension that 

may be needed, if needed, is placed squarely and solely on your client’s shoulders and is not 

subject to your client’s consent. 
 

Nothing in the foregoing derogates from any of the Applicant’s arguments, including with 

regard to your client’s improper conduct and behavior and the impact thereof on the 

evidentiary weight of the experiments which it submitted. 
 

Sincerely  

( - ) 

Liad Whatstein, Adv. 
(5151) 
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