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PHARMACEUTICS CASE STUDY #1

PART #2

pH Dependence of Diamine Solubility
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In the Diamine molecule shown below, the pKa of the amine group on the thio ether was calculated to be 9.83, while the pKa of the amine group on the aromatic ring was calculated to be 9.67 (find Hammett-Taft calculations in part #1).  Therefore, a solution with a pH of approximately 9.67-9.83 would contain about half the molecules in the free base, uncharged form and half of the molecules in the protonated, charged form.  When the pH is greater than the pKa, the solution will act as a Brønsted-Lowry base and the diamine will act as a Brønsted-Lowry acid, donating its hydrogens to the solution.  Therefore, at a higher pH the diamine will be in the free base, uncharged form.  At this end of the pH scale solubility of the diamine will be lower because the majority of the species are uncharged.  However, if the pH is less than the pKa, the opposite occurs.  The diamine will now act as the base and the solution will act as the acid, donating its protons to the diamine causing them to become positively charged.  This charged species will be more soluble in solution because the ionic charge creates a dipole moment in the molecule.  The dipole moment, and the ionic charge itself, will increase the interaction between the molecule and the aqueous solution, thereby allowing the diamine to be more soluble (see graph on p. 2). 
Diamine
Aspirin


In determining the extent of the increased solubility under low pH conditions, the diamine was compared to aspirin.  The pKa of aspirin is approximately 3.4 and its functional group is a carboxylic acid.  Therefore, the pH dependence trend will be the opposite of the diamine.  At a pH lower than the pKa, aspirin will be protonated.  At a pH higher than the pKa, aspirin will donate the hydrogen of its carboxylic acid, and thus become negatively charged.  This negative charge will increase the solubility of aspirin by pulling it into solution.  In the neutral form, the solubility of aspirin is approximately 6.17 mg/mL (pH 3).  In its negatively charged form, the solubility of aspirin is approximately 1242 mg/ml (pH 6).  The ACD/Aqueous Solubility program (version 5.0) calculated this aspirin solubility information.

Although the solubility of the diamine is also expected to increase, the magnitude of the increase will not be as much as aspirin.  The maximum solubility is expected to be less than that of aspirin because of the presence of two carbon chains in the diamine.  Also, the negative charge on aspirin is close to the relatively nonpolar aromatic ring and will be delocalized around it.  As for the diamine, the positive charges are farther from the ring and will not have as much of an impact on this relatively nonpolar portion of the molecule.  The solubility of the diamine increases as it becomes charged under low pH conditions as illustrated in the graph on page 2.  However, the solubility does not increase in the same magnitude as that of aspirin.  The graph of solubility versus pH for the diamine can be found on the next page; the data was calculated using the ACD/Aqueous Solubility program (version 5.0). The charged diamine was calculated to have a solubility of 597 mg/mL. (An adequate comparison molecule was researched but never found.)

At pH 10, just above the pKa, the solubility is 0.39 mg/mL.  As expected, the solubility increases as pH decreases and the magnitude of increase is less than that of aspirin.  At pH 8, just below the pKa, the solubility is 221 mg/mL.  The solubility increases and then plateaus at 597 mg/mL when the two amine groups in the diamine molecule are protonated and positively charged.
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Potential Degradation Reactions of Parent T and Diamine Molecules
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The key degradation reaction of our parent molecule T will be the hydrolysis of the ester group.  The key reaction that occurs in non-catalyzed hydrolysis is the attack of a water molecule on the carbon atom of the carbonyl group:

 The resulting tetrahedral intermediate will either revert back to the reactants or form the carboxylic acid and alcohol products.  At pH 7, this reaction will proceed slowly.  More rapid hydrolysis occurs at low pH (acid catalysis) and at high pH (base catalysis).

Similarly, our diamine molecule will be susceptible to ester hydrolysis. At low pH the amine can serve as a proton acceptor from water. However, the effect on hydrolysis will be negligible. At high pH the amines will have no effect on hydrolysis. 

For both the parent and diamine molecule degradation can also occur through the -Br and thio ether functionalities. However, these reactions will contribute little to the total degradation of the molecule.
pH Dependence of Diamine Degradation

The key degradation reaction will be the hydrolysis of the ester group. Since the diamine (structure shown on page 1) consists of a benzene ring with an ester group, a comparison can be made with aspirin. However, the additional functional groups on the diamine molecule, R-Br and benzene-S-R, will alter the rate of hydrolysis. 

To begin, aspirin has a carboxylic acid group ortho to the ester, which is not present in the diamine.  When at a pH below the pKa of the carboxylic acid, this functional group is largely protonated and uncharged.  However, when at a pH above the pKa of the carboxylic acid, this group becomes deprotonated and negatively charged.  The presence of the negative charge will cause the aromatic ring to be less able to accept the negative charge of the leaving group generated during hydrolysis of the ester bond.  Recall that the leaving group of the hydrolysis reaction is the deprotonated phenol (benzene-O-).  Because the diamine molecule does not have the carboxylic acid group as does aspirin, the diamine will not have the “hump” that occurs between pHs 3 and 8 in the rate of hydrolysis versus pH curve (see p. 23 of Dr. Eriksen’s lecture on stability).  This “hump” represents aspirin’s transition from the protonated carboxylic acid to its deprotonated form.  The diamine will instead exhibit a smooth transition (“U” shape) between the faster rates of hydrolysis that occur at high (base catalysis) and low (acid catalysis) pHs, thereby not exhibiting a “hump” in this pH region.

Next, instead of having a carboxylic acid in the ortho position to the ester, as in the case of aspirin, the diamine molecule has a thio ether group (benzene-S-R).  The sulfur atom in this thio ether functionality has two pairs of free electrons that will contribute to the delocalization of the aromatic ring.  The addition of these extra electrons into the aromatic ring will lessen its ability to stabilize or accept the negative charge of the phenolic oxygen produced during ester hydrolysis.  Consequently, the thio ether group will decrease the rate of ester hydrolysis relative to aspirin.  So, instead of having the carboxylic acid group that decreases the rate of hydrolysis, the diamine molecule has the thio ether group that will decrease the rate of ester hydrolysis.  The effect of the thio ether group on the decrease of the rate of ester hydrolysis would be less than the effect from a carboxylic acid in the ortho ring position.

The last functional group that will affect the rate of hydrolysis of the ester is the bromine atom.  Since the bromine atom is a halide, it is quite electronegative.  It will have an electron withdrawing effect on the carbonyl of the ester and, during hydrolysis, will increase the separation of charge that necessary for nucleophilic attack of the ester.  As a result, the rate of hydrolysis will increase relative to that for aspirin.

It is also noted that the ethylamine groups (R-CH2CH2NH2) added to the thio ether (R-S-CH2CH2CH2NH2) and aromatic ring (benzene-CH2CH2NH2) will not have any effect on the rate of hydrolysis of the ester.  Because there are at least two methylene groups (-CH2-) between the amines and the functional groups (i.e., benzene ring or sulfur), the amines are too distant to affect the rate of hydrolysis.  If the amines were close enough to have an effect, they would be electron donating due to the presence of a pair of free electrons and slow the rate of hydrolysis.

The pKa of the amine near the thio ether was calculated to be 9.83, while the pKa of the amine near the aromatic ring is 9.67.  Both of these pKas lie in the base catalysed portion of the ester hydrolysis curve. This region  is dominated by base-catalyzed hydrolysis; therefore, the amines will not influence the rate of hydrolysis versus pH curve (i.e., contribute a “hump” in the curve as did the aspirin’s carboxylic acid).

In summary, the pH rate profile curve will not have a “hump” between pHs 4 and 8 since the diamine does not contain a carboxylic acid group.  Next, the diamine thio ether group will also decrease the rate of ester hydrolysis.  Consequently, the entire diamine hydrolysis curve will be shifted downward relative to the hydrolysis graph for aspirin.  Finally, the electron withdrawing effects of the bromine atom will increase the overall rate of ester hydrolysis, thereby shifting the ester hydrolysis curve upward.  The effect of the bromine atom will greater than the effect of the thio ether since the bromine is close to the site of nucleophilic attack.  Overall, the diamine molecule will undergo a higher rate of ester hydrolysis relative to the comparison molecule, aspirin.
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