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Oral delivery of drugs is the preferred route of drug administration because of the 

ease in dosing regimen and high patient compliance. However the bioavailability of an 

orally administered drug can be low due to first pass drug metabolism. Topical delivery 

of drugs circumvents the challenges associated with first pass effects. Topical delivery 

of phenols is an attractive field of research particularly because of applications in area 

of pain management (morphine), hormone replacement therapy (estradiol) and in the 

treatment of alcohol addiction (naltrexone). Prodrug strategy involves chemical 

modification of a parent drug with poor delivery or physicochemical properties to a 

transient form with favorable physicochemical properties, which reverts back to the 

parent drug chemically or enzymatically. The chemical modification that results in an 

increase in the aqueous and lipid solubility without a considerable increase in the 

molecular weight of the corresponding prodrug has been shown to give highest 

enhancement in flux. 

In the present study N, N`- dialkylaminoalkylcarbonyl (DAAC) and 

aminoalkylcarbonyl (AAC) prodrugs of acetaminophen were synthesized and as well as 

one AAC prodrug of naltrexone (NTX). The hypothesis is that the incorporation of a 
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basic amine functionality in to an acyl prodrug will result in a favorable increase in its 

aqueous and lipid (biphasic) solubility resulting in an enhancement in topical delivery of 

the parent drug. The DAAC and AAC prodrugs hydrolyzed to the parent drug with half 

lives between 15 - 115 minutes in pH 6.0 buffer. Solubilities of DAAC prodrugs in buffer 

(acetate, pH 4.0, 50 mM), 1-octanol, propylene glycol and isopropyl myristate (IPM) 

have been determined. The solubilities of the AAC-HCl prodrugs were determined in 1-

octanol and propylene glycol. The DAAC and AAC prodrugs were evaluated for their 

ability to deliver APAP or NTX through hairless mouse skin. Although one of the 

prodrugs showed three times higher flux than APAP, the delivery of APAP was not as 

high as expected. We hypothesize that this may be due to an increase in the molecular 

weight caused by aggregation of the prodrugs and water association with the amine 

group as the prodrug diffuses the membrane.  
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CHAPTER 1 
BACKGROUND 

The Rationale For Topical Delivery 

Oral delivery of drugs is preferred over other routes of drug administration 

because of high patient compliance towards dosing regimens. However, before an 

orally administered drug can reach systemic circulation, it must survive the acidic 

environment of the stomach, where it might undergo deactivation or, while passing 

through the upper and lower gastrointestinal (GI) tract, is subject to conjugation 

reactions catalyzed by various biotransformation enzymes. After a drug is absorbed 

from the gut wall, it enters the liver, which is the major site for xenobiotic 

biotransformation reactions. The GI tract and liver have the highest concentrations of 

drug metabolizing enzymes.1 These enzymes are responsible for converting the active 

drug into more hydrophilic forms that are readily eliminated resulting in sub-optimal oral 

bioavailability of the drug. Additionally, efflux transporters also contribute towards lower 

bioavailability of an orally administered drug form. For example, oral bioavailability of 

estradiol (administered to women undergoing Hormone Replacement Therapy (HRT)), 

is only 10% and is eliminated mainly as its glucuronide in the urine.2 Additionally, certain 

orally administered drugs, especially those containing an unmasked carboxylic acid 

group, have been shown to cause damage to gastric mucosa 3 and hepatotoxicity.4   

The problems associated with an orally administered drug can be circumvented by 

administering the drug via an alternate route. Topical delivery is one such alternative. 

The terms topical and transdermal delivery refer to the diffusion of a drug across the 

skin intended for local or systemic absorption, respectively. The undesirable effects of 

the GI tract and liver can also be overcome by applying a drug topically. Skin has a 
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much lower concentration of drug metabolizing enzymes than the GI tract or liver. 5-8 

Cytochrome P450 activity is only about 1- 5% of that found in the hepatic environment 

and UGT/UDPGA (glucuronidation) and PAPS/SULT (sulfation) activity is only about 

10% of that observed in the liver.9 Since topical delivery of drugs has advantages like 

higher bioavailability and reduced incidence of metabolic effects over orally delivered 

drug forms, topical delivery of drugs has received considerable attention in the last few 

decades. Most of the drugs currently formulated for delivery through skin are effective at 

low required doses (up to a few milligrams) and are delivered over a period of few 

days.9 The transdermal patch of scopolamine (an alkaloid and a muscarinic antagonist) 

was the first to be approved by the US FDA as a three-day patch for the treatment of 

motion sickness. Over the years, patches for a number of drugs like scopolamine, 

nitroglycerine, clonidine, fentanyl, lidocaine, nicotine, estradiol and testosterone have 

been introduced in the market.10 

Testosterone is a member of androgen group of steroid hormones. It is the primary 

male sex hormone and anabolic steroid (promotes synthesis of important cellular 

proteins, especially in the muscle tissue) and plays an important role in maintaining 

general male sexual health. Hypogonadism is a clinical condition related to decreased 

activity of gonads (organ responsible for production of sex hormones including estradiol 

and testosterone) which results in decreased testosterone levels in males and females. 

The symptoms include low libido, reduced bone and muscle mass and anemia.11 

Several (injectable, transdermal, oral and buccal) formulations are available for 

testosterone replacement therapy. Oral formulations containing methyltestosterone and 

fluoxymesterone as the active pharmaceutical ingredient, even though available, are 
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prescribed infrequently.11 The oral delivery of testosterone has been associated with 

severe hepatotoxicity and development of benign and malignant neoplasms.12 However, 

the transdermal patch that delivers between 5-10 mg of testosterone per day, has been 

shown to maintain uniform serum levels 13, 14 of testosterone without the toxicity 

associated with the oral formulation. There are other examples (fentanyl, estradiol, 

nitroglycerin) where delivery of a drug through skin results in fewer side effects and 

higher bioavailability.10 

On the other hand topical delivery of drugs is also not without challenges. The 

number of therapeutically useful compounds that can be administered through skin is 

limited by the size and physicochemical properties of the permeant.5, 10 Topical patches 

for low molecular weight drugs like, nictotine (162 Da) and moderately high molecular 

weight drugs like oxybutin (359 Da ) are available: oxybutin being the largest molecule 

being formulated commercially. The skin acts as an external physical barrier, protecting 

the inner body organs against water loss, physical damage and exposure to adverse 

chemical and microbial environment. The skin is composed of a highly interconnected, 

complex assembly of cells and tissues that can be divided into three different layers: 

epidermis (50 - 100 µm), dermis (1 - 2 mm) and hypodermis (1 - 2 mm). The thickness 

of skin can vary depending on age, sex and anatomical location.5 It is the thickest on 

areas that are more susceptible to physical abrasion, like heels and palms of hands. 

The outermost layer, stratum corneum (SC), although the thinnest of all the layers, 

presents the most formidable barrier towards diffusion of permeants across the skin. An 

efficient delivery of a clinically relevant amount of an active therapeutic agent across 

(transdermal delivery) or into the skin (dermal delivery) demands knowledge about the 



 

15 

fundamental structural components that give rise to the barrier function associated with 

the skin. The structure and composition of each of the layers from innermost to the 

outermost layer is discussed briefly below. 

Hypodermis. Hypodermis or the subcutaneous tissue lies right below the dermis 

and is composed primarily of adipocytes. The main function of this layer is to store fat 

and provide insulation from external shocks and abrasions. The thickness of 

hypodermis can vary depending upon the anatomic location. In addition, hypodermis 

contains a vast network of blood vessels that facilitate the absorption of topically applied 

compounds. Fibroblasts and macrophages are also found in this layer.  

Dermis. The layer underlying epidermis, termed as dermis is a highly filamentous 

and fibrous connective tissue which imparts elasticity and tensile strength to the skin. 

The dermis constitutes about 70% of the dry weight of skin. Fibroblasts, the most 

abundant cells found in this layer are responsible for generating connective tissue 

components like elastin and collagen.5 These components are synthesized using water 

soluble precursors and are released into the intercellular space by fibroblasts. Then, the 

elastin and collagen are assembled into thin fibrous structures called fibrils. The 

lowermost layer of dermis (reticular dermis) is comprised of more closely assembled, 

highly cross-linked fibrils which become less dense as one moves towards the outer 

most layers of dermis (papillary dermis) to allow for proliferation of a vast network of 

nerve endings. These connective fibers act as a structural scaffold onto which other 

appendages found in this layer are anchored. The region surrounding the fibrous 

network is primarily comprised of highly hydrophilic macromolecules called 

proteoglycans. Proteoglycans are a group of fibroblast-derived compounds that contain 
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numerous unbranched polysaccharide chain covalently linked to a polypepetide 

backbone. The polysaccharide chains are composed of several hundred 

glycosaminoglycan disaccharides that have been extensively sulphated. The anionic 

charge on these chains from the sulphate and carboxylate groups results in an overall 

negative charge on the side chains and considerable repulsion which is strong enough 

to stabilize the chains in completely extended or a stretched state. The negative charge 

also allows for water molecules to be associated with these proteins. These proteins are 

capable of retaining about 1000 times their weight in water. The high degree of 

hydration of the dermis makes it resemble a hydrophilic gel. Some of the important 

proteoglycans include chondroitin sulfate/dermantan sulfate, heparin/heparin sulfate etc. 

Appendages like sweat glands, hair follicles and sebaceous glands that extend up 

into the stratum corneum (SC), originate in the dermis. Hair follicles are sheath like 

structures that are embedded in the dermis. Sweat glands and sebaceous glands 

extend till the outer most layer of the skin and deposit their respective contents on to the 

skin surface. Sometimes, these glands are found to be linked with the hair follicle and 

secrete their contents into the follicle. Like other features, the density and presence of 

each appendage varies with anatomical location. Since these appendages provide a 

direct access for a drug molecule on the outermost layer to reach the dermis; they may 

provide a pore-mediated pathway for topically applied drugs. However, only a small 

proportion (approximately 0.1%) of the skin surface is covered with pores, allowing only 

a very small fraction of topically applied drug molecules to permeate via this route.  

The border between dermis and epidermis, also called the dermal-epidermal 

junction, is an uneven surface formed by a network of interlocked papillae from each of 
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the layers. The wave-like structure of the dermal-epidermal junction provides a large 

surface area for the dermal papillae to interact with the epidermal cells facilitating an 

effective removal of xenobiotics that permeate through skin. The extensive vascular 

network that supplies nutrients and oxygen to the epidermis is also responsible for 

transporting topically applied drugs into systemic circulation thereby maintaining a 

continuous “sink” condition. 

Epidermis 

The epidermis is composed of layers of successively keratinizing cells with each 

layer at a different phase of the keratinization process. The lower most to uppermost 

layer from the dermal-epidermal junction to the skin surface are termed stratum basale, 

stratum spinosum, stratum granulosum and stratum corneum (SC). The layers directly 

below the SC (i.e stratum granulosum, stratum spinosum and stratum basale) are 

together termed as the viable epidermis. The viable epidermis contains about 70% 

water by weight. SC is composed of flat polyhedral shaped cells called corneocytes or 

horny cells. These are about 40 µm in diameter and 0.5 µm thick. Corneocytes are 

mainly composed of insoluble, aggregates of keratin. These are “dead cells” resulting 

from keratinization of the cells of the viable epidermis. Although the SC is the thinnest 

layer, it is the most impermeable amongst all the layers of the skin. The unique 

structural organization of the SC renders it a primary barrier towards topically applied 

drugs. 

Stratum Basale. Keratinocytes in the basal layer are attached to the basement 

membrane i.e the layer above the dermal-epidermal junction. The keratinocyte in the 

stratum basale divides into a daughter stem cell and a transit amplifynig cell. The 

daughter stem cell remains attached to the basement membrane whereas the transit 
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amplifying cell undergoes differentiation to form the spinous layer. The transit amplifying 

cells however lack features characteristic of spinous and granular cells, for example 

high nucleus to cytoplasm ratio. As more keratinocytes undergo differentiation, more 

transit amplifying cells progress to the higher layer of the skin and to the next phase of 

the keratinization process. Other components of this layer include melanocytes (cells 

responsible for melanin production), Langerhans cells (mediators of immune responses) 

and Merkel cells (sensory reception).  

Stratum Spinosum. During their “transit” through the spinous layer, the cells 

begin to undergo changes in the cellular environment like keratinization of organelles 

and other proteins present inside the cell. This process leads to morphological changes 

that make the keratinocytes increasingly flattened. As the cell continues its transit 

towards the upper layers the diameter and volume of the cell continue to increase. This 

stage also marks the beginning of formation of desmosomal plaques between the cells 

that are responsible for providing cohesive strength to the corneocyte layers. 

Desmosomes are surface proteins responsible for holding the flattened keratinocytes 

together. The keratinocytes begin synthesizing the proteins, Keratin 1 (K1) and Keratin 

10 (K10), which are precursors required in the next phase of the keratinization process. 

Another important biochemical process that occurs during this phase is the formation of 

lamellar granules which later become a part of the primary components that provide the 

SC its unique barrier properties. 

Stratum Granulosum. The cellular components, especially the nucleus, of the 

keratinocytes in this layer begin to undergo enzymatic degradation. This layer is rich in 

speckled or granular components called Keratohyalin Granules (KGs) and Lamellar 
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Bodies (LBs). KGs are responsible for producing the precursors required to form the 

envelope of the corneocytes in the SC. These precursors include K1, K10, profillaggrin, 

loricin and involucrin. Out of these, loricin and involucrin are involved in formation of the 

outer layer of the corneocyte whereas K1 and K10 are involved in the cross linking of 

the inner layer of the cornified envelope. Lamellar Bodies are ellipsoid shaped 

components found in the stratum granulosum cell, the major components of which 

include phospholipids, cholesterol and acylglucosylceramides. LBs are highly 

compressed structures in which the lipoidal components are packed to result in a 

bilayered arrangement. In addition to the above components, LBs also contain enzymes 

like phospholipase A2. At the junction between the stratum granulosum and SC the LBs 

are extruded in to the intracorneocyte space. 

Stratum Corneum 

SC can be further divided into two layers termed stratum compactum and stratum 

disjunctum. The upper layer, stratum disjunctum, is constantly undergoing 

desquamation. The lower of the two layers, stratum compactum, has as much as double 

the amount of water per unit mass associated with it (30 % compared to 15%). These 

layers differ in the overall amount of amino acids and lipids. In addition, stratum 

compactum has a higher density of corneodesmosomes and, as the name suggests, is 

more compact and tightly held together.  The extruded LB’s are fused into bilamellar 

sheets which form the inter-corneocyte lipids of the SC.  

Cellular remnants of the viable epidermis are packed together in a cornified 

envelope to form the cellular components of the SC- the corneocyte. This cornified 

envelope is stabilized by peptide cross-linkages like (γ-glutamyl) lysine isopeptide 

linkages, bis(γ-glutamyl) polyamine linkages and disulphide bonds. 
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Figure 1-1. Chemical Structures of Skin Ceramides 

There is considerable overlapping observed between the corneocytes.  The water 

content of the SC is only about 15% by weight. The presence of bound water in the SC 

plays a crucial role in determining the mechanism of permeation of drug molecules 

through the SC.  

The major components of the intercellular lamellae include ceramides (50% by 

weight), cholesterol (30% by weight) and free fatty acids (10% by weight). Figure 1-1 

shows the structures of skin ceramides isolated so far. Ceramides are important 

structural components of the intercorneocyte lipids and are composed of sphingosine 
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(2-amino-4-octadecene-1, 3-diol) acylated at the 2-amino group with a fatty acid. 

Intercellular lipids that are chemically linked via the interaction of the ω 

hydroxyceramides to the cornified envelope (via surface protein involucrin) occupy the 

compartments formed by the partially overlapping corneocytes. The ω 

hydroxyceramides are derived from acylglucoceramides, i.e. ceramides 1, 4 and 9, via a 

de-esterification reaction. The components of the intercellular compartments are 

present as bilamellar sheets.15-18 Bilamellar arrangement refers to the stacked 

organization of the flat “plate like” components in the space between two corneocytes. 

Swartzendruber et al. have shown that each cellular sheet is formed by the fusion of two 

bilayers in LBs.  

The corneocytes are further interconnected by polar components called 

corneodesmosomes rendering considerable cohesive strength to the SC layer. The 

overlapping of the corneocytes imparts a “tortuous” path through the lipid components 

of the SC. 5 The SC has a highly dense heterogeneous microenvironment composed of 

covalently linked corneocytes and intercellular lipids which are present as fused 

bilamellar sheets at different phases of development. This uniquely rigid compartmental 

organization of the corneocytes and the intercellular lipoidal bilamellar sheets, gives rise 

to the barrier function of the SC.  

 The formation of the SC which is semipermeable to topically applied drugs is 

therefore, a result of a series of biochemical events that lead to the conversion of viable 

(living) cells into a highly rigid, heterogeneous network of impermeable cornified 

envelopes and permeable inter cellular lipids.18 
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Strategies for Enhancing Topical Delivery 

Several techniques including permeation enhancers, iontophoresis, microneedles 

and prodrug strategies19 have been utilized to enhance percutaneous absorption of 

drugs.10 Permeation enhancers alter the barrier property of the skin rendering it more 

permeable towards active components of the formulation. Some of the properties of an 

ideal penetration enhancer include predictable, reproducible and unidirectional effect 

while lacking pharmacological activity and toxicity related issues. Several classes of 

chemicals like oleic acid (OA), dimethyl sulphoxide (DMSO), azones, pyrrolidones and 

surfactants have been shown to possess a favorable penetration enhancement effect.20 

However; there are hardly any penetration enhancers that have all the above mentioned 

“ideal” properties. Well-known permeation enhancers like OA, DMSO have been shown 

to cause irreversible damage to the skin.21 Even water has been shown to affect the 

barrier properties of skin, although the mechanism of this interaction are still under 

debate.20, 22 Some proposed mechanisms by which penetration enhancers work include, 

transient fluidization of the crystalline structure of stratum corneum, dissolution of 

stratum corneum lipid, improved solubility of the permeant in the skin and improved 

partitioning of the permeant into the skin. Iontophoresis involves movement of charged 

and uncharged molecules across the skin under the influence of a few milliamperes of 

current applied across a small area of skin.23 The applied electric current can induce an 

electric field in the skin micro-environment, which drives charged molecules across the 

skin constituting as electrophoretic flow.23 Application of a small voltage of current can 

also be used to generate an electro-osmotic flow, which can aid passage of charged 

molecules across the skin. Iontophoresis is used to deliver compounds like 

priolcarpine24 (as a diagnostic test for cystic fibrosis) and lidocaine25 (local anesthetic) 
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into skin. The microneedle strategy for transdermal delivery involves utilization of an 

array of micron-sized needles that penetrate the skin generating holes that can facilitate 

entry of small molecules drugs as well as macromolecules into skin.26 This strategy has 

been successfully utilized to deliver, proteins27 and DNA28 into skin. 

Optimizing Topical Delivery 

The observation that the SC is the primary barrier towards diffusion of permeants 

across skin was made as early as 1924.29 Further experimental evidence came from a 

study published by I H Blank, in which he used tape stripped human skin to 

demonstrate that the water loss for the skin sample lacking stratum corneum was much 

higher compared to normal skin.30 Additional work by R J Schuplein and I H Blank and 

others exemplified that diffusion through skin is a passive process. 30, 31 Since a 

molecule has to “dissolve” in the membrane microenvironment for the permeant to 

cross, it is reasonable to state that the extent of compatibility of the physicochemical 

properties of the membrane with that of the permeant dictates the permeants’ diffusion 

across the membrane. Since the SC has been shown to be composed of keratinized 

cells embedded in intercellular lipid bilayers through which the permeant must pass, 

what are the most significant physicochemical properties of the permeant that affect its 

diffusion across the skin? Much effort has been made to identify these physicochemical 

properties. In one such attempt, diffusion of a homologous series of straight chain 

alcohols through human skin in-vitro was investigated by R J Schuplein and I H Blank.31 

The choice of a homologous series was guided by the perceived usefulness of a 

continuum of solubility properties and molecular weights in the series. The flux (J, in 

units of µmole cm-2 h-1) of alcohols when applied as neat liquids (C1-C8) as saturated 

solutions in water (C6-C10) was found to be inversely proportional to the molecular 
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weight, with the most water soluble and the smaller member of the series exhibiting the 

highest J. However the authors correlated permeability coefficient, P (defined as J/ 

CVEH, concentration of the permeant in the applied vehicle) in units of cm h-1 with the 

number of carbons in the alcohol, and the partition coefficient, KLIPID: AQ. They suggested 

that the most important predictor of diffusion of permeants through the skin was the 

partition coefficient. Thus, P was used as an important parameter for modeling diffusion 

of permeants through skin and mathematical models for predicting percutaneous 

absorption, based on permeability coefficients have been developed. However, Sloan 

and coworkers have shown that the “amount” permeated (J, µmole cm-2 h-1) and not P 

(cm h-1) of the permeant is the only clinically relevant parameter for development of 

mathematical models to optimize delivery of a permeant through skin. 32, 33 Careful 

analysis of the results from the experiments by Schuplein and Blank also demonstrated 

that the solubility properties of the permeant and not the partition coefficient play the 

dominant role in governing the flux and the passive diffusion of a permeant through 

skin. 

Mechanism of Percutaneous Absorption of Drugs 

The fact that a drug molecule has to “dissolve” in the skin microenvironment for it 

to surpass the SC barrier renders its permeation a “solubility-driven” process. In other 

words the ability of the permeant to dissolve in the SC intercorneocyte space will decide 

the maximum achievable flux, when a saturated donor phase is used and sink 

conditions are maintained. Therefore, the environment of intercorneocyte lipids is crucial 

in determining the mechanism of percutaneous absorption of drug molecules.  

 It is generally accepted that the barrier to absorption of permeants through skin is 

primarily lipoidal in nature. Therefore enhanced lipid solubility of the permeant will result 
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in better flux. The aqueous barrier to percutaneous absorption is believed by many to 

reside in the stagnant water layer existing on the SC surface for compounds delivered 

from an aqueous vehicle. However, in the experiments carried out by Schuplein and 

Blank it is clear, although not generally acknowledged, that the more water soluble 

members of the series, applied as pure liquids (hence no stagnant water layer) gave the 

best flux. Additionally, a dependence of J on water solubility of any member in a 

homologous series of more lipid soluble prodrugs has been quantified and discussed in 

detail in the next section.  

 Although the dependence of J on aqueous and lipid solubility of a permeant is 

obvious, the exact location of the “aqueous layer” has been a topic of investigation by 

many researchers. More recently, Sloan et. al. proposed a model for the organization of 

ceramides along with bound and unbound water in the SC. The bound water has been 

shown to be present in the corneocytes linked to the proteins and the unbound water is 

distributed uniformly throughout the SC. The bilayers of the intercorneocyte components 

are structured horizontally resulting in a parallel organization with the corneocyte 

surface. The arrangement of the ceramides in the intercorneocyte space and the 

suggested path followed by a topically applied permeant to reach the lower layers of the 

skin has been shown in Figure 1-2. The presence of CER 6, with extended linoleic acid 

side chain bridged between a broad distinct crystalline layer and a more fluid-like 

narrow layer in the middle gives rise to a long periodicity phase (LPP) 13.4 nm in length. 

The presence of the LPP has been shown to be essential for the barrier properties of 

the intact SC. The unbound water layer (1.44 nm) in the SC is proposed to be present 

close to the polar head groups of PA and Ch and CER6. The concentration of the water 
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in the SC has been calculated to be about 12.22 M (equivalent to 6.7 water molecules 

per ceramide). 

 
 
Figure 1 -2. Pathway For Diffusion of a Topically Applied Permeant Based On The 

Biphasic Solubility Model. 

  A topically applied permeant is expected to follow the path of least resistance 

which is through the ceramides and other lipoidal components of the fluid lipid layer in 

the LPP, explaining the dependence of J in lipid solubility of the permeant. However, for 

the drug to reach systemic circulation it has to pass the aqueous layer, with high water 

concentration. This explains the dependence of flux of a topically applied permeant on 

its aqueous solubility. 
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 Therefore, the mechanism of percutaneous absorption of a permeant is a 

solubility-driven process where the higher lipid and aqueous solubility of the drug in the 

SC favors higher J. 

Model Development 

Initially, for the sake of simplicity, the microenvironment of the skin has been 

assumed to be homogeneous. The flux of a permeant across a homogenous membrane 

can be expressed by a mathematical equation, first proposed by Aldolf Fick in 1855, for 

the flow of heat, in which the flux across a homogenous membrane is directly 

proportional to the concentration gradient across the membrane (CM1-CMn), where CM1 

and CMn are the first few and the last layers of the SC in this case, 

 J = D/L (CM1-CMn) (1) 

and D (diffusion coefficient) is a proportionality constant, L is the thickness of the 

membrane under sink conditions, (constant uptake of the permeant by the viable layer) 

and CMn is assumed to approach zero. CM1 can be estimated from equation (2) 

 CM1 = (CVEH) (KM1: VEH) (2) 

Where KM1: VEH is the partition coefficient of the permeant between the first few layers of 

the SC and the vehicle (VEH). Since D = Do exp (-βV), where Do is the diffusivity of a 

hypothetical molecule with zero molecular volume, β is a constant characteristic of skin 

and V is the van der Waals volume, equation (1) becomes equation (3). 

 J = (Do exp (-βV)) (CVEH) (KM1:VEH) (3) 

One form of equation (3) was derived by Kasting, Smith and Cooper in 1987,34  

 log J = log (Do/ L) + log SM1 - log (β/2.303)V (4) 

Where J is maximum flux (saturated solution applied) and CM1 is SM1. Equation (4) has 

been used to model data obtained from diffusion cell experiments where the permeants 
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were applied as a saturated propylene glycol solution. The KSC equation assumes that 

the solubility of the permeant in a lipid like octanol, serves as an estimate for the 

solubility of the permeant in the membrane; i.e. SM1 = SOCT. The KSC model, therefore 

assumes the barrier to percutaneous absorption to be only lipoidal. Flux data for n = 36 

compounds was fit to equation 4 and for a correlation of JM with SMEM and V, the r2 value 

was 0.74.34 

The use of permeability coefficient, P, in equation (5), allows one to normalize the 

flux when different concentrations of the permeant in the vehicle are used. Theoretically, 

PVEH is assumed to a constant regardless of the CVEH. 

 PVEH = J/CVEH (5) 

Further, when the vehicle is aqueous, KM1:VEH  from equation (2) becomes 

(KOCT:AQ)f c and equation (3) becomes equation (6). 

 PAQ = Do exp (-βV) (KM1:AQ )f c (6) 

 log P = log (Do/ L) + f log KOCT:AQ - βo MW+ log c (7) 

Equation (7), developed by Potts and Guy for permeants applied as aqueous 

suspensions, was published in 1992. 35 Here f is the conversion factor that accounts for 

difference between the membrane-vehicle partitioning and octanol-water partitioning 

behavior. Two important inferences from Equation (7) arise; first that P is positively 

correlated to KOCT: AQ and inversely correlated to SAQ because SAQ is the denomination 

in the octanol water partition coefficient. Equation (7) also explains the positive 

correlation between P and carbon number and partition coefficient observed by 

Schuplein and Blank. Equation (7) gave an r2 = 0.83 for n = 42 phenols and alcohols for 
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the correlation of P with KOCT: AQ and MW. However a significantly poorer r2 (0.67) was 

obtained for the fit of the Flynn data base (n = 93) to the same equation.35 

Transformed Potts Guy Equation- The Robert Sloan Equation 

One of the drawbacks of the Potts-Guy equation is that it treats the permeability 

coefficient, P and KOCT: AQ as the most important predictors of percutaneous absorption. 

As mentioned above, the relevant parameter in terms of optimizing the delivery of a 

permeant through skin is J not P. Partition coefficient being a ratio, reflects only the 

relative affinity of the permeant towards aqueous and lipid phases of the membrane. 

Therefore, equation (7) fails to represent the effect of absolute lipid and aqueous 

solubilities of the permeant on its percutaneous absorption. Sloan et al observed that in 

a homologous series of prodrugs, the more water soluble member of a more lipid 

soluble series gave the best flux from a saturated isopropyl myristate (IPM) vehicle.19, 36, 

37 Since the donor phase was a saturated IPM solution, J = JMIPM represents the 

maximum possible flux available. Additionally, flux did not continuously increase as a 

function of increased SIPM (or K). In fact, the flux values in a homologous series 

increases initially, then, with  increasing SIPM it levels off and finally decreases for the 

most lipophilic members of the series. In a Wasdo plot this trend is easy to visualize 

(Figure1-3), because it represents the physicochemical properties (like log SAQ, SIPM, log 

J and K) as a function of carbon number. The initial shorter chain members of the 

homologous series were also the more water soluble ones. The best member of each 

series was the shorter chain, initial member, exemplifying the negative correlation 

between J and MW and a positive dependence on SLIPID as well as SAQ. In order to 

incorporate the effect of absolute aqueous and lipid solubilities, SAQ and SLIPID of the 

permeant on its diffusion through skin, Equation (7) was modified as follows: 
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 KM1: IPM = KM1: AQ / KIPM: AQ 

 KM1: AQ = (KIPM: AQ)f c 

 KM1: IPM = (KIPM: AQ)f c / KIPM:AQ (8) 

 

Figure 1-3. Wasdo Plot. Trends in Fluxes and Permeability Coefficients from a Lipid 
Vehicle versus an Aqueous Vehicle (log JMMIPM and log PMIPM versus log 
JMMAQ and log PMAQ, respectively) for Prodrugs Compared to their Partition 
Coefficients (log KIPM:AQ). 

Taking the logs, substituting equation (8) into equation (7) and substituting solubilities 

for K gives: 

 log PIPM = log (Do/L) + f log SIPM - f log SAQ - log SIPM + log SAQ - βo MW+ log c 

Collecting similar terms and adding log SIPM on both sides gave : 

 log J = log (Do/L) + f log SIPM - (1-f) log SAQ - βo MW + log c (9) 

Substitution of y for f, collecting constants into a new constant x, and substituting z for β 

gives: 

 log JMIPM = x + y log SIPM + (1 - y) SAQ - z MW  (10) 
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Equation (10) is the Robert Sloan (RS) equation which correlates flux of a 

permeant from a saturated lipid vehicle, IPM, across a biological membrane with its SAQ, 

SLIPID and MW.38 The RS equation has been used to predict flux of permeants delivered 

from saturated aqueous suspensions as well. The form of the equation remains the 

same regardless of the vehicle.39 A comparison of a fit of flux data for the same n = 32 

compounds through hairless mouse skin in-vitro from water as a vehicle, to KSC, 

equation(4), and RS equation, equation(10), gave a r2 value of 0.76 vs 0.90.40 The fit of 

the Flynn data base to the RS equation also gave a much better r2 (0.93) compared to 

that obtained with the KSC equation (r2 = 0.83).41 The KSC, equation (4) and the Potts-

Guy model for percutaneous absorption represent the SC as a lipoidal barrier whereas 

the RS model represents the SC barrier as a biphasic barrier. Therefore, the absolute 

aqueous and lipid solubilities, SAQ and SLIPID, and MW of a molecule are the statistically 

significant predictors of its flux, J. The utilization of the RS equation for predicting flux 

through biological membranes like hairless mouse skin and human skin has been 

reviewed in detail. 33 Although a dependence of J on SAQ in a homologous series of 

prodrugs was published in a review as early as in 1989 ,37 it was only in 1999 36 that a 

quantitative expression reflecting this correlation was developed. The RS equation 

quantifies the dependence of J on SAQ, SLIPD and MW. The extent and the nature of the 

correlation (positive or negative) between the independent (SAQ, SLIPID, MW) and the 

dependent variable (J) is represented by the magnitude of y and z values.  The fit of the 

flux database comprising n = 32 compounds to the RS equation40 gave x = -2.30, y = 

0.575, z = 0.0016 and r2 = 0.90; suggesting an almost equal contribution by aqueous 

and lipid solubility terms. Therefore, in terms of prodrug design, a promoiety that 
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facilitates a maximum improvement in SAQ as well as SLIPID without considerably 

increasing the MW of the corresponding prodrug must be ideal to achieve better flux 

through the skin compared to the parent drug. 

Prodrug Strategy to Enhance Percutaneous Absorption of Drugs 

A prodrug is an inactive, chemically functionalized derivative of the parent drug, 

which upon chemical or enzymatic hydrolysis regenerates the pharmacologically active 

drug form. The derivatization of drugs is not a new approach and has been widely 

utilized to solve problems associated with oral delivery of drugs like poor aqueous and 

lipid solubility, first-pass effects and poor absorption across biological membranes, 

among many others. 42 

 
 
Figure 1-4. Mechanism of hydrolysis of fosphenytoin 

The success of prodrug strategy is reflected by the fact that about 15 % of 

marketed drug in the US are prodrugs. One such example is fosphenytoin, a disodium 

phosphate ester of phenytoin that is used for short term treatment of epilepsy. 

Phenytoin is a weakly acidic and a high melting (293 oC) drug. Its poor water solubility 

(0.02 mg/ml) leads to an erratic bioavailability profile in humans. The prodrug was found 

be about 4408 times more water soluble, and was successful in enhancing oral 

bioavailability of phenetoin (Figure 1-4). 43 Fosphenytoin was shown to be enzymatically 

labile with half lives 30 min and <30s in rat whole blood and rat liver homgenates 



 

33 

respectively.43 A proposed mechanism of hydrolysis of fosphenytoin to phenytoin has 

been shown in Figure 1-4. The rate determining step is the enzymatic cleavage of the 

prodrug by phosphatases generating a chemically labile species, which undergoes a 

spontaneous loss of formaldehyde to regenerate the parent drug. The rate of hydrolysis 

of the hydroxymethyl compound is dependent on the pKa of the leaving group. 

Bungaard et al. quantified the relationship between the leaving-group pKa and the half 

lives of the corresponding hydroxymethyl compounds.42 

 
 

Figure 1-5. Cyclosporine Prodrugs. (A) Chemical structure of Cyclosporine A (CsA); (B) 
Mechanism of chemical hydrolysis of the octa-arginine conjugate of CsA at 
pH 7.4. 

More recently, poly-arginine based prodrugs of a macrmolecular peptide 

immunosuppressant, Cyclosporine A (CsA) have been shown enhance its delivery 

through mouse and human skin.44 The prodrug comprised an octa-arginine (R7) chain 

linked to the drug via a pH dependent, chemically reversible amino hexanoic acid linker, 

which regenerated the parent drug at physiological pH (Figure1- 4). The diffusion of the 

polypeptide conjugates was shown to be dependent on the membrane potential and the 



 

34 

number of basic arginine groups (protonated at physiological pH) in the peptide chain. 

The mechanism of cellular uptake of polyarginine conjugates of CsA was shown to be a 

charge dependent, active process.45 Although most of the prodrugs evaluated as 

transdermal or topical delivery agents permeate the skin via a passive process, the 

example of polyarginine-CsA conjugates has broadened the scope of topical delivery to 

high molecular weight compounds. 

A simple analysis of any prodrug form allows one to visualize that it is a “two-

component” system: the parent drug (DRUG-X-) and the promoiety (PRO). The parent 

drug is derivatized at one (or more) of the functional (enabling) groups (X) with the 

promoiety (PRO). It is obvious that the physicochemical properties of the prodrug form 

will be dependent on the nature of PRO. 

Table 1-1.General representation of a prodrug, an acyl prodrug and a soft alkyl prodrug. 
DRUG-X-PRO  General representation of a Prodrug 
  
DRUG-X-C(=O)-R Acyl Prodrug 
  
DRUG-X-CH2-Y-C(=O)-R Soft Alkyl Prodrug 

 
Two general cases arise: Acyl prodrugs, in which the PRO is attached directly to X 

and Soft alkyl prodrugs in which, X is attached through a methylene linker to a 

heteroatom, Y (O, S etc). Several comprehensive reviews on application of prodrug 

techniques in solving drug delivery related problems have appeared in the literature.46 

In the previous section, the importance of SAQ, SLIPID and MW of a permeant as 

statistically significant predictors of flux (J) across the skin has been described. A few 

examples of each prodrug class and the utility of the prodrug approach in modulating 

the solubility properties and consequently their flux through skin is discussed below. 
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Acyl Prodrugs 

As the name suggests, in an acyl prodrug the enabling group is attached to the 

heteroatom on the drug through a carbonyl bond and as, mentioned above, the nature 

of the R group plays an important role in modulating the physicochemical properties of 

the prodrug. Some of the most common functional groups targeted for prodrug 

approach and the corresponding acyl prodrug formed are: 

Table 1-2. Acyl prodrugs formed from hydroxyl or amine containing drugs  

 General 
Chemical Structure Prodrug Type 

DRUG-OH DRUG-O-C(=O)-R Ester 

DRUG-OH DRUG-O-C(=O)-O-R Carbonate 

DRUG-OH DRUG-O-C(=O)-NH-R Carbamate 

DRUG-NH2 DRUG-NH-C(=O)-R Amide 

DRUG-NH2 DRUG-NH-C(=O)-O-R Carbamate 
 

There are several examples of acyl prodrugs of drugs containing a hydroxyl 

group.19 Narcotic analgesics, like morphine, are used widely for management of acute 

pain. Most compounds in this chemical class that are currently in clinical use are usually 

administered orally or via parenteral routes. The oral and parenteral routes of 

administration are associated with problems like high peak plasma concentration, 

requirement of frequent dosing and sub-optimal oral bioavailability of the drug due to 

extensive first pass metabolism.47 Bundgaard et al. investigated a series of 3-O 

alkylcarbonyl and 6-O alkylcarbonyl ester prodrugs for enhancing delivery of morphine 

through skin. Morphine itself has a poor skin permeation profile which can be attributed 

to its low water and lipid solubility. The prodrug approach can help circumvent these 

challenges. Morphine is only marginally soluble in IPM (SIPM = 0.023 mg ml-1) and pH 7 

phosphate buffer (SAQ = 1.8 mg ml-1). 47 
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Figure 1-6. Testosterone and Naltrexone Prodrugs. (A) Chemical Structures of 

Testosterone (TS) and its N, N-dimethylaminobutyric acid ester acyl prodrug; 
(B) Chemical structure of Naltrexone (NTX) and its previously investigated 
prodrugs. 

The 3-propionyl ester that exhibited a higher aqueous (SAQ = 3.6 mg ml-1) and lipid 

(SIPM = 41 mg ml-1) solubility, showed a flux of 8.7 µg cm-2 h-1 through human skin in-

vitro from a saturated IPM solution. A steady sate flux of up to 35 µg cm-2 h-1 of 

morphine was achieved by its 3-hexanoyl ester prodrug (SIPM >150 mg ml-1; SAQ = 2.6 

mg ml-1) applied as an IPM solution (200 mg ml-1). Only morphine was detected in the 

receptor phase indicating complete conversion of the prodrug to the parent drug. 
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Morphine itself was undetectable (less than 0.01 µg cm-2 h-1) under the same 

conditions.47 Since, saturated solutions were not used in the donor phase in all cases, 

the observed flux values do not reflect the highest possible flux of morohine achievable 

with these prodrugs. Similar results were obtained with alkyloxycarbonyl esters of 

ketobemidone where the most lipid and water soluble member of the series exhibited 

higher flux compared with ketobemidone.48 

Simple acyl prodrugs (straight chain49 and branched chain50 3-O-alkylcarbonyl 

esters and 3-O-alkyloxycarbonyl esters51) of NTX showed a moderate enhancement of 

flux of the parent drug (~2-7 fold). 3-O-Alkylaminocarbonyl prodrugs of NTX exhibited a 

3-4 fold improvement in flux of the parent drug (Figure 1-6).52 Similarly, alkyloxycarbonyl 

(AOC) prodrugs of APAP have been investigated in diffusion cell experiments in our lab 

previously. None were more water soluble than APAP. However the two more water 

soluble members of the AOC prodrugs of APAP (Figure 1-7) exhibited a moderate 

enhancement in flux (>2 times).53  

Misolovich et. al.54  investigated testosteronyl-4-dimethylaminobutyrate HCl 

(TSBH) as potential prodrug candidate for enhancing topical delivery of testosterone 

(TS) (Figure 1-6). Solubility of TBSH was about 1000 times greater than TS in pH 7.0 

phosphate buffer (>150 mg ml-1 for TBSH compared to 0.01 mg ml-1 for TS). The flux of 

TSBH from a 10% solution was about 60 times higher than TS itself.55 Even the free 

base form of TSBH delivered 35 times more TS through human skin in-vitro. The 

protonated amine group in the promoiety has been infered to confer a more favorable 

balance in lipid and aqueous solubility to the prodrug than simple alkyl promoieties by 
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increasing its aqueous solubility and hence enhancing skin penetration rates. But at the 

pH of highest solubility, achieving optimal stability has been a challenge.  

 

Figure 1-7. Chemical structures and IPM and aqueous solubilites of (A) APAP; (B) C2-
AOC-APAP; (C) C2-ACOM-APAP; (D) C2-AOCOM-APAP; (E) C2-
NANAOCAM-APAP 

When an ionizable amine group is incorporated in the acyl portion of the ester, it 

activates the acyl group towards nucleophilic attack by hydroxide ion due to two 

reasons, 56, 57(a) strong electron withdrawing (-I) effect of the  protonated amine group 

and; (b) intramolecular catalytic effect of the protonated and unprotonated amine group 

(general base catalysis). Basic hydrolysis of amino acid esters have been investigated 

in great deail. 57 Steric and electronic factors and pH have been shown to affect the 

rates of hydrolysis. The acyl prodrugs hydrolyze to regenerate the parent drug via the 

mechanism shown in Figure 1-8. 
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Vitamin E, a phenol containing compound, is a powerful antioxidant and has been 

shown to play a role in maintaining general physiological health of the skin. 

 

 

Figure 1-8. Mechanism of of Hydrolysis of Acyl Prodrugs. (A) acid and (B) base 
catalyzed mechanisms of hydrolysis of acyl prodrugs. 

Vitamin E acetate, an ester prodrug, is a part of many commercial cosmetic 

formulations. The poor SAQ and high MW, however, limit its permeation through skin. In 

recent reports, the skin retention of eight amino acid ester prodrugs of Vitamin E (Figure 

1-9) were evaluated.58 Since the prodrugs exhibited low solubility in buffer (pH 8.0, 

phosphate), solubilities were evaluated in pH 8 phosphate buffer containing 5% 

dimethyl β cyclodextrin. The enzymatic (porcine liver esterase) half life of the glycine 

derivative was 49.5 min whereas the most hydrophilic member, the L-citruline prodrug, 

showed a half life of 1013 min.58   
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All the prodrugs showed higher water solubility than Vitamin E itself and some of 

the derivatives underwent hydrolysis at a rate that could ensure regeneration of the 

parent drug in the skin. 

 

Figure 1-9. Chemical structures of Vitamin E and its prodrugs evaluated previously. 

The skin retention of the prodrugs was higher than Vit-E itself. However little or no 

parent drug could be detected in the skin and the receptor phase.58 The low J of Vitamin 

E prodrugs was expected and can be explained by the negative correlation of the MW 

with flux. The high MW, low SAQ and extremely high SLIPID (a very poor balance in 

aqueous and lipid solubility) of Vitamin E itself render it a challenging molecule to 

deliver through skin. To achieve an improved J of Vitamin E through the skin by its 

prodrugs, the increase in aqueous solubility may have to be dramatic without increasing 

the MW of the compound to an appreciable extent. However, the amino acid promoiety 

does show promise to improve solubility properties of lower molecular weight drugs.54, 55 
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Soft Alkyl Prodrugs 

A soft alkyl prodrug has a methylene or a vinylygous methylene linker between the 

drug heteroatom and a heteroatom in the promoiety. Soft alkyl prodrugs of heterocyclic 

amines like 5 FU, Theophylline (Th), and 6-mercaptopurine (6-MP) and phenolic drug 

like APAP have been evaluated for the potential to enhance topical delivery of their 

parent compounds. Soft alkyl drug can undergo an esterase mediated reaction to 

generate a hydroxymethyl intermediate, which undergoes spontaneous chemical 

hydrolysis to regenerate the parent drug (Figure 1-10).19 One such example discussed 

previously is fosphenytoin (Figure 1-3).  

 

Figure 1-10. Mechanism of hydrolysis of a soft alkyl prodrug. 

N-Mannich base (α - dialkylamino) alkyl derivatives of molecules containing acidic 

-NH groups have been shown to possess enhanced water as well as lipid solubility. The 

masking of the polar acidic group results in an increase in lipid solubility whereas the 

aqueous solubility is increased by the incorporation of a basic amine group into the 

promoiety. For example, among a series of N-Mannich derivatives of 5-FU one member, 

bis-(diethylamino)methyl derivative, gave a higher flux than the commercially available  

formulation of 5-FU, Efudex. A 10% suspension of the bis-(diethylamino)methyl prodrug 

in IPM gave a flux of 0.11 ± 0.013 mg cm-2 h-1 whereas Efudex gave a flux of 0.017 ± 

0.046 mg cm-2 h-1 through hairless mouse skin. Because of difficulty in purification, 
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many members of this series were not evaluated in diffusion cell experiments.19 

Nevertheless, the bis-(diethylamino)methyl prodrug of 5-FU clearly exemplifies the 

effect that incorporation of a basic amine group into the promoiety has on the biphasic 

solubility, and consequently on permeation of the corresponding prodrug. The 

mechanism of hydrolysis of N-Mannich base prodrug involves unimolecular cleavage to 

parent -NH acidic compound and a carbocation 19(Figure 1-11).The lower the pKa of the 

parent -NH compound, the lower is the half life of its N-mannich prodrug. An equation 

for predicting the half life of the N-Mannich prodrug based on the pKa of the parent -NH 

compound has also been developed. 42  

 

Figure 1-11. Mannich Base Prodrugs of 5 FU. (A) Chemical structure of 5-FU; (B) N-
Mannich base prodrug of 5-FU; (C) Mechanism of hydrolysis of bis-
(diethylamino) methyl prodrug of 5-FU. 

The soft alkyl approach has also been applied to phenols. Alkylcarbonyloxymethyl 

(ACOM), 59 alkyloxycarbonyloxymethyl (AOCOM)60 and N-alkyl -N-

alkyloxycarbonylaminomethyl (NANAOCAM) 61prodrugs of a model phenol-

acetaminophen (APAP), were investigated in diffusion cell experiments (Figure 1-7). 

The flux of the most water soluble member of the ACOM series was only 3.6 times 
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higher than APAP and only one member of AOCOM prodrugs series (4-AOCOM-APAP, 

C2) gave higher flux (1.6 times) than APAP itself. Although the soft alkyl approach has 

been utilized successfully to generate a “synthetic handle” on parent drugs, and hence 

broaden the choice of functional groups that can be incorporated into the promoiety, 

their performance was not significantly better than simple acyl derivatives of APAP. 

Conclusions 

Although delivery of drugs through the oral route is preferred over other routes of 

drug administration, it is associated with problems like first pass effects, GI and liver 

toxicity and poor absorption of drugs through the gut wall. Topical delivery of drugs is a 

practical alternative with which the common challenges of oral delivery can be 

overcome. Among several available methods for enhancing topical delivery of drugs, 

the prodrug approach is the one with which optimization of maximum achievable flux of 

a drug through skin is feasible. The statistically significant predictors of flux of permeant 

(J) have been elucidated.62 Among a homologous series of prodrugs, the initial, low 

molecular weight members exhibiting the best balance between SAQ and SLIPID have 

been shown to give the best flux. 36 Therefore the relevant design directives for 

developing prodrugs intended for enhanced topical delivery of its parent drug includes, 

(a) higher aqueous as well as lipid solubility relative to the parent drug without a 

considerable increase in the MW of the corresponding prodrug and (b) ability to 

regenerate the parent drug in the skin (dermal delivery) or in systemic circulation 

(transdermal delivery). 

AOC53 (acyl), ACOM,59 AOCOM60 and NANAOCAM 61 (soft alkyl) prodrugs of a 

model phenolic drug, APAP, have been evaluated in our lab previously in diffusion cell 

experiments. However, enhancement in J was only minimal. In view of the previous 
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research on the effect of inclusion of an ionizable group in the promoiety it seemed 

appropriate to investigate the development of prodrugs of poorly water soluble phenolic 

drugs with improved aqueous solubility and hence delivery properties. In the present 

study an efficient synthetic route to N, N`- dialkylaminoalkylcarbonyl (DAAC) and 

aminoalkylcarbonyl (AAC) ester prodrugs of the phenolic drug acetaminophen will be 

presented. The hypothesis is that the incorporation of the ionizable amine group will 

confer to the prodrugs a higher SAQ as well as SLIPID, and hence a higher J than APAP. 

If successful, these compounds can serve as models for optimization of the DAAC and 

the AAC prodrug approach for improving topical delivery. 
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CHAPTER 2 
SPECIFIC OBJECTIVES 

First Objective 

The first objective of this study was to synthesize a series of N, N` - 

dialkylaminoalkylcarbonyl (DAAC) and aminoalkylcarbonyl (AAC) prodrugs of a model 

phenolic drug. Although, acyl and soft alkyl prodrugs of a model phenol, acetaminophen 

(APAP) investigated previously in our laboratory in diffusion cell experiments gave a 

moderate enhancement in SIPM, none of the prodrugs were more water soluble than 

APAP. For example the most water soluble member of the AOC series was C1-AOC-

APAP (21 mM) compared to 100 mM for APAP. Similarly, among the ACOM and 

NANAOCAM (soft alkyl) prodrugs of APAP the most water soluble member was C2-

ACOM-APAP (25 mM) and C1-NANAOCAM-APAP (45 mM) respectively. The flux 

enhancement could be attributed primarily to an increase in SIPM of the prodrugs relative 

to APAP. The hypothesis for this study is that the incorporation of an ionizable amine 

group (-NR1R2 or -NH2) into the acyl prodrug would result in a favorable increase in SAQ 

and SLIPID of the corresponding prodrug. The effect of incorporation of an ionizable 

amine into the acyl prodrugs of APAP on its skin permeation has not been reported. 

Therefore we synthesized DAAC and AAC prodrugs of APAP which can act as model 

compounds for optimization of the DAAC and AAC prodrug approach.  

Synthetic routes to N, N`- dialkylaminoalkylcarbonyl (DAAC) and 

aminoalkylcarbonyl (AAC) acyl prodrugs of a phenolic drug acetaminophen (APAP) 

have been presented. DAAC-APAP prodrugs were synthesized via a three step 

procedure starting with haloalkylcarbonyl esters which were reacted with five different 

amines: N, N`- dimethylamine, N, N`- diethylamine, N, N`- dipropylamine, morpholine 
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and piperidine. The spacing between the amino group and the carbonyl group of the 

acyl group was 1 to 3 -CH2 groups.  After the hydrolysis of the ester the promoiety was 

subsequently coupled with the parent drug via a dicyclohexylcarbodimide (DCC) 

mediated coupling to yield the DAAC-APAP-HCl prodrugs in excellent yields. The 

DAAC-APAP prodrugs (free base form) were prepared by treatment of the 

corresponding HCl salts with aqueous base. The AAC prodrugs were synthesized using 

commercially available Boc-protected amino acids using DCC or EDCI as coupling 

agents.  

Second Objective 

The second objective of this research was to investigate whether the DAAC and 

AAC prodrugs can improve topical delivery of APAP. Hairless mouse skin was used for 

in-vitro analysis of the prodrugs. Physicochemical properties, i.e., lipid and aqueous 

solubility were determined for the DAAC and AAC prodrugs. Additionally,  to investigate 

the extent to which the prodrug might hydrolyze during the course of diffusion cell 

experiment, half lives (t1/2) of a few members of the DAAC and AAC series were 

measured in buffer (pH 6.0, 20 mM). 

Third Objective 

The third objective of this study is to develop a new Robert-Sloan equation using 

an integrated solubility and flux database for compounds evaluated in diffusion cell 

experiments previously in our lab. The new RS equation will be developed by fitting the 

solubility and flux data for n = 73 compounds comprising n = 42 compounds from 

Roberts et. al.,36 the C5-Bis 6, 9 ACOM-6MP prodrug, 53 n = 4 3 AC 5FU prodrugs, 63 n 

= 6 ACOM 5FU prodrugs, 64 n = 2 bis-AC-5FU prodrugs, 65 n = 8 AOC-APAP 

prodrugs,53 n = 5 ACOM-APAP59 prodrugs and n = 5 AOCOM-APAP60 prodrugs. The 
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new RS equation will be used to predict the flux of DAAC-APAP prodrugs through 

hairless mouse skin.
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CHAPTER 3 
N, N` - DIALKYLAMINOALKYL CARBONYL (DAAC) PRODRUGS OF A MODEL 

PHENOLIC DRUG - ACETAMINOPHEN (APAP)  

Introduction 

First pass effects in the GI tract and the liver limit the oral bioavailability of a drug 

containing a hydroxyl group (phenols or alcohols). The presence of the hydroxyl group 

however facilitates the derivatization of the drug to give prodrugs. Depending on the 

choice of the target site and route of administration, the prodrugs can be designed with 

appropriate physicochemical properties. Presence of one or more polar hydroxyl groups 

in a drug may result in low lipid solubility. Masking the polar hydroxyl group results in a 

better balance in aqueous and lipid solubilties. This leads to an enhanced absorption of 

orally administered drugs. For example, an enhanced oral bioavailability of terbutaline in 

dogs was achieved by its carbamate esters. A single oral dose of the bis - N, N- 

dimethylcarbamate of terbutaline could produce sustained blood levels of the parent 

drug and showed a plasma half-life of 10 h.42  

An ideal promoiety for developing prodrugs of poorly water-soluble drugs 

containing a hydroxyl group is one that can increase its water solubility without 

compromising lipid solubility. In this regard, a promoiety containing an amine group has 

been utilized successfully to improve aqueous solubility of poorly water-soluble drugs. 55 

The enhanced aqueous solubility is a direct consequence of a distinct physicochemical 

feature of prodrugs that contain a basic amine (primary, secondary or tertiary) 

functionality - ionization of the basic amine nitrogen at physiological pH.   

The presence of an amine group activates the acyl group towards hydroxide ion 

attack because of the (-I) effect of the amine group and promotes its intramolecular 

general base catalyzed hydrolysis.46, 56, 57 Kinetic behavior of esters containing an 
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activated acyl group (metranidazole N, N-dimethyl glycinate ester,42 hydrocortisone 

lysine ester66 and acetaminophen glycine, α-aspartic acid and β-aspartic acid esters67) 

has been studied in detail. However, attaining optimal stability in aqueous solutions has 

been a challenge towards developing prodrugs containing an ionizable, basic amine 

functionality. 

An example, where the incorporation of an ionized amine into the promoiety has 

been utilized to enhance percutaneous absorption of a lipophilic, poorly water soluble 

drug is testosterone (TS). The TBSH prodrug showed a 60 times higher flux through 

human skin in-vitro than TS when applied as a 10% solution in pH 7.0 phosphate buffer. 

It has been hypothesized that the enhancement in flux is a consequence of an increase 

aqueous solubility of TBSH relative to TS.55 

Only a few reports describing synthesis of acyl prodrugs of phenolic drugs in which 

a basic amine group was incorporated into the promoiety have appeared in the 

literature. A synthetic route for obtaining N, N`-Dialkylaminoalkylcarbonyl (DAAC) 

prodrugs of APAP with different amine groups and the alkyl chain length have not been 

reported. Additionally, no systematic evaluation of the effect of pKa and the distance 

from the acyl group of the amine on the solubility and skin permeation properties of N, N 

-dialkylaminoalkylcarbonyl (DAAC) prodrugs of phenolic drugs has been carried out. A 

detailed study of the solubility, stability and in-vitro permeation behavior of DAAC 

prodrugs of a model phenolic drug can aid the design of DAAC prodrugs of other poorly 

water-soluble phenolic drugs. A low molecular weight phenolic drug, acetaminophen, 

was chosen to optimize the DAAC prodrug approach. 
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Synthesis of DAAC Prodrugs of Acetaminophen 

In the present study, a series of DAAC prodrugs of APAP (5a - 5k) were 

synthesized. The choice of the amine incorporated into the promoiety was guided by 

two factors: (a) pKa of the amine and (b) steric bulk on the amine group. Five different 

amines, N, N-dimethylamine, N, N-diethylamine, N, N-dipropylamine, piperidine and 

morpholine with pKa values between 10.2 - 8.3 were chosen as candidates for the 

synthesis of the amino acids (3b-3k).  

 
 

Figure 3-1. Chemical structures of synthesized DAAC-APAP prodrugs 

 
 Materials and Methods. Melting points were determined on a Meltemp melting 

point apparatus. Thin layer chromatography (TLC) plates (Whatman AL Sil G/UV) were 
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purchased from Fisher. N, N-diethylamine, N, N-dipropylamine, piperidine, morpholine, 

ethyl 3-(N, N-dimethylamino)propionate (1b), N, N-dimethylglycine hydrochloride (3a), 3 

- (N, N-diethylamino)propionic acid hydrochloride (3d), ethyl chloroacetate, methyl 3-

bromopropionate and dicyclohexylcarbodiimide (DCC) were purchased from Sigma 

Aldrich. Ethyl 4-bromobutyrate was purchased from Alfa Aesar. Spectra (1H NMR) were 

recorded on a Varian Unity 400 MHz spectrometer. Pyridine, acetonitrile and 

dichloromethane were dried over 3 Ǻ molecular sieves before use. pKa values were 

estimated using pKa software, (ACD labs, version 12.0).  

Experimental. The DAAC prodrugs of APAP (5a - 5k) were synthesized in three 

steps (Figure 3-1). A α, β, or γ haloalkanoic acid ester was reacted with a secondary 

amine to obtain the corresponding N, N-dialkylaminoalkanioc acid ester (2b-2h). These 

esters were hydrolyzed with concentrated hydrochloric acid to yield the hydrochloride 

salts of the amino acids (3a-3k), which were subsequently coupled with APAP by a 

dicyclohexylcarbodimide (DCC) mediated esterification to give the hydrochloride salts of 

the desired prodrugs (4a - 4k). The prodrugs (5a - 5k) were obtained from the 

corresponding hydrochloride salts by treatment with ice cold saturated aqueous 

Na2HCO3 solution and immediate extraction with dichloromethane. 

General Method for the synthesis of compounds 2c and 2e-2k. To a round 

bottom flask containing a well-stirred solution of the α, β, or γ haloalkanoic acid ester (1 

equiv.) in 25 ml acetonitrile was added, 2 equiv. of the amine drop-wise. The contents of 

the flask were refluxed for 8-10 h. NMR of the crude reaction mixture confirmed 

completion of the reaction. The flask was cooled in an ice bath for 1 - 2 h. 
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Figure 3-2. Synthesis of DAAC-APAP prodrugs 

The resulting suspension was tritrated with 100 -150 ml diethyl ether to crystallize 

the HCl, HBr or HI (in case of 1c and 1e) salt of the corresponding amine. The solid 

amine salt that formed was removed by filtration and the filtrate was concentrated on a 

rotary evaporator to give the desired aminoalkanoic acid esters as oils. In the case of 1c 

and 1e (sterically hindered amines) the alkylating agent, ethyl chloroacetate, had to be 

converted to ethyl iodoacetate by treatment with 1 equiv of NaI in 10 ml acetone prior to 

coupling with the amine otherwise the reaction did not go to completion. Ethyl 

iodoacetate was not isolated or characterized. No formation of 

R1R2N(CH2)nC(=O)NR1R2 was observed in this reaction. All the esters were obtained 

as yellow to orange colored oils in good yields (83 - 98 %). 

2c Ethyl 2-(diethylamino)acetate. Synthesized from 4.6 g (0.03 mole) ethyl 

chloroacetate and 5.59 g (0.07 mole) diethylamine to give a brown oil. NMR (CDCl3): δ 

4.18 (q, 2H), 3.31 (s, 2H), 2.66 (q, 4H), 1.27 (t, 3H), 1.06 (t, 6H). Yield: 95%. 
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2e Ethyl 2-(dipropylamino)acetate.Synthesized from 10.30 g (0.08 mole) ethyl 

chloroacetate and 17.1 g (0.16 mole) di-propylamine to give a brown oil. 1H-NMR 

(CDCl3): δ 4.05 (q, 2H), 3.20 (s, 2H), 2.42 (t, 4H), 1.35 (sextet, 3H), 2.78 (t, 3H), 0.76 (t, 

6H) Yield: 86% 

2f Ethyl 2-(piperidin-1`-yl)acetate. Synthesized from 4.1 g (0.03 mole) ethyl 

chloroacetate and 5.7 g (0.06 mole) piperidine to give a pale pink oil. 1H-NMR (CDCl3): 

δ 4.18 (q, 2H), 3.18 (s, 2H), 2.50 (broad t, 4H), 1.63 (quin, 4H), 1.45 (m, 2H) , 1.28 (t, 

3H). Yield: 98% 

2g Ethyl 3-(piperidin-1`-yl)propanoate. Synthesized from 1.53 g (0.009 mole) of 

methyl 3-bromopropionate and 1.532 g (0.02 mole) piperidine to give a pale yellow oil. 

1H-NMR (CDCl3): δ 3.68 (s, 3H), 2.67 (t, 2H), 2.52 (t, 2H), 2.40 (broad s, 4H), 1.58 

(quin, 4H), 1.42 (m, 2H). Yield: 98% 

2h Ethyl 4-(piperidin-1`-yl)butanoate. Synthesized from 4.45 g (0.02 mole) ethyl 

4-bromobutyrate and 4.855 g (0.04 mole) piperidine. 1H-NMR (CDCl3): δ 4.12 (q, 2H), 

2.37-2.27 (m, 8H), 1.814 (quin, 2H), 1.57 (m, 4H), 1.421 (m, 2H), 1.254 (t, 3H).Yield: 

86%. 

2i Ethyl 2-(morpholin-4`-yl)acetate. Synthesized from 2.3 g (0.018 mole) of ethyl 

chloroacetate and 3.27g (0.037 mole) morpholine to give a yellow oil. 1H-NMR (CDCl3): 

δ 4.19 (q, 2H), 3.75 (t, 4H), 3.20(s, 2H), 2.587 (t, 4H), 1.281 (t, 3H). Yield: 83% 

2j Ethyl 3-(morpholin-4`-yl)propanoate. Synthesized from 4 g (0.02 mole) of 

methyl 4- bromopropionate and 4 g (0.04 mole) of morpholine to give a brown oil. 1H-

NMR (CDCl3): δ 3.68 (broad s, 7H), 2.68 (t, 2H), 2.50 (t, 2H), 2.45 (broad s, 4H).Yield: 

98% 
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2k Ethyl 4-(morpholin-4`-yl)butanoate . Synthesized from 4.6 g (0.02 mole) ethyl 

4-bromobutyrate and 4.1 g (0.04 mole) morpholine. 1H-NMR (CDCl3): δ 4.11 (q, 2H), 

3.68(m, 4H), 2.415 (m, 2H), 2.314-2.361 (m, 4H), 1.80 (quin, 2H), 1.254 (t, 3H).Yield: 

94% 

General method for the synthesis of compounds 3b, 3c, 3e - 3k. The esters 

2b, 2c and 2e-2k were refluxed with excess (5-10 equiv.) of conc HCL for 8-10 h after 

which the water was evaporated. The residue was triturated with 50-75 ml THF 

overnight. The obtained solids were dried in a vacuum oven at 40˚C overnight to yield 

compounds 3b, 3c and 3e-3k as crystalline solids. 

3b 3-(dimethylamino)propanoate hydrochloride. 1H-NMR (D2O): δ 3.42 (broad 

t, 2H), 2.89 (broad s, 8H). Yield: 98% 

3c 2-(diethylamino)acetic acid hydrochloride. 1H-NMR (D2O): δ 3.97 (s, 2H), 

3.27 (q, 2H), 1.29 (t, 6H). Yield: 68% 

3e 2-(dipropylamino)acetic acid hydrochloride. 1H-NMR (D2O): δ 3.85 (s, 2H), 

3.02 (q, 4H), 1.57 (sextet, 4H), 0.805 (t, 6H) Yield: 68% 

3f 2-(piperidin-1`-yl)acetate hydrochloride. 1H-NMR (D2O): δ 3.94 (s, 2H), 3.57 

(broad d, 2H), 3.0 (td, 2H), 1.45-1.93 (m, 6H). Yield: 100% 

3g 3-(piperidin-1`-yl)propanoate hydrochloride. 1H-NMR (D2O): δ 3.53 (broad 

doublet, 2H), 3.392 (t, 2H), 2.965 (td, 2H), 2.87 (t, 2H), 1.46-1.99 (m 6H). Yield: 94% 

3h 4-(piperidin-1`-yl)butanoate hydrochloride.1H-NMR (D2O): δ 3.5 (broad 

doublet 2H), 3.098 (broad triplet, 2H), 2.9 (broad triplet, 2H), 2.466 (2H, t), 1.983-1.4 (m, 

8H). Yield: 80% 
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3i 2-(morpholin-4`-yl)acetate hydrochloride. 1H-NMR (D2O): 3.8-4.2(m, 2H), 

3.11 (s, 2H), 3.85 (broad t, 2H), 3.5-3.65 (m, 2H), 3.25 (broad t, 2H). Yield: 82.9% 

3j 3-(morpholin-4`-yl)propanoate hydrochloride. 1H-NMR (D2O): δ 4.15 (dd 

2H), 3.8 (td 2H), 3.52 (broad doublet 2H), 3.44 (t, 2H), 3.2 (td, 2H), 2.95 (t, 2H). Yield: 

82%. 

3k 4-(morpholin-4`-yl)butanoate hydrochloride. 1H-NMR (D2O): δ 4.12 (broad 

doublet 2H), 3.80 (t, 2H), 3.56 (broad d, 2H), 3.54 (broad doublet, 2H), 3.15-3.24 (m, 

4H), 2.5 (t 2H), 1.98-2.15 (m, 2H). Yield: 96%. 

General method for the synthesis of 4a-4k. Equimolar quantities of APAP, 

dialkylaminoalkanoic acid hydrochloride (3a - 3k) and DCC in 35 - 40 ml dry pyridine 

were stirred at room temperature for 24 - 48 h. The suspension was triturated with about 

75 ml dichloromethane and 25 ml diethyl ether. The suspension was stirred vigorously 

for 1 h. Then, the suspension was filtered and the solid obtained was washed 

thoroughly with dichloromethane till no smell of pyridine remained. The filtered solid was 

dried under vacuum for a few hours and then was refluxed with 250-350 ml chloroform 

for 4 h. The resulting suspension was filtered while hot to yield 4a - 4k as white solids, 

while the dicyclohexyl urea remained in the filtrate. 

4a 4-Acetamidophenyl 2`-(dimethylamino)acetate hydrochloride, (Me2n1-

APAP-HCl) Synthesized from 1 g (0.006 mole) APAP, 0.92 g (0.006 mole) 3a and 1.36 

g (0.006 mole) DCC. 1H-NMR (D2O): δ 7.47 (d, J = 8.8, 2H), 7.19 (d, J = 9.2, 2H), 4.45 

(s, 2H), 3.04 (s, 6H), 2.14 (s 3H).Yield: 75% 

4b 4-Acetamidophenyl 3`-(dimethylamino)propanoate hydrochloride, (Me2n2-

APAP-HCl)  Synthesized from 1.48 g (9.8 mole) acetaminophen, 1.5 g (9.8 mole) 3b 
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and 2.02 g (9.8 moles) DCC. 1H-NMR (D2O): δ 7.45 (d, 2H), 7.19 (d, 2H), 3.49 (t, 2H), 

3.02 (t, 2H), 2.94 (s, 6H), 2.14 (s, 3H). Yield: 85% 

4c 4-Acetamidophenyl 2`-(diethylamino)acetate hydrochloride, (Et2n1-APAP-

HCl)  Synthesized from1.25 g (0.008 mole) APAP, 1.70 g (0.008 mole) DCC and 0.008 

mole 3c. 1H-NMR (D2O): δ 7.48 (d, J = 8.8, 2H), 7.20 (d, J = 8.8 2H), 4.47 (s, 2H), 3.39 

(4H, q), 2.15 (s 3H), 1.347 (t, 6H). Yield: 70% 

4d 4-Acetamidophenyl 3`-(diethylamino)propanoate hydrochloride, (Et2n2-

APAP-HCl). 1H-NMR (D2O): δ 7.45 (d, 2H), 7.19 (d, 2H), 3.69 (t, 2H), 3.30 (4H, q), 3.21 

(t, 2H), 2.15 (s 3H), 1.31 (t, 6H). Yield: 80%  

4e 4-Acetamidophenyl 2`-(dipropylamino)acetate hydrochloride, (Pr2n1-

APAP-HCl). 1H-NMR (D2O): δ 7.47 (d, J = 8.8, 2H), 7.19 (d, J = 8, 2H), 4.32 (s, 2H), 

3.11 (t, 4H), 2.01 (s 3H), 1.82 (sextet, 4H), 0.824 (t, 6H). Yield: 50% 

4f 4-Acetamidophenyl 2`-(piperidin-1``-yl)acetate hydrochloride, (PIPn1-

APAP-HCl). Synthesized from 2.5 g (0.014 mole) 3f, 2.87g (0.014 mole) of DCC and 

2.1 g (0.014 mole) APAP. 1H-NMR (D2O): δ 7.50 (d, J = 8.8, 2H), 7.22 (d, J = 8.8, 2H), 

4.36 (s, 2H), 3.37 (m, 4H), 2.171 (s, 3H), 1.906-1.68 (m, 6H). Yield: 71% 

4g 4-Acetamidophenyl 3`-(piperidin-1``-yl)propanoate hydrochloride, (PIPn2-

APAP-HCl). Synthesized from 1.5 g (0.08 mole) 3g, 1.7 g DCC and 1.25 g (0.08 mole) 

APAP. 1H-NMR (D2O): δ 7.47 (d, J = 8.4, 2H), 7.16 (d, J = 8.8, 2H), 3.50-3.57 (m, 4H), 

3.19 (t, 2H), 3.01 (t, 2H), 2.16 (3H, s). Yield: 65% 

4h 4-Acetamidophenyl 4`-(piperidin-1``-yl)butanoate hydrochloride, (PIPn3-

APAP-HCl) Synthesized from 1.5 g (0.008 mole) 3h, 1.6 g (0.008 mole) DCC and 1.2 g 

(0.008 mole) APAP. 1H-NMR (D2O): δ 7.44 (d, J = 8.8, 2H), 7.12 (d, J = 8.8, 2H), 3.57 
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(d, 2H), 3.16 (t, 2H), 3.19 (t, 2H), 2.92 (t, 2H), 2.76 (t, 2H), 2.14 (s, 3H), 1.40-2.15 (m, 

6H). Yield: 78% 

4i 4-Acetamidophenyl 2`-(morpholin-4``-yl)acetate hydrochloride, (MORn1-

APAP-HCl). Synthesized from 1.5 g (0.008 mole) 3i, 1.6 g (0.008 mole) DCC and 1.6 g 

(0.008 mole) APAP. 1H-NMR (D2O): δ 7.49 (d, 8.8 Hz 2H), 7.21 (d, 8 Hz 2H), 4.48 

(broad s, 2H), 4.031 (broad s, 4H), 3.50 (broad s, 4H), 2.16 (3H, s).Yield: 70% 

4j 4-Acetamidophenyl 3`-(morpholin-4``-yl)propanoate hydrochloride, 

(MORn2-APAP-HCl) Synthesized from 1.5 g (0.007 mole) 3j, 1.5 g (0.007 mole) DCC 

and 1.09 g (0.007 mole) APAP. 1H-NMR (D2O): δ 7.44 (d, 8 Hz, 2H), 7.14 (d, J = 8.8 Hz, 

2H), 4.11 (broad s, 2H), 3.83 (broad s, 2H), 3.60 (broad t, 4H), 3.21 (broad s, t, 4H), 

2.141 (s, 3H).Yield: 50%. 

4k 4-Acetamidophenyl 4`-(morpholin-4``-yl)butanoate hydrochloride, 

(MORn3-APAP-HCl) Synthesized from 1.5 g (0.007 mole) 3k, 1.5 g (0.007 mole) DCC 

and 1.1 g (0.007 mole) APAP. 1H-NMR (D2O) δ: 7.45 (d, 8 Hz, 2H), 7.13 (d, J = 12 Hz, 

2H), 4.09 (broad s, 2H), 3.8 (broad s, 2H), 3.54 (broad s, 2H), 3.21 (broad s, 2H), 3.28 

(t, 2H), 2.788 ( t, 2H), 2.14 (s, 3H),  2.17-2.09  (m, 2H). Yield: 61% 

General method for the synthesis of compounds 5a - 5k. The hydrochloride 

salts of DAAC prodrugs of APAP (4a - 4k) were treated with 5 -10 ml ice cold saturated 

aqueous sodium bicarbonate solution and the aqueous layer was extracted immediately 

with 200 - 250 ml methylene chloride once. The treatment with aqueous saturated 

NaHCO3 and the subsequent extraction had to be very fast (<30 sec) otherwise, 

hydrolysis (20 - 60%) to the parent drug was observed. The organic layer was dried 

over sodium sulfate for 1 h and filtered. The solvent was evaporated on a rotary  
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Table 3-1. Characterization of DAAC-APAP-HCl and DAAC-APAP Compounds. 
Elemental Analysis (Calculated and Experimental Values of % of Carbon, 
Hydrogen and Nitrogen) and Melting Points for DAAC-APAP-HCl and DAAC-
APAP Prodrugs 

 Mp C 
Cal 

C 
Exp  H 

Cal 
H 

Exp  N 
Cal 

N 
Exp 

4a 200-210 52.85 52.58  6.28 6.47  10.27 10.14 

4b 195-200 54.45 54.26  6.68 6.70  9.77 9.66 

4c 200-205 55.90 55.90  7.04 7.04  9.31 9.30 

4d 170-180 57.23 57.11  7.36 7.44  8.90 8.85 

4e 175-185 -- --  -- --  -- -- 

4f 234 58.50 59.06  7.09 7.15  8.57 8.59 

4g 202 59.90 59.73  7.39 7.54  8.22 8.20 

4h 260-270 53.42 53.36  6.08 6.05  8.90 8.86 

4i 220 54.79 54.17  6.44 6.47  8.52 8.34 

4j 210 54.62a 54.57  6.88a 6.57  7.96a 8.40 

4k 234 58.50 a 59.06 a  7.09 a 7.15 a  8.57 a 8.59 a 

5a 90-92 59.49 b 59.86 b  7.22 b 6.91 b  11.63 b 10.47 b 

5b 56-60 63.62 64.18  7.63 7.85  10.60 9.92 

5c 55-57 -- --  -- --  -- -- 

5d 60-62 -- --  -- --  -- -- 

5e Oil -- --  -- --  -- -- 

5f 122-124 65.20 64.96  7.30 7.28  10.14 10.05 

5g 155-158 66.18 65.96  7.64 7.65  9.65 9.64 

5h 114 - 115         

5i 126-128 60.42 60.66  6.52 6.58  10.07 9.95 

5j 148-158 61.63 61.64  6.90 6.80  9.58 9.46 

5k 98-100 62.73 62.82  7.24 7.38  9.14 9.17 
a values for hemihydrate; b values for 0.25 hydrate 
 
evaporator to yield compounds 4a-4k as colorless solids. Extraction of the free base 

from the corresponding hydrochlorides was also attempted by treatment with a weaker 
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base, 1 equiv triethylamine, in cold methylene chloride (5 - 10 min) and subsequent 

trituration with diethyl ether. But the desired prodrugs could not be obtained in very high 

yields or purity. Further, column purification was not possible for these compounds 

because of highly basic nature of the prodrugs: decomposition on silica gel to parent 

drug was observed.  

5a 4-Acetamidophenyl 2`-(dimethylamino)acetate, (Me2n1-APAP).1H-NMR 

(CDCl3): δ 7.49 (d, J = 8.8, 2H), 7.04 (d, J = 9.2, 2H), 3.43 (s, 2H), 2.44 (s, 6H), 2.16 (s 

3H). Yield: 95%.  

5b 4-Acetamidophenyl 3`-(dimethylamino)propanoate, (Me2n2-APAP). NMR 

(DMSO): δ 7.57 (d, J = 8.8, 2H), 7.01 (d, J = 9.2, 2H), 2.67 (t, 2H), 2.59 (t, 2H), 2.17 (s, 

6H), 2.03 (s, 3H).Yield: 95%.  

5c 4-Acetamidophenyl 2`-(diethylamino)acetate, (Et2n1-APAP). 1H-NMR 

(CDCl3): δ 7.48 (d, 2H), 7.00 (d, 2H), 3.56 (s, 2H), 2.73 (quart, 4H), 2.09 (s, 3H), 1.10 (t, 

6H).Yield: 70%.  

5d 4-Acetamidophenyl 3`-(diethylamino)propanoate, (Et2n2-APAP). 1H-NMR 

(CDCl3): δ 7.48 (d, J = 8.8, 2H), 7.01 (d, J = 9.2 2H), 2.95 (t, 2H), 32.74 (t, 2H), 2.63 

(quart, 4H), 2.14 (s, 3H), 1.09 (t, 6H).Yield: 78%.  

5e 4-Acetamidophenyl 2`-(dipropylamino)acetate, (Pr2n1-APAP). 1H-NMR 

(CDCl3): δ 7.51 (d, 2H), 7.06 (d, 2H), 3.95 (broad s, 2H), 3.00 (broad s, 4H), 2.32 (s, 

3H), 1.80 (broad s, 4H), 1.09 (t, 6H). Yield: 61%.  

 5f 4-Acetamidophenyl 2`-(piperidin-1``-yl)acetate, (PIPn1-APAP). 1H-NMR 

(CDCl3): δ 7.49 (d, J = 8.8, 2H), 7.04 (d, J = 8.8, 2H), 3.44 (s, 2H), 2.61 (t, 4H), 2.17 (s, 

3H), 1.67-1.62 (m, 6H), 1.45 (broad d, 2H). Yield: 71%.  
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5g 4-Acetamidophenyl 3`-(piperidin-1``-yl)propanoate, (PIPn2-APAP). 1H-NMR 

(DMSO): δ 7.57 (d, J = 9.2, 2H), 7.01 (d, J = 8.8, 2H), 2.66 (t, 2H), 2.62 (t, 2H), 2.37 

(broad s, 4H), 2.035 (s, 3H), 1.49 (quin, 4H), 1.40 (broad d, 2H).Yield: 75%  

5h 4-Acetamidophenyl 4`-(piperidin-1``-yl)butanoate, (PIPn3-APAP). 1H-NMR 

(CDCl3): δ 7.50 (d, 2H), 7.03 (d, J = 8.0, 2H), 2.61 (broad t, 6H), 2.17 (s, 3H), 2.10 

(broad s, 2H), 1.79 (broad s, 4H).Yield: 85%. 

5i 4-Acetamidophenyl 2`-(morpholin-4``-yl)acetate, (MORn1-APAP). 1H-NMR 

(CDCl3): δ 7.50 (d, J=8.8Hz, 2H), 7.04 (d, J = 8.8 Hz, 2H), 3.78 (t, 4H), 3.47 (s, 2H), 

2.68 (t, 4H), 2.17(s, 3H).Yield: 70%.  

5j 4-Acetamidophenyl 3`-(morpholin-4``-yl)propanoate, (MORn2-APAP). 1H-

NMR (DMSO): δ 7.56 (d, 2H), 7.01 (d, J = 8.8 Hz, 2H), 3.56 (t, 4H), 2.54 (t, 2H), 2.53 (t, 

2H), 2.40(broad s, 4H), 2.02 (s, 3H).Yield: 80%.  

5k 4-Acetamidophenyl 4`-(morpholin-4``-yl)butanoate, (MORn3-APAP). 1H-

NMR (DMSO) δ: 7.57 (d, 8.4 Hz, 2H), 7.03 (d, J = 8.8 Hz, 2H), 3.55 (t, 4H), 2.57 (t, 2H), 

2.32 (t, 6H), 2.03 (s, 3H), 1.89 (quin, 2H).Yield: 61%.  

Hydrolysis of DAAC-APAP Prodrugs 

The hydrolysis experiments were carried out on compounds 4a-4e (DAAC-APAP-

HCl). For determining the half lives of the members of DAAC prodrugs a solution of the 

prodrug was prepared by dissolving a known amount of the prodrug in deionized water. 

An aliquot of the aqueous solution was diluted with buffer (pH 6.0, phosphate, 20 mM) 

to give concentrations of about 10-20 mM. The diluted solution was added into a UV 

cuvette and absorbance values were recorded over 7-8 half-lives. The cuvette was 

maintained at 37 ± 0.5 oC throughout the experiment. Although, the prodrugs showed 

an absorbance maximum very close to that of APAP the molar absorptivities of the 
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prodrugs are higher than that of the parent drug, APAP, so the hydrolysis of the 

prodrugs was monitored by the decrease in the absorbance values over time. The 

absorbance values were recorded at 242 nm. All experiments were allowed to reach 

A∞, where A∞ is the absorbance at the completion of the reaction, at which time the 

absorbance would reflect the concentration of APAP only. The pseudo unimolecular 

rate constants were obtained from a plot of log (At - A∞) versus time where At is the 

absorbance at time t. All the experiments were run in triplicate. The pKa values were 

estimated by using the pKa prediction software (ACD Labs Inc. Version 10.0).  

Table 3-2. Half Lives (t1/2, min) and predicted pKa Values of DAAC-APAP-HCl, prodrugs 
in Buffer (pH 6.0, phosphate, 20 mM, I = 0.5) at 37 ± 0.5 0C 

 pKa t1/2 

4a, Me2n1APAP-HCl 
 
 

6.94 76.92 ± 0.24 

4b, Me2n2APAP-HCl 8.66 113.03 ±  2.85 

4c, Et2n1APAP-HCl 8.08 105.71 ± 4.45 

4d, Et2-n2APAP-HCl 9.59 79.32 ± 11.92 

4e, Pr2n1APAP-HCl 9.40 105.89 ± 3.24 

4f, PIPn1APAP-HCl 6.98 -- 

4g, PIPn2APAP-HCl 8.65 79.67 ± 1.25 

 
Table 3-2 shows the t1/2 values for the DAAC-APAP-HCl ester prodrugs. The 

presence of an amine group in the acyl side chain of a DAAC prodrug predisposes the 

ester group towards hydrolysis because of two reasons: (a) electron withdrawing effect 

of the -NR1R2 group and (b) general base catalysis by the   -NR1R2 or -+NHR1R2 group. 

In a detailed study 57 by Kirby et. al., rate enhancements up to 105 fold for the 

hydrolysis of phenyl 3-dimethyl-aminopropionate vs phenyl acetate at pH > 9, where the 

NMe2 group is present as a free base, was observed. This observation supports the 
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idea of facilitation of rate enhancement by the NMe2 group in addition to simple 

electronic effects. Additionally, observation that the rate of hydrolysis of phenyl acetate 

is 10 times slower than that for phenyl 3-dimethylaminopropionate at pH conditions 

where the dimethylamine group is protonated indicates a rate acceleration by the+NMe2 

group. However the propensity of a protonated amine group to facilitate intramolecular 

catalysis is much lower compared to a free amine group. 

Figure 3-3 shows pathways available to the neighboring amine group for the 

facilitation of ester hydrolysis.68 These pathways include (A) nucleophilic catalysis, (B) 

intramolecular general base catalysis and (C) intramolecular general acid specific base 

catalysis. Mechanisms A, B and C are kinetically indistinguishable. For a prodrug 

containing a basic amine group (pKa ~ 7-10) the following are true:43 

• At pH << pKa the primary reaction is the hydrolysis of the protonated ester 
(pathway C). 

• At pH > 5 < pKa the primary reactions are the hydrolysis of free base and the 
protonated ester (pathways A, B and C). 

• At pH > pKa the primary reaction is the hydrolysis of the free base (pathways A 
and B). 

For compounds (except 4a) in the present study rate acceleration by +NR1R2 group 

is the primary effect observed because the compounds are expected to be protonated 

(~ 99%) at pH 6.0. The t1/2 values of 4c and 4d (same amine but different n) can be 

explained by a higher degree of general base catalysis by the more basic 

diethylaminopropionate group compared to diethylglycinate group.  

A similar trend between 4a and 4b is not observed because the calculated pKa 

value of 4a is much lower than that of 4c so a higher percentage of free base is present 

at pH 6.0. The trend in t1/2 values amongst compounds with same n (4a, 4c and 4e) but 
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different steric bulk on the amine group can be explained using Newman’s Rlue of Six 

which states that those atoms which are separated from the attacking atom in the 

transition state by a chain of four atoms are the most effective in providing steric 

hindrance.69 

 
Figure 3-3. Possible routes of hydrolysis of a DAAC-APAP prodrug 

For example for a DAAC acyl group, the “blocking atom” would be the atom (or 

group) in the 6th position. The atom is the 6th position is more likely to be in the path of 

the attacking atom than the 5th or 7th atom. (Figure 3-4) 

Figure 3-4 shows that the 6th atom in 4a could be 6 H whereas in 4c the 6th or the 

blocking atom could be 4 H and 2 methyl groups. Overall, the DAAC-APAP-HCl 

prodrugs hydrolyze to the parent drug via a combination of nucleophilic and 

intramolecular general base catalysis pathways. Although a pH rate profile can give 

more detailed information about the hydrolysis behavior of prodrugs containing a basic 

amine group, the data presented in this study exemplifies the transient behavior of the 

DAAC-APAP-HCl prodrugs. In terms of prodrug design the DAAC prodrug approach 
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allows for modulation of half lives of the prodrugs by controlling the alkyl chain length 

and steric bulk on the basic amine nitrogen. 

 

 

Figure 3-4. Origin of steric hindrance in 4a and 4c based on Newman Rule of Six. 

Determination of Solubilities of DAAC-APAP Prodrugs  

As mentioned before (Chapter 1), the permeation of a topically applied drug is a 

“solubility” driven process. Determination of the solubility of a permeant in aqueous (or 

aqueous-like) and lipid solvents allows for an analysis of the solubility and flux data, that 

can be used to optimize topical delivery of drugs.  

The molar absorptivity of DAAC-APAP-HCl prodrugs was determined in triplicate 

at 244 nm in methanol and at 241 nm in buffer (pH 4.0, acetate, 50 mM). A known 

amount of DAAC-APAP-HCl prodrug was dissolved in deionized water, and the solution 
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was diluted with methanol or buffer and analyzed by UV spectrophotometry. With the 

known concentration C, ε 4.0 or ε MeOH was calculated with Beer’s law: 

 A244 = ε 244 l C, where l = cell length  (1) 

The molar absorptivity of DAAC-APAP prodrugs, 5a-5k, (free bases) was determined in 

acetonitrile (ε MeOH ) by the method similar to the one described above. The molar 

absorptivities have been shown in Table 3-3. 

Table 3-3. Molar absorptivities of DAAC-APAP-HCl prodrugs in methanol (ε MeOH), 
acetate buffer (ε 4.0) and molar absorptivities of DAAC-APAP prodrugs in 
acetonitrile (ε ACN). 

a All experiments were run in triplicate. b Units of 104 ml mmole-1 c UV max = 244 nm. d UV max = 241nm. 
e Value from Wasdo et. al. 2004 
 

The solubilities of DAAC-APAP-HCl prodrugs (4a - 4k) were determined in PG 

(aqueous-like) and 1-octanol. The solubilities of DAAC-APAP (5a - 5k) prodrugs were 

determined in isopropyl myristate (IPM) and buffer (pH 4.0 acetate 50 mM). The 

procedure for solubility determination is described below. 

Compound ε MeOH
a,b,c ε 4.0

a,b,d Compound ε ACN
a,b,c 

4a, Me2n1HCl -- -- 5a, Me2n1HCl 1.68 ± 0.11 

4b, Me2n2HCl 1.58 ± 0.009 1.22 ± 0.015 5b, Me2n2HCl -- 

4c, Et2n1HCl 1.61 ± 0.063 1.24 ± 0.071 5c, Et2n1HCl 1.68 ± 0.066 

4d, Et2n2HCl -- 1.29 ± 0.008 5d, Et2n2HCl 1.65 ± 0.015 

4f, PIPn1HCl -- 1.30 ± 0.02 5f, PIPn1HCl 1.73 ± 0.014 

4g, PIPn2HCl 1.59 ± 0.09 1.31 ± 0.018 5g, PIPn2HCl 1.74 ± 0.06 

4h, PIPn3HCl 1.59 ± 0.05 1.32 ± 0.02 5h, PIPn3HCl 1.78 ± 0.03 

4i, MORn1HCl 1.58 ± 0.05 1.29 ± 0.02 5i, MORn1HCl 1.66 ± 0.017 

4j, MORn2HCl 1.58 ± 0.017 1.29 ± 0.02 5j, MORn2HCl 1.71 ± 0.045 

4k, MORn3HCl 1.29 ± 0.03 -- 5k, MORn3HCl 1.67 ± 0.067 

APAP 1.33 ± 0.09 1.023 ± 0.013 APAP 1.36e 
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For each prodrug, the solubility in 1-octanol (OCT) was determined in triplicate. 

The prodrug was crushed into a fine powder and a saturated solution of the prodrug in 

octanol was obtained by adding an excess of each compound to a test tube containing 

1 ml octanol. The test tube was then insulated and the suspension was allowed to stir at 

room temperature (23 ± 1oC) overnight (12 -14 h) on a magnetic stir plate. The 

suspension was filtered through a 0.25 μm nylon syringe filter. An aliquot of the filtrate 

was diluted with methanol and analyzed by UV spectrophotometry. The absorbance at 

244 nm was used in each case to calculate the concentration of the prodrug in octanol, 

which is the solubility in octanol (SOCT): 

 CSaturation = SOCT = A244 / ε244  (2) 

Solubilities in propylene glycol (PG), pH 4.0 acetate buffer and IPM were also 

determined in triplicate by the procedure used to determine SOCT with the following 

changes. The prodrugs were only stirred for 1h in pH 4.0 acetate buffer before filtration. 

For determining SPG a sample of the filtrate was diluted with buffer (pH 4.0 acetate, 50 

mM) and analyzed by UV spectrophotometry. For SIPM the suspensions were stirred for 

2 - 4 h before filtration. For determining SAQ and SIPM the sample of the filtrate was 

diluted with acetonitrile and analyzed by UV spectrophotometry. A 1H-NMR of the 

filtered solid in the solubility experiments were recorded to ensure that the prodrugs 

were intact through the course of experiment. None of the prodrugs hydrolysed to APAP 

during the course of the experiment. 

Partition coefficients were also determined in triplicate for the prodrugs by using 

the saturated IPM solutions obtained from the solubility determinations. The saturated 

IPM solution was partitioned against pH 4.0 buffer using the following volume ratios 
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(V4.0 / VIPM) for compounds 4a, 4b, 4f, 4g, 4j and 4k: 0.1, 0.2, 0.1, 0.05, 0.1 and 0.1 

respectively. The two phases were vigorously shaken for 10 seconds, then allowed to 

separate via centrifugation. An aliquot of the IPM layer was removed, diluted with 

acetonitrile, and analyzed by UV spectrophotometry as described above. Using the 

previously measured absorbance at 244 nm for the saturated solution, the partition 

coefficient was calculated as follows: 

 KIPM:4.0 = [Aa/(Ab - Aa)]V4.0/VIPM (3)  

where Ab and Aa are the respective absorbances before and after partitioning, and V4.0 

and VIPM are the respective volumes of buffer and IPM in each phase. 

Table 3-4. Physicochemical Properties of DAAC-APAP-HCl Prodrugs. Molecular 
weights (MW), Solubility in 1-Octanol (SOCT), Solubility in Propylene Glycol 
(SPG) and Estimated IPM solubilities (SIPM,est )of DAAC-APAP-HCl Prodrugs. 

Compound MW SOCT
a SPG

a SIPM,est 

4a, Me2n1
bHCl 272 0.352 ± 0.01 122.05 ± 2.90 0.004 

4b, Me2n2HCl 286 0.291 ± 0.035 150.09 ± 2.03 0.003 

4c, Et2n1HCl 300 1.297 ± 0.067 93.80 ± 0.98 0.027 

4d, Et2n2HCl 314 1.162 ± 0.055 176.10 ± 3.42 0.018 

4f, PIPn1HCl 313 -- -- -- 

4g, PIPn2HCl 327 0.202 ± 0.02 18.17 ± 1.05 0.004 

4h, PIPn3HCl 341 20.87 ± 0.47 64.09 ± 1.17 1.762 

4i, MORn1HCl 315 0.09 ± 0.01 14.01 ± 0.01 0.001 

4j, MORn2HCl 325 0.10 ± 0.007 29.97 ± 0.58 0.001 

4k, MORn3HCl 339 1.522 ± 0.077 39.68 ± 0.50 0.05 

APAP 151 158.94c 662.25c 1.90d 
a Units of mM.  b Number of methylene groups between carbonyl carbon and amine. c Values from 
Kasting, Smith and Cooper (1987, Ref. 34). d Value from Wasdo et. al. (2004, Ref. 53) was used as the 
value for SIPM for APAP (2.38 mM) obtained from Kasting Simth Cooper (Ref. 34) was slightly different. 
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The IPM solubility of the hydrochloride prodrugs was estimated from the data of 

Kasting Smith and Cooper34 by the method described below. A linear equation between 

log KPG:IPM and log KPG:OCT was developed from the solubility database for n = 28 

compounds. The value for SIPM,est was calculated using the corresponding SPG and the 

linear equation derived above.  

All the DAAC-APAP-HCl prodrugs exhibited higher melting points (Table 3-1) than 

APAP which is expected because of introduction of the ionized amine group into the 

prodrug. Compounds 4k and 4h exhibited decomposition (charring) close to the melting 

temperature. DAAC-APAP-HCl prodrugs exhibited PG solubilities between 14 - 176 mM 

in propylene glycol, the most PG soluble member being 4d. The trends in PG solubilities 

for DAAC-APAP-HCl prodrugs were similar to the trend in aqueous solubilities (S4.0, 

Table 3-5) for free bases. The member exhibiting the highest S4.0 also exhibited the 

highest SPG (4d). Among the DAAC-APAP-HCl series, members containing the cyclic 

amines (morpholine and piperidine, 4f - 4k) in the promoiety exhibited a comparatively 

lower SPG. The most PG soluble member among 4f - 4k was 4h (~64 mM) compared to 

4d (176 mM). The lower aqueous and PG solubility amongst morpholinyl and piperidinyl 

prodrugs might be attributed to the rigid structure of the six membered ring. Among the 

prodrugs containing the same amine the solubility in PG increased with an increase in 

basicity of the nitrogen (Table 3-5) . For example, 4a has a SPG of 122 mM which 

increases to 150 mM for 4b. Similar trend is observed for 4f - 4h and 4i - 4k.  

Similarly, amongst prodrugs containing same amine,S4.0 increased with increasing 

distance from the acyl group, except for 5f-5h where the maximum aqueous solubility is 

observed for the n = 2 prodrug, 5g (120 mM)  and the effect of further addition of a 
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methylene group decreased the S4.0 for 4g to 109 mM. The trends in aqueous solubility 

of the prodrugs is discussed in detail further in the section. 

None of the prodrugs exhibited higher SOCT than APAP. Low lipid solubility is 

expected from a hydrochloride salt.  4h exhibited the highest SOCT among the DAAC-

APAP-HCl series. Similarly, the IPM solubilities (estimated) of the prodrugs was also 

generally low. 

Table 3-5. Physicochemical properties of DAAC-APAP podrugs. Estimated pKa values, 
solubility in pH 4.0 acetate buffer (S4.0), solubility in isopropyl myristate (SIPM), 
estimated  intrinsinc solubilities (S5.5,est)  and partition coefficients between IPM 
and pH 4.0 acetate buffer for DAAC-APAP (free base) prodrugs. 

a Units of mM. b Number of methylene groups between carbonyl carbon and amine. c Molar Absorptivity 
of 5a was used to calculate SIPM. d Estimated from log S4.0 = log SIPM - log K.  
 

As shown in Table 3-5, all the members (except 5j) of the free base DAAC 

prodrugs of APAP exhibited higher IPM solubility than APAP. 5c, the most lipid soluble 

member of the series, was about 45 times more soluble in IPM than APAP. Although in 

Compound pKa SIPM
a S4.0

a S5.5,est
a KIPM:4.0 

5a, Me2n
b

1 6.94 15.23 ± 1.43 264.50 ± 1.40 9.26 0.055 ± 0.007 

5b, Me2n2 8.66 42.26 ± 1.42c 897.42d -- 0.047 ± 0.003 

5c, Et2n1 8.08 91.22 ± 0.66 116.49  ± 0.86 0.30 -- 

5d, Et2n2 9.59 58.72 ± 1.27 2884.03d -- 0.021 ± 0.003 

5f, PIPn1 6.98 7.41 ± 0.19 46.79 ± 1.65 1.50 0.127 ± 0.047 

5g, PIPn2 8.65 3.75 ± 0.07 120.89 ± 7.47 0.85 0.13 ± 0.005 

5h, PIPn3 9.32 13.06 ± 0.11 109.46 ±  2.09 0.016 0.033 ± 0.004 

5i, MORn1 4.65 2.52 ± 0.05 50.51  ± 0.55 44.25 0.048 ± 0.037 

5j, MORn2 6.42 1.25 ± 0.02 75.93  ± 1.52 8.14 0.022 ± 0.08 

5k, MORn3 7.14 12.26 ± 0.49 380.55 ± 1.73 8.52 0.034 ± 0.002 

APAP -- 1.90 100 -- -1.721 
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the DAAC prodrug series of APAP, the number of compounds having the same amine 

group in the promoiety is small, (maximum three) somewhat of a trend in SIPM values 

could be observed. Among members of the series having the same amine group, with 

an exception of 5a and 5b, an increase in distance from the acyl group caused an initial 

decrease in the SIPM with a subsequent increase in SIPM values. For example, 

compound 5i showed only a moderate increase in SIPM and 5j was even less IPM 

soluble than APAP. However, 5k showed about 6 times more SIPM than APAP. The 

same trend in SIPM was observed among compounds 5f, 5g and 5h and between 5c and 

5d. The SIPM of piperidinyl compounds (5f-5h) was higher compared to the morpholinyl 

compounds (5i - 5k). The higher SIPM of the DAAC prodrugs compared to APAP is 

expected because of the masked polar -OH group. The trend in IPM solubilites can be 

explained on the basis of melting points of the prodrugs. Figure 3-5 shows a plot of SIPM 

vs melting points of DAAC-APAP prodrugs. The lower melting compounds showed a 

higher SIPM.  

Among the members with the same amine group the initial decrease in SIPM of the 

member having two carbon atoms (n = 2) between the acyl and the amine group (5d, 5g 

and 5j) compared with the n = 1 member (5c, 5f and 5i) can be attributed to a 

concurrent increase in the pKa (hence basicity) of the nitrogen. Further increase in the 

alkyl chain offsets the increase in the pKa and the SIPM values begin to rise again. For 

example, in going from 5f (n = 1) to 5h (n = 3) the increase in the alkyl chain length 

results in almost 3-4 times greater SIPM than the previous member. The trend in the pKa 

values can be explained in terms of inductive effect of the carbonyl group. The increase 

in the distance between the carbonyl carbon and the amine group makes the amine 
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more basic. For example, the pKa of ethyl N, N-dimethylaminobutyrate was very close 

to dimethyl amine indicating a weak inductive effect over three carbon atoms.57 

 
Figure 3-5. Plot of IPM solubilities vs melting points for DAAC-APAP prodrugs 

S4.0 of the DAAC series of prodrugs also showed a dependence on the pKa on the 

amine in the prodrug. All members except 5f, 5i and 5j were more water soluble than 

APAP. Amongst the morpholino compounds, the most water-soluble member was also 

the most basic. Also a constant increase in SAQ was observed with an increasing 

distance of the amine group from the carbonyl group (hence an increasing pKa). 

However, the solubility among the piperidinyl compounds initially increased from  46.79 

mM (5f) to 120.89 mM (5g) then decreased to 109.46 mM (5h). Even though the pKa of 

the piperidinyl compounds was comparable to the 5a - 5d, the SAQ was comparatively 

lower. This may be explained by the trends in melting points. The more water soluble 

members, 5a - 5d, showed lower melting points compared to morpholinyl and piperidinyl 

DAAC-APAP prodrugs.  

The pH dependent solubility of a basic amine can be estimated using the method 

used by the Bergstrom et. al. 70 where Stot represents the solubility of the total species 
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present in ionized state and Sins represents the intrinsic solubility of the amine at a 

particular pH. The intrinsic solubilities of the prodrugs have been shown in Table 3-5.  

For calculating Sins pH of the skin was considered to be 5.5.5 The value of the intrinsic 

solubility of the least basic prodrug, 5i, was closest to its experimental solubility.  Also 

the higher the difference between the pKa of the permeant and the pH of the skin, the 

higher is the difference between its intrinsic solubility and experimental solubility.   

Overall, the solubilites of DAAC-APAP prodrugs in aqueous and lipid solvents are 

governed by the basicity of and melting points of the corresponding prodrugs.  

In-Vitro Flux Determination of DAAC-APAP Prodrugs 

Three different mice were used to determine the flux of each prodrug. Prior to skin 

removal, the mice were rendered unconscious by CO2 then sacrificed via cervical 

dislocation. Skins were removed by blunt dissection and placed dermal side down in 

contact with pH 7.1 phosphate buffer (0.05 M, I = 0.11 M, 32 oC) containing 0.11% 

formaldehyde which has been shown to inhibit microbial growth and maintain the 

integrity of the skins throughout the experiment.21 Prior to the application of the 

prodrugs as suspensions in IPM the skins were maintained in contact with the buffer for 

48 h to leach out all UV absorbing material. During this conditioning phase time, the 

receptor phase was removed and replaced with buffer 3 times. The suspension of the 

prodrug in IPM was prepared 4 h before application and allowed to stir at room 

temperature (25 ± 1 oC) until application. The concentration of the donor phase 

suspension was approximately 10 x SIPM. After the 48 hour leaching period, an aliquot 

(0.5 ml) of the prodrug suspension was added to the surface of the skin (donor phase). 

Samples of the receptor phase were usually taken at 8, 19, 22, 25, 28, 31, 34, and 48 h 

and quickly analyzed by UV spectrophotometry.  Since only parent drug was obtained in 
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the receptor phase in all cases the amounts of permeated APAP was quantified using 

molar absorptivity of APAP in the receptor phase. At each sampling time, the entire 

receptor phase was replaced with fresh buffer in order to maintain sink conditions. After 

the 48 h of the first application period, the donor suspension was removed and the skins 

were washed three times with methanol (3-5 ml) to remove any residual prodrug from 

the surface of the skin. The remaining prodrug or APAP in the skin was leached out by 

keeping the skins in contact with buffer for an additional 24 h. Then the receptor phase 

was replaced with fresh buffer and an aliquot (0.5 ml) of a standard drug theophylline 

was applied in PG to the skin surface. The second application fluxes were determined 

by sampling of the receptor phase at 2, 4, 6 h and analysis using UV 

spectrophotometry. The concentration of theophylline in the receptor phase was 

determined by measuring its absorbance at 270 nm (ε = 10,200 L mol-1). At each 

sampling time, the entire receptor phase was removed and replaced with fresh buffer. In 

each experiment, the flux was determined by plotting the cumulative amount of APAP 

versus time. J in units of µmol cm-2 h-1 could then be calculated by dividing the slope of 

the steady-state portion of the graph (19 - 34 h, Figure 3-5) by the surface area of the 

skin (4.9 cm2).  

In-Vitro Evaluation of Morpholinyl and Piperidinyl DAAC-APAP Prodrugs.  

The steady state flux values for DAAC-APAP prodrugs from a saturated IPM 

vehicle through hairless mouse skin (EXP JM) are shown in Table 3-6. The steady state 

flux values for a standard drug (Theophylline, Th) from a saturated PG donor phase (JS) 

and the residual concentration of APAP in the skin has also been shown in the table. 

The concentration of the APAP delivered locally to the skin was calculated from the 

absorbance value of APAP in the donor phase after the 24 h leaching period.  
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Figure 3-5. Plot of cumulative amount vs time for calculating steady state flux 

All compounds showed higher flux than APAP. Among the morpholinyl  DAAC-

APAP prodrugs, the best member was MORn1-APAP, 5i which gave about two times 

higher flux than APAP. Although MORn2 and MORn3 prodrugs (5j and 5k) showed 

higher water solubility than 5i the flux of 5j was 0.80 µmole cm-2 h-1 (1.6 times that of 

APAP) and 5k was 0.71 µmole cm-2 h-1 (1.4 times that of APAP). Based on solubility 

properties this was unexpected because 5i showed only a moderate enhancement in 

IPM solubility (1.3 times) than APAP and was less water soluble than 5j or 5k. The flux 

values for MORn2-APAP and MORn3-APAP were lower than expected.  A similar trend 

was observed in the piperidinyl DAAC-APAP prodrugs. The PIPn1 prodrug showed the 

highest flux, 0.78 µmole cm-2 h-1, (1.27 time that of APAP) amongst the PIPn1-PIPn3 

compounds.  

Further analysis of the trend in the flux values revealed that among DAAC 

prodrugs containing the same amine there is linear correlation between pKa and J 

values. The plot of pKa vs J for morpholinyl and piperidinyl DAAC-APAP prodrugs has 

been shown in Figure 3-6.  
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Figure 3-6. Plot of pKa vs J for morpholinyl and piperidinyl DAAC-APAP prodrugs. 

Among the compounds studied there is a negative correlation between J values 

and pKa values. Additionally comparison of MORn1 - MORn3 with PIPn1 - PIPn3 shows 

that the relatively more basic piperidinyl prodrugs showed lower flux than the 

corresponding morpholinyl compounds.  

The unexpected lower flux values for more basic n = 3 morpholinyl and piperidinyl 

DAAC-APAP prodrugs can be explained by a possible increase in the effective 

molecular weight caused by water association with the amine group as the prodrug 

diffuses through the membrane.71-73 Affsprung and coworkers studied the hydration 

behavior of amines in organic solvents like benzene and chloroform and proposed that 

at higher concentrations the amine molecules are present as bridged hydrates involving 

two base molecules and one water molecule.71 In our study, such an association will 

offset the effect of enhanced water and lipid solubility because of a negative correlation 
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between flux and MW. Additionally, studies on permeability of model lipid bilayer 

membranes to organic amine solutes suggest that interfacial charge and hydration 

structure in addition to solubility dependence may influence flux of ionizable solutes.74 

Table 3-6.Results from diffusion cell experiments with morpholinyl and piperidinyl 
DAAC-APAP prodrugs. Maximum flux of the prodrug from a saturated 
isopropyl myristate (IPM) vehicle through hairless mouse skin (JM), maximum 
flux of standard drug, theophylline, from a saturated propylene glycol (PG) 
vehicle (JS), log of experimental flux values (EXP log JM), residual 
concentration of the drug in the skin (CS), absolute difference between EXP 
log JM and flux values calculated from Robert-Sloan equation 

Compound JM
a JS

a CS
b,d EXP 

log JM 
CALCc 
log JM Δ log JM 

5f PIPn1 0.78 ± 0.11  0.66 ± 0.35 1.20 ± 0.45 -0.10 0.021 0.121 

5g PIPn2 0.65 ± 0.09 0.30 ± 0.003 2.88 ± 0.16 -0.18 0.045 0.225 

5h PIPn3 0.64 ± 0.05 0.1 ±0.03 1.52 ± 0.29 -0.19 0.262 0.452 

5i MORn1 1.05± 0.17 1.35 ± 0.65 -- 0.021 -0.203 0.224 

5j MORn2 0.80 ± 0.08 0.86 ± 0.08 -- -0.10 -0.300 0.200 

5f MORn3 0.71± 0.06 0.38 ± 0.09 0.52 ± 0.10 -0.15 0.513 0.663 

APAP 0.51 0.74 2.74 ±0.07 -0.19 0.262 0.472 
a Units of µmole cm-2 h-1. b Concentration of APAP in the skin after a 24 h leaching period. c Calculated 
from the RS equation log CALC JM = -0.599 + 0.502 log SIPM + 0.498 log S4.0 - 0.00235 MW. d Units of 
µmole.  
 

 Similar results were obtained with PEG prodrugs of APAP studied in our lab 

previously. The most lipid and water soluble member of that series (SAQ = 184 mM, SIPM 

= 12.14 mM) gave lower flux than expected from a highly water and lipid soluble 

permeant (0.69 µmole cm-2 h-1).75 The ethylene oxide moiety has been shown to be 

associated with water molecules in solution. This association of water molecules with 

the ethylene oxide head group causes an increase in effective molecular weight of the 

permeant as it diffuses through the skin.  
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The residual amount of APAP in the skin after the application period (CS) has been 

shown in Table 3-6. The PIPn2 prodrug could only deliver almost the same amount of 

APAP as the parent drug itself while the skin retention of all the other prodrugs was less 

than that of APAP. 

Additionally, the JS (control21) values for 5g, 5h and 5f were lower than usual after 

a permeation experiment with IPM (1.0 µmole cm-2 h-1).  This may be attributed to an 

excess of HCHO present in the batch of receptor phase buffer used for these three 

compounds. No microbiology experiments were carried out to confirm this. However the 

control values returned to ~ 1.0 µmole cm-2 h-1
 when a new batch of buffer containing 

0.11 % formaldehyde was used for permeation experiments with other members of the 

series (shown in Table 3-7). 

The Robert-Sloan (RS) Equation was developed as an approach for quantifying 

the dependence of flux of a permeant through skin on its aqueous and lipid solubilites 

and molecular weight. The first form of RS equation was published in 1999 and the 

database consisted of 5-FU and 6-MP prodrugs including the parent drugs (n = 42). 

Since then the Robert-Sloan database has been updated three times and various acyl 

and soft alkyl prodrugs of APAP were added to the database. The RS equation 

developed by Thomas and Sloan (2009)60 is shown below.  

 CALC log JM = -0.562 + 0.501 * log SIPM + 0.499 * log SAQ – 0.00248 * MW  (4) 

However equation 4 did not include 2 bis-1,3-alkylcarbonyl 5 FU prodrugs. 

Therefore a further updated database was developed comprising n = 73 prodrugs:  42 

compounds from Roberts et. al. (1999),36 C5 bis-6,9-ACOM-6MP, 4 3-AC-5FU prodrugs 

from Beal and  Sloan ,63 6 3-ACOM 5 FU prodrugs from Roberts and Sloan ,76 8 AOC-
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APAP prodrugs  Wasdo and Sloan ,53 5 ACOM-APAP prodrugs from Thomas and Sloan 

59 and 5  AOCOM-APAP prodrugs from Thomas et. al.60 SPSS 10.8 was used to 

calculate the coefficients in the RS equation. The updated Robert-Sloan database gave 

x = -0.599, y = 0.502, z = 0.00235 and an r2 = 0.92 (Equation 5). The y value in RS 

equation shows that the flux is essentially equally dependent on aqueous and lipid 

solubilities the permeant. 

 CALC log JM = -0.599 + 0.502 * log SIPM + 0.498 * log SAQ – 0.00235 * MW  (5) 

Equation 5 was then used to calculate the flux of the morpholinyl and piperidinyl 

DAAC-APAP prodrugs (CALC log JM). The absolute difference between the EXP log JM 

and CALC log JM have been shown in the Table 3-6. The average Δ log JM was 0.163. 

The plot of EXP log JM vs CALC log JM has been shown in Figure 3-7.  

The CALC log JM values for all but one of the prodrugs were higher than EXP log J 

values. The one member of the DAAC-APAP series that performed better than that 

predicted was MORn1 prodrug whereas the n = 3 prodrugs in both MOR and PIP series 

showed much lower flux than expected and also showed the highest Δ log JM values.  

This “over-prediction” of J values was observed due to two possible reasons.  

The CALC log JM values were obtained using S4.0 which are expected to be higher 

than the solubility of the permeant in the skin microenvironment.  When CALC log JM 

was obtained using intrinsic solubilities at pH 5.5 from Table 3-5, lower calculated flux 

values than experimental values were obtained (data not shown).  In terms of topical 

delivery of DAAC prodrugs, the pH of the skin microenviroment will govern the 

percentage of ionized or unionized species in the first few layers of the skin.   
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Figure 3-7. Plot of EXP log JM vs CALC log JM.  

Since the DAAC-APAP prodrugs are expected to be present in an equilibrium 

between their ionized and unionized state,the solubility of the actual species in the skin 

while the prodrug permeates the skin can be challenging to measure or predict.  

The second reason for lower flux values than expected is the higher effective 

molecular weight of the more basic prodrugs as they diffuse through the membrane.  

In conclusion among the morpholinyl and piperidinyl DAAC-APAP prodrugs 

evaluated, MORn1 APAP prodrug was able to enhance delivery of APAP by two times. 

Although incorporation of an ionizable amine was able to enhance solubility properties 

of the prodrugs, the increased basicity, indirectly offset the flux enhancement due an 

increase in effective molecular weight of the permeant due to hydrated forms in the skin 

microenvironment. 
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In-Vitro Evaluation of Dimethyl and Diethyl DAAC-APAP Prodrugs and DAAC-
APAP HCl Prodrugs.  

The results from the flux measurements of the dimethyl and diethyl DAAC-APAP 

prodrugs and three DAAC-APAP-HCl prodrugs have been shown in Table 3-7.  The RS 

equation was used to calculate the flux of two DAAC-APAP prodrugs.  

 
Figure 3-8. Cumulative amount of drug permeated vs time for MORn1-APAP, MORn1-

APAP-HCl and Me2n1-APAP and Me2n1-APAP-HCl 

Both DAAC-APAP members that were evaluated performed better than the best 

member in the morpholinyl and piperidinyl series. 5a and 5c both showed about three 
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times higher flux than APAP. The best member of the series was the Et2n1-APAP, which 

also has the best balance in the lipid and water solubilities.  Although 5c, the more lipid 

and water soluble member of the series, showed the highest flux of the series, which 

was expected, it did not show as high a flux as expected. 5c exhibited a SIPM of 91 mM 

and a S4.0 of 116 mM where as 5a exhibited a SIPM of 15 mM and S4.0 of 264 mM. 5c is 

the compound with the best balance between lipid and aqueous solubility. But 5c has a 

pKa of 8.08 and 5a is less basic by about one pKa unit (6.98). As discussed in the 

previous section the increase in basicity seems to offset the effect of increase in 

solubility consequently leading to lower flux than expected. 

Table 3-7.Results from diffusion cell experiments with dimethyl and diethyl DAAC-APAP 
prodrugs and DAAC-APAP-HCl prodrugs . Maximum flux of the prodrug from 
a saturated isopropyl myristate (IPM) vehicle through hairless mouse skin 
(JM), maximum flux of standard drug, theophylline, from a saturated propylene 
glycol (PG) vehicle (JS), log of experimental flux values (EXP log JS), residual 
concentration of the drug in the skin (CS), absolute difference between EXP 
log JS and flux values calculated from Robert-Sloan equation 

Compound JM
a JS

a CS
a,c EXP 

log JM 
CALCd 
log JM Δ log JM 

5a Me2n1 1.50  ± 0.30 0.43 ± 0.11 5.84 ± 1.05 0.176 0.65 0.47 

5c Et2n1 1.52 ± 0.13 0.73 ± 0.07 1.66 ± 0.76 0.181 0.79 0.61 

4a Me2n1HClb 0.64  ± 0.06 1.00 ± 0.02 0.69 ± 0.07 -0.19 -- -- 

4b  Me2n2HClb 0.65 ± 0.01 0.95 ± 0.03 0.69 ± 0.05 -0.19 -- -- 

4i MORn1HClb 0.54 ± 0.02 0.96 ± 0.25 0.71 ± 0.18 -0.26 -- -- 

APAP 0.51 0.74 2.74± 0.70 -0.29 --  
a Units of µmole cm-2 h-1. b Suspension of the prodrug was applied in a (99:1) PG:IPM vehicle.   
c Concentration of APAP in the skin after a 24 h leaching period. d Calculated from the RS equation log 
CALC JM = -0.599 + 0.502 log SIPM + 0.498 log S4.0 - 0.00235 MW.   
 

Three DAAC-APAP-HCl prodrugs were also evaluated in diffusion cell 

experiments.  The Me2n1APAP-HCl prodrug gave 1.25 times higher flux than APAP 

whereas MORn1APAP-HCl prodrug showed about the same flux as APAP. The DAAC-
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APAP (free bases) prodrugs, 5a and 5i, gave 2.3 and 2 times higher flux than the 

corresponding hydrochloride salts.  The plots for cumulative amount of drug permeated 

vs time for free base and corresponding hydrochlorides are shown in Figure 3-8. 

Another difference between the permeation behavior of free base and hydrochloride 

DAAC prodrugs is the fact that the salts showed a longer lag time to achieve steady 

state flux (Figure 3-8). The skin retention of Me2n1 prodrug was twice as high as APAP. 

The skin retention of all the other members of the series was lower than APAP. 

 

Figure 3-9. Plot of EXP log JM vs CALC log JM including dimethyl and diethyl DAAC-
APAP prodrugs 

The second application flux values for all the compounds was close to the control 

value of 1.0 µmole cm-2 h-1 which showed that the flux enhancement observed is not 

because of the damage to the skin caused by IPM itself. The RS equation was used to 



 

83 

calculate the flux of 5a and 5c. As described before, the calculated flux of these 

compounds was higher because the S4.0 might not precisely represent the actual 

solubility of the permeant in the skin. The plot of EXP log JM vs CALC log JM has been 

shown in Figure 3-9.  

Conclusions 

The potential of an ionizable amine in modulating solubility and permeation 

properties of an acyl prodrug has not been studied or reported widely. In this study a 

series of N, N`- dialkylaminoalkylcarbonyl (DAAC) acyl prodrugs of APAP as a model 

phenolic drug were synthesized. The choice of amine in the promoiety was guided by 

two factors: pKa of the amine and steric bulk on the amine. The prodrugs were 

synthesized via a three step procedure in good yields.  

The half-lives of the members evaluated show a dependence on the pKa of the 

amine in the molecule and undergo hydrolysis via a combination of intramolecular 

general base catalysis and nucleophilic catalysis by the basic amine group. The t1/2 

values obtained in this study exemplify the transient nature of the DAAC prodrugs. 

The octanol solubilities of the hydrochloride salts was generally lower than APAP 

itself which is expected from an ionized compound.  The IPM solubilites of all the free 

base prodrugs except one was higher than APAP. With a few exceptions almost all the 

prodrugs exhibited higher S4.0 than APAP. Among the compounds having the same 

amine in the promoiety SAQ is dependent on the pKa of the amine in the prodrugs. The 

effect of moving the amine group away from the carbonyl carbon affects the pKa values 

of the prodrugs which consequently affects the solubility behavior of the prodrug. The 

solubility of the prodrugs in a propylene glycol showed the same trend as water 

solubility. The most water soluble member of the DAAC-APAP-HCl series exhibited the 
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highest SPG
 as well. The IPM solubilities of the DAAC-APAP prodrugs seemed to be 

correlated to their melting points where the lower melting members of the series 

exhibited a higher SIPM. 

Although one of the prodrugs showed upto three times higher flux than APAP, the 

delivery of APAP was not as high as expected. The best member of the series was also 

the one that has the best balance in lipid and water solubility. We hypothesize that the 

lower flux values may be due to increase in the molecular weight caused by water 

association with the amine group as the prodrug diffuses the membrane.  
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CHAPTER 4 
AMINOALKYLCARBONYL (AAC) PRODRUGS OF PHENOLIC DRUGS 

ACETAMINOPHEN AND NALTREXONE 

Introduction  

A prodrug strategy involving modification of the parent drug, which contains 

hydroxyl groups (alcoholic or phenolic), using amino acids as a promoiety has been 

utilized successfully to improve potency of orally delivered drugs. Although incorporation 

of a basic amine group in the prodrug facilitates its use as a water soluble salt, 

achieving optimum stability of the prodrugs is challenging. One of the amino acids that 

can improve the hydrophilic/lipophilic balance as well as the stability of the prodrugs is 

L-valine. The -NH2 group improves water solubility and the bulky isopropyl group in the 

side chain can help improve stability at physiological pH. For example, the commercially 

available drug Valacyclovir Hydrochloride (Zovirax TM,GlaxoSmithKline), a valinate ester 

prodrug of acyclovir (Figure 4-1), has a t1/2 = 13 h (pH 7.4, 37oC), SAQ = 174 mg ml-1 and 

is rapidly converted to the parent drug in vivo.46 

 

Figure 4-1. Chemical structures of commercially available drug Valacyclovir and valine 
ester prodrug of 5-OH-DPAT by Bouwstra and coworkers (Ref. 77)  

There are only a few studies published about the utility of the unsubstituted amine 

group in enhancing the topical delivery of a parent phenolic drug. Recently Bouwstra 
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and coworkers synthesized AAC prodrugs of the dopamine agonist 5-hydroxy-2-(N, N` - 

propyl)-tetralin, 5-OH DPAT (Figure 4-1), which were targeted for transdermal 

iontophoretic delivery. 77 The aqueous solubilities of the VAL-DPAT and β ALA-DPAT 

were 4 times and 14 times higher than the parent drug, respectively. A higher in-vitro 

iontophoretic transport was observed with β Ala-DPAT compared with 5-OH DPAT.  

 The L-proline, L-serine, L-tyrosine, L-asparagine, and L-citrulline ester prodrugs of 

Vitamin E were synthesized and evaluated in skin retention experiments. Although skin 

retention level of the prodrugs was found to be higher than Vitamin E, the flux of the 

prodrugs was not significantly higher than Vitamin E. 58 

Needham and coworkers78 investigated the transdermal delivery of the calcium 

channel blocker Nicardipine Hydrochloride form different pure and blended solvent 

systems. Propylene glycol (PG) was used as the primary vehicle for the development of 

the transdermal product. Although several research groups have investigated the 

potential of permeation enhancers20, 79 and ion pairing techniques to improve the flux of 

ionized compounds, a direct in-vitro transdermal evaluation of ionized prodrugs of 

phenolic drugs from a saturated donor phase in a single solvent has not been reported 

so far. Such an analysis would allow for optimization of the design directives that can be 

used to achieve maximum improvement in flux. 

One attractive target to which the AAC prodrug approach can be applied is 

naltrexone (NTX). NTX is an opioid antagonist currently available as Vivitrol®, Revia® 

and Depade® for the treatment of alcohol and narcotic dependence.80-82 Revia and 

Depade are administered as oral tablets whereas Vivitrol is a sustained release 

formulation administered as a gluteal intramuscular injection. Orally delivered NTX has 
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been associated with gastrointestinal side effects in addition to plasma level 

fluctuations. 83 Additionally the sustained release formulation requires frequent painful 

intramuscular injections. One approach to overcome these challenges is to deliver the 

drug transdermally.  Treatment of alcohol and narcotic dependence require steady 

delivery of drug to the body over extended period of time. Treatment of narcotic 

dependence has met with a high failure rate due to compliance issues. Non-compliance 

is usually followed by a relapse which is attributed to the elevated effects of heroin 

following two or three days without the antagonist. The resulting “euphoria” is often an 

incentive for the patient to indulge in further heroin use. 84 The non invasive nature of 

transdermal drug delivery approach can facilitate sustained delivery and strict 

adherence to dosing regimens. Transdermal delivery of drugs also circumvents the side 

effects related to an orally delivered drug. 

There is only one published report on the synthesis of amino acid esters of 

APAP.67  No solubility or flux data for these AAC prodrugs of APAP has been published. 

Also there are no reports of the synthesis of AAC NTX prodrugs. In order to evaluate 

the ability of an unsubstituted ionizable amine group to enhance the solubility properties 

and skin permeation behavior of the prodrugs, we synthesized three AAC prodrugs of 

APAP and one AAC prodrug of NTX, characterized their solubility and stability 

properties and evaluated them in diffusion cell experiments using hairless mouse skin. 

Additionally, it is of interest to investigate the ability of the NH2- group to modulate 

solubilities and flux of AAC prodrugs in comparison to the R1R2N- group in the DAAC 

prodrug series. 
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Figure 4-2. Chemical Structures of AAC Prodrugs of APAP and NTX 

Material and Methods. N-Boc-L-Amino Acids, 1-ethyl-3-(3`-dimethylaminopropyl) 

carbodiimide hydrochloride (EDCI) were purchased from Acros Organics. 

Dicyclohexycarbodiimide (DCC) was purchased from Sigma Aldrich. Naltrexone 

Hydrochloride (NTX-HCl) was purchased from MP Biomedicals LLC . Naltrexone free 

base (NTX) was obtained by treatment of NTX-HCl with aqueous NaHCO3 and 

subsequent extraction with methylene chloride. Methylene chloride and pyridine were 

dried over 3 Å molecular sieves before use. Melting points were determined on a 

Meltemp melting point apparatus. Spectra (1H NMR) were recorded on a Varian Unity 

400 MHz spectrometer. UV spectra were recorded on a Shimadzu 2551 instrument. 

Synthesis of AAC Prodrugs of Acetaminophen (APAP) And Naltrexone (NTX) 

The AAC prodrugs of APAP and NTX were synthesized in two steps (Figure 4-3). 

The N-Boc-amino acid was coupled with parent phenolic drug via a DCC or an EDCI 

mediated reaction to give the Boc-AAC-APAP or Boc-AAC-NTX. The Boc protected 

AAC-APAP prodrugs were treated with 2N HCl in diethyl ether to yield the AAC-APAP-

HCl prodrugs in good yields.  The Boc protected AAC-NTX was treated with TFA to give 
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VAL-NTX-TFA. The synthetic details are discussed in the experimental section. The 

results from the elemental analysis of the synthesized compounds are shown in Table 

4.1.  

 
 
Figure 4-3. Synthesis of AAC prodrugs of APAP and NTX. Reaction conditions: Method 

A: DCC/DMAP, r.t, 8-12 h; Method B: EDCI/CH2Cl2, r.t, 6 h;  

Experimental. When DCC was used as the coupling reagent to give the Boc 

protected compounds purification and further characterization of these compounds was 

a problem because of the presence of the DCC coupling by-product, dicyclohexyl urea 

(DCU).  Therefore, in order to obtain pure Boc protected AAC prodrugs, EDCI were 

used as the coupling reagent. However, the yields of AAC-APAP-HCl prodrugs 

synthesized by the DCC mediated coupling were relatively higher than that obtained 

using EDCI mediated coupling. The relatively lower yield by the EDCI mediated 

coupling may be due to the significant aqueous solubility of Boc-AAC-APAP prodrugs 

leading to the loss of the prodrug during the water wash work up. For a poorly water 

soluble drug, NTX, the yield of the isolated Boc-AAC prodrug was relatively high. The 
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relative yields of the compounds synthesized using DCC or EDCI has been shown in 

Table 4-2.   

General procedure for the synthesis of compounds (7a-7c). Method A 

(DCC/DMAP/CH2Cl2). Equimolar quantities of the APAP, Boc-amino acid, DCC and 

catalytic amount of DMAP in 15-20 ml dry methylene chloride were stirred at room 

temperature for 4-8 h. Completion of reaction was followed by TLC. The resulting 

suspension was filtered and the solid was discarded. The filtrate was concentrated to an 

oil on a rotary evaporator. The oil was resuspended in 20-25 ml methylene chloride and 

the organic layer was washed twice with 10 ml 0.1 M cold aqueous HCl. The organic 

layer was dried over Na2SO4 and concentrated to an oil. The oil was redissolved in 10 

ml ether and 2-3 ml of 2 N HCl solution in diethyl ether was added dropwise to it with 

constant stirring. The completion of deprotection step was followed by TLC. The 

resulting suspension was triturated with 100-200 ml acetone:chloroform (1:10) and 

filtered. Compounds 7a-7c were obtained as colorless solids. 

Method B(EDCI/CH2Cl2). Equimolar quantities of  APAP or NTX, Boc-amino acid 

and EDCI in 15-20 ml dry methylene chloride were stirred at room temperature for 12 h. 

Completion of the reaction was followed by TLC. The resulting suspension was washed 

with water (10 x 3 ml) and the organic layer was dried over sodium sulphate and 

concentrated to an oil. The oil was purified by flash column chromatography to yield the 

Boc protected compounds. The procedure for deprotection of the Boc group was the 

same as described in Method A. For the NTX prodrug the deprotection was carried out 

using triflouroacetic acid. 
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Table 4-1. Elemental Analysis and Melting Points for AAC.HCl Prodrugs of 4-
Hydroxyacetanilide (APAP) And AAC Prodrug of Naltrexone 

 Mp C 
Cal 

C 
Exp  H 

Cal 
H 

Exp  N 
Cal 

C 
Exp 

7a 200-240(d) 51.07 51.01  5.84 5.82  10.83 10.83 

7b 230-250 (d) 54.45 54.51  6.68 6.65  9.77 9.74 

7c 195-230 (d) 54.84 54.87  6.02 6.02  9.84 9.70 

10 64-68 49.43 49.60a  5.44a 5.28  3.98a 4.01 
a calculated values for the VAL-NTX-2TFA-2H2O 
 

6a N-Boc-ALA-APAP. Synthesized from 2.0 g (10.58 mmole) N-Boc-L-alanine, 

2.03 g (10.58 mmole) EDCI and 1.6 g (10.58 mmole) APAP. NMR (CDCl3): δ 7.50 (d, J 

= 8.8, 2H), 7.04 (d, J = 9.2, 2H), 5.05 (s, 1H), 4.50 (broad s, 1H), 2.17 (s, 3H), 1.46 (s, 

9H). Yield: 60%.  

6b N-Boc-VAL-APAP. Synthesized from 1.0 g (4.58 mmole) N-Boc-L-valine, 0.88 

g (4.60 mmole) EDCI and 0.7 g (4.63 mmole) APAP. NMR (CDCl3): δ 7.47 (d, J = 8.8, 

2H), 7.02 (d, J = 9.2, 2H), 5.02 (broad d, 1H), 4.52 (t, 1H), 2.6 (m 1H), 2.17 (s, 3H), 1.46 

(s, 9H) 3H). Yield: 46% (average of two experiments). 

6c N-Boc-PRO-APAP. Synthesized from 2 g (9.3 mmole) N-Boc-L-proline, 1.7 g 

(9.27 mmole) EDCI and 1.4 g (9.30 mmole) APAP. NMR (CDCl3): δ 7.48 (d, J = 8.8, 

2H), 7.03 (d, J = 9.2, 2H), 4.0 - 4.32 (dt, 1H), 3.25-3.61 (m, 2H), 2.2-2.3 (m, 2H), 2.16 (s, 

3H), 1.95-2.05 (m, 2H), 1.47 (broad s, 9H). Yield: 31%. Oil at rt. 

7a ALA-APAP-HCl (Acetaminophen Alaninate Hydrochloride, ALA-APAP-

HCl). NMR (D2O): δ 7.38 (d, J = 8.4, 2H), 7.04 (d, J = 8.0, 2H), 4.37 (q, 1H), 2.01 (s, 

3H), 1.59 (d, 2H). Overall yield over two steps: Method A: 74%; Method B: 44%.  

7b VAL-APAP-HCl (Acetaminophen Valinate Hydrochloride, VAL-APAP-HCl). 

NMR (D2O): δ 7.50 (d, J = 8.0, 2H), 7.18 (d, J = 8.1, 2H), 4.31 (d, 1H), 2.53 (sept, 1H), 

2.14 (s, 3H), 1.14 (d, 6H). Overall yield over two steps: Method A: 69%; Method B: 57%.  
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7c PRO-APAP-HCl (Acetaminophen Prolinate Hydrochloride, PRO-APAP-

HCl). NMR (D2O): δ 7.50 (d, J = 8.4, 2H), 7.22 (d, J = 8.2z, 2H), 4.79 (q, 1H), 3.50 (m 

2H), 2.61 (m, 1H), 2.42 (m, 1H), 2.17 (t, 2H), 2.17 (s, 3H). Overall yield over two steps: 

Method A: 84% Method B: 27%  

Table 4-2: Percentage yields of the Boc-AAC-APAP compounds and the corresponding 
AAC prodrugs synthesized from Method A or Method B 

 % Yield 
Method A 

% Yield 
Method B 

Boc-AAC-APAP   

6a -- 60 

6b -- 46a 

6c -- 31a 

AAC-APAP-HCl   

7a 74 44 

7b 69 57 

7c 84 27 

AAC-NTX   

9 -- 52 

10 -- 90 
a Average of two experiments 
 

9 N-Boc-VAL-NTX. Synthesized from 0.37g (1.08 mmole) NTX, 0.21 g (1.09 

mmole) EDCI and 0.23 g (1.08 mmole) L-Boc-valine-OH. NMR (CDCl3):  δ 6.9 (d, J = 

8.1, 1H), 6.68 (d, J = 8.2, 1H), 5.17 (d, 1H), 4.68 (s, 1H), 4.4 (d, 1H), 2.58 (sextet, 1H), 

1.46 (s, 9H), 1.08 (quartet, 6H), 0.13-0.17 (quartet, 2H). Yield: 52%. Oil at room temp. 

10 VAL-NTX-2TFA-2H2O. NMR (D2O): δ 7.09 (d, J = 8.0, 1H), 6.98 (d, J = 8.2, 

1H), 5.15 (s, 1H), 4.4 (d, 1H), 2.58 (sextet, 1H), 1.20 (quartet, 6H), 0.45-0.47 (m, 2H). 

 
Hydrolysis of AAC prodrugs 

For determining half lives of the members of AAC prodrugs a solution of the 

prodrug was prepared by dissolving a small amount of the prodrug in deionized water to 
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give an approximate concentration of about 10-20 mM. An aliquot of the aqueous 

solution was immediately diluted with buffer (pH 6.0, phosphate, 20 mM, I = 0.5). The 

diluted solution was immediately added into a UV cuvette and absorbance values were 

recorded till approximately >99% of hydrolysis was complete (7-8 half-lives). The 

cuvette was maintained at 37 ± 2oC throughout the experiment. Since the molar 

absorptivities of the prodrugs are higher than that of the parent drug, APAP, the 

hydrolysis of the prodrugs was monitored by the decrease in the absorbance values 

over time. Additionally, the prodrugs showed an absorbance maximum very close to 

that of APAP. Therefore, the absorbance values were recorded at 244 nm. For the NTX 

prodrug, the abrorbance was recorded at 278 nm. The pseudo unimolecular rate 

constants were obtained from a plot of log (At - A∞) versus time where At is the 

absorbance at time t and A∞ is the absorbance at the completion of the reaction, at 

which time the absorbance would reflect the concentration of APAP only. All the 

experiments were run in triplicate.  

Table 4-3. Half lives (t1/2, min) and predicted pKa values of AAC prodrugs of APAP and 
naltrexone in buffer (pH 6.0, phosphate, 20 mM, I = 0.5) at 37 ± 0.5 0C 

 pKa t1/2 (min) a 

7a 8.62 32.33 ±  0.28 

7b 7.46 91.37 ± 3.45 

7c 8.65 14.90  ±  0.81 

10 -- 31.78  ± 1.52 
 a All experiments were run in triplicate. 
 

The AAC-APAP prodrugs showed shorter half lives than the DAAC-APAP 

prodrugs. This is an expected result because of the greater ease with which the 

unsubstituted amine group, -NH2, can facilitate the general base catalysis of the 

hydrolysis of these compounds or a nucleophilic attack to give the diketopiperazine (see 
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chapter 3 for more detailed explanation). Among the AAC-APAP-HCl prodrugs, steric 

effect exerted by the R4 group (Figure 4-1) seemed to play an important role in 

governing the t1/2 values for these prodrugs. The valine ester prodrug 7b (VAL-APAP-

HCl) showed the longest half life amongst all the AAC compounds studied due to the 

bulky isopropyl group. The shortest t1/2 amongst all the prodrugs evaluated was 14.9 

min for 7c (PRO-APAP-HCl) prodrug.  

  

Figure 4-4. Proposed mechanism of general base catalysis by the proline ring. (A) 
Presence of the proline ring “fixes” four atoms leading to rate enhancement in 
hydrolysis of glycylproline ethyl ester. (B) general base catalysis by the 
proline ring. 

This is an unexpected result based on the steric factors alone. However, it has 

been previously observed that piperazine-2, 5-diones are formed readily from dipeptide 

esters particularly those containing N-methylamino acids or proline. In the case of 

dipeptides containing proline, geometrical factors take control.85 For the cyclization of 

dipeptide esters to piperazines to occur, the peptide bond must be in the cis 

conformation so that the terminal amino group and the ester carbonyl carbon can 

interact to form the six-membered ring. For example, glycylproline ethyl ester cyclizes 

more readily than the prolylglycine ester because of the ease in assumption of the cis 

conformation.86 The case of the 7c can be explained by similar explanation. Presence of 

the proline ring system “fixes” the -NH group in an orientation that favors more effective 
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general base catalysis by the -NH group.  The possible transition state involved in 

hydrolysis of 7c has been shown (as a free base) in Figure 4-4.  

Determination of Solubilities of AAC-APAP-HCl Prodrugs And VAL-NTX-TFA 
Prodrug  

The molar absorptivity of each AAC-APAP-HCl prodrug (7a - 7c) was determined 

in methanol in triplicate. Molar absorptivitiy of naltrexone (NTX) and its AAC prodrug 

VAL-NTX-2TFA (10) was also determined in methanol. Molar absorptivities for parent 

drugs and their corresponding AAC prodrugs have been listed in Table 4-4. A known 

amount of prodrug was dissolved in deionized water, and the solution was immediately 

diluted with methanol or pH 7.1 phosphate buffer and analyzed by UV 

spectrophotometry. With the known concentration C, ε244 was calculated with Beer’s law 

(shown for APAP): 

 A244 = ε244 l C, where l = cell length  (1) 

Table 4-4:  Molar absorptivities of AAC-APAP-HCl prodrugs, VAL-NTX-TFA and NTX  
 ε MeOH ε 7.1 

7a, ALA-APAP-HCl 1.541 ± 0.019a, b, c  

7b, VAL-APAP-HCl 1.553 ± 0.031a,b, c  

7c, PRO-APAP-HCl --  

10, VAL-NTX-TFA 2.175 ± 0.059 a, d, e  

APAP -- 1.030 ± 0.006a, b, c 

NTX 0.94 ± 0.005 a, d, e 1.181 ± 0.029 a, d, e 
a All experiments were run in triplicate. b Units of 104 ml mmole-1 c UV max = 244 nm, d Units of 103 ml 
mmole-1 e UV max = 282 nM 
 

For each prodrug, the solubility in 1-octanol (OCT) was determined in triplicate. 

The prodrug was crushed into a fine powder and a saturated solution of the prodrug in 

octanol was obtained by adding an excess of each compound to a test tube containing 

1 ml octanol. 
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Table 4-5. Physicochemical properties of AAC Prodrugs. Molecular Weight (MW), 
solubility in 1-octanol (SOCT), solubility in propylene glycol (SPG) for AAC-
APAP-HCl prodrugs (7a - 7c), VAL-NTX-TFA prodrug (10) and DAAC-APAP-
HCl Prodrugs (4a - 4k) 

a Units of mM; b Decomposes with charring close to melting temperature; c MW of the monohydrate; d Mp 
of the monohydrate and that of the bis-hydrate in paranthesis; e distance of amine nitrogen from acyl 
group n = 1; f n = 2; g n = 3; h Values from Kasting Smith and Cooper (1989); I Values calculated from 
Kaufman et. al. 197587 using log SOCT = log SAQ + log KOCT:Water;

 j Experiment run in duplicate. 
 

 The test tube was then insulated and the suspension was allowed to stir at room 

temperature (23 ± 1oC) overnight on a magnetic stir plate. The suspension was filtered 

through a 0.25 μm nylon syringe filter. An aliquot of the filtrate was diluted with methanol 

and analyzed by UV spectrophotometry. A NMR of the flitered solid was recorded to 

ensure that the prodrugs were intact during the course of solubility experiment. The 

absorbance at 244 nm was used to calculate the concentration of the AAC-APAP-HCl 

 MW Mp SOCT
a SPG

a 

7a 272 200-240(d)b 1.02 ± 0.11 335.57 ± 4.74 

7b 286 230-250 (d)b 4.65 ± 0.38 649.79 ± 1.13 

7c 300 195-230 (d) b 1.336 ± 0.28 260.91 ± 13.94 

10 686c 170 (64-68) d 6.514 ± 0.358 155.57 ± 0.39 j 

4ae  272  0.352 ± 0.01 122.05 ± 2.90 

4bf  286 195-200 0.291 ± 0.035 150.09 ± 2.03 

4ce  300 200-205 1.297 ± 0.067 93.80 ± 0.98 

4df  314 170-180 1.162 ± 0.055 176.10 ± 3.42 

4fe  313 222 -- -- 

4gf  327 234 0.202 ± 0.02 18.17 ± 1.05 

4hg  341 202 20.87 ± 0.47 64.09 ± 1.17 

4ie  315 260-270 0.09 ± 0.01 14.01 ± 0.01 

4jf  329 220 0.10 ± 0.007 29.97 ± 0.58 

4kg  343 210 1.522 ± 0.077 39.68 ± 0.50 

APAP 151 195 158.94h 662.25 h 

NTX 341 175 694.77i 101.51 ± 7.5 j 
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prodrug in octanol and the absorbance at 278 was used to calculate concentration of 

the naltrexone prodrug in octanol. Solubility in octanol, SOCT: 

 CSaturation = SOCT = A244 / ε244  (2) 

Solubilities in propylene glycol (PG) were also determined in triplicate by the 

procedure used to determine SOCT. The suspensions were stirred for 4 h before 

filtration.  A sample of the filtrate was diluted with methanol and analyzed by UV 

spectrophotometry.  

Melting points of AAC-APAP-HCl prodrugs were not sharp and the compounds 

exhibited decomposition close to the melting temperature. All the AAC-APAP prodrugs 

showed a higher melting point range than APAP. High melting point values are most 

probably responsible for the low SOCT values exhibited by these compounds. Among the 

AAC-APAP compounds 7b (valine ester) showed the highest SOCT. The SOCT for DAAC-

APAP-HCl prodrugs was comparable to the AAC series.  

SPG of the AAC-APAP-HCl prodrugs was generally higher than that for DAAC-

APAP-HCL series. For example the most PG soluble member in the DAAC series is 4d 

(176 mM) whereas the valine ester 7b is almost 3.7 times more soluble in PG (650 mM). 

The trend in the PG solubility reflects the propensity of -NH2 group vs. -NR1R2 group in 

modulating the aqueous-like solubility of the AAC vs. DAAC prodrug series. The reason 

for this trend is that -+NH3 has more N - H groups to hydrogen bond with protic solvents 

water and PG. 

The SOCT determination experiment with the NTX prodrug 10 showed that although 

the prodrug was isolated as a bis-hydrate, the compound precipitates out of the 

saturated octanol solution as a mono-hydrate. The mono-hydrate was isolated and 
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characterized by elemental analysis (% C Exp 50.49; Cal 50.739) and 1H-NMR. The 

colorless mono-hydrate exhibited a higher melting point than that of the pale brown bis-

hydrate (shown in Table 4-5). The dependence of SOCT on melting point is again 

exemplified here because the lower melting bis-hydrate was highly soluble in octanol 

(>500 mg / 0.5 ml) but when the solution was stirred for about 30 minutes the less 

soluble, higher melting mono-hydrate precipitated . The SOCT values reported in Table 4-

5 correspond to the solubility of the mono-hydrate.  

In-Vitro Evaluation of VAL-APAP-HCl and VAL-NTX-TFA Prodrugs 

Two different mice were used to determine the flux of each prodrug. Prior to skin 

removal, the mice were rendered unconscious by CO2 then sacrificed via cervical 

dislocation. Skins were removed by blunt dissection and placed dermal side down in 

contact with pH 7.1 phosphate buffer (0.05 M, I = 0.11 M, 32 oC) containing 0.11% 

formaldehyde which has been shown to inhibit microbial growth and maintain the 

integrity of the skins throughout the experiment.21 Prior to the application of the 

prodrugs as suspensions in IPM:PG (99:1)  the skins were maintained in contact with 

buffer for 24 h to leach out all UV absorbing material. During this conditioning phase 

time, the receptor phase was removed and replaced with buffer 3 times. The 

suspension of the prodrug in IPM:PG  was prepared 4 h before application and allowed 

to stir at room temperature (25 ± 1 oC) until application. After the 24 hour leaching 

period, an aliquot (0.5 ml) of the prodrug suspension was added to the surface of the 

skin (donor phase). Samples of the receptor phase were usually taken at 8, 19, 22, 25, 

28, 31, 34, and 48 h and quickly analyzed by UV spectrophotometry.  Since only parent 

drug was obtained in the receptor phase in all cases the amounts of permeated APAP 

was quantified using  
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Table 4-6.Results from diffusion cell experiments with AAC prodrugs of APAP and NTX 
(VAL-APAP-HCl and VAL-NTX-TFA). Maximum flux of the prodrug from a 
saturated isopropyl myristate (IPM) vehicle through hairless mouse skin (JM), 
maximum flux of standard drug, theophylline, from a saturated propylene 
glycol (PG) vehicle (JS), log of experimental flux values (EXP log JS), residual 
concentration of the drug in the skin (CS), amount of parent drug (APAP or 
NTX) delivered during the 48 h first application period (AAPP) 

Compound JM
a JS

a CS
a,c EXP 

log JM AAPP
d 

7c VAL-APAP-HCl 0.47  ± 0.02 0.67 ± 0.18 1.86 ± 0.07 -0.32 60.73 ± 21.9 

10 VAL-NTX-TFA 0.074 ± 0.00 0.50 ± 0.04 2.36 ± 0.46 -1.13 13.20 ± 0.02 

4a Me2n1APAP-HClb 0.64  ± 0.06 1.00 ± 0.02 0.69 ± 0.07 -0.19 59.62 ± 4.06 

4b  Me2n2APAP-HClb 0.65 ± 0.01 0.95 ± 0.03 0.69 ± 0.05 -0.19 63.30  ± 1.51 

4i MORn1APAP-HClb 0.54 ± 0.02 0.96 ± 0.25 0.71 ± 0.18 -0.26 60.53 ± 1.67 

NTX-HCl 0.057 ± 0.005 0.78 ± 0.05 1.83 ± 0.15 -1.24 11.42 ± 0.43 

APAP 0.51 0.74 2.74 ± 0.70 -0.29 73.63 
a Units of µmole cm-2 h-1. b Suspension of the prodrug was applied in a (99:1) PG:IPM vehicle. 
 c Concentration of APAP in the skin after a 24 h leaching period. d Units of µmole. 
 
molar absorptivity of APAP or NTX in the receptor phase. At each sampling time, the 

entire receptor phase was replaced with fresh buffer in order to maintain sink conditions. 

After the 48 h of the first application period, the donor suspension was removed and the 

skins were washed three times with methanol (3-5 ml) to remove any residual prodrug 

from the surface of the skin. The remaining prodrug or APAP in the skin was leached 

out by keeping the skins in contact with buffer for an additional 24 h. Then the receptor 

phase was replaced with fresh buffer and an aliquot (0.5 ml) of a standard drug 

theophylline was applied in PG to the skin surface. The second application fluxes were 

determined by sampling of the receptor phase at 2, 4, 6 h and analysis by UV 

spectrophotometry. The concentration of theophylline in the receptor phase was 

determined by measuring its absorbance at 270 nm (ε = 10,200 L mol-1). At each 
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sampling time, the entire receptor phase was removed and replaced with fresh buffer. In 

each experiment, the flux was determined by plotting the cumulative amount of APAP 

versus time. J in units of µmol cm-2 h-1 could then be calculated by dividing the slope of 

the steady-state portion of the graph (Figure 4-5) by the surface area of the skin (4.9 

cm2).  

The results for the diffusion cell experiments with VAL-APAP-HCl and VAL-NTX-

TFA are shown in Table 4-6. The flux of VAL-APAP-HCl was only as high as APAP 

itself. Amongst all the DAAC-APAP-HCl and AAC-APAP-HCl prodrugs studied the 

dimethyl containing salts gave best flux (1.2 times APAP). This is the first study where 

permeation experiments with prodrugs of APAP as hydrochlorides has been reported. 

All the hydrochloride prodrugs investigated in the study showed a longer lag time as 

compared to APAP or the corresponding free base forms.  

The permeation profile of NTX-HCl and its prodrug, VAL-NTX-TFA has been 

shown in Figure 4-5. The VAL-NTX-TFA prodrug showed moderately higher flux than 

NTX.HCl (1.3 times). The lag time for both the salts was approximately the same (~24 

h). The lag times observed for NTX-HCl and its prodrug was very similar to that 

observed for DAAC-APAP-HCl prodrugs and the AAC-APAP-HCl prodrug. 

NTX-HCl delivered 11.42 µmole NTX whereas its prodrug, VAL-NTX-TFA, 

delivered 13.2 µmole over a 48 h application period through hairless mouse skin from a 

saturated IPM donor phase. The skin retention of NTX after the application period was 

higher for the NTX prodrug by 1.3 times (2.4 vs 1.8 µmoles).   
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Figure 4-5. Cumulative amount of NTX permeated vs time for compounds 10 and NTX-

HCl 

The second application flux values were not higher than the control value of 1.0 

µmole cm-2 h-1. This showed that the skin used in the permeation experiment did not 

undergo any damage due to the use of IPM as the donor phase. 

The incorporation of a basic amine into the promoiety of an acyl prodrug of a 

phenol containing drug resulted in an increase in lipid and aqueous solubilities of the 

corresponding prodrugs in this study. However, the increased solubilities did not result 

in a concomitant increase in the flux of the prodrugs when investigated as free bases 

(investigated in chapter 3) or as their corresponding salt forms (investigated in chapter 3 

and 4). The lower flux of the DAAC and AAC prodrugs investigated in chapter 3 and 4 

can be attributed to the presence of hydrated forms of the prodrug as it diffuses through 

the skin. 

Based on solubility properties only, the flux of a prodrug in a salt form is expected 

to be lower than the parent drug because the lipid solubility of a salt is considerably 

lower than the parent drug, even though its water solubility is much higher-again a 
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“balance” in lipid and aqueous solubility is lacking. The slightly higher flux of the salt 

forms observed here might be attributed to: (a) existence of an equilibrium between the 

protonated and the free base forms in the skin microenvironment and (b) a favorable 

interaction of the protonated amine groups with the fatty acid groups in the skin.   

Conclusions 

In this part of study three AAC prodrugs of APAP were synthesized via a 

DCC/DMAP or a EDCI mediated coupling reaction. Based on the solubility properties of 

the VAL-APAP-HCl, one AAC prodrug of NTX, VAL-NTX-TFA was also synthesized. 

The Boc-protected compounds couldn’t be isolated in very pure form using the DCC 

method because of the presence of dicyclohexylurea by product. Thus the Boc-

protected compounds that were isolated from the EDCI coupling method were 

characterized. The Boc protected NTX prodrug was isolated using the EDCI method.   

Hydrolysis experiments with the AAC prodrugs were carried out in buffer (pH 6.0, 

phosphate, 20 mM, 37 0C). The half lives of the prodrugs were affected by the steric 

effect of the R group at the position alpha to the carbonyl group. The small t1/2 value for 

the 7c (PRO-APAP-HCL) could be attributed to the possible transition state that the 

proline ring in the prodrug can facilitate more readily than alanine or valine.  

Solubility experiments with AAC-APAP compounds were carried out in 1-octanol 

and propylene glycol. The compounds were only moderately soluble in octanol but 

exhibited relatively higher PG solubility than DAAC-APAP-HCl prodrugs. The naltrexone 

prodrug exists in form of mono and bis hydrates where the mono hydrate was present 

as the primary species in a saturated octanol solution. 

In-vitro permeation experiments were carried out with the VAL-APAP-HCl prodrug 

and VAL-NTX-2TFA prodrug. The valine ester prodrug of APAP showed approximately 
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the same flux value as APAP. The naltexone prodrug showed a moderately higher flux 

than NTX-HCl (1.3 times).  The skin retention of the VAL-NTX-TFA prodrug was about 

1.3 times comapared to NTX-HCl. 

In conclusion, the AAC promoiety is successful in enhancing the aqueous like 

solubility of the corresponding prodrugs synthesized in this study. The solubility and 

stability of the prodrugs can be modulated by changing the steric bulk on the alpha 

carbon appropriately. The increase in water solubility of the AAC prodrugs did not 

results in a concomitant increase in their flux. This might be due to the presence of 

hydrated forms of the prodrug as it diffuses through the skin.  

The introduction of the ionized group in the AAC hydrochloride prodrugs make 

them an attractive targets for iontophoretic drug delivery. A combination of more than 

one permeation enhancement technique, like chemical enhancers, might be the next 

step in further optimization of the DAAC and AAC prodrug approach presented in this 

work. 
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CHAPTER 5 
CONCLUSION AND FUTURE WORK 

In this study a prodrug approach in which, a basic amine functional group was 

incorporated into a promoiety of an acyl prodrug of a phenolic drug, was developed. A 

model phenolic drug – acetaminophen (APAP) was used to demonstrate the feasibility 

of the prodrug approach. The permeation experiments on hairless mouse skin with 

APAP prodrugs showed that the dialkylaminoalkylcarbonyl promoiety was successful in 

improving the flux of APAP by three fold. This prodrug approach can now be applied to 

a broader class of phenolic parent drugs to achieve enhanced delivery through the skin. 

The first objective of this study was to synthesize acyl prodrugs of a model 

phenolic drug, acetaminophen (APAP), containing a basic amine group. This was 

achieved by coupling the N, N`- dialkylaminoalkanoic acid hydrochlorides with the 

parent phenolic drug via a DCC mediated coupling reaction. The corresponding N`-

dialkylaminoalkanoic acid hydrochlorides were synthesized using five different amines - 

dimethylamine, diethylamine, dipropylamine, morpholine and piperidine. The N, N`-

dialkylaminoalkylcarbonyl (DAAC) ester prodrugs were obtained in good yields (70 - 

90%). Additionally, aminoalkylcarbonyl (AAC) prodrugs of APAP and one AAC ester 

prodrug of naltrexone (NTX) was synthesized. The AAC ester prodrugs were 

synthesized using DCC or EDCI as the coupling reagents. The yields of the AAC-APAP 

and AAC-NTX prodrugs were between 50-75%. 

The second objective of this study was to evaluate the physicochemical properties 

of DAAC-APAP, AAC-APAP and AAC-NTX prodrugs. Half lives of a few members was 

evaluated in buffer (pH 6.0, phosphate, 50 mM, I = 0.5). The DAAC and AAC prodrugs 

hydrolyzed to the parent drug with half lives between 15 - 115 minutes in pH 6.0 buffer. 
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The kinetic behavior of the DAAC and AAC prodrugs exemplifies the general base 

catalysis by the basic amine group in the prodrugs that results in significant rate 

enhancement (see page 92) compared to esters lacking a basic amine functionality.  

Solubilities of DAAC prodrugs in buffer (acetate, pH 4.0, 50 mM), 1-octanol(OCT), 

propylene glycol (PG) and isopropyl myristate (IPM) have been determined. The 

solubilities of the AAC prodrugs were determined in 1-octanol and propylene glycol. 

Amongst the DAAC-APAP-HCl prodrugs the member exhibiting the highest SPG was 

also the one that exhibited the highest S4.0.  SOCT of the DAAC-APAP-HCl were 

generally low. All the DAAC-APAP prodrugs exhibited higher SIPM than APAP. The SIPM 

of the DAAC-APAP (free bases) showed a dependence on their melting points. Among 

the AAC-APAP-HCl prodrugs, the VAL-APAP-HCl exhibited the highest SOCT and SPG. 

The VAL-NTX-2TFA prodrug also exhibited higher SPG than NTX. SOCT of the NTX 

prodrug was lower than NTX itself which is expected from a ionic compound. 

The third objective of this research was to investigate the potential of DAAC and 

AAC prodrugs in enhancing the delivery of APAP through skin. The DAAC prodrugs 

were evaluated for their ability to deliver APAP through hairless mouse skin. The best 

member of the DAAC series of prodrugs showed three times higher flux than APAP. 

Although the best member evaluated was much more lipid and water soluble than 

APAP, the delivery of APAP was not as high as expected. We hypothesize that this may 

be due to an increase in the molecular weight caused by water association with the 

amine group as the prodrug diffuses the membrane. A new Robert-Sloan equation 

using a n = 73 database was developed. The coefficients for the RS equation were x =  

-0.599, y = 0.502, z = 0.00235 and r2 = 0.92. The calculated flux values for DAAC-APAP 
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prodrugs using the new RS equation were higher than experimental flux values in all 

cases except one. The “over-prediction” of flux of DAAC-APAP prodrugs by the RS 

equation may be due to challenges in precisely measuring or estimating the solubility of 

the actual ionized species in the skin microenvironment while the prodrugs diffuse 

through the skin.  

One approach to improve the flux of the DAAC-HCl prodrugs is to deliver the 

prodrugs through skin iontophoretically. The presence of the ionizable amine in the 

DAAC or AAC prodrug allows for a utilization of iontophoresis as a permeation 

enhancement technique. The pH of the skin environment has been shown to be about 

5.5-6.0. 5 All the prodrugs are expected to be protonated in the skin microenvironment. 

Therefore an applied electric field is expected to facilitate the passage of the ionized 

molecule through skin more effectively. Recent work by Bowstra and coworkers shows 

that the iontophoretic flux of the alanine ester prodrug of a parent phenolic drug was 

higher than that of the parent drug.77 

 
 

Figure 5-1: Chemical structures of proposed DAAC prodrugs of phenol containing 
drugs. 
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The amount of the parent drug delivered by DAAC prodrugs seems to be 

dependent on the nature of the donor phase solvent. Better solvation of the amine 

group in an aqueous donor phase had a favorable effect on the flux of the testosterone 

prodrugs.55 The primary difference between testosterone dimethylbutyrate hydrochloride 

prodrug and the DAAC-APAP prodrugs is the fact that the leaving group is a phenol in 

the latter series relative to a poorer alcoholic leaving group in the testosterone prodrug. 

This made it feasible to deliver the prodrug from an aqueous solution whereas the 

DAAC-APAP prodrugs are unstable in water over the course of a diffusion cell 

experiment. One way to assess the effect of incorporation of a basic amine of the flux of 

a parent drug is to synthesize aminoalkylcarbonyl derivatives of a drug containing an 

alcoholic group. The corresponding prodrugs could then be delivered from an aqueous 

suspension allowing an analysis of the effect of incorporation of a basic amine group on 

the flux of the corresponding prodrug.  

In compounds investigated so far, although incorporation of a basic amine caused 

a favorable enhancement in the solubility properties of the corresponding prodrugs, the 

increase in solubility is offset by increase in effective molecular weight of the more basic 

prodrugs. One strategy to overcome this challenge is to synthesize DAAC prodrugs with 

relatively weakly basic amines in the promoeity. The suggested compounds are shown 

in Figure 5-1. This can facilitate a similar enhancement of solubilities without the 

increment in effective molecular weight of the prodrug while it diffuses through the skin. 

Additionally the weakly basic amine prodrugs are expected to be relatively more stable 

in aqueous phase and therefore can be delivered from an aqueous donor phase. 
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In the present study, the utility of the DAAC and the AAC prodrugs approach was 

investigated as a means of improving topical delivery of phenol containing drugs. When 

delivered as a free base one of the DAAC-APAP prodrug was able to improve the 

delivery of APAP by three times compared to its hydrochloride salt which showed 

moderately higher flux than APAP (1.2 times). Similarly the AAC-NTX prodrug VAL-

NTX-TFA was able to improve the topical delivery of NTX by 1.3 times compared to 

NTX-HCl.  

Previous studies with topical delivery of ionized compounds have met with 

success when a combination of more than one enhancement technique is used.89-91 

One of the approaches to further enhance the delivery DAAC and AAC prodrugs and 

their corresponding salts is by the use of chemical permeation enhancers in addition to 

the iontophoretic technique mentioned above. Such a combined transdermal delivery 

system can be useful in improving the delivery of compounds having an ionizable 

amine.  
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