
 
PRODRUG STRATEGIES AIMED AT IMPROVING TOPICAL DELIVERY OF 
DRUGS USING THE N-ALKYL-N-ALKYLOXYCARBONYLAMINOMETHYL 

(NANAOCAM) PROMOIETY 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

SUSRUTA MAJUMDAR 
 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2006 



 

 

 

Copyright 2006 
 

by 
 

Susruta Majumdar 
 
 
 
 
 

 



 

 

 
This document is dedicated to my wife, PUJA and my father, BABA 

  
 
 



iv 

 
ACKNOWLEDGMENTS 

I would like to thank my advisor, Dr. Ken Sloan, wholeheartedly for allowing me 

to pursue his and my ideas independently in his lab. His constant support, patience, 

ability to keep me focused, thorough understanding of literature, and stress on basic 

principles proved vital in my finishing this manuscript. The rigorous training imparted to 

me in and outside the lab was responsible in my doing well in the lab, for the publications 

that have or will come out of this dissertation and talking to people in various 

conferences and interviews I attended during my stay at Florida. I greatly appreciate his 

ability to communicate with me on a daily basis the answers to my questions in an 

articulate manner. I feel confident enough to take myself to the next level in search of 

something new again. 

There are two people who inspire me the most: one of them is my father whom I 

call baba and second is my wife, Puja. I would like to dedicate 4 years of my work to my 

father and my wife.  

My father and my advisor have two things in comman. They both believe in 

keeping things simple and have great faith in basic principles and honestly I thought I had 

those under control till I joined the Sloan lab. My father introduced me to science at an 

early age.  He along with my mother made it possible for me to have the best education. I 

went to the best private schools back home just because they valued education a lot in 

spite of facing financial hardships sometimes. I did not pick my college major, chemistry; 



v 

he did. He said, “Just trust me on this one” and I am so glad I did. My dad being a 

pharmacist influenced me to do what he did. I got my chance at Florida and I loved it.  

I dated my present wife for 6 years before we got married. She keeps me going 

everyday day after day with those constant words of encouragement. If my father was 

responsible for me being in science, my wife ensured that his dream of my being a 

scientist gets fulfilled. I admire the strength in her character to stay from me to finish her 

education.  

I would like to thank my mother and sister for their love and affection. My mother 

was responsible for me being independent, tolerant and disciplined. I admire my sister’s 

ability to fight ‘time’ against all odds.  

I would like to thank my graduate colleagues Dr. Scott Wasdo, Dr. Joshua Thomas 

and Maren Muellar Spaeth. Scott actually was my second advisor; sometimes his 

explanations for a physical chemistry concept were just too easy to follow. I hope he 

decides to teach one day. I do not have words to describe Josh. He is too nice, too good 

and focused. I would like to thank him for the critical discussions we had in the lab on 

science, religion, politics and everything on earth. I admire him as a wonderful scientist; I 

do not know of too many people who will run an experiment for 36 hrs non stop week 

after week. Such dedication to work amazes me. Maren was an undergraduate exchange 

student who worked with me. Together we finished couple projects in the limited time 

she had in her disposal. I appreciate her adding insight and thoughtfulness into our work. 

I would like to thank my committee members Dr. M.O.James, Dr. Raymond G. 

Booth and Dr. William Dolbier. I would like to thank Dr. James for her constant 

encouragement and her writing good recommendation letters for me. Dr. Dolbier was 



vi 

largely responsible for a project I did with Maren; I thank him for adding insight into the 

project and for being a part of my committee. 

Finally I would like to thank Dr. Geeti Bansal (MIT), Dr. Sushma Chauhan 

(Ranbaxy) and Dr. Gagan Kukreja (Ranbaxy) who taught me basically how to operate in 

an organic chemistry lab like running TLC’s, column chromatography and doing 

crystallizations during my stay as an undergrad student at the University of Delhi. 

 



vii 

 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS ................................................................................................. iv 

LIST OF TABLES...............................................................................................................x 

LIST OF FIGURES .......................................................................................................... xii 

ABSTRACT.......................................................................................................................xv 

CHAPTER 

1 INTRODUCTION ........................................................................................................1 

The Skin........................................................................................................................1 
Topical Delivery ...........................................................................................................8 
Approaches to Increase Permeation across the Skin ..................................................11 
Theory of Percutaneous Diffusion..............................................................................13 
Mathematical Modeling of Flux through Human Skin. Derivation of Roberts-

Sloan equation from Fick’s law of Diffusion..........................................................17 
Prodrugs......................................................................................................................21 
Prodrugs for Dermal and Transdermal delivery .........................................................33 
Research Objectives....................................................................................................41 

2 DESIGN, SYNTHESIS, HYDROLYSIS OF N-ALKYL-N-
ALKYLOXYCARBONYL-AMINOMETHYL DRUG DERIVATIVES AND 
ITS IMPLICATIONS ON PRODRUG DESIGN.......................................................43 

Introduction.................................................................................................................43 
Synthesis of N-methyl-N-methyloxycarbonylaminomethyl and N-aryl-N-

methyloxy-carbonylaminomethyl Prodrugs.....................................................45 
N-Methyl-N-methyloxycarbonylaminomethyl chloride synthesis...............48 
N-Aryl-N-methyloxycarbonylaminomethyl chloride synthesis...................49 

Alkylation of Phenols, 6-Mercaptopurine, Dimethylaminobenzoic acid and 
Naproxen with N-methyl-N-methyloxycarbonylaminomethyl chloride or 
N-aryl-N-methyloxycarbonylaminomethyl chloride. ......................................51 

Hydrolysis Studies. .....................................................................................................59 
Implications of NANAOCAM-phenol Hydrolysis on Prodrug Design. ......67 
Implications of NArNAOCAM-carboxylic acid Hydrolysis on Prodrug 

Design .......................................................................................................70 



viii 

3 SYNTHESIS AND TOPICAL DELIVERY OF N-ALKYL-N-
ALKYLOXYCARBONYLAMINOMETHYL PRODRUGS OF A MODEL 
PHENOLIC DRUG:ACETAMINOPHEN.................................................................74 

Experimental Procedure..............................................................................................75 
Materials and Methods .................................................................................75 
Synthesis of Prodrug Derivatives.................................................................75 
Synthesis of NANAOCAM-Cl.....................................................................76 
Determination of Solubilities and Partition Coefficients .............................82 
Determination of Flux through Hairless Mice Skins ...................................84 
Determination of Prodrug Hydrolysis by UV Spectroscopy........................87 
Calculation of Maximum Flux .....................................................................87 

Physicochemical Properties of NANAOCAM Prodrugs of APAP ............................88 
Solubilities....................................................................................................88 
Diffusion Cell Experiments..........................................................................91 
Prodrug Bioconversion to Parent Drug ........................................................92 
Permeability Coefficients and Solubility Parameter Values ........................92 
Residual Amounts in Skin............................................................................93 
Second Application Fluxes...........................................................................94 

Modelling the Flux of NANAOCAM prodrugs of APAP through Hairless Mouse 
Skin from IPM using the RS equation. ...................................................................95 

Conclusions.................................................................................................................97 

4 SYNTHESIS AND TOPICAL DELIVERY OF N-ALKYL-N-
ALKYLOXYCARBONYLAMINOMETHYL PRODRUGS OF AN IMIDE 
CONTAINING DRUG: THEOPHYLLINE...............................................................99 

Experimental Procedure............................................................................................101 
Materials and Methods ...............................................................................101 
Synthesis of Prodrug Derivatives...............................................................102 
Synthesis of NANAOCAM-Cl...................................................................102 
Determination of Solubilities and Partition Coefficients ...........................108 
Determination of Flux through Hairless Mice Skins .................................110 
Determination of Prodrug Hydrolysis by UV Spectroscopy......................113 
Calculation of Maximum Flux ...................................................................113 

Physicochemical Properties of NANAOCAM Prodrugs of Theophylline ...............114 
Melting Point Behaviour of NANAOCAM Prodrugs of Theophylline .....114 
Solubilities..................................................................................................114 
Diffusion Cell Experiments........................................................................116 
Prodrug Bioconversion to Parent Drug. .....................................................118 
Permeability Coefficients and Solubility Parameter Values ......................120 
Residual Amounts in Skin..........................................................................121 
Second Application Fluxes.........................................................................121 

Modelling the Flux of NANAOCAM Prodrugs of Acetaminophen and 
Theophylline through Hairless Mouse Skin from IPM using the RS equation. ...122 

Conclusions...............................................................................................................125 



ix 

5 SUMMARY OF RESULTS OBTAINED AND FUTURE WORK ........................126 

LIST OF REFERENCES.................................................................................................129 

BIOGRAPHICAL SKETCH ...........................................................................................143 

 
 



x 

 
LIST OF TABLES 

Table  page 
 
1-1 x, y, z, r2 and Average Residual Errors for Various Databases Fit to RS. ...............21 

1-2 Physicochemical Characterization of 1-Alkyloxycarbonyl esters of 5-FU..............35 

1-3 Physicochemical Characterization of Alkyloxycarbonyl esters of 
Acetaminophen.........................................................................................................38 

1-4 Physicochemical Characterization of PEG esters of Indomethacin. ........................40 

2-1 N-methyl-N-methyloxycarbonylaminomethyl-phenol Conjugates Synthesized .....46 

2-2 N-methyl-N-methyloxycarbonylaminomethyl and NArNAOCAM Conjugates of 
Naproxen. .................................................................................................................46 

2-3 Correlation of Rates of Hydrolysis of NANAOCAM-Y with pKa and Sigma 
Values of the Leaving Group (Y-)............................................................................61 

2-4 Effect of pH of Buffer on Rates of Hydrolysis of 7 .................................................61 

2-5 N-aryl-N-alkyloxycarbonylaminomethyl Derivatives of p-nitrophenol (PNP). ......70 

2-6 Hydrolysis of N-aryl-N-alkyloxycarbonylaminomethyl Derivatives of Naproxen. 72 

2-7 Effect of pH of Buffer on Rates of Hydrolysis of 14. ..............................................72 

3-1 NANAOCAM Prodrugs of APAP. ..........................................................................80 

3-2 Molecular Weights, Melting Points, Log Solubilities in Isopropyl Myristate , 
Log Solubilities in Water and Log Solubilities in pH 4.0 Buffer. ...........................90 

3-3 Molar Absortivities in Acetonitrile and Buffer, Log Solubility Ratios between 
IPM and Water, the Differences Between Log SRIPM:AQ, the Log of Partition 
coefficients Between IPM and pH 4.0 Buffer, and the Differences Between Log 
KIPM:4.0. .....................................................................................................................90 

3-4 Solubilities in IPM, Solubilities in Water and Flux through in vitro Hairless 
Mouse Skins from IPM. ...........................................................................................92 



xi 

3-5 Log Permeability Values for the APAP from IPM through Hairless Mouse Skins 
and Solubility Parameter values. ..............................................................................93 

3-6 Residual Skin Concentrations of Total APAP and Ratios of Dermal versus 
Transdermal Fluxes ..................................................................................................94 

3-7 Second Application Theophylline Flux data for Flux of Theophylline from 
Propylene Glycol......................................................................................................94 

3-8 Experimental Flux, Calculated Flux and Error in Predicting Flux for Compounds 
1, 17-26 through Hairless Mouse Skins from IPM. .................................................96 

4-1 NANAOCAM Prodrugs of Theophylline. .............................................................107 

4-2 Melting Point Comparisons of NANAOCAM-Th with AOC-Th and ACOM-Th.115 

4-3 Molecular Weights, Melting Points, Log Solubilities in Isopropyl Myristate, Log 
Solubilities in Water and Estimated Log Solubilities in pH 4.0 Buffer. ................117 

4-4 Molar Absortivities in Acetonitrile and Buffer, Log Solubility Ratios between 
IPM and Water, the Differences Between Log SRIPM:AQ, the Log of Partition 
Coefficients Between IPM and pH 4.0 Buffer, and the Differences Between Log 
KIPM:4.0. ...................................................................................................................118 

4-5 Solubilities in IPM, Solubilities in Water and Flux through in vitro Hairless 
Mouse Skins from IPM. .........................................................................................119 

4-6 Log Permeability values for Theophylline Prodrugs from IPM through Hairless 
Mouse Skins and Solubility Parameter Values. .....................................................120 

4-7 Residual Skin Concentrations of Total Theophylline Species ..............................121 

4-8 Second Application Theophylline Flux data for Flux of Theophylline from 
Propylene Glycol....................................................................................................122 

4-9 Experimental Flux, Calculated Flux and Error in Predicting Flux for Compounds 
1, 17-26 through Hairless Mouse Skins from IPM. ...............................................124 

 

 



xii 

 
LIST OF FIGURES 

Figure  page 
 
1-1 Cross sectional view of human skin . .........................................................................2 

1-2 Brick and mortar model of drug absorption through the skin. ...................................6 

1-3 Structures of ceramides seen in the lipid bilayers of the lamellar bodies. .................7 

1-4 Illustration of a typical flux profile. .........................................................................14 

1-5 Two compartment diffusion model. .........................................................................15 

1-6 Esterase mediated hydrolysis of prodrugs................................................................23 

1-7 Soft alkyl prodrug hydrolysis. ..................................................................................24 

1-8 Hydrolysis pathways for Saccharin based O-imidomethyl derivative of estradiol. .26 

1-9 Hydrolysis of phosphoryloxymethyl prodrug mediated by phosphatases. ..............27 

1-10 Hydrolysis of PEG conjugated to drug using a hydroxyl-benzylalcohol linker in 
vivo. ..........................................................................................................................30 

1-11 PEG-Ala-Campothecan............................................................................................30 

1-12 Ionic complexes formed by oligoarginine of Tat with the phosphate groups in 
cell membranes.........................................................................................................32 

1-13 Chemical hydrolysis of oligoarginine conjugates of cyclosporine and taxol...........33 

1-14 Structure of testosterone and indomethacin esters with polarisable side chains......39 

2-1 Design of NANAOCAM promoiety ........................................................................44 

2-2 Structures of N-methyl-N-methyloxycarbonylaminomethyl prodrugs of 
dimethylaminobenzoic acid and 6MP. .....................................................................47 

2-3 Synthesis of NANAOCAM prodrugs ......................................................................47 

2-4 Synthesis of NArNAOCAM prodrugs .....................................................................48 



xiii 

2-5 Hydrolysis of NANAOCAM-Y in aqueous buffers.................................................60 

2-6 Pseudo-first order rate constants (sec-1) versus σ- of parent phenol .......................62 

2-7 Pseudo-first order rate constants (sec-1) versus acidic pKa of parent. ....................62 

2-8 pH rate profiles of compds 7 and 14 ........................................................................63 

2-9 SN2 type of hydrolysis of NANAOCAM-Y with Y- or carbamate as the leaving 
group. ..........................................................................................................................64 

2-10 SN1 type of hydrolysis of NANAOCAM-Y.............................................................64 

2-11 Hydrolysis of N-alkylamidomethylcarboxylic acid esters in aqueous buffers. .......65 

2-12 Hydrolysis of N-imidomethyl derivatives of phenols in aqueous buffers................66 

2-13 Attempts at the synthesis of NANAOCaminoethylidene chloride and   
NANAOCaminobenzylidene chloride. ....................................................................68 

2-14 Hydrolysis of NArNAOCAM-carboxylicacid conjugates at pH 9.2. ......................73 

3-1 Synthesis of NANAOCAM-Cl from 1, 3, 5-trialkylhexahydrotriazine ...................76 

3-2 Preperation of alkyl chloroformate in situ from alcohol and synthesis of 
NANAOCAM-Cl from alkyl amine.........................................................................77 

3-3 A Franz diffusion cell...............................................................................................86 

3-4 Plot of solubility parameter versus log PMIPM for 1, 17-20. .....................................93 

3-5 Experimental versus calculated log maximum flux values through hairless 
mouse skin from IPM using equation 3.15. .............................................................96 

3-6 Experimental versus calculated log maximum flux values through hairless 
mouse skin from IPM using equation 3.16. .............................................................97 

4-1 Carbocations formed as intermediates by hydrolysis of Mannich bases of 
theophylline and NANAOCAM-Th.......................................................................100 

4-2 Synthesis of NANAOCAM-Cl from 1, 3, 5-trialkylhexahydrotriazine. ................102 

4-3 Synthesis of NANAOCAM-Cl from alkyl amine and preperation of alkyl 
chloroformate in situ from alcohol.........................................................................104 

4-4 Alkylation of theophylline with NANAOCAM-Cl................................................106 

4-5 Plot of solubility parameter versus log PMIPM for 21-26. .......................................120 



xiv 

4-6 Experimental versus calculated log maximum flux values through hairless 
mouse skin from IPM using equation 4.13 for n = 69............................................124 

4-7 Experimental versus calculated log maximum flux values through hairless 
mouse skin from IPM using equation 4.14 for n = 74............................................125 

 

 



xv 

 
Abstract of Dissertation Presented to the Graduate School 
of the University of Florida  in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

PRODRUG STRATEGIES AIMED AT IMPROVING TOPICAL DELIVERY OF 
DRUGS USING THE N-ALKYL-N-ALKYLOXYCARBONYLAMINOMETHYL 

(NANAOCAM) PROMOIETY  

By 

Susruta Majumdar 

August 2006 

Chair: Kenneth. B. Sloan  
Major Department: Medicinal Chemistry 

Topical delivery is an attractive route to deliver drugs into systemic circulation; 

however the poor biphasic solubility of drug molecules limits delivery across the skin. N-

Alkyl-N-alkyloxycarbonylaminomethyl (NANAOCAM)-drug conjugates were designed 

as prodrugs with good biphasic solubilities to increase the topical delivery of phenol and 

imide containing drugs. 

Prodrugs are biological inactive derivatives of a drug which hydrolyse in vivo to the 

parent drug molecule. These derivatives mask polar functional groups present in a drug 

molecule which, in this case, leads to increased solubility of the drug in the skin.  

Prodrugs must hydrolyse to exhibit their pharmacological activity. To elucidate the 

mechanism of chemical hydrolysis, a series of NANAOCAM conjugates of phenols, 

thiols and carboxylic acids were synthesized and their rates of hydrolysis determined in 

aqueous buffers. The hydrolysis followed pseudo-unimolecular first order kinetics and 

was dependent on the nucleofugacity of the leaving group. The hydrolysis was also 
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independent of the pH of buffers. To further elucidate the mechanism of hydrolysis, N-

aryl-N-alkyloxycarbonylaminomethyl (NArNAOCAM) conjugates of phenols and 

carboxylic acids were also synthesized and their rates of hydrolysis determined. Since the 

hydrolysis of NArNAOCAM conjugates were slower than NANOCAM conjugates, the 

NANAOCAM conjugates are proposed to hydrolyse by a SN1 type of pathway with the 

lone pair on the nitrogen stabilizing the carbocation formed as an intermediate. 

To investigate if the NANAOCAM promoiety increases the dermal delivery of 

phenolic drugs and imide containing drugs, a homologous series of NANAOCAM-

acetaminophen and NANAOCAM-theophylline were synthesized. These derivatives 

were characterized by determination of their solubilities in IPM and water, partition 

coefficients between IPM and pH 4.0 buffer and flux through hairless mouse skins from 

IPM.  

Only two prodrugs of acetaminophen, C1 alkyloxy and C2 alkyloxy, increased flux 

through the skin. These derivatives were the most water soluble prodrugs in the series of 

more lipophilic prodrugs. In the theophylline series, only one derivative, C2 alkyloxy, 

increased delivery through the skin. This derivative was the most lipid and most water 

soluble member of the series. The flux of NANAOCAM prodrugs from IPM was 

accurately predicted by the Roberts-Sloan equation. 
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CHAPTER 1 
INTRODUCTION 

The Skin 

Skin is the largest organ in the human body, accounts for 10% of the total body 

weight and has a surface area of 2m2 (Schaefer and Redelmeir, 1996). It acts as a physical 

and chemical barrier, protecting the body from the surrounding environment. Besides 

this, it enables the body to control fluid loss, regulate body temperature and intercept 

external stimuli. The skin can be divided into three distinct layers, the hypodermis, the 

dermis and the epidermis (Block, 2000). A microscopic view of skin is shown in Figure 

1-1. 

The hypodermis is made up of a network of connective fibers and adipocytes which 

play an important role in energy storage and metabolism as well as providing insulation 

and protection against injury. The intracellular fat droplets may also act as a reservoir of 

hydrophobic compounds which may have penetrated the stratum corneum (the outermost 

layer).The hypodermis is 1-2 mm thick. It houses blood vessels whose prime function is 

to deliver nutrients to the skin and remove waste products, metabolites and xenobiotics 

from the skin. 

The dermis is the thickest layer of the skin and is 2 mm thick. It is responsible for 

maintaining the structural integrity of the skin. The dermis consists of a network of 

collagen and elastin fibers which provide flexibility and tensile strength to the dermis. 

Proteoglycans fill up most of the intracellular space and these macromolecules are 

responsible for the water-retaining properties of the dermis. These are polysaccharides 
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covalently bound to a polypeptide backbone. The polysaccharide side chains are 

frequently sulfated. Examples of proteoglycans frequently seen in the dermis are heparin,  

 
Figure 1-1 Cross sectional view of human skin (Reproduced with permission from K.G. 

Siver, Ph.D. Dissertation, University of Florida, 1987). 

chondroitin sulfate and dermatin sulfate. The anionic charge associated with these 

proteoglycans also allows a lot of water to be associated with the carboxylate or the 

sulfate groups and impedes the ability of lipophillic compounds to cross the dermis. The 

dermis has an extensive vascular network which participates in various processes like 

nutrition, exchange of gases, repair of tissues, immune responses and thermoregulation. 

Nerve endings sensitive to vibration, pressure, pain and temperature are seen in dermis 

along with mast cells, macrophages and t-cells which are present for protection against 

foreign antigens. A variety of appendages which permeate the stratum corneum like 

sweat glands, hair follicles and sebaceous glands are derived from this region. The hair 
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follicles and exocrine sweat glands have pores that extend to the skin surface and provide 

openings to the epidermis which contains the stratum corneum: the main permeability 

barrier of the skin. Thus xenobiotics can use this route, also called the shunt route, to 

penetrate the dermis; this is especially true for highly polar molecules whose permeability 

is limited by the stratum corneum. However these pores constitute only 0.1 % of the total 

skin surface area and are responsible for early diffusion processes (Scheuplein and Blank, 

1971; Stuttgen, 1982). Sebaceous glands are located within the hair follicles and secrete 

sebum which makes its way on to the skin surface. Sebum is a complex mixture of fatty 

acids, triglycerides, squalene and waxes. Eccrine sweat glands are also present in the 

dermis and their primary purpose is thermoregulation. Since the epidermis is devoid of 

any vasculature, it depends on the dermis for supply of nutrients, oxygen and removal of 

waste metabolites. The presence of papillae from each layer interlocked with one another 

at the border of the dermis and epidermis facilitates this process of exchange between the 

two layers by increasing the surface area. The papillary layer is 50 nm thick and has 

capillaries which feed the epidermis with the required nutrients (Bisset, 1987). 

The epidermis, contains the stratum corneum, provides the main barrier function to 

the skin and prevents the entry of foreign particles and loss of water. Keratinocytes 

(keratin producing cells) make up most of the viable epidermis which is 50-100 µm thick. 

This protein is very polar with every third amino acid in the backbone of keratin 

containing an ionizable side group (-COOH, -NH2 and –SH) (Flynn, 1990). Besides the 

keratinocytes the viable epidermis also has melanocytes which are responsible for skin 

pigmentation, langerhans cells for immune response and merkel cells responsible for 

sensory reception. The epidermis also acts as a store for antioxidants like ascorbic acid, 
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tocopherols and tocotrienols, glutathiones, urates, ubiquinone-10 and enzymatic 

antioxidants like catalases, superoxide dismutases, glutathione peroxidases. The primary 

function of these antioxidants is to offer protection to the skin against the ultra violet 

radiation of the sun (Thiele et al., 2002). Division and differentiation of the keratinocytes 

lead to the formation of five distincts layers within the epidermis: stratum basale, stratum 

spinoum, stratum granulosum, stratum lucidum and finally stratum corneum. The cells 

migrate from the basal cell layer to the skin surface while gradually changing their 

structure and function resulting in the formation of physically and chemically resistant 

cell remnants called corneocytes which make up the stratum corneum. Once on the 

surface of the skin the cells are shed off as a part of desquamation. This cycle of cell 

division followed by differentiation, proliferation and migration from basal to the surface 

and finally desquamation repeats itself over and over again with the new cells rapidly 

replacing the old ones. The transition from a terminally differentiated keratinocyte to 

corneocyte takes 24 h in the epidermis. The process of cornification and desquamation is 

intimately linked; synthesis of stratum corneum occurs at the same rate as loss. 

The outermost layer of the epidermis is called the stratum corneum, and it is the 

main rate limiting barrier to drug delivery (Stuttgen, 1982; Berti and Lipsky, 1995). It is 

10-20 µm thick consisting of polyhedral, flat and nonnucleated cells called the 

corneocytes (Berti and Lipsky, 1995).The pH of the stratum corneum lipids is 4-6.5. The 

stratum corneum has 5-20 layers of corneocytes. These cells are remnants of the 

terminally differentiated cells called keratinocytes which are found in the viable 

epidermis. Their cell organelles and cytoplasm have disappeared during the process of 

cornification. Corneocytes are composed of insoluble keratins surrounded by a cell 
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envelope stabilized by cross linked proteins and covalently bound lipids. These 

corneocytes are further interconnected by lipids. The presence of these intracellular lipids 

is required for a competent skin barrier and follows a tortuous path. These lipids are 

synthesized and assembled into lamellar structures which surround the corneocytes. 

These lamellar bodies which envelope the stratum corneum store a complex mixture of 

lipids and lipid-like materials like free fatty acids, cholesterol and hydroxyamide 

derivatives called ceramides. Interconnecting corneocytes of the stratum corneum are 

polar structures such as corneodesmosomes which contribute to stratum corneum 

adhesion. The stratum corneum is not uniformly homogeneous and the layers represent 

various stages of corneocyte and lipid maturation. In short, the stratum corneum can be 

visualized as a brick and a mortar model with the flattened cornified cells being the offset 

layers of bricks lying one over another and the lipid rich intracellular matrix as the mortar 

separating the bricks or corneocytes (Figure 1-2). By physically stripping the outermost 

layer of the skin an increase in permeability of various chemicals and water can be seen 

proving stratum corneum to be the main rate limiting barrier. Thus topical approaches at 

increasing flux through the skin have relied on increasing the solubility of compounds in 

the stratum corneum (Sloan et al.1989, 1992 and 2003). It is primarily believed that drugs 

cannot penetrate the protein rich corneocytes cells but need to take a tortuous path 

alongside the corneocytes through the interconnecting lipids (Michaels et al., 1975). Thus 

the drug enters systemic circulation through this narrow channel of lipids and need to be 

hydrophobic so that they can permeate these semi-fluid matrix lipid barriers. 
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Figure 1-2 Brick and mortar model of drug absorption through the skin. 

Unlike cell membranes in most parts of the body which are composed of 

phospholipids, the skin is devoid of any phospholipids. However, the presence of 

functional groups which are capable of hydrogen bonding in ceramides (Figure 1-3), free 

fatty acids, and cholesterol sulfate in the lamellar bodies which surround the corneocytes 

makes the stratum corneum hydrophilic as well as lipophilic. The stratum corneum is 

about 30% water by weight and most of it is due to the association of water with these 

polar groups seen in the lamellar lipids. 

Thus, drugs with good biphasic solubility can permeate the stratum corneum better 

than drugs which are merely hydrophobic.  
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Figure 1-3 Structures of ceramides seen in the lipid bilayers of the lamellar bodies. 

The heterogenous composition of the lipids and disorder in packaging of these 

lipids leadS to the formation of lipid microdomains. Ruthenium tetroxide staining of 

normal skin shows the presence of alternate hydrophilic regions connecting lipophilic 

bands in the bilayer structure (Hou et al., 1991). The structure and arrangement of the 

barrier is such that drugs need to pass through alternate layers of hydrophobic and 
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hydrophilic regions, formed as a result of the packing disorder of the lipids present, to 

reach the systemic circulation and thereby must possess adequate lipid as well as water 

solubilities (van Hal et al., 1996). The experimental evidence for this concept of biphasic 

solubility being important in terms of permeability through the skin was first provided by 

Scheuplein and Blank (1973) for the diffusion of a homologous series of alcohols from 

water through human skin in vitro.The alcohol which gave maximum flux was not the 

most lipid soluble but was the most water soluble. Sloan et al. (1997) confirmed these 

results in in vitro hairless mice skin. 

Topical Delivery 

Most drugs developed today are delivered through the oral route. This is primarily 

because it is economical for the company developing the drug. The delivery of the drug 

does not require a visit to a physician or a trained medical representative as would be the 

case for an intravenous or parental formulation. Drugs given orally also have the ability 

to be given in large doses because of the high permeability of the enterocyte cells present 

in the GI tract. However, the pH of the stomach is acidic, so the stability of molecules is 

compromised. Oral bioavailability of drugs is sometimes limited by efflux of active drugs 

by Mrp or P-gp transporters which prevent drugs from reaching intestinal vasculature 

(Wacher et al., 1996; Watkins, 1997; Schinkel, 1997 and De Mario et al., 1998) and CYP 

450 catalysed metabolism of drugs (Watkins, 1992). The portal vein carries the drug from 

the intestine to the liver by a process known as “enterohepatic cycling” before the drug 

finally enters systemic circulation. The liver is the largest drug metabolizing organ in the 

body and has enzymes like CYP 450, GSH/GST and UDP/UGT which do not have strict 

substrate structure specificity. These enzymes transform the drug molecule to an inactive 
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metabolite or lead to the formation of toxic by-products and hence limit the therapeutic 

effectiveness of the drug. 

To circumvent these problems associated with oral drug delivery, an alternate and 

useful site of delivery can be the skin. Dermal delivery evades first pass metabolism of 

drugs because once the drug permeates the skin it reaches the systemic circulation and 

hence the bioavailability is not limited by metabolism, and side effects arising out of 

toxic metabolites are minimized. Dermal drugs are more likely to reach systemic 

circulation intact because of the absence of high concentrations of drug-metabolizing 

enzymes like CYP 450 enzymes, GSH/GST (concentration in nmol amounts, Shindo et 

al., 1994) or P-gp efflux transporters. CYP isozymes have been shown to be induced in 

skin (Ahmad et al., 1996, 2004 and Swanson, 2004) and P-gp transporters are seen in 

epidermal cells but their primary function seems to be limited to clearing out endogenous 

compounds (Laupeze et al., 2001). The concentration of the enzymes is low and there is 

no systematic arrangement of the enzymes and transporters on the surface of the skin so 

they cannot clear the drugs efficiently or affect the therapeutic efficacy and availability of 

drugs. Topical delivery can be used for delivery of potent molecules whose dose 

requirements are low or require slow and sustained serum concentration levels of drug for 

a prolonged period of time. It is possible to deliver about 30 mg/4.9 cm2 of an 

appropriately soluble drug through the skin over a period of 24 h (Beall et al., 1996). 

Dermal delivery means delivery into the skin, i.e., the epidermal and dermal skin cells. 

Such delivery is particularly useful for skin cancers. Transdermal delivery means delivery 

through the skin into systemic circulation. Drugs with high transdermal delivery 

invariably show high dermal delivery too, though it may be possible to increase dermal 
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absorption by making a hydrolytically labile prodrug which hydrolyses to give a 

lipophilic promoiety whose permeation through the dermis is limited and hence 

selectively accumulates in the dermis. 

Skin is a useful target organ for skin disorders and local action. Attempts are 

currently being made to deliver soft estrogens locally because estrogen receptors are 

expressed in the skin (Labaree et al., 2001 and 2003). The idea is to increase uptake 

locally and prevent systemic circulation and hence the side effects that may result from it. 

These locally active estrogens can be used to treat vaginal dyspareunia without the risk 

involved with systemic administration. These soft drugs are inactivated by esterases so 

that their action is geographically limited to the site of action. 

Delivery of 5-FU through the skin enables treatment of actinic keratosis (Dillaha et 

al., 1965) and may be useful for psoriarsis (Tsuji and Sugai, 1972) and yet spare the body 

from most of its systemic effects. Nicotine, fentanyl, estradiol and nitroglycerine are used 

in some transdermal patches available in the market today. Some attractive targets for 

transdermal delivery include alcohol cessation agents like naltrexone, testosterone, and 

antioxidants like vitamin C and vitamin E. Currently, the annual US market for 

transdermal patches is greater than $3 billion dollars; many companies are thus 

recognizing the value of transdermal delivery (Prausnitz et al., 2004). 

The problems associated with topical delivery include local irritation or allergic 

reactions on the skin because of formulation contents and poor penetration of drugs 

through the stratum corneal barrier due to poor physicochemical properties of the 

molecule. 
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Approaches to Increase Permeation across the Skin 

The three approaches commonly used in increasing transdermal delivery of drugs are. 

1. Mechanical or electromechanical methods like ultrasound, iontophoresis and 
microneedles. 

2. Penetration enhancers and hydration. 

3. Prodrugs.  

Ultrasound can be used to increase the transport of both low molecular weight 

compounds and macromolecules like insulin and interferon. It relies on usage of low 

frequency waves which causes disorganization of lipid bilayers and increased 

permeability (Mitragotri and Kost, 2004). 

Iontophoresis is the use of an electric current applied across the skin to drive drugs 

through the epithelium. The flow of electric current increases the permeability of the 

skin. The current does not pass through the skin uniformly but transappendageally 

through pores or sometimes through lipid channels. The electrical potential provides an 

electromotive force that is capable of driving charged molecules through the stratum 

corneum (Riviere and Heit, 1997). The formation of HCl and NaOH by the electrolysis of 

NaCl leads to a lowering of skin pH and are responsible for the irritation associated with 

iontophoresis (Mitragotri et al., 1996). 

Microneedles have also been used for transdermal delivery of macromolecules. 

Micron sized needles in the patch pierce the skin into 10-15µm of the upper stratum 

corneal layer so that they do not stimulate the nerves found in the lower layers and hence 

cause no pain while increasing the permeability of the drug used (Henry et al., 1998). 
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The second approach to increase permeation is by using penetration enhancers and 

hydration. The two distinct mechanisms by which penetration enhancers work are, the 

‘push’ and the ‘pull’ mechanisms. The ‘push’ mechanism relies on the use of volatile 

components in a formulation to drive a drug into the skin. Evaporation of the volatile 

components leads to a supersaturated solution of the drug with thermodyanamic activity 

greater than one and results in increased flux through the membrane (Kadir, 1987). The 

‘pull’mechanism on the other hand increases topical absorption by the use of vehicles 

which interact with the skin and decrease the diffusional resistance by disrupting the 

barrier, i.e., increase the degree of hydration, leach the lipid components in the stratum 

corneal barrier or increases the solubilizing capacity of the skin, so that flux of drug can 

increase (Barry, 1987). It is possible to increase the flux of a compound by about 10 fold 

by merely altering the vehicle properties before damage to the skin occurs (Sloan, 1992). 

Commonly used penetration enhancers include azone, DMSO, propylene glycol and 

decylmethyl sulphoxide. Keratolytic agents like salicyclic acid also increase penetration 

through the skin but cause damage. 

Hydration of skin leads to an increase in elasticity and permeability of the stratum 

corneal barrier. Occlusion is the most comman way to increase the hydration of the skin 

as it prevents loss of moisture from the surface of skin by evaporation. It also leads to an 

increase in temperature and humidity on the surface and thereby to increased 

permeability of the drug. Topical formulations with fats and oils like glycols, glycerols, 

paraffins, waxes, silicones and clay also increase hydration (Block, 2000). 

Prodrugs represent yet another way in increasing topical absorption. They are 

biologically inactive and labile derivatives of a drug which revert to the active drug 
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molecule by chemical or enzymatic hydrolysis. In this the case the drug in the form of a 

prodrug has better solubility in the skin and hence gets pulled into the skin. An advantage 

of prodrugs over penetration enhancers is that prodrugs are a 1:1 molecular combination 

of drug and the promoiety compared to penetration enhancers where excess amounts are 

used which may cause allergic reactions or local irritation. Prodrugs thus increase 

solubility of the drug in the skin while penetration enhancers increase the solubalization 

capacity of the skin for a drug molecule. Combination of prodrug with a penetration 

enhancer in the same formulation may prove to be more useful (Waranis and Sloan, 

1987) but hasn’t been fully utilized yet. 

Theory of Percutaneous Diffusion 

The mechanism of permeation across human skin relies on passive diffusion which 

is driven by a difference in the concentration gradient across the membrane. Any solute 

diffusing through the skin shows an initial, nonlinear increase in drug concentration 

which represents a build up of the drug in barrier region. The emergence of drug from the 

barrier region is different from drug to drug because of the time required to saturate the 

membranes. This is also true for most controlled release systems like transdermal 

patches. This is called a lag-time effect. Once steady state is reached a linear increase of 

drug concentration is seen which represents a condition where the exodus of solute from 

the dermal side is equal to the mass of material entering the epidermal side (Poulsen, 

1971). By simply extrapolating the steady state line to the abscissa it is possible to 

determine the time to reach steady state. It also gives an estimate of how much drug 

permeates through the transfollicular shunt route. This is very well illustrated by Figure 

1-4. 



14 

 

 
Figure 1-4 Illustration of a typical flux profile. 

The rate of mass transfer across a membrane or flux (J) is proportional to the 

concentration gradient expressed across the membrane. Imagine two solution filled 

compartments containing different concentrations of some compound (CD and CR) and 

separated by a permeable membrane of thickness h (Figure 1-5).The rate at which the 

drug diffuses across the membrane from one compartment to the other is described by 

Fick’s first law. Equation 1-1 shows the relationship in a mathematical form and forms 

the basis of Fick’s first law (Fick, 1855). 

                          J = (dM/dt) unit area = -D (dC/dx)                                                         (1-1) 

where dM is the amount in mass or moles of solute passing through the membrane in 

time dt, dC/dx is the concentration gradient within the membrane over infinitely small 

distances and D is called the diffusion coefficient (diffusivity): its units are area per unit 

time (cm2/s). The negative sign indicates that the concentration decreases with distance. 
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      CD              
Donor 
compartment 
(CD>>C1) 

      CR 
Receptor 
compartment 
(C2>>CR) 

      h        

C1 

    
   C2 

 
Figure 1-5 Two compartment diffusion model. 

To utilize Fick’s law experimentally, the concentration in both compartments (CD 

and CR) are maintained constant so as to have a constant concentration gradient (C1-C2) 

across the membrane once equilibrium is established and sink conditions are maintained 

i.e., CR     0. The partial differential can be replaced by C1, C2 and h. The concentration 

gradient can further be simplified as 

                          dC/dt = (C1-C2)/h                                                                            (1-2) 

where C1 is concentration of the solute in the donor side of the membrane, C2 is the 

concentration of the solute on the receptor side of the membrane and h is the thickness of 

the membrane as shown in Figure1-5. Combining (1-1) and (1-2) we get    

                          J = (dM/dt) = -D (C1 – C2)/h                                                           (1-3) 

Both C1 and C2 are difficult to measure being inside the membrane. 

However under sink conditions, C1-C2     C1, C1 = SSkin (solubility in the skin), J = JMV 

(maximum flux from a saturated solution of drug in a vehicle). To maintain sink 

conditions it is necessary that the concentration of drug in the donor compartment doesn’t 

change with time and hence a suspension in equilibrium with a saturated solution is 

generally used for in vitro diffusion experiments and excess drug is used in a transdermal 

patch formulation. This type of transport process follows zero order kinetics. 
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                          JMV = D SSkin                                                                                        (1-4) 

                                 h  

                  SSkin = SV. K Skin: V                                                                                                                      (1-5) 

Inserting (1-5) in (1-4) 

                   JMV = (D K Skin: V SV)                                                                          (1-6) 

                                        h 

where SV is the solubility of solute in the vehicle, JMV/ (SV) = P: 

                    P = (K Skin: V D)                                                                                  (1.7) 

                                  h 

P is known as the permeability coefficient and can be determined experimentally. Since 

DA/h is constant, permeability coefficient is proportional to vehicle/membrane partition 

coefficient of the drug. The more soluble the drug is in the vehicle, the lower the 

permeability coefficient for the delivery of the drug from that vehicle (Sloan, 1992). 

The partition coefficient between drug in vehicle and in the membrane can be calculated 

from theory using equation (1-8). 

                  ln K = [(δi –δv) 2 Φv
2– (δi –δs) 2 Φs

2]Vi (1-8) 

                                       RT                                                                              

where δi is the solubility parameter of the drug, δv of the vehicle (8.5 (cal/cm3)1/2) for 

IPM (isopropyl myristate) and δs is the solubility parameter of skin (10 (cal/cm3)1/2), Vi is 

the molar volume of the drug (cm3/mol), R is the gas constant (1.98 cal/K) and T is the 

temperature (305 K) (Sloan et al., 1986; Sherertz et al., 1987; Sloan et al.,1986a). The 

solubility parameter of the drug can be determined experimentally or from individual 
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group contribution methods (Sloan et al., 1986; Sherertz et al., 1987; Sloan et al., 1986a; 

Fedors et al., 1974; Martin et al., 1985; Martin et al., 1985a).                                          

Mathematical Modeling of Flux through Human Skin. Derivation of Roberts-Sloan 
equation from Fick’s law of Diffusion (Roberts and Sloan, 1999). 

When the vehicle is water, equation (1-7) which relates permeability P with 

partition coefficient between skin and the vehicle can replaced by equation (1-9).  

                P = (K Skin: AQ D)/h                                                                                        (1-9) 

The diffusivity or diffusion coefficient can be estimated from molecular volume through 

the following relationship (Cohen and Turnbull, 1959). 

               D = D0e-z MV                                                                                                                                                   (1-10)                                      

The partition coefficient between skin and the vehicle is difficult to measure and thus can 

be estimated from the partition coefficient between OCT (octanol) or IPM (isopropyl 

myristate) and water (AQ) where a lipid like vehicle (OCT or IPM) replaces skin, which 

is considered to be lipid-like. 

               K Skin: AQ = (KOCT: AQ) y                                                                                                                           (1-11)  

Here y represents the difference between the partitioning domain of the skin with respect 

to the solvent that replaces it, in this case OCT. The closer y is to 1, the closer the solvent 

is to being is a good surrogate of stratum corneum lipids, e.g., ether has a y value of 0.53 

while OCT has a y value of 0.7. Thus, OCT mimics the skin more closely than ether 

does. 

By substituting equations (1-10) and (1-11) in equation (1-9) we get equation (1-12) 

               P = [(KOCT: AQ) y  D0 e-z MV]/h                                                                        (1-12) 
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By collecting the constants, taking the log of both sides and replacing MV (molecular 

volume) by MW (molecular weight), the Potts-Guy equation (Potts and Guy, 1992) can 

be obtained. 

                log P = y log KOCT: AQ – z MW + x                                                (1-13) 

                where x = Do/h 

The Roberts-Sloan equation previously known as the transformed Potts-Guy model 

can be derived from the Potts-Guy model. The Potts-Guy is useful in predicting 

permeability through the skin but its prime limitation is that it correlates permeability 

with partition coefficient between a lipid vehicle and polar vehicle and hence is inversely 

proportional to solubility of the drug in a polar vehicle like water. This has serious 

implications in drug design and misleads medicinal chemists to synthesize more lipid 

soluble derivatives in order to optimize topical delivery of a drug. We will talk about the 

importance of biphasic solubility on topical delivery in the chapters that follow. A model 

for flux (J) instead of permeability (P) is more clinically relevant because it actually tells 

us how much solute in moles (amount) is going into the skin compared to permeability. 

Since: 

                                   JMAQ = (P) (SAQ)                                                                                                        (1-14)                            

Inserting equation (1-14) in equation (1-13) we get 

                                   log (J/SAQ) = y log KOCT: AQ – z MW + x                              (1-15) 

                                   log JMAQ – log SAQ = y log KOCT: AQ – z MW + x 

                                   log JMAQ – log SAQ = y log SOCT – y log S AQ – z MW + x 

                                   log JMAQ = y log SOCT – y log SAQ –z MW + log SAQ + x 

                                   log JMAQ = x + y log SOCT + (1-y) log SAQ – z MW             (1-16) 
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Equation (1-16) is commonly referred as the Roberts-Sloan equation (RS) and in it flux is 

proportional to both the lipid and the water solubilities of a drug and inversely 

proportional to molecular weight. 

If IPM instead of water was used as the vehicle in diffusion cell studies, because 

some prodrugs were unstable, a different derivation is required.  

Starting at equation (1-6), which was previously derived, but using IPM as the vehicle 

and D = Do exp (-z MW) as in equation (1-10) we get 

                JMIPM = Do exp (-z MW) K Skin: IPM.SIPM 

                                              h 

Taking the log of both sides and combining constants (x = Do/h) we get 

                log JMIPM = x + log K Skin: IPM + log SIPM – z MW                                                     (1-17) 

Since, 

               K Skin: IPM = K Skin: AQ/ K IPM: AQ                                                                                                (1-18) 

And since equation 1-11 relates the partition coefficient between skin and the vehicle to 

the partition coefficient between OCT and AQ; where the vehicle is IPM, we can replace 

OCT with IPM to give equation (1-19). 

                K Skin: AQ = (K IPM: AQ) y                                                                           (1-19) 

Taking the log of both sides of equation (1-18) and substituting (1-19) for KSkin:AQ we get 

equation (1-20) 

                log KSkin: IPM = y log K IPM: AQ –  log K IPM:AQ  

               log KSkin:IPM = y log SIPM – y log SAQ – log SIPM + log SAQ                                  (1-20) 

Substituting equation (1-20) into equation (1-17) 

                 log JMIPM = x + y log SIPM – y log SAQ – log SIPM + log SAQ + log SIPM – z MW 
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Collecting the terms we arrive at the RS equation. 

                 log JMIPM = x + y log SIPM + (1-y) log SAQ – z MW                             (1-21) 

or  

                 log JMV = x + y log SLIPID + (1-y) log SPOLAR – z MW                         (1-22) 

Equation 1-22 is the general form of the RS equation. 

From equation 1-4 

                   JMV = D SSkin                                                                                      (1-4) 

                               h 

Inserting equation 1-10 (D = D0 exp (-β MV)) into equation 1-6 we arrive at: 

                    JMV = D0 exp (-β MV) SSkin                                                                 (1-23) 

                                         h 

Taking the log of both sides and collecting the constants we get: 

             log JMV = x + log SSkin – z MV                                                               (1-24) 

where x = D/h and z = β 

Correlating equation 1-24 with equation 1-22 (RS) we get 

log SSkin = y log SLIPID + (1-y) log SPOLAR                                                            (1-25) 

Equation 1-25 illustrates that solubility in skin can be modeled by solubility in two 

phases: solubility in a lipid phase and solubility in a polar phase. Biphasic solubility thus 

becomes an important determinant in optimizing flux through the skin. 

The RS equation has been used to predict the topical delivery of homologous series 

of prodrugs across hairless mouse skin from their suspensions in isopropyl myristate 

(Wasdo and Sloan, 2004) and water in vitro (Sloan et al., 2003) and permeation of 

nonsteroidal anti-inflammatory drugs through human skin from mineral oil in vivo 
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(Wenkers and Lippold, 1999 and Roberts and Sloan, 2001), permeation of solutes, 

chemicals and drugs from water in vitro (Flynn, 1990 and Majumdar et al., 2004) and 

penetration of sunscreens and antimicrobials in in vivo human skin from PG/water 

(Leweke and Lippold, 1995 and Majumdar and Sloan, 2005). In all cases a significant 

dependence of flux on water solubility was observed regardless of the vehicle used. Table 

1-1 shows the coefficients of x, y, z and r2 of these databases. The RS equation can used 

to predict flux of any drug molecule across skin from any vehicle if three 

physicochemical parameters SLIPID (solubility in a lipid like vehicle like OCT or IPM), 

SPOLAR (solubility in a polar vehicle like water or propylene glycol) and MW are known. 

Table 1-1 x, y, z, r2 and Average Residual Errors for Various Databases Fit to RS. 
           Fit to RS (see text) 
Model Database Vehicle n     x y z r2 ∆logJM 
in vivo  
Human 
 Skin  

Wenkers  
and 
 Lippold  
(1999) 

Mineral  
oil 

 10 -1.459 0.722 0.00013 0.93 0.133 

in vitro 
 Hairless  
Mouse 
Skin 

Sloan and 
 coworkers  
(2003) 

Water 18 -1.497 0.66 0.00469 0.77 0.193 

in vitro  
Hairless  
Mouse 
Skin

Wasdo 
 and 
 Sloan 
(2004)

Isopropyl 
 Myristate 

61 -0.491 0.52 0.00271 0.91 0.15 

in vivo 
Human  
Skin 

Flynn 
(1990) 

Water 103 -2.571 0.56 0.00444 0.9 0.44 

in vivo 
Human 
Skin 

Leweke 
 and 
 Lippold 
(1995) 

30%  
PG/ water 

10 -2.116 0.45 0.00048 0.97 0.11 

 
Prodrugs 

The word prodrug was coined by Adrien Albert to describe compounds that 

undergo biotransformation prior to eliciting their pharmacological effects (Albert, 1958). 

It is impossible to review prodrugs of all classes; we will therefore cover only the basic 
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principles involved in prodrug design and their applications in clinical practice (Ettmayer 

et al., 2004).  

Prodrugs have been primarily designed to increase oral bioavailability, solubility, 

enhance chemical stability, prevent premature metabolism, decrease toxicity and improve 

taste (Stella, 1985). The primary function of a prodrug is to mask a polar functional group 

(-XH) where X can be –OH (phenolic or alcoholic), -COOH, -SH, -NH (amide, imide or 

amine) in a transient manner so that once the prodrug is in the target site (which may be a 

tissue, cell or membrane) it hydrolyses to release the active drug molecule (Bundgaard, 

1991). Since the polar functional group is masked, the tendency of the drug molecule to 

form intramolecular hydrogen bonding is also blocked. This leads to improved solubility 

properties of the prodrug in both lipid and aqueous phases with respect to the drug 

(Bundgaard, 1991). By merely increasing biphasic solubility of drugs it is possible to 

improve absorption and permeability across biological membrane barriers like the 

enterocyte cells of the GI tract or stratum corneum of skin (Sloan and Wasdo, 2003). An 

increase in absorption and permeability results in increased bioavailability. Prodrugs  

containing charged promoieties like phosphates, amino acids, hemisuccinates and amines 

have often been used in the promoiety to increase the aqueous solubility of drugs which 

leads to increased dissolution rates and enhanced oral (Fleisher et al., 1996) and 

transdermal absorption of the drug (Sloan and Wasdo, 2003). Masking of a functional 

group transiently also may allow drugs to evade P-gp mediated efflux across the GI tract. 

(Jain et al., 2004). 

To make a hydrolytically labile prodrug it is necessary to attach the drug to a 

promoiety which is stable enough to reach the target site but labile enough to release the 
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drug efficiently. Most prodrugs utilize an ester promoiety because of the presence of 

esterases which are largely nonspecific and found in most tissues, biological fluids, 

organs and blood etc, and which hydrolyse the prodrug to give the corresponding drug 

(Beamount et al., 2003). A schematic representation is shown below (Figure 1-6). 

X

O

R' XH R'COOH

O

OR COOH ROH

DRUG

ESTERASES
DRUG +

DRUG DRUG +
ESTERASES

X = N, O, S; R = ALKYL; R' = OALKYL, N-ALKYL  
Figure 1-6 Esterase mediated hydrolysis of prodrugs. 

Carbonates of drugs have been made where the esters were too labile. Insertion of 

an oxygen atom in the promoiety led to greater stability of the corresponding prodrug in 

vivo because of the +I effect imparted by the oxygen atom which decreases the 

electrophilicity of the carbonyl group towards esterases. Similarly a nitrogen atom can be 

inserted in the promoiety if a more stable derivative is desired.  

Since a prodrug needs to hydrolyse to be effective, the inability of esterases to 

efficiently transform penicillin esters to penicillin led to the design of soft alkylated 

derivatives which are alkylcarbonyloxymethyl (ACOM) prodrugs. The ACOM promoiety 

relies on a ‘OCH2’ spacer between the drug functional group and the labile ester 

functionality. Penicillin esters are sterically hindered towards enzymatic hydrolyses 

however insertion of a ‘OCH2’ spacer made it easier for the esterases to freely access the 

ester functionality and hydrolyze it efficiently (Jansen and Russell, 1965).These soft 

alkylated derivatives rely on esterase hydrolysis to yield a hydroxymethyl derivative of 
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the parent drug which is chemically labile and yields the parent molecule and 

formaldehyde (Figure 1-7). These types of promoieties rely on both enzymatic and 

chemical hydrolyses to release the drug molecule at the target site. In cases where the 

ACOM moiety was not sufficiently stable, the alkyloxycarbonyloxymethyl (AOCOM) 

promoiety have been used where the ester is replaced by a carbonate functional group. 

The use of soft alkylation has been extended to other drugs containing various functional 

groups like imides (Bodor and Sloan, 1977; Buur and Bundgaard, 1985 and Taylor and 

Sloan, 1998), amines, phenols (Sloan et al., 1983a and 1983b; Bundgaard, et al., 1986 

and Seki et al., 1988); alcohols (Beamount et al.), thiols (Sloan, 1983) etc. 

O

O O

O

R

O

O OH COOH

O

O

RX X OH XH

DRUG
ESTERASES

DRUG DRUG
-HCHO

DRUG
ESTERASES

DRUG DRUG
-HCHO

X = N, O, S; R = ALKYL or OALKYL  
Figure 1-7 Soft alkyl prodrug hydrolysis.  

One of the critical issues involving prodrugs is that they should be labile but if they 

are too labile they won’t reach the target site and their purpose will be lost. Thus it is 

important to design derivatives accordingly and use esters or carbonates (ACOMs or 

AOCOMs) depending on the problem in hand and fine tune stability to meet design 

directives. Sometimes it is necessary to release drugs slowly and in such cases prodrug 

derivatives need to be more stable so that the residence time in the body is enhanced. We 

will look at some examples of such prodrugs later on.  

One of the prime reasons for esters being so widely used as prodrug promoieties is 

that they are easy to make and are economical. They release non-toxic side products on 
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hydrolysis which is an important factor in drug development. Soft alkylated prodrugs 

release formaldehyde which is relatively innocuous and biocompatible since it is released 

as a byproduct during O or N-dealkylation of drugs by CYP 450 catalyzed oxidative 

reactions in liver and intestines (Beamount et al., 2003). 

Another type of soft alkylating promoiety which has been useful in increasing oral 

bioavailability of phenolic drugs like estradiol is O-imidomethyl saccharin. The oral 

bioavailability of estradiol is drastically reduced by sulfation and glucuronidation of the 

phenolic functional group which leads to rapid elimination of the drug from the body 

before or after it is absorbed. Such premature metabolism can be prevented by transiently 

masking the phenolic group with an imidomethyl group such as O-imidomethyl-saccharin 

(Figure 1-8). The potency of the drug delivered as a prodrug was increased by about 8 

times compared to an equimolar dose of estradiol alone (Patel et al., 1991). The prodrug 

has a half life of 100 min under physiological conditions and the mechanism of 

hydrolysis is believed to be SN2 (Getz and Sloan, 1993), although others suggest an 

addition to the carbonyl group followed by a vinylogous elimination (Iley et al., 1998). 

Both mechanisms may be operating. This type of prodrug approach is independent of 

enzymatic hydrolysis and can be useful in cases where enzymatic variability becomes an 

issue; the ester promoiety is enzymatically too labile or efficient hydrolysis to the active 

principle is limited by strict structure specificity of the enzymes as in case of blood 

(Beamount et al., 2003).  

Although pharmaceutical scientists have often utilized esterases to biotransform a 

prodrug to its active parent drug, human alkaline phosphatases are another class of 
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Figure 1-8 Hydrolysis pathways for Saccharin based O-imidomethyl derivative of 

estradiol. 

enzymes which are found throughout various tissues (Strigbrand and Fishman, 1984) and 

which have been used by chemists to dephosphorylate phosphoryloxymethyl prodrugs. 

Fosphenytoin (Stella, 1996) is one such drug which is activated by phosphatases to give 

hydroxymethyl phenytoin which spontaneously loses formaldehyde to generate phenytoin 

(Figure 1-9). Delivery of phenytoin was a problem because of its poor aqueous solubility 
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(20-25 µg/mL) and was formulated at pH 12 when given parentally; crystallization of 

drug at the injection site was seen. The aqueous solubility was enhanced by using the 

phosphoryloxymethyl promoiety by about 4410 times. The water solubility of the 

prodrug increased to 142 mg/mL (88.2 mg/mL equivalent of phenytoin). 
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Figure 1-9 Hydrolysis of phosphoryloxymethyl prodrug mediated by phosphatases. 

This promoiety has also been used to increase the solubility of amines and alcohols 

(Safadi et al., 1993 and Krise et al., 1999). Thus phosphoryloxymethyl is another 

example of soft alkylating promoiety. The generic chemical structure of soft alkylating 

promoities is shown below. Phosphoryloxymethyl has two X’’’R’s, i.e.,  

X’-P=X”(X”’R’)2. 
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X = N, O, S; R = H or ALKYL; X' = N or O; Y= C or P; X" = O; X"' = ALKYL, N or O; R' =ALKYL and H  
 
The following discussion about the use of prodrugs to increase delivery covers some 

miscellanenious examples which include the use of a novel enzyme system 

(amidoreductases), use of a water soluble polymer (polyethylene glycol) and a 

polypeptide (Tat protein). 

Amidoximes are bioconverted to amidines by reductases expressed in the kidneys, 

liver, brain, lungs and GI tract (Clement, 2002). The double prodrug Ximelagatran relies 

on amidoreductases and esterases to yield the active drug melagatran. 
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Melagatran is a charged molecule at physiological pH with the carboxylate anion 

(acidic pKa ~ 2), amidine (basic pKa ~ 11.5) and secondary amine (basic pKa ~ 7) 

functional groups making it very hydrophilic. As a result absorption across the GI tract is 

decreased and its oral availability compromised. In the prodrug, the carboxylate ion is 

blocked as an ester. Since the ester is electron withdrawing the pKa of the secondary 

amine is reduced to 4.5 and it is no longer charged at physiological pH. The amidine is 

protected as an amidoxime whose basic pKa was reduced to 5.2 so it is no longer charged 
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either. Thus, the resultant molecule is neutral at physiological pH, 170 times more 

lipophilic based on K values and about 3-6 fold more bioavailable as a result of increased 

absorption (Gustafsson et al., 2001 and Clement and Lopian, 2003).  

In the prodrugs we have talked about till now, the drug was attached to the labile 

promoiety directly or through a linker. In the following example, a drug is conjugated to 

the linker (which should be a labile and bifunctional group), through a bridging 

functional groups, the linker in turn is attached to a promoiety (which may be something 

that increases the solubility of the drug or increases its uptake). This type conjugate is a 

new class of prodrugs called tripartate prodrugs. Amino acids, aminoethoxyalcohols, 

hydroxybenzylalcohols, aminobenzylalcohols and o-hydroxyphenylpropionic acids have 

all been used as bifunctional linkers through which PEGs can be transiently attached to 

drugs (Greenwald et al., 1999 and 2000). The active drug molecule is released by 

hydrolysis in two steps. An example utilizing hydroxyl-benzylalcohol as the linker and 

CO2 as the bridging functional group is shown below for an amine drug like 

Daunorubicin (Figure 1-10).These polyethyleneglycol ether (PEGs) prodrugs have been 

used to increase the systemic circulation time. Greenwald and coworkers (1996, 2001, 

2003) have evaluated a series of PEGylated conjugates of anti cancer drugs like 

Campothecan and Taxol with PEGs of various molecular weights. PEG40000-Ala-

Campothecan (Prothecan) is presently in phase II clinical trials for treatment of lung, 

pancreatic and gastric cancers. Here the molecule has the aminoacid alanine acting as a 

linker between the Campothecan and PEG (Figure 1-11). 
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Figure 1-10 Hydrolysis of PEG conjugated to drug using a hydroxyl-benzylalcohol linker 

in vivo. 
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Figure 1-11 PEG-Ala-Campothecan  

These conjugates have higher water solubility than Campothecan which allows 

increased dissolution of the drug. Also, since the molecular weight of the conjugates is 

close to 45KDa (which is the renal threshold limit), these drugs are retained in the body 

longer because of a phenomenon known as ‘enhanced permeation retention’ (EPR) 

(Maeda et al., 1992). These prodrugs need to circulate in the body for longer periods and 

release the drug slowly in a controlled manner; they have half lives >10 h compared to 

other traditional prodrugs with half-lives of 20 min. These molecules evade glomerular 

filteration of kidneys which excretes molecules whose size is 30KDa (Yamaoka et al., 

1994). Thus the drug selectively accumulates in the cancer cells taking advantage of the 
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leaky tissues and reduced drainage seen in cancerous tissues. This selectively towards 

cancerous cells leads to reduced toxicity and better targeting of anti cancer agents. 

Drugs have also been conjugated to oligoarginine residues to increase their uptake 

across cell membranes and skin. Certain proteins contain subunits like Tat 49-57 

(RKKRRQRRR) of HIV-1, that enable the translocation of proteins across the plasma 

membrane into the cells (Green and Loevenstein, 1988; Anderson et al., 1993 and 

Lindgren et al., 2000). The intact Tat protein has been conjugated to proteins to enhance 

their delivery (Kim, 1997 and Nagahara, 1998). The chirality of the arginine residue (D 

or L) didn’t affect cellular uptake. The Tat protein efficiently crosses membranes of cells 

in an energy dependent fashion after endocytosis (Mann and Frankel, 1991; Vives, 2003 

and Fuchs and Raines, 2004). There is some evidence for guanidium rich molecules 

undergoing receptor mediated endocytosis due their big size i.e. MW >3000. An 

alternative mechanism of uptake is believed to be electrostatic interaction between the 

positively charged guanidine (pKa ~ 12-13) and the carboxylate ion of the lipid bilayer or 

phosphate group of the phospholipids bilayer to form a transient ion pair complex (Figure 

1-12) which is less polar than the drug-Arg conjugate (Luedtke et al., 2003 and Rothbarg 

et al., 2002). The driving force for the passage through the membrane is voltage potential 

across most cell membranes. The positively charged complex formed due to incomplete 

ion pairing with anionic cell components moves along the direction of transmembrane 

potential (intracellular K+levels >>>extracellular K+ levels). Uptake is decreased when 

membrane potential decreases (extracellular and intracellular K+ levels equal) while it 

increases when a peptide antibiotic like valinomycin which selectively shuttles K+ across 

the membrane is used in the assay. The complexes dissociate on the inner leaf of the 
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membrane. Truncation studies and synthesis of a series of analogues of Tat 49-57 revealed 

that short chain oligomers (7-9 residues) of arginines are more efficient in translocation 

than the entire protein (Wender et al., 2000). Wender and coworkers analyzed a series of 

Cyclosporin-Arg7 and Paclitaxel-Arg8 conjugates for uptake across human, mice skins 

and various in vitro cell line surrogates of plasma membrane. They found that it is 

necessary to have the guanidine moiety; oligolysine, oligohistidine or citruline residues 

were not as successful as oligomers of arginine (Mitchell et al., 2000). When the 

guanidine residues were alkylated the complex formation was hindered and uptake 

diminished. A bidentate ligand like guanidine is able to form stronger ionic complexes 

with a phosphate than the regular amine of lysine: as a result uptake is higher for arginine 

rich residues than other charged amino acid residues (Rothbard et al., 2005). 
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Figure 1-12 Ionic complexes formed by oligoarginine of Tat with the phosphate groups in 

cell membranes. 

Too few arginine residues diminishes cell surface adherence while too many positively 

charged guanidines lead to reduced escape from the inner leaf of the membrane. The 

active drug is released from the conjugate hydrolytically with half lives depending on the 

pH sensitive linker being used (Figure 1-13). Cyclosporine- Arg7 conjugates release the 

active drug at pH 7.4 and 37°C with a half life of 90 min. The mechanism of hydrolysis is 

intramolecular nucleophilic attack by the secondary amine on the ester carbonyl 

functional group (Rothbard et al., 2000). Similarly in case of Taxol- Arg8 conjugates, the 

hydrolysis rates vary depending on the R group attached to the amine from 1 min for R = 
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H to 107 min for R = Boc. Thus it is possible to control the rates of hydrolysis just by 

varying the R group from an electron donating to an electron withdrawing group 

(Kirschberg et al., 2003).  
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Figure 1-13 Chemical hydrolysis of oligoarginine conjugates of cyclosporine and taxol. 
 

Prodrugs for Dermal and Transdermal delivery 

Although the previous paradigm (Guy and Hadgraft, 1988; Flynn, 1990) for 

increasing dermal delivery focused on increasing KOCT:AQ, most effective prodrug 

approaches aimed at improving the delivery of drugs across the skin have relied on 

increasing the solubility in a lipid vehicle (SLIPID) like octanol or IPM and the solubility 

in a polar vehicle like water (SAQ) of the prodrug over the parent drug. It is believed that 

an increase in biphasic solubility of the drug leads to an increase in permeability of drugs 

across the stratum corneum (Sloan et al., 1984; Sloan, 1989 and 1992; Sloan and Wasdo, 

2003). In a homologous series of lipophilic prodrugs, the more water soluble of the more 

lipid soluble member of the series gave the highest flux (Sloan et al., 1984, 1984, 1992, 

2003 and 2004). Thus the balance between solubility in lipid and aqueous phases 
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becomes paramount and flux is better modeled by a combination of these two parameters 

rather than K (partition coefficient). Previously it was shown that by merely masking 

polar functional groups transiently it is possible to increase biphasic solubility and 

thereby flux. While it is easy to see how addition of carbon atoms to the promoiety 

conjugated to the drug increases SLIPID, it is difficult to visualize why a simulataneous 

increase in SAQ occurs. For example, one may compare caffeine, theophylline and 

theobromine to illustrate this increase in SAQ (Windholz et al., 1983). Theobromine has 

two intramolecular hydrogen bonding sites; theophylline has one hydrogen bonding site 

while caffeine has none. A look at the melting points and SAQ of these three compounds 

reiterates the fundamental idea behind prodrug synthesis. The masking of polar functional 

groups leads to decreased intramolecular hydrogen bonding and in turn leads to a 

decrease in lattice energy, melting points and increase in biphasic solubilities.  
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mp:  357 270-274 238

Saq: 3 mmol/l                      46.55 mmol/l            112.64 mmol/l  
Codeine, the ether derivative of morphine, is 40 times more water soluble than 

morphine and 2400 times more lipid soluble. Thus masking of a phenolic functional 

group increases solubility in both phases.  

There are two types of prodrug promoieties that have been used in dermal delivery; 

the acyl based approach (N-acyl, O-acyl and S-acyl) and soft alkyl based approach 

(ACOM or AOCOM). In the discussion that follows we will look at the importance of 
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solubilities in optimizing flux across the skin with examples. Consider the table below for 

series of 1-alkyloxycarbonyl-5-FU prodrugs and 5-FU with their physicochemical 

properties (Table 1-2). Melting points (mp), molecular weight (MW), log solubility in 

isopropyl myristate (log SIPM), log solubility in water (log SAQ), log partition coefficients 

between IPM and pH 4 buffer (log KIPM: AQ) and log maximum flux of total species 

delivered by the prodrug (and 5-FU) through hairless mice skins in vitro from an IPM 

donor phase (log JMIPM) (Beall et al., 1993) are given. 

Table 1-2 Physicochemical Characterization of 1-Alkyloxycarbonyl esters of 5-FU. 
Compound mp MW log SIPM log SAQ log KIPM:AQ log J MIPM 
    C1 160 188     0.328     2.05     -1.72      0.42 
    C2 128 202     1.117     2.24     -1.12      0.77 
    C3 126 216     1.182     1.63     -0.45      0.36 
    C4 98 230     1.529     1.37      0.16      0.35 
    C6 67 258     2.186     0.7      1.48      0.19 
    C8 98 286     1.561    -0.89      2.46     -0.53 
    5-FU 284 130     -1.308     1.93     -3.24     -0.62 
 

The melting points of the prodrugs decrease with the addition of each CH2 unit 

from C1 to C6 while the melting point of C8 prodrug is higher than the C6 probably 

because of van der Waals interaction between the alkyl side chains (Yalkowsky, 1977). 

This increase in melting point also leads to a decrease in SIPM. All members of the series 

are more lipid soluble than 5-FU. The C6 prodrug derivative is the most lipid soluble of 

the series, has the highest K and SIPM. So, if SIPM were the most important determinant, 

then its log JMIPM should be the highest instead it is the next to lowest in the series. On the 

other hand, the C2 prodrug has a higher lipid solubility than 5-FU (not the highest) and 

highest SAQ in the series (1.8 times more water soluble than 5-FU) and gives the highest 

JMIPM (25 fold higher than 5-FU) across the skin. Sloan and coworkers (1983, 1984 and 

2003) have reported such dependence on biphasic solubility for a series of 6-
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mercaptopurine (6MP), ThH and 5-FU prodrugs. It was first observed for 7-ACOM 

prodrugs of ThH (Sloan et al., 1982) but not recognized as a new paradigm until later 

(Sloan et al., 1984).  

There are two schools of thought for optimizing flux across the skin. The first relies 

on increasing the lipid solubility without increasing aqueous solubility of the prodrug and 

uses increased KOCT: AQ as an indicator of increased lipophicity. Since skin is primarily a 

lipophilic barrier it relies on making a prodrug with higher K than the parent drug so that 

penetration across the barrier can be enhanced. In this school of thought, any dependence 

of flux on aqueous solubility is attributed to the use of a polar vehicle, the nature of 

mouse skins (which are more hydrophilic than human skin), in vitro experimental 

conditions and metabolic rates of conversion. In in vitro cell experiments, the skin is 

abnormally hydrated particularly when water is used as a vehicle. Thus some argue that 

the dependence of flux on SAQ could be due to the necessity for increased solubility in the 

vehicle. This school of thought also argues that lipid soluble prodrugs undergoing fast 

rates of hydrolysis to the more water soluble parent drug bypasses the hydrophilic region 

of the skin dermis easily and permeates the skin better. However in case of lipid soluble 

prodrugs undergoing slower hydrolysis, the dermis becomes a rate limiting barrier and 

the prodrug gets trapped in the dermis, compromising delivery across the skin. Thus 

water solubility becomes important only if the designed prodrugs are stable to hydrolysis 

during their passage through the skin (Stinchcomb and coworkers, 2002 and 2005). 

The second school of thought relies on the importance of biphasic solubility in 

order to increase flux. It relies on increasing both lipid and water solubility at the same 

time to optimize delivery. It is important to note that flux is independent of metabolic 
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conversion rates of prodrug to the drug because flux is dependent only on the solubility in 

the membrane (Equation 1.4). The observations that flux depends on SAQ and SLIPID holds 

true for prodrugs with a half-life of 1-5 min (7-AC-Th, Sloan et al., 2000) to prodrugs 

which permeate intact in diffusion cells experiments (1-ACOM-FU, >50% intact prodrug 

obtained, Taylor and Sloan, 1998) run on hairless mice skins. The argument against the 

dependence of water solubility due to the presence of stagnant water layers in presence of 

a polar vehicle or in in vitro conditions when the skin is heavily hydrated comes from 

experiments carried out with isopropyl myristate as a vehicle (a non polar vehicle in 

which the longer chain prodrugs were more soluble). The same dependence on SAQ was 

again observed where IPM was the vehicle, reemphasizing the fact that this dependence 

is a result of the inherent properties of the skin. In Vivo human skin (human skin is less 

hydrophilic than mouse) experiments using mineral oil also show dependence on water 

solubility. Irrespective of the vehicle used, the best performing prodrug of a series from a 

vehicle like IPM is also the best performing prodrug from a different vehicle like water. 

The best prodrug was the one with the best biphasic solubility. The increase in flux 

though varies from vehicle to vehicle depending on the interaction of the skin with the 

vehicle. IPM causes more damage than water does; it leaches out the lipids from the 

stratum corneum hence compromises the barrier and leads to increased permeability of 

prodrugs compared to water (Sloan et al., 2003a). Water solubility is important in 

improving flux across the skin whether it is human skin or mouse skin, polar or non polar 

vehicle, in vitro or in vivo, and prodrugs which are labile or stable to hydrolysis.  

In the 5-FU prodrug series we considered above, the prodrug exhibiting the best 

flux had a higher SAQ and SLIPID than 5-FU. It is not always possible to increase SAQ of the 
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prodrug compared to the parent drug. In such cases, the best performing prodrug is the 

one which shows minimum decrease in SAQ with respect to the parent drug, e.g. 

methyloxycarbonyl-APAP prodrug shows the highest flux through skin in the 

homologous series of alkyloxycarbonyl-APAP prodrugs investigated by Wasdo and 

Sloan (Table 1-3). This particular derivative was 6.3 times more lipid soluble and about 

3.5 times less water soluble than APAP, yet was the most water soluble prodrug of the 

series being investigated.  

Table 1-3 Physicochemical Characterization of Alkyloxycarbonyl esters of 
Acetaminophen. 

Compound mp MW log SIPM log SAQ log KIPM:AQ log J MIPM 
    C1 112 209     1.08     1.31     -0.16      0.0 
    C2 120 223     0.97     0.58     0.32      -0.76 
    C3 104 237     1.37     0.43     0.9      -0.45 
    C4 118 251     1.14     -0.43      1.5      -1.01 
    C6 108 279     1.22     -0.37      2.71      -1.49 
    APAP 171 151     0.28      2.0     -1.72     -0.29 
 
Similarly in the 7-alkyloxycarbonyl-Th series (Sloan, 2000), C3-Th was most water 

soluble prodrug member of the lipid soluble series. This prodrug derivative was 1.3 times 

less water soluble than ThH and still gave higher flux than ThH. 

Ever since SAQ of a drug was recognized as being important to optimize dermal 

delivery, attempts have been made by Sloan and coworkers (Sloan et al., 1984; Sloan et 

al., 1988; Saab et al., 1989 and 1990) to incorporate basic amino groups into the 

promoiety. The rationale behind introducing a polar functional group like amine into a 

promoiety is to increase the water solubility of poorly soluble drugs. Insertion of simple 

alkyl groups into the promoiety does increase lipid solubility but increases in water 

solubility are modest and are restricted to the shorter alkyl chain members. Mannich 

bases (DrugX-CH2-NR2, X = S, N, O; R = alkyl) of 6MP, 5-FU and ThH were thus 
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designed to improve SAQ of the prodrugs without decreasing SLIPID compared to the parent 

drug and hence to increase flux. Hussain and coworkers (Milosovich et al., 1993 and Jona 

et al., 1995) added polarisable amino groups to the alcohol portion of testosterone and 

indomethacin ester prodrugs. When the 4-dimethylaminobutyrate hydrochloride ester of 

testosterone was examined in vitro using human skin, a 35 fold flux enhancement was 

observed (Figure 1-14). Similarly when 2-diethylaminoethyl group was built into the 

ester promoiety of indomethacin the SAQ was enhanced compared to the parent drug and 

flux through skin increased by about six fold (Figure 1-14). 
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Figure 1-14 Structure of testosterone and indomethacin esters with polarisable side 

chains. 

Also, attempts have been made by Bonina and coworkers (1995) to increase SAQ 

and SLIPID by incorporating short chain polyethylene glycolic ethers into the promoiety. 

Thus NSAIDS esters with small PEGs have been evaluated for their flux across human 

skin. These polyethers did increase both SAQ and SLIPID, e.g. for the indomethacin esters 

addition of a -OCH2CH2 unit increased SAQ by 1.3 fold and SLIPID by 1.02 times and as a 

result flux also increased. Although all the derivatives were more lipid soluble than 

indomethacin, the prodrug containing n = 5 -OCH2CH2 units, which was 1.77 times more 

water soluble and 9 fold more lipid soluble than indomethacin, gave the highest flux, 

(Table 1-4).  
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PEG-esters of Indomethacin                    
Prodrug promoieties containing short PEGs can thus increase the biphasic solubility of 

lipid soluble drugs with very poor aqueous solubility. It is interesting to note even in this 

series of ‘ethylene oxy’ homologous series it is the more water soluble derivative that 

gave the highest flux just as in case of simple alkyl derivatives where a ‘CH2’unit is 

inserted for ‘O’along the series.  

Thus, the importance of the balance between SLIPID and SAQ of the prodrugs is 

important in optimizing delivery of drug molecules topically.  

Table 1-4 Physicochemical Characterization of PEG esters of Indomethacin. 
COMPOUNDS SOCT (mmol mL-1×102) SAQ 

(µmol mL-1 ×102) 
JM 
(µmol cm-2× 102) 

Indomethacin 27.7 22 0.84 
 n = 1  221.9 6.7 0.4 
 n = 2 225.8 9.2 0.65 
n = 3 240.1 17 0.73 
n = 4 244.3 25 2.83 
n = 5 251.8 39 3.12 
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Research Objectives 

N-alkyl-N-alkyloxycarbonylaminomethyl (NANAOCAM) promoiety has been used to 

make prodrugs of 6-mercaptopurine for topical delivery (Siver, 1990). The mechanism of 

hydrolysis however wasn’t clearly established. The purpose of this research project was 

to explore the use of NANAOCAM promoiety as prodrugs of other functional groups like 

phenols, carboxylic acids, imides and evaluate its potential use for enhancing the skin 

penetration of model phenolic and imide containing drugs. 

1. Design, synthesize, and investigate rates of hydrolysis and mechanism of 
hydrolysis of N-alkyl-N-alkyloxycarbonylaminomethyl (NANAOCAM) and N-
aryl-N-alkyloxycarbonylaminomethyl (NArNAOCAM) prodrug derivatives of 
phenols and carboxylic acid. 

2. Synthesis of homologous series of NANAOCAM prodrugs of acetaminophen 
(APAP, model phenolic drug) and their physicochemical characterization which 
includes: measuring solubilities in isopropyl myristate (IPM) and water, partition 
coefficients of prodrugs between IPM and pH 4.0 buffer, investigation of flux of 
compounds through hairless mice skins from IPM.  

3. Synthesis of homologous series of NANAOCAM prodrugs of theophylline (ThH, 
imide containing drug) and their physicochemical characterization which includes: 
measuring solubilities in isopropyl myristate (IPM) and water, partition coefficients 
of prodrugs between IPM and pH 4.0 buffer, investigation of flux of compounds 
through hairless mice skins from IPM. 

4. Mathematical modeling of flux 

These goals are discussed in three separate chapters. Chapter 2, talks about the 

design of NANAOCAM promoiety, synthesis of NANAOCAM-drug derivatives by 

alkylation of drug with N-alkyl-N-alkyloxycarbonylaminomethyl chlorides, 

determination of rates of hydrolysis in aqueous buffers, its implication on prodrug design 

leading to the synthesis and hydrolysis of N-aryl-N-alkyloxycarbonyl-aminomethyl 

(NArNAOCAM) prodrugs of phenols and carboxylic acids. 
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Chapter3 deals with alkylation of acetaminophen with N-alkyl-N-

alkyloxycarbonylaminomethyl chlorides to synthesize a homologous series of 

NANAOCAM prodrugs, evaluation of physicochemical properties and transdermal and 

dermal penetration of these prodrugs and prediction of flux of APAP prodrugs using the 

RS equation. 

Chapter4 deals with alkylation of theophylline with N-alkyl-N-alkyloxycarbonyl-

aminomethyl chlorides to synthesize a homologous series of NANAOCAM prodrugs, 

evaluation of physicochemical properties and transdermal and dermal penetration of these 

prodrugs and prediction of flux of ThH prodrugs using the RS equation, and all 

NANAOCAM prodrugs when fitted to the existing n = 63 database. 
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CHAPTER 2 
DESIGN, SYNTHESIS, HYDROLYSIS OF N-ALKYL-N-ALKYLOXYCARBONYL-
AMINOMETHYL DRUG DERIVATIVES AND ITS IMPLICATIONS ON PRODRUG 

DESIGN. 

Introduction  

Drugs containing polar functional groups pose problems of membrane 

permeability, solubility and premature metabolism which limit their oral and dermal 

delivery. The prodrug approach, which involves masking these polar functional groups as 

labile derivatives which then hydrolyze to the native drug either enzymatically or 

chemically, has proved useful in numerous cases (Bundgard, 1991 and Sloan and Wasdo, 

2003).  In most cases drug functional groups are masked as simple esters. Acyloxymethyl 

(ACOM, R’COOCH2-) and alkyloxycarbonyloxymethyl (AOCOM, R’OCOOCH2-) 

promoieties have been used to derivatize carboxylic acids in cases where the simple ester 

approach wasn’t useful because, although simple esters were reasonably stable 

chemically so that they could be conveniently formulated, they were not sufficiently 

labile enzymatically (Jansen and Russell, 1965; Bundgard et al., 1986; Seki et al., 1988 

and Beaumont et al., 2003).  Similarly, simple alkylation of phenolic groups with alkyl 

halides gives derivatives that are not efficiently reversible in vivo, while ACOM or 

AOCOM gives derivatives that are too unstable during the oral absorption process to 

protect the phenolic drug from premature metabolism. Replacing the oxygen atom in 

OCH2 with nitrogen (N-R, R = alkyl) in R’OCOOCH2- to give a N-alkyl-N-

alkyloxycarbonylaminomethyl (NANAOCAM, R’OCONRCH2-) promoiety could give 

medicinal chemists an additional handle and flexibility to improve solubility (better 
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balance between solubilities in lipid and water) and stability (enzymatic versus chemical) 

of prodrugs. The evolution of NANAOCAM promoiety from simple esters to 

ACOM/AOCOM to NANAOCAM is shown in Figure 2-1. 
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Figure 2-1 Design of NANAOCAM promoiety. 
 

Only one example of the use of a NANAOCAM promoiety has been reported: 6-

mercaptopurine (Siver and Sloan, 1989). The use of a close analogue of NANAOCAM 

(R’CONRCH2-) in which the promoiety is an amide instead of a carbamate has been 

reported for carboxylic acids (Bundgard et al., 1991; Moreira et al., 1996 and Iley et al., 

1997).   Here we extend the use of the NANAOCAM promoiety to other drug functional 

groups and investigate the mechanism of chemical hydrolysis and its implications in 
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prodrug design of these soft alkylated derivatives with the goal of being able to tailor the 

promoiety to give the appropriate rates of conversion to the parent drug based on the 

route of administration. 

In the discussion that follows we will talk about the synthesis of N-methyl-N-

methyloxycarbonylaminomethyl derivatives of phenols, carboxylic acids and 6-

mercaptopurine (6MP) and N-aryl-N-alkyloxycarbonylaminomethyl (NArNAOCAM) 

derivatives of phenols and carboxylic acids. We will then investigate the mechanism of 

hydrolysis of N-methyl-N-methyloxycarbonylaminomethyl and NArNAOCAM 

derivatives of phenols, carboxylic acids and 6MP.  

Synthesis of N-methyl-N-methyloxycarbonylaminomethyl and N-aryl-N-methyloxy-
carbonylaminomethyl Prodrugs.  

Ten N-methyl-N-methyloxycarbonylaminomethyl and six N-aryl-N-

methyloxycarbonyl aminomethyl derivatives were synthesized (Tables 2-1 and 2-2). 

Alkylation of the parent compound with N-methyl-N-methyloxycarbonylaminomethyl 

chloride or N-aryl-N-methyloxycarbonylaminomethyl chloride was accomplished in the 

presence of a base like triethylamine with CH2Cl2 or DMSO as the solvent. In every case 

it was necessary to synthesize the corresponding alkylating agent: N-methyl-N-

alkoxycarbonylaminomethyl chloride or N-aryl-N-methyloxycarbonylaminomethyl 

chloride. 
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Table 2-1 N-methyl-N-methyloxycarbonylaminomethyl-phenol Conjugates Synthesized.  

. 

OX N
R

O

O
CH3

Z  
   Compd          X     Z         R 
       1   NHCOMe     H         Me 
       2       CN     H         Me 
       3     CHO     H         Me 
       4       H   CHO         Me 
       5   COMe     H         Me 
       6   COOMe     H         Me 
       7     NO2     H         Me 
       8     NO2     H 4’-C6H4-OMe 
       9     NO2     H 4’-C6H4-COOEt 
      10     NO2     H       C6H5 
 
 
 
 
Table 2-2 N-methyl-N-methyloxycarbonylaminomethyl and NArNAOCAM Conjugates 

of Naproxen. 

CH3O
O

O N
R

O

O
CH3

 
             Compd         R 
                                 
11 

          
         Me       

                                 
12      

        
        C6H5 

                                 
13 

   
 4’-C6H4-OMe 

                                 
14 

    
  4’-C6H4-COOEt   
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O
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N

N N
H

N

SN
R
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O
R'

R = R' = CH3 R = R' = CH3  
               15                                                                           16 

Figure 2-2 Structures of N-methyl-N-methyloxycarbonylaminomethyl prodrugs of 
dimethylaminobenzoic acid and 6MP. 
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O
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NaOH

O

O

N

R

Cl
R' Y-H

TEA
O

O

N

R

Y
R'

CH2Cl2

CH2Cl2

R, R' = CH3

+

+

+

Y = 6MP,phenol or
       carboxylic acid

Compounds 1-7, 11, 15, 16  
Figure 2-3 Synthesis of NANAOCAM prodrugs 
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NH2

X

NH

X

O

O
CH3

X

NCl

O

O
CH3

X

NCl

O

O
CH3

(CH2O)n

X

NY

O

O
CH3Naproxen

p-nitrophenol

CH3OCOCl

X = OCH3, COOC2H5, H.
YH = Naproxen, p-nitrophenol.

Py TMSCl

TEA

or

 

Compounds 8-10, 12-14.  
Figure 2-4 Synthesis of NArNAOCAM prodrugs 

N-Methyl-N-methyloxycarbonylaminomethyl chloride synthesis (Figure 2-3): 

The N-methyl-N-methyloxycarbonylaminomethyl chloride was synthesized as 

reported by Siver et al., (1990) from 1, 3, 5-trimethylhexahydrotriazine. 

(a) 1, 3, 5-Trimethylhexahydrotriazine was synthesized from equimolar equivalents of 

aqueous formaldehyde, methyl amine and NaOH according to the protocol originally 

developed by Graymore et al., (1932) and modified by Siver et al., (1990). Methyl amine 

(0.4 mol, 40% aqueous) was placed in an ice bath and an equivalent of 37% aqueous 

formaldehyde was added dropwise over a period of 10 min. The solution was allowed to 

equilibrate to room temperature and stirred for one hour, then an equivalent of NaOH was 

added and the contents were stirred for 1.5 h more. The solution was extracted with 4 × 

50 mL CH2Cl2, dried over Na2SO4, filtered and concentrated to a clear colorless CH2Cl2 

solution containing the hexahydrotriazine derivative. Complete concentration of CH2Cl2 
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wasn’t carried out as it resulted in some loss of the desired product. For quantification 

purposes the CH2Cl2 ‘methylene peak’at δ5.3 and N-CH2-N peak of hexahydrotriazine 

derivative at δ3.2 were used: yield = 82% in CH2Cl2, 1H NMR (400 MHz; CDCl3; 

Me4Si):δ3.2(s, 6H), δ2.3(s, 9H). 

(b) N-Methyl-N-methyloxycarbonylaminomethyl chlorides were synthesized from 1, 3, 

5-trimethylhexahydrotriazine by reacting it with three equivalents of methyl 

chloroformate in CH2Cl2 .To well stirred solution of methylchloroformate in CH2Cl2 

cooled with an icebath was added an equivalent of 1, 3, 5-trimethylhexahydro-triazine 

(freshly prepared) in CH2Cl2 over a period of 10 minutes. The white suspension that was 

observed was allowed to equlilibrate to room temperature and stirred overnight. The 

suspension was filtered and the filtrate concentrated to oil. The oil contained the desired 

product and some of the corresponding bis (N-methyl-N-methyloxycarbonyl-

amino)methane byproduct. The oils were purified by trituration with hexane overnight 

followed by ether overnight. The clear solution was decanted leaving the white residue 

(bis derivative) behind. The clear solution was then concentrated. The peak at δ4.8 due to 

the ‘CH2
’ of the bis derivative and peak at δ5.3 due to the ‘CH2’ of N-methyl-N-methyl- 

oxycarbonylaminomethyl chloride were used to quantitate the amount of product formed: 

yield = 90%, 1H NMR (400 MHz; CDCl3; Me4Si):δ5.31-5.33 (2s, 2H), δ3.73-3.79 (2s, 

3H), δ2.9-3.0 (2s, 3H). 

N-Aryl-N-methyloxycarbonylaminomethyl chloride synthesis (Figure 2-4): 

N-Aryl-N-methoxycarbonylaminomethyl chlorides were made from aromatic amines in 

two steps. Methylchloroformate was reacted with aromatic amines in the presence of 

pyridine and dichloromethane to give N-aryl carbamic acid methyl esters. The 

chloromethyl derivative of the carbamic acid derivative was then made by a synthetic 
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procedure reported by Moreira et al., (1994) for N-methylamides. The N-Methyl 

carbamic acid alkyl ester was refluxed with thirteen equivalents of trimethylsilyl chloride 

and 1.7 equivants of paraformaldehyde to give the appropriate N-aryl-N-alkoxycarbonyl-

aminomethyl chloride. 

(a) N-Aryl carbamic acid methyl ester: To a solution of methylchloroformate (3.5 mmol) 

in 15 mL CH2Cl2 was added dropwise an equivalent of pyridine and aromatic amine. The 

reaction mixture was allowed to warm to room temperature and subsequently stirred 

overnight. The clear solution was washed with 10 mL brine 3 times, and the organic layer 

was dried over Na2SO4 and concentrated to a solid. The solids obtained were 

recrystallized from CH2Cl2: hexane. 

 N- (Phenyl)carbamic acid methyl ester: yield = 98 %, mp = 44-45°C, 1H-NMR (400 

MHz; CDCl3; Me4Si): δ7.2-7.37(m, 4H), δ7.06 (m, 1H), δ6.63(s, 1H), δ3.76 (s, 3H).    

N-(4’-Ethoxycarbonylphenyl)carbamic acid methyl ester: yield = 97 %, mp = 152-154°C, 

1H-NMR (400 MHz; CDCl3; Me4Si): δ8.0 (d, 2H), δ7.45 (d, 2H), δ6.9(s, 1H), δ4.37 (q, 

2H), δ3.8 (s, 3H), δ1.39 (t, 3H).  

N-(4’-Methoxyphenyl)carbamic acid methyl ester: yield = 94 %, mp = 85-86°C, 1H-

NMR (400 MHz; CDCl3; Me4Si): δ7.27 (d, 2H), δ6.85 (d, 2H), δ 3.78(s, 3H), δ 3.75(s, 

3H).  

 (b) N-Aryl-N-methyloxycarbonylaminomethyl chloride: A suspension of N-aryl 

carbamic acid alkyl ester (2.5 mmol), 1.7 equivalents of paraformaldehyde and 13 

equivalent of trimethylsilyl chloride was refluxed using a CaCl2 drying tube and a water 

condenser for 18 h over an oil bath. The suspension was diluted with ~10 mL CH2Cl2 and 

filtered to get rid of the unreacted paraformaldehyde. The clear filterate was concentrated 
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using a rotavapor at 40°C under reduced pressure. The yellow oil obtained was triturated 

with hexane overnight. The white suspension obtained was filtered and the filtrate was 

concentrated to give the desired alkylating agent. 

N- (Phenyl)-N-methyloxycarbonylaminomethyl chloride: yield = 75%, 1H NMR (400 

MHz; CDCl3; Me4Si):  δ7.32-7.44 (m, 5H), δ5.56(s, 1H), δ3.78 (s, 3H). 

N- (4’- Ethyloxycarbonylphenyl)-N-methyloxycarbonylaminomethyl chloride: Complete 

conversion to product wasn’t seen in this case, the crude mixture was thus used in the 

next step. The peak at δ6.9 due to the ‘NH’ of the N-(4’-ethyloxycarbonylphenyl) 

carbamic acid methyl ester and the peak at δ5.56 due to the ‘CH2’ of N-(4’-

ethyloxycarbonylphenyl)-N-methyloxycarbonylaminomethyl chloride were used to 

quantify the amount of product formed: yield = 27%, 1H NMR (400 MHz; CDCl3; 

Me4Si): δ8.1 (d, 2H), δ7.5 (d, 2H), δ5.56(s, 1H), δ4.38 (q, 2H), δ3.81 (s, 3H), δ1.39 (t, 

3H). 

N-(4’-methoxyphenyl)-N-methyloxycarbonylaminomethyl chloride: yield = 82%, 1H 

NMR (400 MHz; CDCl3; Me4Si): δ7.23 (d, 2H), δ6.93 (d, 2H), δ5.52(s, 1H), δ3.82 (s, 

3H), δ3.76 (s, 3H). 

Alkylation of Phenols, 6-Mercaptopurine, Dimethylaminobenzoic acid and 
Naproxen with N-methyl-N-methyloxycarbonylaminomethyl chloride or N-aryl-
N-methyloxycarbonylaminomethyl chloride (Figures 2-3 and 2-4). 

Typical procedure for phenols: In a round bottom flask was dissolved 1 equivalent of 

phenol (~0.01 mol) and 1.1 equivalents triethylamine in 20 mL CH2Cl2. The contents 

were stirred for an hour under reflux conditions with a water condenser and oil bath. N-

Methyl-N-alkoxycarbonyl aminomethyl chloride or N-aryl-N-methyloxycarbonyl-

aminomethyl chloride (1.1 equivalents) in 5 mL CH2Cl2 was then added dropwise. An 

exothermic reaction occurred and white fumes could be seen. The clear solution or 
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suspension (depending on the phenol used) was stirred overnight. The reaction was 

worked up by filtering the suspension [NEt3
+Cl-:, 1H- NMR(CDCl3): δ3.1 (q,2H), δ1.5 

(t,3H)], diluting the filtrate to 40 mL with CH2Cl2 and washing it  with 3 × 30 mL water. 

The CH2Cl2 solution was dried over Na2SO4 for an hour and filtered. The solution was 

concentrated using a rotavapor under vacuum at 40°C until solvent free. The resulting 

material was purified by recrystallization and, if necessary, column chromatography until 

a sharp melting point was obtained, a single spot was seen on TLC and a clean 1H- NMR 

was obtained. The particular results for each synthesis are listed below. 

1 was prepared from N-methyl-N-methyloxycarbonylaminomethyl chloride, 

triethylamine and acetaminophen in CH2Cl2. Recrystallization from CH2Cl2: hexane (1:3) 

twice gave white crystals: yield = 70%, mp = 86-88°C, Rf (0.36, ether). Elemental 

analysis (Found: C, 56.81; H, 6.34; N, 11.1. Calc. for C12H16N2O4 : C, 57.13; H, 6.39; N, 

11.1%). UV: λmax (pH 8.8 buffer)/nm 243.4 (ε/Lmol-1cm-10.95 × 10 4). UV: λmax (pH 

7.1 buffer)/nm 240  (ε/Lmol-1cm-1  1.01 × 10 4 , 0.09 × 10 4).1H NMR(400 MHz; CDCl3; 

Me4Si): δ7.6(s,1H), δ 7.39(d,2H), δ6.96-6.87(2d,2H), δ5.28-5.21(2s,2H), δ3.72-

3.7(2s,3H), δ 3.0-2.97(2s,3H), δ 2.0(s,3H). 

 2 was prepared from N-methyl-N-methyloxycarbonylaminomethyl chloride, 

triethylamineand p-cyanophenol in CH2Cl2 .  Recrystallization from ethyl acetate:hexane 

(1:2) twice gave white crystals: yield = 55%, mp = 56-58°C, Rf (0.17, ethyl 

acetate:hexane, 1:4). Elemental analysis (Found: C, 59.54; H, 7.27; N, 9.94. Calc. for 

C11H12N2O3 : C, 60.02; H, 7.14; N, 10%). UV: λmax (pH 8.8 buffer)/nm 245 (ε/Lmol-

1cm-1 1.26 × 10 4).1H NMR (400 MHz; CDCl3; Me4Si):δ 7.6(d, 2H), δ 7.1-6.96(2d, 2H), δ 

5.38-5.31(2s, 2H), δ 3.8(s, 3H), δ 3.06-3.0(2s, 3H).  



53 

 

 3 was prepared from N-methyl-N-methyloxycarbonylaminomethyl chloride, 

triethylamine and p-hydroxybenzaldehyde in CH2Cl2. Purification on a silica gel column 

with hexane: acetone (4:1) as the eluent gave a colorless oil: yield = 67%, Rf (0.37, ethyl 

acetate:hexane, 1:2). Elemental analysis (Found: C, 59.08; H, 5.86; N, 6.3 Calc. for 

C11H13NO4 : C, 59.19; H, 5.87; N, 6.27%).UV: λmax (pH 8.8 buffer)/nm 276.6            

(ε/L mol-1cm-1 1.37 × 10 4).1H NMR(400 MHz; CDCl3; Me4Si): δ9.9(s,1H),δ 7.83(d,2H), 

δ 7.1-7.03(2d,2H),δ5.42-5.35(2s,2H), δ 3.8(s,3H), δ 3.07-3.01(2s,3H). 

 4 was prepared from N-methyl-N-methyloxycarbonylaminomethyl chloride, 

triethylamine and salicyldehyde in CH2Cl2. Recrystallization from acetone gave white 

crystals: yield = 87%, mp = 65-67°C, Rf (0.76, ether).Elemental analysis (Found: C, 

59.06; H, 6.01; N, 6.24 Calc. for C11H13NO4 : C, 59.19; H, 5.87; N, 6.27%). UV: λmax 

(pH 8.8 buffer)/nm 315 (ε/Lmol-1cm-11.27 × 10 4). 1H NMR(400 MHz; CDCl3; Me4Si): δ 

10.49(s,1H),  δ 7.85(d,1H), δ 7.55(t,1H) δ 7.2(m,2H), δ 5.47-5.38(2s,2H), δ3.76(s,3H), 

δ3.08-3.03(2s,3H). 

 5 was prepared from N-methyl-N-methyloxycarbonylaminomethyl chloride, 

triethylamine and p-hydroxyacetophenone in CH2Cl2. Purification on a silica gel column 

with hexane: acetone (4:1) as the eluent gave a colorless oil: yield = 82%, Rf (0.75, 

ether). Elemental analysis (Found: C, 60.45; H, 5.91; N, 6.22 Calc. for C11H13NO4 : C, 

60.75; H, 6.37; N, 5.9%). UV: (pH 8.8 buffer)/nm 269.7(ε/Lmol-1cm-1 1.12 × 10 4).1H 

NMR(400 MHz; CDCl3; Me4Si): δ7.93(d,2H), δ 7.05-6.94(2d,2H), δ 5.39-5.32(2s,2H), δ 

3.8(s,3H), δ 3.05-3.0(2s,3H),  δ 2.6(s,3H). 

6 was prepared from N-methyl-N-methyloxycarbonylaminomethyl chloride, 

triethylamine and methyl p-hydroxybenzoate in CH2Cl2. Purification on a silica gel 
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column with ethyl acetate: hexane as eluent gave a colorless oil. This oil, after 

recrystalization from CH2Cl2 :hexane (1:2), gave white crystals: yield = 21%, mp = 52-

54°C, Rf (0.49, ethyl acetate:hexane,1:4).Elemental analysis (Found: C, 56.98; H, 5.93; 

N, 5.49.Calc. for C12H15NO5 : C, 56.91; H, 5.97; N, 5.53%). UV: λmax (pH 8.8 

buffer)/nm 253 (ε/Lmol-1  cm-1 1.49 × 10 4).  1H NMR(400 MHz; CDCl3; Me4Si):  δ 

8.0(d,2H), δ 7.02-6.92(2d,2H), δ 5.37-5.3(2s,2H), δ 3.9(s,3H), δ 3.8(s,3H), δ 3.05-

2.99(2s,3H).  

7 was prepared from N-methyl-N-methyloxycarbonylaminomethyl chloride, 

triethylamine and p-nitrophenol in CH2Cl2. Recrystallization from CH2Cl2 :hexane (1:4) 

gave pale yellow crystals: yield = 76%, mp = 77-79°C, Rf (0.37,ether: hexane, 

1:1).Elemental analysis(Found: C, 49.99; H, 4.94; N, 11.57.Calc. for C10H12N2O5 : C, 

50.0; H, 5.04; N, 11.66%). UV: λmax (pH 8.8 buffer)/nm 310.6 (ε/Lmol-1cm-10.76 × 104). 

UV: λmax (pH 7.1 buffer)/nm 310 (ε/Lmol-1cm-1 0.75 × 10 4). 1H NMR (400 MHz; 

CDCl3; Me4Si): δ 8.21(d, 2H), δ 7.1-6.99(2d, 2H), δ 5.42-5.35(2s, 2H), δ 3.77(s, 3H),δ 

3.07-3.01(2s, 3H). 

 8 was prepared from N-(4’-methoxyphenyl)-N-methyloxycarbonylaminomethyl 

chloride, triethylamine and p-nitrophenol in CH2Cl2. Purification on a silica gel column 

with ethyl acetate: hexane as eluent gave a colorless oil: yield = 64%, Rf (0.17, ethyl 

acetate:hexane, 1:5), UV: λmax (pH 8.8 buffer)/nm 310 nm (ε/Lmol-1cm-1 1.06 × 10 4 ). 

1H NMR(400 MHz; CDCl3; Me4Si):δ 8.2(d,2H), δ 7.16(d,2H),  δ 7.05(d,2H), δ 

6.89(d,2H), δ 5.64(s,2H),  δ 3.81(s,3H), δ 3.73(s,3H). 
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9 was prepared from N-(4’-ethyloxycarbonylphenyl)-N-methyloxycarbonylaminomethyl 

chloride, triethylamine and p-nitrophenol in CH2Cl2. A white solid residue was seen. This 

residue was dissolved in CH2Cl2 and hexane was added till the solution became turbid  

and white crystals were seen. The white crystals were filtered and discarded while the  

filterate was reconcentrated to give more white crystals which were filtered. The filterate  

was purified on a silica gel column with ethyl acetate: hexane as eluent to give a colorless 

oil: yield = 17%, Rf  (0.29, ethyl acetate:hexane, 1:3). UV: λmax (pH 8.8 buffer)/nm 309 

(ε/Lmol-1cm-1 1.03 × 10 4). 1H NMR(400 MHz; CDCl3; Me4Si):  δ 8.21(d,2H), 

δ8.07(d,2H), δ 7.37(d,2H), δ 7.05(d,2H), δ5.69(s,2H), δ 4.38(q,2H),  δ3.77(s,3H), δ 

1.39(t,3H).  

10 was prepared from N-(phenyl)-N-methyloxycarbonylaminomethyl chloride, 

triethylamine and p-nitrophenol in CH2Cl2 . Purification on a silica gel column with ethyl 

acetate: hexane as eluent gave a colorless oil which, on recrystallization from ether: 

petroleum ether (1:2), gave white crystals: yield = 69%, mp = 105-106°C, Rf (0.26, ethyl 

acetate: hexane, 1:9). Elemental analysis (Found: C, 59.49; H, 4.63; N, 9.21. Calc. for 

C15H14N2O5 : C, 59.6; H, 4.67; N, 9.27%). UV: λmax (pH 8.8 buffer)/nm 305 nm 

(ε/Lmol-1cm-1 1.19 × 10 4).1H NMR (400 MHz; CDCl3; Me4Si): δ 8.2(d, 2H), δ 7.27-

7.42(m, 5H), δ 7.05(d, 2H), δ 5.67(s, 2H), δ 3.75(s, 3H). 

11 was prepared from naproxen (0.01 mol) stirred with triethylamine (0.01mol) in 50 mL 

CH2Cl2 for an hour. A clear colorless solution was seen. N-Methyl-N-methyloxy-

carbonylaminomethyl chloride (0.01mol) was added to the reaction mixture and the 

contents were stirred overnight. The clear solution was washed 3-times with 10 mL 

water. The CH2Cl2 solution was dried over Na2SO4 for an hour and then evaporated 
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under reduced pressure to give white crystals: yield = 97%, mp = 100-101°C, Rf (0.49, 

ethyl acetate:hexane,1:4). Elemental analysis (Found: C, 65.05; H, 6.45; N, 4.2 Calc. for 

C18H21NO5 : C, 65.24; H, 6.39; N, 4.23%). UV: λmax (pH 7.1 buffer)/nm 271.5 and 245 

(ε/Lmol-1cm-1 0.52 × 10 4, 0.77 ×10 4 L/mole.1H NMR(400 MHz;CDCl3;Me4Si):  

δ7.69(t,3H), δ7.4(d,1H),  δ7.11-δ7.15(m,2H),  δ 5.41-5.29(dd,2H), δ3.91(s,3H),  

δ3.85(q,1H), δ3.7-3.65(2s,3H), δ2.89-2.85(2s,3H), δ1.57(d,3H). 

12 was prepared from naproxen (0.001 mol) stirred with triethylamine (0.001mol) in 50 

mL CH2Cl2 for an hour. A clear colorless solution was seen. N-(Phenyl)-N-methyloxy-

carbonylaminomethyl chloride (0.001mol) was added to the reaction mixture and the 

contents were stirred overnight. The clear solution was washed 3-times with 10 mL 

water. The CH2Cl2 solution was dried over Na2SO4 for an hour and then evaporated 

under reduced pressure to give a yellow oil. Purification of the oil on a silica gel column 

with ethyl acetate: hexane as eluent gave a colorless oil: yield = 60%, Rf (0.17, ethyl 

acetate:hexane, 1:5), UV: λmax (pH 7.1 buffer)/nm 272.8 and 245, (ε/Lmol-1cm-10.35 × 

10 4, 0.83   ×10 4). 1H NMR(400 MHz;CDCl3;Me4Si): δ7.69(t,3H), δ7.36-7.39(dd,1H),  

δ7.13-δ7.17(m,5H), δ6.9(d,2H), δ 5.5-5.68(dd,2H), δ3.93(s,3H),  δ3.88(q,1H),  

δ3.65(s,3H), δ1.57(d,3H). 

13 was prepared from naproxen (0.001 mol) stirred with triethylamine (0.001mol) in 50 

mL CH2Cl2 for an hour. A clear colorless solution was seen. N-(4’-Methoxyphenyl)-N-

methyloxycarbonylaminomethyl chloride (0.001mol) was added to the reaction mixture 

and the contents stirred overnight. The clear solution was washed 3-times with 10 ml 

water. The CH2Cl2 solution was dried over Na2SO4 for an hour and then evaporated 

under reduced pressure to give to give a yellow oil. Purification of the oil on a silica gel 
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column with ethyl acetate: hexane as eluent gave a colorless oil: yield = 70%, Rf (0.1, 

ethyl acetate:hexane,1:5), UV: λmax  (pH 7.1 buffer)/nm 271.5 and 245, (ε/Lmol-1cm-

10.26 × 10 4, 0.91 ×10 4 ). 1H NMR(400 MHz;CDCl3;Me4Si):δ7.69(t,3H), δ7.36-

7.39(dd,1H),  δ7.13-δ7.17(m,2H), δ7.69(t,3H), δ7.37(dd,1H),  δ6.8(d,2H), δ6.5(d,2H),δ 

5.5-5.64(dd,2H), δ3.92(s,3H),  δ3.88(q,1H), δ3.68(s,3H), δ3.65(s,3H), δ1.57(d,3H). 

14 was prepared from naproxen (0.001 mol) stirred with triethylamine (0.001mol) in 50 

mL CH2Cl2 for an hour. A clear colorless solution was seen. N-(4’-Ethyloxycarbonyl-

phenyl)-N-methyloxycarbonylaminomethyl chloride (0.001mol) was added to the 

reaction mixture and the contents were stirred overnight. The clear solution was washed 

3-times with 10 mL water. The CH2Cl2 solution was dried over Na2SO4 for an hour and 

then evaporated under reduced pressure to give white crystals. This residue was dissolved  

in CH2Cl2 and hexane was added till the solution became turbid and white crystals were 

seen. The white crystals were filtered and discarded while the filterate was reconcentrated 

to give more white crystals. After purification on a silica gel column with ethyl acetate: 

hexane as eluent the filtrate gave a colorless oil: yield = 13%, Rf (0.25, ethyl acetate: 

hexane, 1:5), UV: λmax (pH 7.1 buffer)/nm 270 and 245 (ε/Lmol-1cm-10.25 × 10 4, 0.95 

×10 4. UV: λmax (pH 4 buffer)/nm 245(ε/Lmol-1cm-10.88 ×10 4). UV: λmax (pH 6 

buffer)/nm 245 (ε/Lmol-1cm-1 0.9 ×10 4). UV: λmax (pH 8.25 buffer)/nm 245 (ε/L      

mol-1cm-1 0.92 ×10 4). UV: λmax (pH 9.2 buffer)/nm 245 (ε/Lmol-1cm-10.94 ×10 4). 

 1H NMR(400 MHz;CDCl3;Me4Si): δ7.76(d,2H), δ7.63-7.71(m,3H),δ7.34-7.37(dd,1H), 

δ7.13-7.17(m,2H),  δ6.98(d,2H),δ 5.5-5.7(dd,2H), δ4.3(q,2H), δ3.94(s,3H),  δ3.88(q,1H),  

δ3.66(s,3H), δ1.57(d,3H), δ1.38(t,3H).  

15 was prepared from dimethylaminobenzoic acid (0.01 mol) stirred with triethylamine  
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 (0.01mol) in 50 mL CH2Cl2 for an hour. To the white suspension that formed was added 

 N-methyl-N-methyloxycarbonylaminomethyl chloride (0.01 mol) and the contents were 

stirred overnight. The clear solution was washed 3-times with 10 mL water. The CH2Cl2 

solution was dried over Na2SO4 for an hour and then evaporated under reduced pressure 

to give white crystals: yield = 97%, mp = 100-101°C, Rf (0.49, ethyl acetate: hexane, 

1:4), Elemental analysis: (Found: C, 57.73; H, 7.02; N, 10.6. Calc. for C13H18N2O4 : C, 

57.64; H, 6.81; N, 10.52 %). UV: λmax (pH 8.8 buffer)/nm 315 and 287 (ε/Lmol-1          

cm-11.41 × 10 4, 1.15 ×10 4). 1H NMR(400 MHz;CDCl3;Me4Si):  δ 7.9(d,2H), δ 

6.6(d,2H), δ 5.58-5.54(2s,2H), δ3.76-3.72(2s,3H), δ3.05(s,9H).  

16 was synthesized using the protocol developed by Siver et al.7 To 0.01 mol 6MP in 15 

mL DMSO was added 1.1 equivalents of N-methyl-N-methyloxycarbonylaminomethyl 

chloride. The yellow solution was stirred at room temperature for 1.5 h. Triethyl amine, 

2.5 equivalents and 45 mL CHCl3 was added and stirring continued for one more hour. 

The reaction mixture was then diluted with 100 mL CH2Cl2 and washed with 10 ml 1N 

HCl, 20 ml saturated NaHCO3 solution and 3×50 mL brine solution. The organic layer 

was dried over Na2SO4 and concentrated to give a yellow oil. The oil was triturated with 

hexane to give yellow solids which were further recrystallised with CH2Cl2: hexane (1:5) 

to give yellow crystals: yield = 62%, mp = 162-164°C (lit mp = 163°C), Rf = 0.46(10:3, 

ether: methanol), Elemental analysis (Found: C, 42.9; H, 4.08; N, 27.78. Calc. for 

C9H11N5O2S : C, 42.68; H, 4.38; N, 27.65 %). UV: λmax (pH 7.1 buffer)/nm 288.4 

(ε/Lmol-1cm-1 0.71× 10 4). UV: λmax (pH 8.8 buffer)/nm 310.2 (ε/Lmol-1cm-10.55 ×10 4) 

.UV: (MeOH)/nm 286 (ε/ Lmol-1cm-10.41 × 10 4). 1H NMR (400 MHz;CDCl3;Me4Si): δ 

8.71(s,1H), δ 8.1-8.37(2s,1H), δ 5.68(s,2H), δ3.75-3.85 (2s, 3H), δ3.13-3.09(2s,3H).  
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Hydrolysis Studies. 

S6-(N-Methyl-N-methyloxycarbonyl) aminomethyl- 6MP was synthesized by Siver 

et al.  This derivative reverted to 6MP with a half life of 91 minutes in pH 7.1 buffer at 

32º C. An SN1 mechanism of hydrolysis was proposed but not firmly established. We 

decided to probe the reactivity of NANAOCAM-phenol conjugates with acetaminophen 

(APAP) acting as our model phenolic drug.  

Since NANAOCAM-APAP type derivatives were designed as a hydrolytically 

labile prodrugs, their rates of hydrolysis in aqueous buffers were investigated. Hydrolysis 

of NANAOCAM derivatives of APAP at 32º pH and 7.1 buffer were much slower than 

those of 6MP. The rate of hydrolysis of N-Methyl-N-methoxycarbonylaminomethyl-

APAP (1) at pH 8.8 and 46° C was found to be 60 h. so all rates of hydrolysis were 

determined at 46 ºC and pH 8.8 buffer S6-(N-Methyl-N-methyloxycarbonyl) 

aminomethyl- 6MP (16), resynthesized according to Siver et al. (1990), had a half life of 

19 minutes under the same conditions. The anion of APAP (pKa~9.5) is not a good 

leaving group and as a result the hydrolysis of its prodrug is slow compared to 6MP 

(pKa~7.5). On the other hand, the NANAOCAM derivative of p-nitrophenol (7, Tables 2-

1 and 2-3) had a half life of 22 min at 46°C and pH 8.8 buffer. The hydrolysis rate was 

higher and t 1/2 lower since the pKa of the leaving group was much lower:7.4. Thus N-

Methyl-N-alkyloxycarbonylaminomethyl derivatives of phenols with an electron 

withdrawing group like –NO2 on the ring hydrolyzed faster than those with an electron 

releasing group on the ring like –NHCOCH3. 

 In order to establish the mechanism of hydrolysis and probe the effect of electron 

withdrawing groups on hydrolysis rates of NANAOCAM-phenol conjugates, five more 

phenols (2-6, Table 2-1) with an electron withdrawing group on the aromatic ring  were 
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synthesized using the synthetic protocol developed for APAP and rates of hydrolysis 

were determined at pH 8.8 and 46° C (Table 2-3). To further establish the effect of pKa 

on rates of hydrolysis, the N-Methyl-N-methyloxycarbonylaminomethyl ester of 

dimethylaminobenzoic acid (15, Figures 2-1 and 2-3) was also synthesized and its rate of 

hydrolysis determined.Thus, rates of hydrolysis were determined where YH = 6MP, 

phenol or carboxylic acid and the corresponding anions acted as the leaving group 

(Figure 2-5). 
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Figure 2-5 Hydrolysis of NANAOCAM-Y in aqueous buffers. 

Rates of hydrolysis of NANAOCAM-Y were dependent on the acidity (leaving 

group ability) of the parent compound. The more acidic YH was, the faster the rate was. 

When YH was cyanophenol with a pKa of 7.95, the half life was 149 minutes. Increasing 

the pKa by 0.1 unit as in the case of the methyl paraben derivative, 5 raised the half life to 

189 minutes. This sensitivity to small changes in pKa of YH derivative suggests that Y- 

was acting as the nucleofuge by either a SN2 or SN1 mechanism. The effect of electon 

withdrawing groups in the para position of the phenol on rates hydrolysis was also 
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quantified using the Hammett plots between σ - substituents versus log K. (Table 2-3). 

Plot of log K and sigma (σ -) were linear and indicated that rates of hydrolysis were 

dependent on the electron withdrawing effect imparted by the substituent at the para 

position (Figure 2-6). 

Table 2-3 Correlation of Rates of Hydrolysis of NANAOCAM-Y with pKa and Sigma 
Values of the Leaving Group (Y-). 

Compd 
 

           Y    log k (sec-1) t 1/2(min.) pKa σ - 

15 p-Me2N-C6H4COO-    -1.30 0.22 5.03  
4 o-OHC-C6H4O-    -3.03 12 6.79  
16 6MP    -3.22 19 7.5  
7 p-O2N-C6H4O-    -3.28 22 7.14 1.25 
3 p-OHC-C6H4O-    -3.81 75 7.66 0.94 
2 p-NC-C6H4O-    -4.11 149 7.95 0.99 
5 p-MeOC-C6H4O-    -4.21 189 8.05 0.82 
6 p-MeOOC-C6H4O-    -4.39 290 8.47 0.74 
1 p-MeOCHN-C6H4O-    -5.49 3600 9.5 0.19 
 

When log k (rate constant) was plotted against the pKa of the leaving group (Y-), a 

negative correlation was found with a r2 of 0.98 (Figure 2-7). Rate of hydrolysis were 

also independent of the pH of the buffer. When rates were studied in various buffers (pH 

4.6, 7.1, 8.8) at 46° C for 7 and log K was plotted against buffer pH a straight line with 

zero slope was obtained (Table 2-4, Figure 2-8). The pH rate profile of 14 will be 

discussed later.   

Table 2-4 Effect of pH of Buffer on Rates of Hydrolysis of 7 
pH t1/2 (min)     log k 
4.6 22.83 -3.29588
7.1 21.83 -3.27655
8.8 22.83 -3.29596
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Figure 2-6 Pseudo-first order rate constants (sec-1) versus σ- of parent phenol. 
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Figure 2-7 Pseudo-first order rate constants (sec-1) versus acidic pKa of parent. 
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Figure 2-8 pH rate profiles of compds 7 and 14 

Several mechanisms for base catalysed hydrolysis of NANAOCAM-Y can be 

proposed (see above).Figure 2-9A shows an SN2 type of pathway where hydroxide ion 

acts as a nucleophile and displaces Y- to give a hydroxymethyl-N-alkylcarbamic acid 

alkyl ester. This hemiaminal derivative spontaneously hydrolyzes in water to give 

formaldehyde and N-alkylcarbamic acid alkyl ester in the same way that hydroxymethyl 

amides do (Johansen et al., 1979 and Bundgard et al., 1980). Similarly the hydroxide 

anion can act as a nucleophile and displaces the N-alkylcarbamic acid alkyl ester anion as 

in Figure 2-9B. The hydroxymethyl conjugate of the drug, YH, formed as an intermediate 

reverts to the parent drug by loss of formaldehyde. This particular mechanism however 

can be ruled out because of the lower pKa of YH (~5.2-9.5) compared to the N-

alkylcarbamic acid alkyl ester (~14) making Y- a better leaving group than the N-

alkylcarbamic acid alkyl ester anion. 
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Figure 2-9 SN2 type of hydrolysis of NANAOCAM-Y with Y- or carbamate as the 

leaving group. 
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Figure 2-10 SN1 type of hydrolysis of NANAOCAM-Y. 
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A SN1 type of pathway is another possibility (Figure 2-10). The lone pair of 

electrons on nitrogen can donate its electrons to stabilize an incipient carbocation with Y- 

leaving. This carbocation can subsequently react with water to give hydroxymethyl-N-

alkylcarbamic acid alkyl ester which then falls apart to give N-alkylcarbamic acid alkyl 

ester. However none of the data plotted in Figures 2-6 and 2-7 provides an insight into 

the mechanism of hydrolysis since both SN1 and SN2 mediated hydrolysis are dependent 

on the leaving group ability of the ionized parent molecule, Y-. However the fact that the 

hydrolyses were pH independent strongly favors a SN1 mechanism. There is also some 

precedent in literature suggesting the mechanism of hydrolysis to be SN1. N-

Alkylamidomethyl esters of carboxylic acid hydrolyze by a SN1 mechanism (Moreira et 

al., 1994) (Figure 2-11). 
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Figure 2-11 Hydrolysis of N-alkylamidomethylcarboxylic acid esters in aqueous buffers. 

Hydrolysis proceeds by donation of electrons from the amide nitrogen resulting in a 

carbocation intermediate with the carboxylate group leaving. In the subsequent step, the 

carbocation reacts with water to give the hydroxymethylamide. When R’ was naproxen 

and R was methyl  the t 1/2 for hydrolysis of the prodrug was 14 min at pH 7.4 and 32° C, 

while when R was –CH2COOEt , t 1/2 for hydrolysis was 2520 min. Thus, introducing an 

electron withdrawing group on the amide nitrogen diminishes its ability to donate 

electrons and slows down reaction rate, thereby suggesting the mechanism of hydrolysis 

to be SN1.  
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The hydrolysis of O-Imidomethyl derivatives of phenols has been reported by Getz 

et al., (1992). Figure 2-12 above compares the halflives of imidomethyl derivatives of p-

nitrophenol (PNP) with (N-Methyl-N-methoxycarbonyl) aminomethyl-PNP. The 

proposed hydrolytic mechanism for the imidomethyl derivatives where saccharin, 

phthalimide and succinimide served as the imide, was SN2. Thus, presence of two electron 

withdrawing groups on the nitrogen disfavors SN1, (as observed in case of N-alkylamido 

methyl esters of carboxylic acids) to the extent that SN2 becomes the major pathway.  

t 1/2(min) 

0.75(25°C)                       4.9(25°C)                               7.43(25°C)                     22(46°C) 
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Figure 2-12 Hydrolysis of N-imidomethyl derivatives of phenols in aqueous buffers. 

Values are shown for t1/2 at the temperature (in parenthesis). 
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Implications of NANAOCAM-phenol Hydrolysis on Prodrug Design. 

NANAOCAM-phenol conjugates are chemically stable and the suggestion that 

their mechanism of hydrolysis is SN1 is based on past literature. We were interested in 

designing derivatives which would be labile under physiological conditions and which 

would illustrate that the mechanism of hydrolysis was SN1. Hence the syntheses of 

NANAOCaminoethylidene (ROCO-NR’CH(CH3)), NANAOCaminobenzylidene 

(ROCO-NR’CH(Ph)) and NArNAOCAM (ROCO-N(Ph)CH2) promoieties were 

examined. NANAOCaminoethylidene and NANAOCaminobenzylidene derivatives of 

phenols will stabilize positive charge on the methine carbon leading to a more labile 

derivative if hydrolysis follows a SN1 type of pathway and will hinder an SN2 type path 

by creating more steric hinderance. Also if the mechanism is SN2, the rate of hydrolysis 

should be accelerated by an electron withdrawing group on an N-aryl group where a 

positive charge on CH2 in N-CH2-O is increased making the CH2  a better target for 

nucleophilic attack. On the other hand, if the mechanism is SN1, the rate of hydrolysis 

should be decelerated by an electron withdrawing group on an N-aryl group where a 

positive charge on CH2 in N-CH2-O is destabilized. Unfortunately our attempts to 

synthesize NANAOCaminoethylidene and NANAOC-aminobenzylidene derivatives of 

phenols were unsuccessful. The synthetic protocol used is shown in Figure 2-13. An 

aldehyde was reacted with aqueous methyl amine at room temperature to give N-

methylimines which were reacted with methyl chloroformate under nitrogen at -78°C to 

0°C. The major product obtained was the parent aldehyde, N-methyl carbamic acid 

methyl ester and 2-3% of the desired alkylating agent (NANAOCaminoethylidene 

chloride or NANAOCaminobenzylidene chloride) based on 1H-NMR. 
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Attempts to isolate the alkylating agent by column chromatography led to complete 

decomposition of the alkylating agent. Reaction of phenols with the crude reaction 

mixture containing the alkylating agent also lead to hydrolysis of the alkylating agent to 

the parent aldehyde and N-methyl carbamic acid methyl ester quantitatively. 
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Figure 2-13 Attempts at the synthesis of NANAOCaminoethylidene chloride and   

NANAOCaminobenzylidene chloride. 

However our attempts to make NArNAOCAM conjugates of phenols were 

successful. NArNAOCAM chlorides (R’OCONRCH2-, R = aryl, R’= CH3) were 

synthesized and used to alkylate p-nitrophenol (Figure 2-3, Table 2-1, 8-10). The half-

lives of hydrolyses clearly illustrate that when an N-alkyl group (Table 2-3, t 1/2 for 7 = 

22 min) was replaced by N-aryl (Table 2-5, t 1/2 for 8 and 10 = 400-520 min while t 1/2 for 
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9 > 24 h) the rates of hydrolyses were slower. An electron donating substituent on the N-

aryl ring like –OCH3 stabilizes the SN1 transition state more than an electron withdrawing 

group like –COOC2H5 or -H and the half lives are in the order of 9 >10 >8. Thus, 

hydrolysis of NArNAOCAM and N-aryl-N-alkyloxycarbonylaminomethyl derivative of 

phenols follow a SN1 type of mechanism. However, although NANAOCAM-phenols 

hydrolyse by a SN1 type of pathway, they are chemically too stable to revert to the parent 

drug at a sufficient rate to be effective prodrugs based on chemical hydrolysis.  

Hydrolyses of NANAOCAM-phenols does occur enzymatically. When 1 was used 

in diffusion cell experiments where hairless mouse skin was the membrane, about 23% of 

acetaminophen was regenerated from the prodrug during its passage through the skin. We 

will talk more about diffusion cell experiments in Chapter 3. 

Thus NANAOCAM-phenols represent a novel class of prodrugs which are 

sufficiently chemically stable to allow formulation but may be sufficiently enzymatically 

labile to revert to the parent drug at a useful rate. Shorter chain NANAOCAM prodrugs 

of phenols have both higher lipid and water solubilities compared to ACOM and 

AOCOM  phenolic conjugates (solubililities shown in Chapter 3). Thus, replacing the 

oxygen atom in O-CH2 of ROCOOCH2 with a substituted nitrogen (N-R, R = alkyl) 

makes it possible to increase solubility in a membrane which should increase 

permeability across a biological barrier such as skin and oral absorption across the GI 

tract.  
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Table 2-5 N-aryl-N-alkyloxycarbonylaminomethyl Derivatives of p-nitrophenol (PNP) a.     
Compd   X log  kobsv(sec-1) t ½ (min.) 
     8  OMe      -4.54 400 
     9 COOEt          - >24 h 
    10  H      -4.65  519 
a Hydrolysis experiments in pH 8.8 and 46°C 
 
Implications of NArNAOCAM-carboxylic acid Hydrolysis on Prodrug Design 

Besides NANAOCAM derivatives of phenols, NANAOCAM derivatives of 

carboxylic acids have also been examined. Carboxylic acids, like phenols, are polar and 

being ionized at physiological pH penetrate membranes with difficulty.  By transiently 

masking the negative charge it has been shown that it is possible to increase the 

permeation of carboxylic acids across biological barriers (Bonina et al., 1995 and Rautio 

et al., 1999). N-Alkyl-N-alkyloxycarbonylaminomethyl derivatives of carboxylic acids 

are chemically too unstable to serve as useful derivatives (compared to phenols which 

were chemically stable) because the leaving group has a pKa of ~3-5 (compared to 6.8-

9.5), e.g. 15, t 1/2 ~ 6 min at pH 7.1 and 39°C. Thus, the goal here was to design 

derivatives which were chemically more stable so that they could be easily formulated 

but would hydrolyze independent of enzymes. It has been previously shown that O-

imidomethyl derivatives of phenols like estradiol were enzymatically stable but had a half 

life of 100 min in pH 7.4 buffer (Patel et al., 1994 and 1995). This derivative was about 8 

times more potent than estradiol alone when given orally. Thus prodrugs whose 
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hydrolysis is not dependent on enzymes are useful because their hydrolysis isn’t limited 

by enzymatic variability and strict substrate specificity of some esterases in the blood 

which could lead to incomplete hydrolysis to the parent drug (Beamount et al., 2003). 

Here, naproxen was chosen as a model carboxylic acid drug for which to prepare 

NANAOCAM prodrugs (Table 2-2). The NANAOCAM derivatives of naproxen were 

made by alkylating naproxen with NANAOCAM-Cl in presence of triethyl amine in 

dichloromethane (Figure 2-3).   

11, Table 2-2 had a half life of 2 min at pH 7.1 and 39º C which would make 

pharmaceutical formulation difficult. Since the mechanism of hydrolysis of 

NANAOCAM esters of carboxylic acids should also be SN1, the NArNAOCAM 

promoiety should lead to a chemically more stable and useful prodrug of a carboxylic 

acid since the phenol NArNAOCAM derivatives were much more stable. NArNAOCAM 

ester derivatives of naproxen (12-14, Table 2-2) were synthesized by alkylating naproxen 

with NArNAOCAM-Cl (Figure 2-4) and their rates of hydrolysis determined (Table 2-6). 

As expected the substituted N-aryl derivatives increased the half-lives of the hydrolyses 

from 2 min to over 150 min. As in the case of phenols the order of rates of hydrolyses 

was, -COOEt < -H < -OMe which is consistent with a SN1 type of hydrolysis. All three 

NArNAOCAM naproxen derivatives represent potentially useful prodrugs which are 

reasonably stable but should be sufficiently labile enough to release the drug at an 

appropriate rate to express its pharmacological activity. Moreover, since 14 would 

eventually release p-aminobenzoic acid, a component of sunscreens, it may be the most 

attractive candidate.  
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Table 2-6 Hydrolysis of N-aryl-N-alkyloxycarbonylaminomethyl Derivatives of 

Naproxen.b 
Compd X              log  kobsv.(sec-1). t ½ (min.) 
     12 H -4.015 119.62 
     13 OMe      -3.63 49.83 
     14 COOEt -4.13 156.46 
b Hydrolysis experiments in pH 7.1 and 39°C 
 

The kinetics of decomposition of N-(4’-ethyloxycarbonylphenyl)-N-methyloxy-

carbonylaminomethyl ester of naproxen, 14, was also studied in aqueous buffers at 39º C 

over a wide pH range (Figure 2-3). 

Table 2-7 Effect of pH of Buffer on Rates of Hydrolysis of 14. 
  pH t1/2 (min) log k 
4 166.76 -4.16 
6 156.29 -4.13 
7 156.46 -4.13 
8.25 152.72 -4.12 
9.2  35.45 -3.49 
 

The rates of hydrolysis were independent of the pH of buffers from pH 4.0-8.25 so 

the mechanism of hydrolyses along this pH range is believed to be SN1 (Moreira et al., 

1996 and Iley et al., 1997). At pH 9.2, a sharp increase in rates of hydrolysis was 

observed. This is probably due to a change in the mechanism of hydrolysis from SN1 to 

addition-elimination where nucleophilic addition occurs on the carbonyl functional group 

of the ester followed by elimination of carboxylate ion to form hydroxymethyl-N-methyl 
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carbamic acid methyl ester (Bundgard et al., 1991). N-Methyl carbamic acid methyl ester 

is formed in the subsequent step by the loss of formaldehyde (Figure 2-14). Attempts to 

make NArNAOCAM-naproxen derivatives with enhanced water solubility are currently 

under investigation. NArNAOCAM-naproxen conjugates are thus prodrugs of carboxylic 

acids which unlike ACOM or AOCOM esters are not dependent on enzymatic hydrolysis 

and have sufficient chemical stability to be formulated. 
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Figure 2-14 Hydrolysis of NArNAOCAM-carboxylicacid conjugates at pH 9.2. 
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CHAPTER 3 
SYNTHESIS AND TOPICAL DELIVERY OF N-ALKYL-N-

ALKYLOXYCARBONYLAMINOMETHYL PRODRUGS OF A MODEL PHENOLIC 
DRUG:ACETAMINOPHEN 

Topical approaches to masking a phenolic functional group have been limited to 

morphine (Drustrup et al., 1991), naltrexone (Stinchcomb et al., 2002; Pillai et al., 2004; 

Valiveti et al., 2005; Hammell et al., 2005; Vaddi et al., 2005, Valivetti et al., 2005a), 

buprenorphine (Stinchcomb et al., 1996), nalbuphine (Sung et al., 1998) and 

acetaminophen (Wasdo and Sloan, 2004). Only three promoieties, alkylcarbonyl (AC), 

alkyloxycarbonyl (AOC) and alkylaminocarbonyl (AAC), have been utilized but no soft 

alkylated derivatives of phenol have been used for topical delivery. Both AC and AOC 

derivatives of phenols rely on esterase catalysed hydrolysis or addition-elimination type 

mechanism to revert to the parent drug.The ACOM and AOCOM soft alkyl approach is 

presently being investigated in our lab to improve topical delivery of phenols. Insertion of 

‘N(R’)CH2’ into the AOC (ROCO-) promoiety gives the NANAOCAM  

(ROCONR’CH2-) promoiety which should act as a soft alkyl promoiety of phenols since 

it did for 6MP (Siver and Sloan, 1990). It is of interest to see if this insertion improves 

the biphasic properties and flux through skin of phenols since addition of heteroatoms 

into the promoiety improves aqueous solubility of drugs. In order to test this hypothesis 

acetaminophen (APAP) was chosen as the model phenolic drug.  

The performance of the prodrug series in diffusion cell experiments will be 

compared with that predicted by the Roberts-Sloan (RS) equation. The results will be 
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added to the Sloan and coworkers database to generate new coefficients for the 

parameters in the equation and give a more robust RS equation. 

Experimental Procedure  

Materials and Methods 

Isopropyl myristate (IPM) was obtained from Givaudan Corp (Clifton, NJ). 

Theophylline (ThH) was purchased from Sigma Chemical Co. (St. Louis, MO, USA); all 

other reagent chemicals were from Aldrich Chemical Co. (Milwaukee, WI, USA). The 

water was obtained from a Millipore Milli-Q water ultra filteration system. Ultraviolet 

spectra were recorded on a Shimadzu UV-2501 PC spectrophotometer. A radiometer pH 

meter 26 was used to determine pH of solutions.The vertical, Franz type diffusion cells 

were from Crown Glass (Somerville, NJ, USA) (surface area 4.9cm2, 20 mL receptor 

phase volume, 15 mL donor phase volume). The diffusion cells were maintained at 32°C 

with a Fischer (Pittsburgh, PA, USA) circulating water bath model 25. The female 

hairless mice (SKH-hr-1) were from Charles River (Boston, MA, USA). Statistical 

analyses were carried out by using SAS 9.0. All animal sacrifices and preparation of 

membranes were carried out by Professor Ken Sloan using IACAC approved protocols. 

Synthesis of Prodrug Derivatives  

Synthesis begins by the alkylation of APAP with N-alkyl-N-alkyloxycarbonyl 

aminomethyl chloride (NANAOCAM-Cl) in presence of a base like triethylamine and 

CH2Cl2 as the solvent. In every case it was necessary to synthesize the corresponding 

alkylating agent, NANAOCAM-Cl. 
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Figure 3-1 Synthesis of NANAOCAM-Cl from 1, 3, 5-trialkylhexahydrotriazine. 
 
Synthesis of NANAOCAM-Cl (Figure 3-1) 

a) 1, 3, 5-Trimethylhexahydrotriazine was synthesized from equimolar equivalents of 

aqueous formaldehyde, methyl amine and NaOH according to the protocol originally 

developed by Graymore et al., (1932) and modified by Siver et al., (1990). Methyl amine 

(0.4 mol of 40% aqueous) was placed in an ice bath and an equivalent of 37% aqueous 

formaldehyde was added dropwise over a period of 10 min. The solution was allowed to 

equilibrate to room temperature and stirred for one hour, then an equivalent of NaOH was 

added and the contents were stirred for 1.5 h more. The solution was extracted with 4 × 

50 mL CH2Cl2 and the collected CH2Cl2 were dried over Na2SO4, filtered and 

concentrated to a clear colorless CH2Cl2 solution containing the the hexahydrotriazine 

derivative. Complete evaporation of CH2Cl2 wasn’t carried out as it resulted in loss of the 

desired product. For quantification purposes the ‘CH2’ of CH2Cl2 at δ5.3 and N-CH2-N 

peak of hexahydrotriazine derivative at δ3.2 were used, yield = 82% in CH2Cl2, 1H NMR 

(CDCl3): δ2.3 (s, 9H), δ3.2 (s, 6H). 

Next the 1, 3, 5-trimethylhexahydrotriazine (freshly prepared) in CH2Cl2 was added 

to an ice cold solution of 3 equivalent of alkyl chloroformate in CH2Cl2 over a period of 

10 minutes. The white suspension that was observed was allowed to equlilibrate to room 

temperature and stirred overnight. The suspension was filtered and the filtrate 

concentrated to an oil. The oil contained the desired product and corresponding bis(N-
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Alkyl-N-alkyloxycarbonyl)aminomethanes with a ‘CH2’ peak at δ4.8.The oil was 

purified by trituration with hexane overnight followed by ether overnight. The clear 

solution was decanted leaving the white residue (bis derivative) behind. The clear 

solution was then concentrated. The peak at δ4.8 due to the ‘CH2
’ of the bis derivative 

and peak at δ5.3 due to the ‘CH2’ of N-alkyl-N-alkyloxycarbonylaminomethyl chloride 

were used to quantitate the amount of product formed.  

N-Methyl-N-methyloxycarbonylaminomethyl chloride: yield = 90%, 1H NMR (CDCl3): 

δ2.9 (s, 3H), δ3.75 (s, 3H), δ5.3 (s, 2H). 

N-Methyl-N-ethyloxyoxycarbonylaminomethyl chloride: yield = 89%, 1H NMR 

(CDCl3):δ1.3 (t, 3H), δ2.9 (s, 3H), δ4.22 (q, 2H), δ5.33 (s, 2H). 

N-Methyl-N-propyloxycarbonylaminomethyl chloride, N-methyl-N-butyloxycarbonyl- 

aminomethyl chloride, N-ethyl-N-methyloxycarbonylaminomethyl chloride and N-

methyl-N-hexyloxycarbonylaminomethyl chloride were synthesized in an alternate way 

via a N-alkyl carbamic acid alkyl ester (Figure 3-2).  

R'NH2 RO

O

N
H

R' TMSCl
THF

(CH2O)n

RO

O

N
R'

Cl

Cl3CO OCCl3

O
O

ClRO

O

ClRO

R' = CH3, C2H5

R = C3H7, C4H9, C6H13

+
TEA

3 ROH   + TEA

 
Figure 3-2 Preperation of alkyl chloroformate in situ from alcohol and synthesis of 

NANAOCAM-Cl from alkyl amine. 
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b) N-Alkyl carbamic acid alkyl ester.  

To a solution of chloroformate (33 mmol) in 75 mL CH2Cl2 mounted in an ice bath, was 

added an equivalent of triethylamine and aqueous alkyl amine. The reaction mixture was 

allowed to warm to room temperature and stirred overnight. The clear solution was 

washed with 3 × 10 mL brine and the organic layer was dried over Na2SO4 and 

concentrated to an oil. This oil was purified by trituration with hexane overnight. The 

suspension that resulted was filtered and the filtrate evaporated to a yellow oil. 

N-Methyl carbamic acid propyl ester: yield = 60 %, 1H-NMR (CDCl3 ): δ0.97 (t, 3H), 

δ1.7 (m, 2H), δ2.9 (d, 3H), δ4.06 (t, 2H) ,δ4.58 (s, 1H). 

N-Methyl carbamic acid butyl ester: yield = 49 %, 1H-NMR (CDCl3 ): δ0.92 (t, 3H), 

δ1.38 (m, 2H), δ1.6 (t, 2H), δ2.8 (d, 3H), δ4.06 (t, 2H) ,δ4.58 (s, 1H). 

In the case of N-methyl carbamic acid hexyl ester it was necessary to synthesize the 

chloroformate by reacting  three molar equivalents of hexanol with an equivalent of 

triphosgene and three equivalents of a poorly nucleophilic base, triethylamine (Figure 3-

2). A solution of triphosgene (11 mmol) in 100 mL CH2Cl2 was first prepared and placed 

in an ice bath. To this solution was added a mixture of triethylamine (33 mmol) and the 

alcohol (33 mmol) in 25 mL CH2Cl2 dropwise over 20 min. The exothermic reaction was 

allowed to proceed, the contents were allowed to warm to room temperature and stirred 

overnight. To this preformed chloroformate was added methyl amine and triethylamine as 

stated above in the synthesis of N-alkyl carbamic acid alkyl esters. 

N-Methyl carbamic acid hexyl ester: yield = 59%, 1H NMR (CDCl3): δ 0.89 (t, 3h), δ 

1.31 (m, 6H), δ 1.58 (m, 2H), δ2.79 (d, 3H), δ4.04 (t, 2H) ,δ4.69(s, 1H). 

(c) N-Alkyl-N-alkyloxycarbonylaminomethyl chloride: 
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A suspension of N-alkyl carbamic acid alkyl ester, 1.7 equivalents of paraformaldehyde 

and 13 equivalents of trimethylsilyl chloride were refluxed using a CaCl2 drying tube and 

water condenser for 2.5 h over an oil bath. The suspension was diluted with CH2Cl2 and 

filtered to get rid of the unreacted  paraformaldehyde. The clear filterate was concentrated 

with a rotavapor at 40°C under reduced pressure. The yellow oil obtained was triturated 

with hexane overnight, the white suspension obtained was filtered, and the filtrate was 

concentrated to give the desired alkylating agent. 

N-Methyl-N-propyloxycarbonylaminomethyl chloride: yield = 85%, 1H NMR (CDCl3): 

δ0.97 (t, 3H), δ1.7 (m, 2H), δ3.0 (s, 3H), δ4.12 (t, 2H), δ5.35 (s, 2H). 

N-Methyl-N-butyloxycarbonylaminomethyl chloride yield = 82%, 1H NMR (CDCl3): 

δ0.95 (t, 3H), δ1.41 (m, 2H), δ1.65 (m, 2H), δ3.0 (s, 3H), δ4.17 (t, 2H), δ5.33 (s, 2H). 

N-Methyl-N-hexyloxycarbonylaminomethyl chloride: yield = 83%, 1H NMR (CDCl3): δ 

0.97 (t, 3H), δ 1.3 (m, 6H), δ 1.6 (m, 2H), δ3.02 (s, 3H), δ4.15 (t, 2H), δ5.33 (s, 2H). 

Synthesis of NANAOCAM-APAP prodrugs (Table 3-1): Briefly a suspension of 

APAP (0.01mol) and triethylamine (0.011mol) in 25 mL dichloromethane was stirred 

under reflux conditions for an hour followed by the addition of the alkylating agent, 

NANAOCAM-Cl (0.011mol). The contents were stirred overnight and subsequently 

diluted with 50 mL dichloromethane and washed with water (3 ×10 mL). The 

dichloromethane layer was, dried over Na2SO4 and concentrated at 40°C over a rotary 

evaporator. The yellow oil obtained was then purified by column chromatography using 

ethyl acetate: hexane as eluent. 

 

 

 



80 

 

Table 3-1. NANAOCAM Prodrugs of APAP. 

O

NHCOCH3

N
R'

O

O
R

 

Compound N-R’ O-R 
 
  1     
 17 
 18 
 19 
 20  
     

 
CH3 
CH3 
CH3 
CH3 
CH3 

 
CH3 
C2H5 
C3H7 
C4H9 
C6H13 

 
1 was prepared in 70 % yield from N-methyl-N-methyloxycarbonylaminomethyl 

chloride, triethylaminie and acetaminophen in CH2Cl2 after recrystallization of the oil 

obtained using CH2Cl2: hexane 1:3: mp = 86-88°C, Rf  (0.36,ether), 1H NMR(CDCl3): 

δ7.6(s,1H), δ 7.39(d,2H), δ6.96-6.87(2d,2H), δ5.28-5.21(2s,2H), δ3.72-3.7(2s,3H), δ 3.0-

2.97(2s,3H), δ 2.0(s,3H). Anal calcd for C12H16N2O4 : C, 57.13; H, 6.39; N, 11.1. Found: 

C, 56.81; H, 6.34; N, 11. 

17 was prepared in 65% yield from N-Methyl-N-ethyloxycarbonyl aminomethyl chloride, 

triethylamine and acetaminophen in CH2Cl2 after trituration with hexane overnight to 

give yellow crystals which were recrystallized from ethyl acetate:hexane (1:3) to give 

white crystals: mp = 75-77°C, Rf  (0.6, Et2O), 1H NMR(CDCl3): δ 7.38(d,2H), 

δ7.12(s,1H), δ 6.96(dd,2H), δ5.3(s,2H), δ4.15(q,2H), δ 3.0(s,3H), δ 2.15(s,3H),  

δ1.25(3H,t). Anal calcd for C13H18N2O4 : C, 58.64; H, 6.81; N, 10.52. Found: C, 58.53; 

H, 6.93; N, 10.47. 
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18 was prepared in 76% yield from N-Methyl-N-propyloxycarbonyl aminomethyl 

chloride, triethylamine and acetaminophen in CH2Cl2 after silica gel column 

chromatography in ethyl acetate:hexane (3:2) followed by trituration in hexane overnight 

to give pale white crystals. These crystals were further recrystallized from ethyl 

acetate:hexane (3:2) to give white crystals: mp = 58-59°C, Rf  (0.2, ethyl acetate:hexane 

3:2), 1H NMR(CDCl3): δ 7.38(d,2H), δ7.14(s,1H), 6.96(dd,2H), δ5.3(s,2H), δ4.05(t,2H), 

δ 3.0(s,3H), δ 2.15(s,3H), δ1.65(2H,m) δ0.91(3H,t). Anal calcd for C14H20N2O4 : C, 

60.01; H, 5.45; N, 12.73. Found: C, 60.1; H, 5.35; N, 12.58. 

19 was prepared in 66 % yield from N-Methyl-N-butyloxycarbonyl aminomethyl 

chloride, triethylamine and acetaminophen in CH2Cl2 to give a colorless oil which was 

purified after silica gel column chromatography in ethylacetate:hexane (3:2) followed by 

trituration in hexane overnight to give a colorless oil: Rf = 0.13(3:7, Ethyl acetate: 

hexane), 1H NMR(CDCl3): δ 7.38(d,2H), δ7.14(s,1H), 6.96(dd,2H), δ5.3(s,2H), 

δ4.05(t,2H), δ 3.0(s,3H), δ 2.15(s,3H), δ1.65(2H,m), δ1.4(2H,m), δ0.91(3H,t). Anal calcd 

for C15H23N2O4 : C, 61.21; H, 7.53; N, 9.52. Found: C, 61.16; H, 7.65; N, 9.24.  

20 was prepared in 63 % yield from N-methyl-N-hexyloxycarbonylaminomethyl 

chloride, triethylamine and acetaminophen in CH2Cl2 to give a colorless oil which was 

purified after silica gel column chromatography in ethyl acetate:hexane (4:1) followed by 

trituration in hexane overnight to give a colorless oil: Rf  (0.36, 7:3, ethyl acetate : 

hexane), 1H NMR(CDCl3): δ 7.38(d,2H), δ7.29(s,1H), δ6.95-6.89(2d,2H), δ5.29-

5.23(2s,2H), δ4.11-4.07(m,2H), δ 3.02-2.98(2s,3H), δ 2.15(s,3H), δ1.63(2H,m), 

δ1.3(6H,m), δ0.89(3H,m). Anal calcd for C17H27N2O4 : C, 62.33; H, 8.13; N, 8.69. 

Found: C, 61.96; H, 8.14; N, 8.36. 
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Determination of Solubilities and Partition Coefficients  

Molar absorbtivities were determined in triplicate for each member of the series in 

acetonitrile (ACN) and pH 7.1 phosphate buffer at the maximum absorption wavelength. 

The molar absorbtivities were calculated using Beer’s law (ε = A/c). The solubilities of 

the prodrugs in isopropyl myristate (IPM) were determined in triplicate by stirring 

suspensions of the compound in 3 mL IPM with a magnetic stirrer for 24 h at room 

temperature (23 ± 1°C) (Martin and coworkers, 1985 and Beall et al., 1994). The test 

tubes containing the suspensions were sealed and thermally insulated from the stirrer. 

After stirring, the suspensions were filtered through a 0.45 µm nylon membrane filter. An 

aliquot (~0.1-0.3 mL) was withdrawn from the clear filtrate of saturated solutions and 

diluted to 10 mL in a volumetric flask with ACN. The samples were then analyzed by 

UV spectroscopy using absorbances determined at 240 nm for APAP prodrugs. The 

solubility in IPM was calculated from the following relationship (equation 3-1): 

                                         SIPM = (A/ε) (Dilution factor)                                          (3-1) 

                                         Dilution factor = (Vfinal/Valiquot)                                       (3-2)    

where A is the absorbance of the sample at 240 nm, ε is the molar absortivity of the 

sample at 240 nm in ACN and Valiquot is the volume of the saturated filterate aliquot and 

Vfinal is the final diluted sample volume. In the case of prodrug derivatives which were 

oils, direct solubility measurements were not possible. Thus partition coefficients 

between IPM and pH 4.0 buffers were used to estimate SIPM.  

Solubilities in water (SAQ) were determined by stirring suspensions in deionized 

water for 1 h to limit the extent of hydrolysis of the prodrugs. The samples were filtered 

through nylon filters diluted with ACN and analyzed by UV spectroscopy. SAQ was 

determined using the following equation: 
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                                         SAQ = (A/ε) (Dilution factor)                                    (3-3) 

Determination of SAQ of compounds which were oils was carried out by stirring the 

compound in deionized water for 1 h and ensuring that a biphasic solution was present at 

all times. The test tubes containing the biphasic solution were centrifuged for 2 minutes; 

an aliquot (~0.1-0.3 mL) was withdrawn from the water layer and diluted to 10 mL with 

ACN in a volumetric flask. The samples were then analyzed by UV spectroscopy as 

above. 

For determination of partition coefficients between IPM and pH 4.0 buffer (KIPM: 

4.0) for compounds which were solids at room temperature, a measured volume (~0.5 mL-

1 mL) of the filtered saturated IPM solutions from the lipid solubility experiments were 

mixed with a measured volume of pH 4.0 acetate buffer (~1-5 mL) in a 10 mL test tube 

(Beall et al., 1993). The test tube was capped and vigorously shaken for 10 seconds and 

subsequently centrifuged for 2 min to allow the clear separation of two phases. An 

aliquot (~0.3 mL) was withdrawn from the IPM layer and diluted to 10 mL with ACN in 

a volumetric flask and analyzed by UV spectroscopy. The KIPM: 4.0 was calculated using 

the following relationship: 

                                     KIPM: 4.0 = (V4.0/VIPM) × AF/ (AI-AF)                                   (3-4)      

where V4.0 is the volume of pH 4.0 buffer used, VIPM is the volume of IPM used, AI is the 

initial absorbance of the saturated IPM solution before partitioning and AF is the 

absorbance of the compound remaining after partitioning. The pH 4.0 buffer solubility 

was estimated from KIPM: 4.0 using the following equation: 

                                         S4.0 = SIPM / KIPM: 4.0                                                  (3-5) 
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Determination of partition coefficients between IPM and water (KIPM: AQ) for 

compounds which were oils at room temperature was carried out by using a measured 

volume (~0.5 mL – 1.0 mL) of saturated solution used for determination of SAQ placed in 

a 10 mL test tube and a measured volume (~1-10 mL) of IPM. The test tubes were 

centrifuged; an aliquot was taken from the water layer and diluted with ACN to 10 mL in 

a volumetric flask. Samples were subsequently analyzed by UV spectroscopy. KIPM: AQ 

and SIPM were calculated using the following equations: 

                                           KIPM: AQ = (V4.0/VIPM) × (AI-AF)/AF                                 (3-6)      

                                           SIPM = KIPM: AQ × SAQ                                                                                    (3-7) 

Solubility ratios (SR) were calculated from the ratio of SIPM / SAQ. The methylene π 

values were calculated using equation 3-8:  

                                         π = (log SR n+m – log SR n)/m                                             (3-8) 

where n is the number of methylene units in the promoiety of one prodrug (the lowest 

member of the homologous series) and m is the number of additional units in the 

promoiety in the higher member of the homologous series. Similarly the methylene π 

values (Leo et al., 1971 and Hansch and Leo, 1979) using K values are also reported.  

                                        π = (log K n+m – log K n)/m                                                (3-9)      

Determination of Flux through Hairless Mice Skins (Beall et al., 1994) 

The mice were rendered unconscious using CO2 and sacrificed by cervical 

dislocation. Full thickness skins were removed by dissection; the pieces were scraped to 

remove excess fat, cut into proper sizes and placed dermal side down on the diffusion 

cells.  A Franz diffusion cell consists of two compartments; donor compartment and a 

receptor compartment. The receptor compartment has a side arm which can be used to 

sample the compartment. The skins were held in place using rubber rings, and the two 
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halves of the cells were clamped together. The receptor phase was maintained at 32°C 

with a circulating water bath. A fully assembled Franz diffusion is shown in Figure 3-3. 

The receptor side was filled with 20 mL pH 7.1 buffer containing 0.1% v/v formaldehyde 

(2.7 mL/37% aqueous formaldehyde) to prevent microbial growth (Sloan et al., 1991). 

No air bubbles were present in the receptor side. A magnetic stir bar was added through 

the side arm of the receptor compartment and suspended over a stir plate to stir the 

contents throughout the experiment. The mouse skins were kept in contact with buffer for 

48 h prior to application of the donor phase to condition the membranes; the receptor 

phase was replaced with fresh buffer at least twice to leach out any water soluble UV 

absorbing material present in the skin which would interfere with the UV quantification 

of acetaminophen. Pre-application leach periods from 2-120 h were found to have no 

effect on the subsequent flux of theophylline from a theophylline/propylene glycol 

suspension (33 mg/0.5 mL) (Sloan et al., 1986). The vehicle used to deliver the prodrugs 

was IPM; IPM is widely used in dermatological formulations. It is colorless, odorless and 

non-irritating to the skin (Stenback and Shubik, 1974 and Frosch and Kligman, 1977) and 

has been used extensively in this lab to create the database. 

In all cases, the prodrug was applied as a suspension in IPM. These suspensions 

were prepared by stirring the test compound for 24 h in 2 mL IPM at room temperature; 

the final suspension concentration exceeded the compounds solubility by at least ten fold. 

Application of suspensions of test compound in the donor phase ensured that all 

compounds tested were at the same thermodyanamic activity (Higuchi, 1960 and 

Woodford and Barry, 1982) and allowed calculation of the maximum flux for a 

compound.  



86 

 

A 0.5 mL aliquot of a well stirred IPM suspension was evenly applied to the 

conditioned membrane surface. To obtain a sample from the receptor compartment, 5-6 

mL of buffer  

 
Figure 3-3 A Franz diffusion cell  

(Reproduced with permission from S.C. Wasdo, Ph.D dissertation, University of Florida, 
2005) 
was removed using a Pasteur pipette from the side arm of the receptor and placed in a test 

tube for quantification using UV spectroscopy. In order to maintain sink conditions, the 

entire receptor contents were changed each time a sample was removed. Samples were 

collected after 8 h, 19 h, 22 h, 25 h, 28 h, 31 h and 48 h of the initial application of the 

donor phase. Receptor phases were analyzed by UV within 24 h of sample collection. 

After the 48 h diffusion period, the remaining donor suspension was removed by 

thoroughly washing the skin with methanol. Methanol wash was found to have minimal 

effect on the barrier properties of the skin in control studies (Koch et al., 1986). In order 

to quantify the amount of dermal penetration of the prodrug, the skins were kept in 

contact with buffer for an additional period of 24 h. The length of the post-application 

leach period was sufficient to remove 85-90% of the residual compound in the skin 

(Siver, 1987). 

To evaluate the integrity of membrane, a suspension of 33 mg/0.5 mL of 

ThH/propylene glcol was applied uniformly to the membrane surface. Samples were 
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taken after 1 h, 2 h, 3 h, and 4 h and placed in test tubes for analysis. The entire receptor 

phase was changed with fresh buffer every time a sample from the receptor phase was 

removed. An increase in the flux of ThH compared to controls was an indication that the 

barrier function of the skin had been irreversibly affected by the drug/vehicle 

combination (Sloan et al., 1986).  

Determination of Prodrug Hydrolysis by UV Spectroscopy  

Absorbance at any wavelength was assumed to be a combination of the 

absorbances drug and any intact prodrug. Using Beer’s law, the mathematical expression 

will be 

                           Aλ = CPεPλ + CDεDλ                                                                                                      (3-10) 

where Aλ was the absorbance at a particular wavelength, CP concentration of prodrug, CD 

concentration of drug, εP, molar absortivity of prodrug and εD molar absortivity of drug at 

wavelength λ. By measuring absorbances at two wavelengths it was possible to calculate 

CD and CP.  

                     Aλ1 = CPεPλ1 + CDεDλ1                                                                                                            (3-11) 

                               Aλ2 = CPεPλ2 + CDεDλ2                                                                                                            (3-12) 

Simulataneously solving these equations we arrive at CD and CP. 

               CP = (Aλ1εDλ2 - Aλ2εDλ1) / (εPλ1εDλ2 - εPλ2εDλ1)                                          (3-13) 

               CD = (Aλ1 - CPεPλ1) / εDλ1                                                                                                               (3-14) 

CP and CD were then added to arrive at the total species of acetaminophen present. 

For APAP prodrugs, λ1 was 240 nm and λ2 was 280 nm.  

Calculation of Maximum Flux 

Maximum flux was calculated from the plot of the cumulative amounts of drug 

species delivered through the skin versus time. The cumulative amount permeated can be 
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calculated by adding amount permeating through the skin at each time interval or 

sampling time. The slope of the best fit line passing through the steady-state portion 

divided by the cross sectional area of the diffusion cell (4.9 cm2) gives us the maximum 

flux, JM.in µmolecm-2h-1 A typical plot between cumulative amount of drug species and 

time is shown in Figure 1-4 of Chapter 1. 

Physicochemical Properties of NANAOCAM Prodrugs of APAP  

All prodrugs of APAP had lower melting points than the parent drug (Table 3-2). 

Only three of the five prodrugs were solids; 1, 17 and 18 while 19 and 20 were oils 

compared to the AOC-APAP series where all prodrugs were solids. The melting points 

decreased as carbon chain lengths increased. Thus insertion of ‘CH2N(R’)’ into the AOC 

(ROCO-) promoiety to give the NANAOCAM promoiety leads to a greater decrease in 

crystalline lattice energy and hence melting points compared to AOC-APAP derivatives. 

Solubilities 

The SD of the solubilities in isopropyl myristate and water were all less than ± 5%. 

The solubilities of prodrugs in IPM, water and solubility in pH 4.0 buffer are shown in 

Table 3-2 while molar absortivities, partition coefficients and π values are shown in Table 

3-3. Lipid solubilities measured in IPM increased as carbon chain lengths increased for 

the APAP series. The most lipid soluble member of the series 20 was 69 fold more 

soluble than APAP while the first member of the series 1 was 7.4 fold more soluble than 

APAP. The IPM solubilities of NANAOCAM-APAP were higher than AOC-APAP 

prodrugs (Wasdo and Sloan, 2004) probably because the melting points of these prodrugs 

were considerably lower. Unlike the AOC-APAP series a regular increase in solubilities 

in IPM was seen along the series using the NANAOCAM promoiety.  
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The direct water solubilities or pH 4.0 of all APAP prodrugs were lower than 

APAP. The most water soluble member of the series 1 was 2 fold less water soluble than 

APAP. This is consistent with AOC-APAP prodrugs where the most soluble member of 

the series, C1–AOC-APAP, was about 4 fold less soluble than APAP. Thus, the decrease 

in melting points is not enough to increase the solubility in water, because masking the 

hydrogen bonding phenolic group with NANAOCAM leads to an increase in the 

molecular weight to an extent that the decrease in lattice energy isn’t able to compensate. 

Regardless of the irregular behavior of the absolute solubilities, the ratios of the 

solubilities in IPM and AQ (SRIPM: AQ) were reasonably well behaved. The average 

methylene πSR was 0.53 ± 0.05. The π values obtained for NANAOCAM-APAP prodrugs 

closely relate to AOC-APAP series which had a value of 0.57. The SD for partition 

coefficients determined between IPM and pH 4.0 buffer (KIPM: 4.0) were all less than 

±10%. The average methylene πK was 0.56 ± 0.05 for the series. The π value obtained is 

in close agreement with with other series of prodrugs (Beall, 2001; Sloan, 2003 and 

Wasdo, 2004). Thus π values obtained using solubility ratios are in close agreement with 

π values obtained using partition coefficients between IPM and pH 4.0 buffer. This 

consistency makes π values a robust indicator of consistent homologous series behaviour. 
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Table 3-2 Molecular Weights (MW), Melting Points (mp), Log Solubilities in Isopropyl 
Myristate (Log SIPM), Log Solubilities in Water (Log SAQ) and Log 
Solubilities in pH 4.0 Buffer (Log S4.0). 

 
Compound MW mp (°C) Log SIPM 

(mM) 
Log SAQ 
(mM) 

Log S4.0    
(mM) 

    APAP 151 167-170 0.28 2 1.84 

1, R = CH3, 
    R’ = CH3  

252 86-88 1.15 1.66  
1.61 

17, R = C2H5,  
    R’ = CH3 

266 75-77 1.3 1.2  
1.22 

18, R = C3H7,  
    R’ = CH3 

280 59-60 1.61 0.95  
0.91 

19, R = C4H9,  
    R’ = CH3 

294     - 1.83 0.56  
nd 

20, R = C6H13,  
    R’ = CH3 

322     - 2.12 -0.16       
 nd 

 
Table 3-3 Molar Absortivities in Acetonitrile and Buffer (ε), Log Solubility Ratios 

between IPM and Water (log SRIPM:AQ ), the Differences Between Log 
SRIPM:AQ (πSR), the Log of Partition coefficients Between IPM and pH 4.0 
Buffer (Log KIPM:4.0), and the Differences Between Log KIPM:4.0(πK).  

 

a Units of 1 × 104 L/mole. 
 b Molar absortivities measured at 240 nm for compounds APAP, 1, 17-20. 
 c Buffer: pH 7.1 phosphate buffer with 0.11 % formaldehyde. 
 d Molar absortivities measured at 240nm for compounds APAP, 1, 17-20.. 
 e Molar absortivities measured at 280nm for compounds APAP, 1, 17-20.  
 

Buffer a, c Compound CH3CNa 

εb 
  εd

  
 

εe 
 

Log SRIPM:AQ  
 

πSR Log KIPM:4.0  
 

πK 

  APAP 1.36 0.8 0.12 -1.72    
         1 1.43 1.11 0.1 -0.51  -0.45  
         17 1.42 1.16 0.13 0.1 0.61 0.08 0.53 
         18 1.45 1.26 0.15 0.66 0.56 0.69 0.61 
         19 1.44 1.23 0.13   1.27 0.58 
         20 1.47 1.14 0.14   2.28 0.51 
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Diffusion Cell Experiments 

The maximum flux obtained for NANAOCAM prodrugs of APAP are presented in 

Table 3-4. All JMIPM values were within the ± 30% variation in J values seen for in vitro 

hairless mouse skin diffusion cell experiments. Only two derivatives 1 (2.18 ×) and 17 

(1.22 ×) gave higher delivery of total species from IPM than APAP itself. 18 in the 

APAP series gave a flux comparable to APAP alone. All other prodrugs delivered less 

parent drug + prodrug species through the skin than APAP. The C6 derivative, 20, 

performed worse in the series yet it was the most soluble in IPM. All prodrugs derivatives 

had higher lipid solubility than the parent drug however it was the most water soluble 

derivative that gave highest flux through the skin for each series. 1 was 7.4 times more 

lipid soluble, 0.46 times as water soluble APAP but 3 × that of other members of the 

series and gave the greatest flux through skin. The most lipid soluble member of the 

series 20 (69 ×) higher than APAP had the lowest flux (0.43 ×) of APAP. 1 showed the 

least decrease in water solubility compared to APAP at the same time while exhibiting 

higher lipid solubility compared to the parent drug and hence performed better than other 

more lipid soluble members of the series whose water solubility was compromised. 

NANAOCAM prodrugs of APAP perform marginally better than AOC-APAP 

derivatives. The best performing prodrug C1-AOC-APAP was 6.3 fold more lipid soluble, 

0.29 fold water soluble and exhibited 1.7 fold higher flux than APAP through skin. The 

marginal increase in flux from C1-NANAOCAM-APAP could be accounted for by the 

higher aqueous solubility of the prodrug.   
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Table 3-4 Solubilities in IPM (SIPM), Solubilities in Water (SAQ) and Flux (JMIPM) through 
in vitro Hairless Mouse Skins from IPM. 

Compound SIPM (mM) SAQ (mM) JMIPM (µmolcm2h-) 
    APAP 1.91 100 0.51 
1, R = CH3,  
    R’ = CH3  

14.13 45.71 1.11 

17, R = C2H5,  
    R’ = CH3 

19.95 15.85 0.62 

18, R = C3H7,  
    R’ = CH3 

40.74 8.91 0.51 

19, R = C4H9,  
    R’ = CH3 

67.61 3.63 0.43 

20, R = C6H13,  
    R’ = CH3 

131.83 0.69 0.22 

 
Prodrug Bioconversion to Parent Drug. 

NANAOCAM prodrugs of APAP are stable to chemical hydrolysis as seen before 

in Chapter 2. In comparison to chemical hydrolysis, NANAOCAM derivatives of APAP 

are far more susceptible to enzymatic hydrolysis. The percentage of intact prodrug found 

in the receptor phase was indicative of enzymatic conversion to the parent drug. For the 

APAP series, the percentages of intact prodrug C1 to C6 (1, 17-20) in the receptor phase 

were 78, 77, 78, 76 and 80% respectively. The percentages of intact prodrug seen in 

receptor phases for the APAP series are not consistent with AOC-APAP series where the 

bioconversion of prodrug to APAP increases with increase in carbon chain length while 

in this case percentage of intact prodrug remains constant irrespective of the alkyl side 

chain. 

Permeability Coefficients and Solubility Parameter Values 

When fluxes from IPM (JIPM) were divided by their corresponding solubility in 

IPM (SIPM) permeability coefficients (PMIPM) were obtained. The log PMIPM values of the 

prodrugs synthesized are given in Table 3-5. 
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Table 3-5 Log Permeability Values for the APAP from IPM through Hairless Mouse 
Skins (log PMIPM) and Solubility Parameter values. 

Compound Log PMIPM δi (cal cm-3)1/2 

          1 -1.10 12.71 
          17 -1.51 12.42 
          18 -1.90 12.17 
          19 -2.19 11.95 
          20 -2.78 11.58 

 
PMIPM values decreased along with their respective calculated solubility parameter 

for the both series. A plot of of log PMIPM vs δi values for APAP prodrugs (1, 17-20) gave 

a positive slope (Figure 3-4). Such dependence has been seen before for lipophilic drugs 

of polar heterocyclic drugs like 5-FU and phenolic drugs like APAP (Roberts and Sloan, 

1999; Wasdo and Sloan, 2004). 
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Figure 3-4 Plot of solubility parameter versus log PMIPM for 1, 17-20. 

For NANAOCAM-APAP prodrugs, log PMIPM decreases linearly with increasing 

size of the promoiety. This decrease in PMIPM can be explained by the increase in SIPM 

and decrease of JMIPM with increasing alkyl chain length. 

Residual Amounts in Skin 

The residual skin concentrations (Crs) for NANAOCAM prodrugs of APAP are 

presented in Table 3-6. 
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Table 3-6. Residual Skin Concentrations of Total APAP (Crs) and Ratios of Dermal 
versus Transdermal Fluxes (D/T). 

Compound Crs ± SD (µmol) D/T 

         1 4.793 ± 1.8 4.32 
         17 1.574 ± 0.14 2.53 
         18 5.442 ± 0.66 10.67 
         19 5.79 ± 0.94 13.47 
         20 6.215 ± 0.92 28.27 

 
The most lipid soluble member of the series, 20, gave highest dermal delivery into 

the skin and also had the highest D/T ratio. D/T ratios increase with increase in 

lipophilicity of the prodrugs except for 17. Compounds exhibiting higher JMIPM 

(trandermal flux) were not as effective in delivering total APAP species into the skin 

(dermal flux, Crs) and had lower D/T ratios. Thus if delivered appropriately these 

prodrugs can act as a reservoir of phenolic drugs.  

Second Application Fluxes. 

The second application theophylline flux (JJIPM) values are presented in Table 3-7. 

Table 3-7 Second Application Theophylline Flux (JJIPM) data for Flux of Theophylline 
from Propylene Glycol. 

Compound JJIPM ± SD (µmolcm2h-1) 

 APAP 0.74  
         1 0.49 ± 0.09 
         17 0.87 ± 0.16 
         18 0.52 ± 0.24 
         19 1.23 ± 0.1 
         20 0.49 ± 0.09 

 
Skin penetration by theophylline from propylene glycol, was approximately the 

same or lower than control for skins treated with NANAOCAM prodrugs of APAP. 

Normalization of the JMIPM values by the respective JJIPM values did not change the rank 

order of the performances of APAP, 1, 17-20. Thus, the differences in JJIPM must be due 
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to differences in the abilities of prodrugs to deliver APAP and not damage to the skin 

barrier. 

Modelling the Flux of NANAOCAM prodrugs of APAP through Hairless Mouse 
Skin from IPM using the RS equation. 

Application of the Roberts-Sloan (RS) equation to analysis of flux obtained from 

NANAOCAM prodrugs data allows quantification of the effect of IPM solubility, water 

solubility and molecular weight on flux through hairless mice skin.The first attempt to 

predict flux of the APAP prodrugs was carried out using the RS equation derived from n 

= 63 compound database (equation 3-15; Wasdo, 2005). 

Log JMIPM = -0.502 + 0.517 log SIPM + (1 - 0.517) log SAQ – 0.00266 MW      (3-15) 

The inclusion of five APAP prodrugs (1, 17-20) revised the coefficients of the RS model 

as shown in equation 3-16. 

Log JMIPM = -0.356 + 0.53 log SIPM + (1 - 0.53) log SAQ – 0.00336 MW (r2 = 0.91, n = 68)  

                                                                                                                        (3-16)    

NANAOCAM prodrugs of APAP underperformed regardless of the model used. The 

residual values (exp log JMIPM – predicted log JMIPM = ∆ log JMIPM) for compounds 1, 17-

20 was 0.27 log units according to equation 3.15 and 0.23 log units using equation 3.16. 

A plot experimental vs calculated log JMIPM through hairless mouse skins is shown using 

equation 3.15 and 3.16 in Figures 3-6 and 3-7, respectively. The residual values for the 

entire database of n = 68 was ~0.16 using equations 3.15 and 3.16 respectively. Both the 

models correctly identified the best performing members of the APAP series and rank 

order of the performance of prodrugs was also correctly identified.The experimental flux, 

calculated flux and error in predicting flux (∆log JMIPM) using each model is given in 

Table 3-8. 
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Table 3-8 Experimental Flux (log JMIPM), Calculated Flux (Calc. log JMIPM) and Error in 
Predicting Flux (∆log JMIPM) for Compounds 1, 17-26 through Hairless Mouse 
Skins from IPM.   
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Figure 3-5 Experimental versus calculated log maximum flux values through hairless 

mouse skin from IPM using equation 3.15. 

 

Compound log JMIPM  
          

Calc.log JMIPM  
Eq 3.15 

∆log  
JMIPM 
Eq 3.15 

Calc. 
Log 
 JMIPM  
Eq 3.16 

∆log  
JMIPM 
Eq 3.16 

         1 0.05 0.22 0.18 0.18 0.14 
         17 -0.21 0.04 0.25 0.0009 0.21 
         18 -0.29 0.04 0.34 0.002 0.29 
         19 -0.37 -0.07 0.29 -0.11 0.26 
         20 -0.66 -0.34 0.32 -0.39 0.27 
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Figure 3-6 Experimental versus calculated log maximum flux values through hairless 

mouse skin from IPM using equation 3.16. 

Conclusions 

NANAOCAM derivatives of acetaminophen were found to be enzymatically labile. 

The slow hydrolysis rates of NANAOCAM derivatives of phenol containing drugs makes 

them potentially useful candidates to prevent their premature metabolism during oral 

drug delivery in addition to increasing their topical delivery. 

The delivery of the total acetaminophen (APAP) containing species by its N-alkyl-

N-alkyloxycarbonylaminomethyl (NANAOCAM) derivatives from IPM is enhanced 

compared to the parent drug molecule. The more water soluble member of the more lipid 

soluble series was the most effective at enhancing the delivery of total APAP species 

through mouse skin from IPM. Insertion of ‘CH2(NR’)’ into the AOC promoiety 

increases biphasic solubility and flux of phenolic drugs and the NANAOCAM-APAP 

derivatives perform better than AOC-APAP 
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The amount of drug species delivered could be reasonably predicted by the RS 

equation. The addition of 5 new compounds to the database of existing 63 compounds for 

the RS equation gave new coefficients which were not significantly different from the 

previous coefficients. The result reinforces the importance of biphasic solubility to flux. 

The y coefficient in the RS equation (3.16) suggests the contribution of solubility in a 

lipid phase (SLIPID) to be 0.53 and solubility in a water phase (SPOLAR) to be 0.47 on a 

scale of 1. The dependence of flux on water solubility holds regardless of the degree of 

hydration in vitro or in vivo, human skin or mouse skin, mineral oil, propylene glycol, 

water or IPM (Sloan and Wasdo, 2004).   
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CHAPTER 4 
SYNTHESIS AND TOPICAL DELIVERY OF N-ALKYL-N-

ALKYLOXYCARBONYLAMINOMETHYL PRODRUGS OF AN IMIDE 
CONTAINING DRUG: THEOPHYLLINE 

Just like the phenolic functional group, an imide (acidic –NH group) is commonly 

found in drug molecules; examples include 6MP, 5-FU, 5-Iodo-2-deoxycytosine and 5-

fluorocytosine. We chose theophylline (ThH) as our model imide containing drug.  

Theophylline is commonly used to treat asthma and is partially effective when 

given orally or topically to treat psoriasis (Iancu et al., 1979 and Berenbein et al., 1979). 

It inhibits phosphodiesterases and leads to an increase in cAMP levels whose levels in 

psoriatic skin are severely compromised (Bourne et al., 1974; Voorhees and Duell, 1971). 

Since theophylline exhibits a narrow therapeutic range increasing the oral dose to treat 

psoriasis is not a viable option. Topical delivery of theophylline is limited by its poor 

solubility in the skin. Prodrugs of theophylline could potentially solve this problem 

enabling this old drug to be topically effective in treating psoriasis. Sloan and coworkers 

have reported ACOM-Th, AOC-Th, AC-Th and mannich bases of ThH as useful 

prodrugs of ThH (Sloan and Bodor, 1982; Sloan et al., 1984; Kerr et al., 1998 and Sloan 

et al., 2000). AOC, AC and Mannich bases (-CH2NRR’) of ThH rely on chemical 

hydrolysis to give ThH. While AOC and AC hydrolyse by addition elimination type of 

mechanism, Mannich bases hydrolyse by a SN1 type of mechanism. Since the leaving 

group in both cases is Th- where ThH has a pKa of 8.6, the rates of hydrolysis are very 

fast, e.g. 7-AOC-Th has a t 1/2 = 1-3 min, 7-AC-Th has a t 1/2 <1 min and Mannich bases 

of ThH have t 1/2 <1 min. Prodrugs with such short half lives make pharmaceutical 
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formulation very difficult. The shelf life of compounds with such short half-lives in water 

means they require anhydrous storage conditions. This makes it difficult to keep costs of 

marketing the compound down. The NANAOCAM promoiety, where nitrogen is built 

into the promoiety that is conjugated to ThH, should have improved stability because it 

doesn’t rely on an addition elimination type of pathway but on a SN1 type of mechanism 

that is more stable than Mannich bases. The ability of the nitrogen to donate electrons and 

stabilize the carbocation formed in the transition state is diminished in NANAOCAM 

derivatives (ROCONRCH2-, R = alkyl) compared to Mannich bases (RR’N-CH2-, R = R’ 

= alkyl). This is because of presence of an electron withdrawing alkyloxycarbonyl 

(ROCO) attached directly to the NR’-CH2 nitrogen in NANAOCAM compared to 

Mannich bases where the nitrogen is attached to electron donating alkyl groups which aid 

in stabilizing the carbocation and increase its rate of hydrolysis over the NANAOCAM 

promoiety (Figure 4-1). Introduction of a nitrogen hetero atom in the promoiety should 

also give better biphasic solubility because nitrogen is basic and can act as hydrogen 

bond acceptor and, hence improve flux through the skin. 
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Figure 4-1 Carbocations formed as intermediates by hydrolysis of Mannich bases of 

theophylline and NANAOCAM-Th.  

In Chapter 2, we looked at the chemical hydrolysis of NANAOCAM-X conjugates 

in aqueous buffers, where X was phenol, carboxylic acid or 6MP. In the preceding 
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chapter we looked at the topical delivery of NANAOCAM prodrugs of acetaminophen, 

here we extend the use of the NANAOCAM promoiety to imide containing drugs like 

theophylline. In this chapter we will investigate the synthesis, physicochemical 

characterization and diffusion of NANAOCAM derivatives of theophylline through in 

vitro hairless mouse skins from IPM.  

The performance of the NANAOCAM prodrugs of theophylline in diffusion cell 

experiments were compared with that predicted by the Roberts Sloan (RS) equation. The 

results were added to the Sloan database to generate new coefficients for the parameters 

in the equation and give a more robust RS equation. 

Experimental Procedure  

Materials and Methods  

Isopropyl myristate (IPM) was obtained from Givaudan Corp (Clifton, NJ). 

Theophylline (ThH) was purchased from Sigma Chemical Co. (St. Louis, MO, USA); all 

other reagent chemicals were from Aldrich Chemical Co. (Milwaukee, WI, USA). The 

water was obtained from a Millipore Milli-Q water ultra filteration system. Ultraviolet 

spectra were recorded on a Shimadzu UV-2501 PC spectrophotometer. A radiometer pH 

meter 26 was used to determine pH of solutions. The vertical, Franz type diffusion cells 

were from Crown Glass (Somerville, NJ, USA) (surface area 4.9cm2, 20 mL receptor 

phase volume, 15 mL donor phase volume). The diffusion cells were maintained at 32°C 

with a Fischer (Pittsburgh, PA, USA) circulating water bath model 25. The female 

hairless mice (SKH-hr-1) were from Charles River (Boston, MA, USA). Statistical 

analyses were carried out by using SAS 9.0. The animal research adhered to the NIH 

“Principles of Laboratory Animal Care.” 
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Synthesis of Prodrug Derivatives  

Synthesis begins by the alkylation of ThH with N-alkyl-N-alkyloxycarbonyl-

aminomethyl chloride (NANAOCAM-Cl) in presence of a base like triethylamine and 

CH2Cl2 as the solvent. In every case it was necessary to synthesize the corresponding 

alkylating agent, NANAOCAM-Cl. 
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Figure 4-2 Synthesis of NANAOCAM-Cl from 1, 3, 5-trialkylhexahydrotriazine. 

Synthesis of NANAOCAM-Cl 

a) 1, 3, 5-Trimethylhexahydrotriazine was synthesized from equimolar equivalents of 

aqueous formaldehyde, methyl amine and NaOH according to the protocol originally 

developed by Graymore et al., (1932) and modified by Siver et al., (1990). Methyl amine 

(0.4 mol of 40% aqueous) was placed in an ice bath and an equivalent of 37% aqueous 

formaldehyde was added dropwise over a period of 10 min. The solution was allowed to 

equilibrate to room temperature and stirred for one hour, then an equivalent of NaOH was 

added and the contents were stirred for 1.5 h more. The solution was  extracted with 4 × 

50 mL CH2Cl2, dried over Na2SO4, filtered and concentrated to a clear colorless CH2Cl2 

solution containing the the hexahydrotriazine derivative. Complete evaporation of 

CH2Cl2 wasn’t carried out as it resulted in loss of the desired product. For quantification 

purposes the ‘CH2’ of CH2Cl2 at δ5.3 and N-CH2-N peak of hexahydrotriazine derivative 

at δ3.2 were used, yield = 82% in CH2Cl2, 1H NMR (CDCl3): δ2.3 (s, 9H), δ3.2 (s, 6H). 
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Next the 1, 3, 5-trimethylhexahydrotriazine (freshly prepared) in CH2Cl2 was added to an 

ice cold solution of 3 equivalent of alkyl chloroformate in CH2Cl2 over a period of 10 

minutes. The white suspension that was observed was allowed to equlilibrate to room 

temperature and stirred overnight. The suspension was filtered and the filtrate 

concentrated to oil. The oil contained the desired product and corresponding bis(N-Alkyl-

N-alkyloxycarbonyl)aminomethanes with a ‘CH2’ peak at δ4.8.The oil was purified by 

trituration with hexane overnight followed by ether overnight. The clear solution was 

decanted leaving the white residue (bis derivative) behind. The clear solution was then 

concentrated. The peak at δ4.8 due to the ‘CH2
’ of the bis derivative and the peak at δ5.3 

due to the ‘CH2’ of N-alkyl-N-alkyloxycarbonylaminomethyl chloride were used to 

quantitate the amount of product formed.  

N-Methyl-N-methyloxycarbonylaminomethyl chloride: yield = 90%, 1H NMR (CDCl3): 

δ2.9 (s, 3H), δ3.75 (s, 3H), δ5.3 (s, 2H). 

N-Methyl-N-ethyloxyoxycarbonylaminomethyl chloride: yield = 89%, 1H NMR 

(CDCl3):δ1.3 (t, 3H), δ2.9 (s, 3H), δ4.22 (q, 2H), δ5.33 (s, 2H). 

N-Methyl-N-propyloxycarbonylaminomethyl chloride, N-methyl-N-

butyloxycarbonyl aminomethyl chloride, N-ethyl-N-methyloxycarbonylaminomethyl 

chloride and N-methyl-N-hexyloxycarbonylaminomethyl chloride were synthesized in an 

alternate way via a N-alkyl carbamic acid alkyl ester (Figure 4-3A).  
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Figure 4-3 Synthesis of NANAOCAM-Cl from alkyl amine and preperation of alkyl 

chloroformate in situ from alcohol 

b) N-Alkyl carbamic acid alkyl ester.  

To a solution of chloroformate (33 mmol) in 75 mL CH2Cl2 mounted in an ice bath, was 

added an equivalent of triethylamine and aqueous alkyl amine. The reaction mixture was 

allowed to warm to room temperature and stirred overnight. The clear solution was 

washed with 3 × 10 mL brine and the organic layer was dried over Na2SO4 and 

concentrated to an oil. This oil was purified by trituration with hexane overnight. The 

suspension that resulted was filtered and the filtrate evaporated to a yellow oil. 

N-Methyl carbamic acid propyl ester: yield = 60 %, 1H-NMR (CDCl3 ): δ0.97 (t, 3H), 

δ1.7 (m, 2H), δ2.9 (d, 3H), δ4.06 (t, 2H) ,δ4.58 (s, 1H). 

 N-Methyl carbamic acid butyl ester: yield = 49 %, 1H-NMR (CDCl3 ): δ0.92 (t, 3H), 

δ1.38 (m, 2H), δ1.6 (t, 2H), δ2.8 (d, 3H), δ4.06 (t, 2H) ,δ4.58 (s, 1H). 

N-Ethyl carbamic acid methyl ester: yield = 69 %, 1H-NMR (CDCl3): δ1.05 (t, 3H), δ3.1 

(q, 2H), δ3.7 (s, 2H), δ4.58 (s, 1H). 

In the case of N-methyl carbamic acid hexyl ester it was necessary to synthesize the 

chloroformate by reacting  three molar equivalents of hexanol with an equivalent of 
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triphosgene and three equivalents of a poorly nucleophilic base, triethylamine (Figure 4-

3B). A solution of triphosgene (11 mmol) in 100 mL CH2Cl2 was first prepared and 

placed in an ice bath. To this solution was added a mixture of triethylamine (33 mmol) 

and the alcohol (33 mmol) in 25 mL CH2Cl2 dropwise over 20 min. The exothermic 

reaction was allowed to proceed, the contents were allowed to warm to room temperature 

and stirred overnight. To this preformed chloroformate was added methyl amine and 

triethylamine as stated above in the synthesis of N-alkyl carbamic acid alkyl ester. 

N-Methyl carbamic acid hexyl ester: yield = 59%, 1H NMR (CDCl3): δ 0.89 (t, 3h), δ 

1.31 (m, 6H), δ 1.58 (m, 2H), δ2.79 (d, 3H), δ4.04 (t, 2H) ,δ4.69(s, 1H). 

(c) N-Alkyl-N-alkyloxycarbonylaminomethyl chloride: 

A suspension of N-alkyl carbamic acid alkyl ester, 1.7 equivalents of paraformaldehyde 

and 13 equivalents of trimethylsilyl chloride was refluxed for 2.5 h using a CaCl2 drying 

tube, water condenser and an oil bath. The suspension was diluted with CH2Cl2 and 

filtered to get rid of the unreacted  paraformaldehyde. The clear filterate was concentrated 

with rotavapor at 40°C under reduced pressure. The yellow oil obtained was triturated 

with hexane overnight. The white suspension obtained was filtered, and the filtrate was 

concentrated to give the desired alkylating agent. 

N-Methyl-N-propyloxycarbonylaminomethyl chloride: yield = 85%, 1H NMR (CDCl3): 

δ0.97 (t, 3H), δ1.7 (m, 2H), δ3.0 (s, 3H), δ4.12 (t, 2H), δ5.35 (s, 2H). 

N-Methyl-N-butyloxycarbonylaminomethyl chloride yield = 82%, 1H NMR (CDCl3): 

δ0.95 (t, 3H), δ1.41 (m, 2H), δ1.65 (m, 2H), δ3.0 (s, 3H), δ4.17 (t, 2H), δ5.33 (s, 2H). 

N-Methyl-N-hexyloxycarbonylaminomethyl chloride: yield = 83%, 1H NMR (CDCl3): δ 

0.97 (t, 3H), δ 1.3 (m, 6H), δ 1.6 (m, 2H), δ3.02 (s, 3H), δ4.15 (t, 2H), δ5.33 (s, 2H). 
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N-Ethyl-N-methyloxyoxycarbonylaminomethyl chloride: yield = 85%, 1H NMR 

(CDCl3):δ1.25 (t, 3H), δ3.45 (s, 2H), δ3.8 (s, 3H), δ5.33 (s, 2H). 

(d) Synthesis of NANAOCAM-Th (Figure 4-4). 

Theophylline (5.5 mol, 1 equivalent), triethylamine (1.1 equivalents) and 20 mL CH2Cl2 

were stirred for 20 min. A white suspension formed. The alkylating agent (N-alkyl-N-

alkyloxycarbonylaminomethyl chloride) was then added to the suspension. An 

exothermic reaction occured and the suspension cleared to give a solution which was 

stirred overnight at room temperature. The reaction mixture was diluted with 50 mL 

CH2Cl2 and extracted with 10 mL 1N HCl, 20 mL NaHCO3 solution and 3× 50 mL water. 

The CH2Cl2 layer was then dried over Na2SO4 and concentrated to give a white solid 

which was crystallized from CH2Cl2: ether (1:4) to give pure white crystals of N7- (N-

alkyl-N-alkyloxycarbonyl)aminomethyl theophyllines. 
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Figure 4-4 Alkylation of theophylline with NANAOCAM-Cl. 
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Table 4-1 NANAOCAM Prodrugs of Theophylline.                       

N

N

N

N

O

O

N
R'

O

O
R

 

Compound N-R’ O-R 
     21 
     22 
     23 
     24 
     25 
     26 

CH3 
CH3 
CH3 
CH3 
CH3 
C2H5 

CH3 
C2H5 
C3H7 
C4H9 
C6H13 
CH3 

 
21: N7-(N-Methyl-N-methyloxycarbonyl)aminomethyl theophylline. Purified using 

CH2Cl2: hexane (1:4) to give white crystals, yield = 73%, mp = 165-166°C, Rf (0.49, 

EtOAc), 1H NMR(CDCl3): δ7.98-7.75 (2s,1H),δ5.8 (s,2H), δ3.8-3.75 (2s,3H),δ 3.61 

(s,3H),δ 3.43 (s, 3H). Anal calcd for C11H15N5O4 : C, 46.97, H, 5.38; N, 24.9. Found: C, 

46.88; H, 5.22; N, 24.77. 

22: N7-(N-Methyl-N-ethyloxycarbonyl)aminomethyl theophylline. Purified using 

CH2Cl2: ether (1:4) followed by CH2Cl2: hexane (1:4) to give pure white crystals, yield = 

84%, Rf (0.21, ether), mp = 115-117 °C, 1H NMR (CDCl3): δ 7.98-7.78 (2s,1H), δ 5.8 

(s,2H), δ 4.2-4.11 (2q,3H), δ 3.61 (s,3H), δ 3.43 (s,3H), δ3.1 (s,3H), δ1.36-1.28 (2t,3H). 

Anal calcd for C12H17N5O4 : C, 48.81, H, 5.8; N, 23.72. Found: C, 48.8; H, 5.84; N, 

23.67. 

23: N7-(N-Methyl-N-propyloxycarbonyl)aminomethyl theophylline. Purified using 

CH2Cl2: hexane (1:4) followed by hot EtOH to give pure white crystals, yield = 80%, mp 

= 128-129°C, Rf (0.24, ether), 1H NMR (CDCl3): δ 7.98-7.75 (2s, 1H), δ 5.8 (s, 2H), δ 
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4.17-4.08 (2t, 2H), δ3.6 (s, 3H), δ3.43 (s, 3H), δ3.1 (s, 3H), δ 1.74-1.61 (m, 2H), δ 1-0.92 

(2t, 3H). Anal calcd for C13H19N5O4 : C, 50.48; H, 6.19; N, 22.64. Found: C, 50.60; H, 

6.29; N, 22.62. 

24: N7-(N-Methyl-N-butyloxycarbonyl)aminomethyl theophylline. Purified using 

CH2Cl2:hexane (1:3) to give white crystals, yield = 71%, mp = 103°C, Rf (0.29, ether); 1H 

NMR (CDCl3): δ 7.98-7.78 (2s, 1H), δ 5.8 (s, 2H), δ 4.2-4.12 (2t, 2H), δ 3.61 (s, 3H), δ 

3.42 (s, 3H), δ3.01 (s, 3H), δ 1.7-1.63 (m, 2H), δ 1.4-1.35 (m, 2H), δ 0.94 (2t, 3H). Anal 

calcd for C14H21N5O4 : C, 52.0; H, 6.55; N, 21.66. Found: C, 52.17; H, 6.73; N, 21.68. 

25: N7-(N-Methyl-N-hexyloxycarbonyl)aminomethyl theophylline. Purified using 

CH2Cl2:petroleum ether (1:3) to give white crystals, yield = 59%, mp = 74-75°C, Rf 

(0.22, ether); 1H NMR (CDCl3): δ 7.99-7.74 (2s, 1H), δ 5.8 (s, 2H), δ 4.2-4.12 (2t, 2H),    

δ 3.61 (s, 3H), δ 3.42 (s, 3H), δ3.01 (s, 3H), δ 1.63 (m, 2H), δ 1.31 (m, 6H), δ 0.89 (m, 

3H). Anal calcd for C16H25N5O4 : C, 54.69,H, 7.17; N, 19.93. Found: C, 54.18; H, 7.13; 

N, 19.53. 

26: N7-(N-Ethyl-N-methyloxycarbonyl)aminomethyl theophylline. Purified using 

CH2Cl2: hexane (1:4) followed by CH2Cl2: hexane (1:4) to give pure white crystals, yield 

= 80%, Rf (0.14, ether), mp = 145-147°C, 1H NMR(CDCl3): δ 8.03-7.78 (2s,1H), δ 5.81 

(s,2H), δ 3.84-3.77 (2s,2H), δ 3.61 (s,3H), δ 3.53 (q, 2H), δ 3.43 (s,3H), δ1.13 (2t,3H). 

Anal calcd for C12H17N5O4 : C, 48.81, H, 5.8; N, 23.72. Found: C, 48.78; H, 5.74; N, 

23.77. 

Determination of Solubilities and Partition Coefficients  

Molar absorbtivities were determined in triplicate for each member of the series in 

acetonitrile (ACN) and pH 7.1 phosphate buffer at the absorption wavelength. The molar 

absorbtivities were calculated using Beer’s law (ε = A/c). The solubilities of the prodrugs 
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in isopropyl myristate (IPM) were determined in triplicate by stirring suspensions of the 

compound in 3 mL IPM with a magnetic stirrer for 24 h at room temperature (23 ± 1°C) 

(Beall et al., 1994). The test tubes containing the suspensions were sealed and thermally 

insulated from the stirrer. After stirring, the suspensions were filtered through a 0.45 µm 

nylon membrane filter. An aliquot (~0.1-0.3 mL) was withdrawn from the clear filtrate of 

saturated solutions and diluted to 10 mL in a volumetric flask with ACN. The samples 

were then analyzed by UV spectroscopy and absorbances determined at 273 nm. The 

solubility in IPM was calculated from the following relationship (equation 4-1): 

                                         SIPM = (A/ε) (Dilution factor)                                          (4-1) 

                                         Dilution factor = (Vfinal/Valiquot)                                       (4-2)    

where A is the absorbance of the sample at 273 nm, ε is the molar absortivity of the 

sample at 273 nm in ACN and Valiquot is the volume of the saturated filterate aliquot and 

Vfinal is the final diluted sample volume. 

Solubilities in water (SAQ) were determined by stirring suspensions in deionized 

water for 1 h to limit the extent of hydrolysis of the prodrugs. The samples were filtered 

through nylon filters and analyzed by UV spectroscopy. SAQ values were determined 

using the following equation: 

                                         SAQ = (A/ε) (Dilution factor)                                           (4-3) 

For determination of partition coefficients between IPM and pH 4.0 buffer (KIPM: 

4.0) a measured volume (~0.5 mL-1 mL) of the filtered saturated IPM solutions from the 

lipid solubility experiments were mixed with measured volume of pH 4.0 acetate buffer 

(~1-5 mL) in a 10 mL test tube (Beall et al., 1993). The test tube was capped and 

vigorously shaken for 10 seconds and subsequently centrifuged for 2 min to allow the 
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clear separation of two phases. An aliquot (~0.3 mL) was withdrawn from the IPM layer 

and diluted to 10 mL with ACN in a volumetric flask and analyzed by UV spectroscopy 

as above. The KIPM: 4.0 was calculated using the following relationship: 

                                     KIPM: 4.0 = (V4.0/VIPM) × AF/ (AI-AF)                                   (4-4)      

where V4.0 is the volume of pH 4.0 buffer used, VIPM is the volume of IPM used, AI is the 

initial absorbance of the saturated IPM solution before partitioning and AF is the 

absorbance of the compound remaining after partitioning. The pH 4.0 buffer solubility 

can be estimated from KIPM: 4.0 using the following equation: 

                                         S4.0 = SIPM / KIPM: 4.0                                                     (4-5) 

Solubility ratios (SR) were calculated from the ratio of SIPM / SAQ. The methylene π 

values were calculated using equation:  

                                         π = (log SR n+m –log SR n)/m                                       (4-6) 

where n is the number of methylene units in the promoiety of one prodrug (the lowest 

member of the homologous series) and m is the number of additional units in the 

promoiety in the higher member of the homologous series. Similarly the methylene π 

values (Leo et al., 1971 and Hansch and Leo, 1979) using K values are also reported.  

                                        π = (log K n+m –log K n)/m                                            (4-7)     

Determination of Flux through Hairless Mice Skins (Beall et al., 1994)  

The mice were rendered unconscious using CO2 and sacrificed by cervical 

dislocation. Full thickness skins were removed by dissection; the pieces were scraped to 

remove excess fat, cut into proper sizes and placed dermal side down on the diffusion 

cells.  A Franz diffusion cell consists of two compartments; donor compartment and a 

receptor compartment. The receptor compartment has a side arm which can be used to 

inject and eject sample into or out of the compartment. The skins were held in place using 
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round rubber rings and the two halves of the cells were clamped together. The receptor 

phase was maintained at 32°C with a circulating water bath. A fully assembled Franz 

diffusion is shown in Figure 3-3 in the previous chapter. The receptor side was filled with 

20 mL pH 7.1 buffer containing 0.1% v/v formaldehyde (2.7 mL/ L of 37% aqueous 

formaldehyde) to prevent microbial growth (Sloan et al., 1991) ensuring that no air 

bubbles were present in the receptor side. A magnetic stir bar was added through the side 

arm of the receptor compartment and suspended over a stir plate to stir the contents 

throughout the experiment. The mouse skins were kept in contact with buffer for 48 h 

prior to application of the donor phase to condition the membranes; the receptor phase 

was replaced with fresh buffer at least twice to leach out any water soluble UV absorbing 

material present in the skin which would interfere with the quantification of theophylline. 

Pre-application leach periods from 2-120 h were found to have no effect on the 

subsequent flux of theophylline from a theophylline/propylene glycol suspension (33 

mg/0.5 mL) (Sloan et al., 1986). The vehicle used to deliver the prodrugs was IPM; IPM 

is widely used in dermatological formulations. It is colorless, odorless and non-irritating 

to the skin (Stenback and Shubik, 1974 and Frosch and Kligman, 1977) and has been 

used extensively in this lab to create the database. 

In all cases, the prodrug was applied as a suspension in IPM. These suspensions 

were prepared by stirring the test compound for 24 h in 2 mL IPM at room temperature; 

the final suspension concentration exceeded the compounds solubility by at least ten fold. 

Application of suspensions of test compound in the donor phase ensures that all 

compounds tested are at the same thermodyanamic activity (Higuchi, 1960 and Woodford 

and Barry, 1982) and allows calculation of the maximum flux for a compound.  
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A 0.5 mL aliquot of a well stirred IPM suspension was evenly applied to the 

conditioned membrane surface. To obtain a sample from the receptor compartment, 5-6 

mL of buffer was removed using a Pasteur pipette from the side arm of the receptor and 

placed in a test tube for quantification using UV spectroscopy. In order to maintain sink 

conditions, the entire receptor contents were emptied and filled with fresh buffer. 

Samples were collected after 8 h, 19 h, 22 h, 25 h, 28 h, 31 h and 48 h of the initial 

application of the donor phase. Receptor phases were analyzed by UV within 24 h of 

sample collection using the molar absortivities as in Table 4-4.   

After the 48 h diffusion period, the remaining donor suspension was removed by 

thoroughly washing the skin with methanol. Methanol wash was found to have minimal 

effect on the barrier properties of the skin in control studies (Koch et al., 1986). In order 

to quantify the amount of dermal penetration of the prodrug, the skins were kept in 

contact with buffer for an additional period of 24 h. The length of the post-application 

leach period was sufficient to remove 85-90% of the residual compound in the skin 

(Siver, 1987). 

To evaluate the integrity of membrane, a suspension of 33 mg/0.5 mL of 

ThH/propylene glycol was applied uniformly to the membrane surface. Samples were 

taken after 1 h, 2 h, 3 h, 4 h and placed in test tubes for further analysis. The entire 

receptor phase was changed with fresh buffer every time a sample from the receptor 

phase was taken. An increase in the flux of theophylline compared to controls was an 

indication that the barrier function of the skin had been irreversibly affected by the 

drug/vehicle combination (Sloan et al., 1986). 
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Determination of Prodrug Hydrolysis by UV Spectroscopy  

Absorbance at any wavelength was assumed to be a combination of the 

absorbances drug and any intact prodrug. Using Beer’s law, the mathematical expression 

will be: 

                           Aλ = CPεPλ + CDεDλ                                                                                                      (4-8) 

where Aλ was the absorbance at a particular wavelength, CP concentration of prodrug, CD 

concentration of drug, εP, molar absortivity of prodrug and εD molar absortivity of drug at 

wavelength λ. By measuring absorbances at two wavelengths it was possible to calculate 

CD and CP.  

                     Aλ1 = CPεPλ1 + CDεDλ1                                                                                                        (4-9) 

                               Aλ2 = CPεPλ2 + CDεDλ2                                                                                                        (4-10) 

Simultaneously solving these equations we arrive at CD and CP. 

               CP = (Aλ1εDλ2 - Aλ2εDλ1) / (εPλ1εDλ2 - εPλ2εDλ1)                                       (4-11) 

               CD = (Aλ1 - CPεPλ1) / εDλ1                                                                                                          (4-12) 

CP and CD were then added to arrive at the total species of theophylline present. For ThH 

prodrugs, λ1 was 260 nm and λ2 was 284 nm. 

Calculation of Maximum Flux 

Maximum flux was calculated from the plot of the cumulative amounts of drug 

species permeated through the skin versus time. The cumulative amount permeated can 

be calculated by adding amount permeating through the skin at each time interval or 

sampling time. The slope of the best fit line passing through the steady-state portion 

divided by the cross sectional area of the diffusion cell (4.9 cm2) gave us the maximum 

flux, JM.in µmole cm-2 h-1 A typical plot between cumulative amount of drug species and 

time is shown in Figure 1-4 of Chapter 1. 
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Physicochemical Properties of NANAOCAM Prodrugs of Theophylline 

 Melting Point Behaviour of NANAOCAM Prodrugs of Theophylline 

All prodrugs of ThH had lower melting points than the parent drug (Table 4-2 and 

4-3). All prodrugs of the homologous series were solids at room temperature. All 

prodrugs had lower melting points than ThH itself. The decrease in melting points with 

increasing carbon chain lengths along the series were comparable to the AOC-Th and 

ACOM-Th prodrug derivatives (Table 4-2). The even carbon chain member of the series 

had higher melting points than the odd carbon chain length member. This alternate rise 

and fall of melting points on addition of a methylene unit to the alkyl chain of a 

promoiety along a series has previously been observed for several series of homologous 

series (Chikos, 2001 and Wasdo and Sloan, 2004). 

Solubilities 

The SD of the solubilities in isopropyl myristate and water were all less than ± 5%. 

The solubilities of prodrugs in IPM, water and solubility in pH 4.0 buffer are shown in 

Table 4-3 while molar absortivities, partition coefficients and π values are shown in Table 

4-4.  

NANAOCAM prodrugs in the theophylline series showed an irregular increase and 

decrease in IPM solubility was seen. All prodrugs were more lipid soluble than ThH. IPM 

solubility generally increases as melting point decreases along the series. IPM solubility 
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Table 4-2 Melting Point Comparisons of NANAOCAM-Th with AOC-Th and ACOM-
Th. 
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NANAOCAM-Th AOC-Th ACOM-Th  

NANAOCAM-Th AOC-Th ACOM-Th 
R R’ mp (°C) R mp (°C) R mp (°C) 
CH3 
C2H5 
C3H7 
C4H9 
C6H13 
CH3 

CH3 
CH3 
CH3 
CH3 
CH3 
C2H5 
 

165-166 
115-117 
128-129 
103 
75-77 
145-147 

CH3 
C2H5 
C3H7 
C4H9 
C6H13 

174-175 
139-141 
85.5-87.5 
80.5-82 
77-78.5 

CH3 
C2H5 
C3H7 
C4H9 
C5H11 

163.5-165 
146-147 
104-105 
86-87 
58-60 

 
decreases after C2 member of the series. The initial increase in solubility occurs because 

the promoiety masks a polar N-H group and the short alkyl chains decrease crystal 

packing efficiency. As the alkyl chain grows longer van der Waals interaction between 

chains become stronger, leading to a decrease in crystal lattice energy and decrease 

solubility (Yalkowsky, 1977). ACOM-6MP and 1-alkylcarbonyl 5-FU prodrugs show 

similar behaviour (Waranis and Sloan, 1988; Beall et al., 1996 and Patrick et al., 1997). 

All NANAOCAM prodrugs of ThH were less water soluble than the parent drug. 

Water solubility increased on going from 21 to 22 and decreased thereafter from 23 to 25. 

The most lipid member of the series,22, was 2.5 fold less soluble than ThH. In 

comparison to AOC-Th or ACOM-Th, the solubilities in both IPM and water of 

NANAOCAM derivatives were lower. 
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Regardless of the irregular behavior of the absolute solubilities, the ratios of the 

solubilities in IPM and AQ (SRIPM: AQ) (Table 4-3) were reasonably well behaved. The 

average methylene πSR was 0.55 ± 0.09. The SD for partition coefficients determined 

between IPM and pH 4.0 buffer (KIPM: 4.0) were all less than ±10%. The average 

methylene πK was  0.5 ± 0.08. The π value obtained is in close agreement with with other 

series of prodrugs (Beall, 2001; Sloan, 2003 and Wasdo, 2004). Thus π values obtained 

using solubility ratios are in close agreement with π values obtained using partition 

coefficients between IPM and pH 4.0 buffer. This consistency makes π values a robust 

indicator of homologous series behaviour. 

Diffusion Cell Experiments 

The maximum flux obtained for NANAOCAM prodrugs of theophylline are 

presented in Table 4-5. All JMIPM values were within the ± 30% variation in J values seen 

for in in vitro hairless mouse skin diffusion cell experiments. Only 22 (1.58×) performed 

better than ThH at delivering total species from IPM. All other prodrugs delivered less 

parent drug + prodrug species through the skin than by ThH itself. All prodrugs 

derivatives had higher lipid solubility than the parent drug however it was the most water 

soluble derivative that gave highest flux through the skin.  

22 was 0.4 fold as water soluble as ThH while being 64 times more lipid soluble 

than ThH and gave the highest delivery of total species through the skin. 22 was the most 

lipid soluble and water soluble member of the series and hence gave the highest delivery 

through skin. 25 was the second most lipid soluble member of the series (58×) but its 

water solubility was lowest in the series (0.003×) of ThH and it ended up giving the 

lowest delivery through skin (0.06×) of ThH. In the 7-AOC-Th series (Sloan et al., 2000), 

the best performing prodrug was 133 fold fold more lipid soluble and 0.77 as water 
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Table 4-3 Molecular Weights (MW), Melting Points (mp), Log Solubilities in Isopropyl 
Myristate (Log SIPM) Log Solubilities in Water (Log SAQ) and Estimated Log 
Solubilities in pH 4.0 Buffer (Log S4.0). 

Compound MW mp (°C) log SIPM 

(mM) 
log SAQ 
(mM) 

log S4.0    
(mM) 

       ThH  
     

179 270-274 -0.47 1.66  
1.66 

21, R = CH3,  
    R’ = CH3 

 280 165-166 0.43 0.97  
0.93 
 

22, R = C2H5,   
    R’ = CH3 

294 115-117 1.34 1.25  
1.38 

23, R = C3H7,  
      R’ = CH3 

308 128-129 0.88 0.44  
0.47 

24, R = C4H9,  
      R’ = CH3 

322 103 1.04 -0.08  
-0.02 

25, R = C6H13,  
      R’ = CH3 

350 75-77 1.27 -0.88  
-0.7 

26, R = CH3,  
      R’ = C2H5 

294 145-147 0.95 0.99  
1.17 

 
soluble as ThH and gave 3 fold increase of flux across the skin. Unfortunately insertion 

of ‘N(R’)CH2’ moiety into the AOC moiety doesn’t increase lipid solubility by much and 

leads to a drastic reduction of water solubility in comparison to ThH. As a result, increase 

in delivery of total ThH containing species due to the AOC moiety was twice compared 

to the NANAOCAM moiety. Similarly in the 7-ACOM-Th series, the best performing 

prodrug C3 was about 0.65 times as water soluble as ThH and 41 times more lipid 

soluble than ThH and improved flux by about 4 fold. The decreased biphasic solubility of 

the NANAOCAM-Th prodrugs leads to decreased flux across hairless mouse skins 

compared to the 7-ACOM-Th prodrugs.. 
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Table 4-4 Molar Absortivities in Acetonitrile and Buffer (ε), Log Solubility Ratios 
between IPM and Water (log SRIPM:AQ ), the Differences Between Log 
SRIPM:AQ (πSR), the Log of Partition Coefficients Between IPM and pH 4.0 
Buffer (Log KIPM:4.0), and the Differences Between Log KIPM:4.0(πK). 

a Units of 1 × 104 L/mole. 
b Molar absortivities measured at 273 nm. 
c Buffer: pH 7.1 phosphate buffer with 0.11 % formaldehyde. 
d Molar absortivities measured at 260 nm.. 
e Molar absortivities measured at 284 nm. 
 
Prodrug Bioconversion to Parent Drug. 

NANAOCAM prodrugs of ThH are stable to chemical hydrolysis as seen before in 

Chapter 2. In comparison to chemical hydrolysis, NANAOCAM derivatives of ThH are 

far more susceptible to enzymatic hydrolysis based on the amount of intact prodrug 

obtained after their passage through hairless mouse skins. The percentage of intact 

prodrug found in the receptor phase was indicative of enzymatic conversion to the parent 

drug. The percentages of intact prodrug C1 to C6 (21-26) in the receptor phase were 37, 

26, 34, 28, 29 and 32% respectively. Irrespective of chain length the prodrug conversion 

for the members of the series remains constant. This particular trend was also seen in the 

NANAOCAM-APAP series, the amount of intact prodrug seen for the ThH series were 

lower than for the APAP series which could be accounted by the lower pKa of ThH (8.6) 

Buffer a, c Compound CH3CNa 

εb 
  εd

  
 

εe 
 

Log SRIPM:AQ  
 

πSR Log KIPM:4.0  
 

πK 

        ThH 0.8 0.62 0.51 -2.12  -2.14  
       21 0.79 0.45 0.63 -0.55 0.4 -0.51  
       22 0.78 0.47 0.63 -0.11 0.5 -0.04 0.47 
       23 0.83 0.49 0.65 0.44 0.6 0.41 0.45 
       24 0.82 0.44 0.6 1.12 0.5 1.07 0.61 
       25 0.79 0.47 0.55 2.16  1.97 0.45 
       26 0.84 0.53 0.64 -0.04  -0.13 0.38 
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Table 4-5 Solubilities in IPM (SIPM), Solubilities in Water (SAQ) and Flux (JMIPM) through 
in vitro Hairless Mouse Skins from IPM. 

Compound SIPM (mM)  SAQ (mM)  JMIPM (µmolcm2h-1) 
      ThH  
     

0.34 45.71 0.48 

21, R = CH3,  
    R’ = CH3 

2.69 9.33 0.16 

22, R = C2H5,   
    R’ = CH3 

21.88 17.78 0.76 

23, R = C3H7,  
      R’ = CH3 

7.59 2.75 0.09 

24, R = C4H9,  
      R’ = CH3 

10.96 0.83 0.07 

25, R = C6H13,   
      R’ = CH3 

18.62 0.13 0.03 

26, R = CH3,  
      R’ = C2H5 

8.91 9.77 0.34 

 
versus APAP (9.5).The more acidic leaving group is more sensitive to esterase catalysed 

hydrolysis (Barton et al., 1994). Conversion of prodrug to drug rarely has a substantial 

influence on the transdermal delivery through skin of total species from a prodrug 

because flux depends on the solubility of the drug in the skin (Bando et al., 1997 and 

Sloan, unpublished results). 

Carbamates are generally considered to be stable to enzymatic hydrolysis compared 

to simple esters or carbonates but there is precedence in literature that hydrolysis does 

occur. The marketed drug bambuterol is a carbamate derivative of phenol which 

undergoes enzymatic hydrolysis by non specific cholinesterases to yield the parent drug 

(Tunek et al., 1988).  

O

O

OH
N
H
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Bambuterol  
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Permeability Coefficients and Solubility Parameter Values 

When flux from IPM (JIPM) was divided by their corresponding solubility in IPM 

(SIPM) permeability coefficient (PMIPM) was obtained. The log PMIPM values of the 

prodrugs synthesized here are given in Table 4-6. 

Table 4-6 Log Permeability values for Theophylline Prodrugs from IPM through Hairless 
Mouse Skins (log PMIPM) and Solubility Parameter Values. 

Compound Log PMIPM δi (cal cm-3)1/2 

          21 -1.23 13.49 
          22      -1.46 13.15 
          23      -1.93 12.85 
          24      -2.19 12.59 
          25      -2.79 12.36 
          26      -1.42 13.15 

 
PMIPM values decreased along with their respective calculated solubility parameter . 

A plot of of log PMIPM versus δi values for compounds 21-26 gave a positive slope (Figure 

4-5). Such dependence has been seen before for lipophilic drugs of polar heterocyclic 

drugs like 5-FU and phenolic drugs like APAP (Roberts and Sloan, 1999; Wasdo and 

Sloan, 2004).  
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Figure 4-5 Plot of solubility parameter versus log PMIPM for 21-26. 
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For NANAOCAM-Th prodrugs, log PMIPM decreases linearly with increasing size 

of the promoiety. This decrease in PMIPM can be explained by the increase in SIPM and 

decrease of JMIPM with increasing alkyl chain length. 22 however had a higher JMIPM and 

SIPM than 21 but a lower PMIPM because the increase in JMIPM on going from 21 to 22 is 

lower than the increase in SIPM from 21 to 22 and hence the ratio JMIPM/SIPM is lower. 

Residual Amounts in Skin 

The residual skin concentrations (Crs) for NANAOCAM prodrugs of theophylline 

are presented in Table 4-7. 22 gave the highest Crs values. This derivative also gave the 

highest flux through the skin. 22 thus had the most solubility in the skin and gave higher 

transdermal and dermal flux. The best performing prodrug giving both higher transdermal 

and dermal delivery has been observed before in the AOC-APAP series (Wasdo and 

Sloan, 2004). The other prodrugs in the series deliver similar amounts of theophylline 

into the skin and no regular trend was seen.  

Table 4-7. Residual Skin Concentrations of Total Theophylline Species (Crs). 
Compound Crs ± SD (µmol) 

         21 1.358 ± 0.42 
         22 2.064 ± 0.41 
         23 1.19 ± 0.26 
         24 1.204 ± 0.14 
         25 1.3 ± 0.15 
         26 2.31 ± 0.23 
 
Second Application Fluxes 

The second application theophylline flux (JJIPM) values are presented in Table 4-7. 
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Table 4-8: Second Application Theophylline Flux (JJIPM) data for Flux of Theophylline 
from Propylene Glycol. 

Compound JJIPM ± SD  
(µ molcm2h-1)

        ThH 0.81±0.08 
         21 0.71 ± 0.13 
         22 0.59 ± 0.16 
         23 0.82 ± 0.27 
         24 0.6 ± 0.19 
         25 0.52 ± 0.11 
         26 0.69 ± 0.003 

 
Skin penetration by theophylline from propylene glycol, was approximately the 

same or lower for skins treated with NANAOCAM prodrugs of theophylline. 

Normalization of the JMIPM values by the respective JJIPM values did not change the rank 

order of the performances of theophylline and its prodrugs 21-26. Thus, the differences in 

JJIPM must be due to differences in the abilities of prodrugs to deliver theophylline and not 

damage to the skin barrier. 

Modelling the Flux of NANAOCAM Prodrugs of Acetaminophen and Theophylline 
through Hairless Mouse Skin from IPM using the RS equation. 

Application of the Roberts-Sloan (RS) equation to analysis of flux obtained from 

NANAOCAM prodrugs data allows quantification of the effect of IPM solubility, water 

solubility and molecular weight on flux through hairless mice skin. 

 First, the flux of the theophylline prodrugs was predicted using the RS equation derived 

from n = 63 compound database (equation 3-15; Wasdo and Sloan, 2005). 

Log JMIPM = -0.502 + 0.517 log SIPM + (1 - 0.517) log SAQ – 0.00266 MW               (3-15) 

Inclusion of NANAOCAM-Th prodrugs (21-26) revised the coefficients of the RS model 

as shown in equation 4-13.    

Log JMIPM = -0.232 + 0.549 log SIPM + (1 - 0.549) log SAQ – 0.00389 MW (r2 = 0.91, n = 

69)                                                                                                                                (4-13) 
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Finally, all NANAOCAM prodrugs of acetaminophen and theophylline were added to the 

n = 63 database from IPM to give the final form of the RS equation as shown by equation 

4-14.   

Log JMIPM = -0.166 + 0.555 log SIPM + (1 - 0.555) log SAQ – 0.00422 MW (r2 = 0.90, n = 

74)                                                                                                                                (4-14) 

NANAOCAM prodrugs of theophylline underperformed regardless of RS equation 

used in each case. The residual values (experimental log JMIPM – predicted log JMIPM = ∆ 

log JMIPM) for compounds 21-26 was 0.28 log units according to equation 3-15 and 0.16 

log units using equation 4-13.The average error in calculating log JMIPM was 0.17 log 

units for the entire n = 69 database which is comparable to the log JMIPM of 0.16 log units 

obtained for the n = 63 database. A plot experimental vs calculated log JMIPM through 

hairless mouse skins is shown using equation 4-13 in Figure 4-6. 

The residual values when all new prodrugs of APAP and ThH (NANAOCAM 

database) were fit to equation 4-14 for n = 74 database was found to be 0.2 log units and 

0.13 log units respectively. The average error of predicting log JMIPM values for entire 

database (n = 74) is ~ 0.16 log units using equation 4-14 A plot experimental vs 

calculated log JMIPM through hairless mouse skins for the n = 74 database using equation 

4-14 is shown in Figure 4-7 The behaviour of these prodrugs is similar to AOC-APAP 

prodrugs which also underperformed based on their predicted ∆log JMIPM of 0.27 log 

units. 

Both the models correctly identified the best performing members of the ThH 

series and rank order of the performance of prodrugs is also correctly identified.All the 

models correctly identified the best performing members of the APAP and ThH series 
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and rank order of the performance of prodrugs was also correctly identified.The 

experimental flux, calculated flux and error in predicting flux (∆log JMIPM) using each 

model is given in Table 4-9. 

Table 4-9 Experimental Flux (log JMIPM), Calculated Flux (Calc. log JMIPM) and Error in 
Predicting Flux (∆log JMIPM) for Compounds 1, 17-26 through Hairless Mouse 
Skins from IPM.  

Compound Log 
 JMIPM  
          

Calc. 
log 
JMIPM  
Eq 3.15 

∆log  
JMIPM 
Eq 
3.15 

Calc. 
log  
JMIPM 

 Eq 
4.13 

∆log  
JMIPM 
Eq 
4.13 

Calc. 
log  
JMIPM 
Eq 
4.14 

∆log 
JMIPM 
Eq 4.14 

         1 0.05     0.15 0.10 
         17 -0.21     -0.033 0.17 
         18 -0.29     -0.031 0.26 
         19 -0.37     -0.14 0.22 
         20 -0.66     -0.42 0.24 
         21 -0.79 -0.56 0.24 -0.65 0.15 -0.68 0.119 
         22 -0.12 0.012 0.13 -0.076 0.0042 -0.11 0.0124 
         23 -1.05 -0.66 0.39 -0.75 0.297 -0.78 0.26 
         24 -1.15 -0.86 0.29 -0.95 0.205 -0.98 0.17 
         25 -1.52 -1.20 0.32 -1.29 0.23 -1.33 0.19 
         26 -0.46 -0.31 0.15 -0.41 0.061 -0.44 0.00297 
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Figure 4-6 Experimental versus calculated log maximum flux values through hairless 

mouse skin from IPM using equation 4.13 for n = 69. 
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Figure 4-7 Experimental versus calculated log maximum flux values through hairless 

mouse skin from IPM using equation 4.14 for n = 74. 

Conclusions 

For the 7-NANAOCAM-Th series of prodrugs, the most lipid soluble and the most 

water soluble member of the series was the most effective in delivering total ThH species 

from IPM through hairless mouse skins. The 7-NANAOCAM-Th prodrugs were 

generally less effective than both 7-AOC and 7-ACOM prodrugs of ThH because they 

were generally less soluble in lipid (IPM) and water. However, they were more stable 

than their AOC counterparts which should make formulation more feasible. The addition 

of the 7-NANAOCAM-Th series to the RS database and subsequent fitting of n = 69 to 

the RS equation gave new coefficients that were not different from the previous 

parameter estimates. The flux of NANAOCAM prodrugs is accurately predicted by the 

RS equation which reflects the fact that solubility in lipid and water are important criteria 

for optimizing flux through the skin. 
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CHAPTER 5 
SUMMARY OF RESULTS OBTAINED AND FUTURE WORK  

There were four major objectives to this work. The first objective was the synthesis 

and characterization of N-alkyl-N-alkyloxycarbonylaminomethyl (NANAOCAM) 

derivatives of phenols, carboxylic acids, theophylline, 6-mercaptopurine. The second 

was; synthesis and characterization of N-aryl-N-alkyloxycarbonylaminomethyl 

(NArNAOCAM) derivatives of phenols and carboxylic acids followed by investigation of 

the mechanism of chemical hydrolysis of their NANAOCAM and NArNAOCAM 

derivatives in aqueous buffers.The third objective was to evaluate the delivery of total 

APAP and ThH by their NANAOCAM derivatives across hairless mouse skins from 

IPM. The fourth objective was to combine this new data with previously synthesized 

prodrugs series of 5-FU and 6MP and fit the combined database to the Roberts Sloan 

equation (RS) to predict flux. All the objectives of the study were completed. 

An optimized synthesis of NANAOCAM derivatives of phenols, carboxylic acids, 

theophylline and 6-mercaptopurine has been developed. The method gave better yields of 

the desired product and isolation of pure product was less cumbersome than reported 

before (Siver and Sloan, 1990). A new synthetic route was developed to synthesize 

NArNAOCAM derivatives of phenols and carboxylic acids in moderate yields. The new 

compounds synthesized were completely characterized by TLC, UV, NMR and elemental 

analysis. 

The mechanism of hydrolysis of NANAOCAM and NArNAOCAM drug 

derivatives was found to be SN1 type. The hydrolysis was dependent on pKa of the 
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leaving group and independent of pH of buffer. Carboxylic acid prodrugs had higher rates 

of hydrolysis than phenols. NANAOCAM-carboxylic acids were too unstable to serve as 

useful prodrugs and were stabalised by making their analogous NArNAOCAM 

promoiety. Both NANAOCAM and NArNAOCAM derivatives served as chemically 

labile derivatives of carboxylic acids so they do not rely on enzymatic processes to 

release the active drug molecule. A more water soluble NArNAOCAM prodrug of 

carboxylic acid would be predicted to increase membrane permeability if given orally. 

NANAOCAM-phenol derivatives are chemically stable but enzymatically labile 

derivatives. The ThH prodrugs were more labile enzymatically than APAP prodrugs. 

Both NANAOCAM and NArNAOCAM promoieties if conjugated to phenolic drugs like 

morphine and estradiol should limit their first pass metabolism and increase oral 

bioavailability.  

The physicochemical properties of NANAOCAM prodrugs of APAP and ThH such 

as melting points, solubilities in IPM and water, partition coefficients between IPM and 

pH 4.0 acetate buffers were determined. NANAOCAM derivatives of both 

acetaminophen and theophylline increased flux across the skin by 2.1 and 1.6 fold 

respectively. The derivative giving the highest flux was more lipid soluble than the parent 

drug and exhibited the highest water solubility in the series. The addition of APAP and 

ThH prodrugs to the IPM database reinforced the conclusion reached previously. The 

relative importance of biphasic solubility on flux is exemplified by the coefficients of y in 

RS equation. The flux of both APAP and ThH prodrugs was accurately predicted by the 

RS equation. A slightly increased dependence on lipid solubility and less dependence on 

water solubility was seen compared to older RS parameter estimates. The error in 
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predicting log J values and standard deviations were low.All parameter estimates were 

statistically significant and had p-values less than 0.05. As the sample size increases, the 

precision of parameter estimates will increase and the estimations will get closer to the 

true parameter value of the population. 
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