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ABSTRACT 

FB642 (commonly known as carbendazim), a well known anti-fungal agent that may 

have significant anti-cancer activity, is a poorly water-soluble ampholj^te. Unfortunately 

its projected oral dose up to hundred mg per day is far greater than its water solubility of 

6 ^^g/ml. The overall aim of this research was to conduct preformulation studies and 

develop therapeutically viable oral and parenteral formulations. 

The solubility of carbendazim was altered by using both solute and solvent modification 

approaches. The solvent modification was carried out by investigating the solubilization 

of carbendazim by pH in combination with cosolvents, surfactants or complexants. At pH 

7 the total drug solubility is 6.11±0.45 |ig/ml which increases by 1 to 7 fold with 

cosolvent, surfactant or complexant. However, at pH 2 the solubility increases by 400 

times and at pH 1.3 over 3000 times. Both cosolvents and non-ionic surfactants have a 

negligible effect on the total drug solubility at pH 2, whereas the total drug solubility 

increases by combining pH 2 with anionic surfactants or complexants. 

The solute modification was accomplished by preparing different salts of carbendazim. In 

all six different salts, viz., hydrochloride dihydrate, phosphate, hemisulfate hydrate, 

mesylate, besylate, and tosylate were prepared. Their structures were determined using 

single crystal x-ray diffraction. The developability attributes (i.e. hygroscopicity, thermal 

behavior, aqueous solubility, solid state stability, and dissolution rate) of these 
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compounds were evaluated. The dissolution studies showed that all the salts had better 

dissolution rate than the free base, the mesylate salt been the best. 

Based on the preformulation studies, two formulations were chosen for oral dosing in 

mice. The proposed oral formulation of 9.4 mg/ml carbendazim at pH 1 in phosphate 

buffer and 20% SBEPCD phosphate buffer, respectively, did not precipitate on in vitro 

static serial dilution with water and seven up. However, the formulation containing only 

phosphate buffer showed activity in mice by significantly reducing the tumor growth in 

B-16 melanoma injected mice. Also, it gave active blood levels, which were comparable 

to IV dosing. 
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CHAPTER I: INTRODUCTION 

1.1 CANCER OVERVIEW 

Cancer is a group of many related diseases that begin in cells, the body's basic unit of life. 

Normally, cells grow and divide to produce more cells only when the body needs them. 

This orderly process helps keep the body healthy. Sometimes, however, cells keep 

dividing when new cells are not needed. These extra cells form a mass of tissue, called a 

growth or tumor. 

Tumors can be benign or malignant. 

• Benign tumors are not cancer. They can often be removed and, in most cases, 

they do not come back. Cells that form benign tumors do not spread to other 

parts of the body. Most importantly, benign tumors are rarely a threat to life. 

• Malignant tumors are cancer. Cells in these tumors are abnormal and divide 

without control or order. They can invade and damage nearby tissues and 

organs. Also, cancer cells can break away from a malignant tumor and enter 

the bloodstream or the lymphatic system. That is how cancer spreads from the 

original cancer site to form new tumors in other organs. The spread of cancer 

is called metastasis. 
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Most cancers are named for the organ or type of cell in which they begin. For example, 

cancer that begins in the lung is lung cancer, and cancer that begins in skin cells known 

as melanocytes is called melanoma. 

Treatment for cancer can be either local or systemic. Local treatments affect cancer cells 

in the tumor and the area near it. Systemic treatments travel through the bloodstream, 

reaching cancer cells all over the body. Surgery and radiation therapy are types of local 

treatment. Chemotherapy, hormone therapy, and biological therapy are examples of 

systemic treatment. Chemotherapy is one of the commonest ways to counteract cancer. It 

is use of drugs to kill cancer cells. A number of drugs are available (and also in clinical 

trials) that may provide resistance to cancer growth. These drugs may be given alone or 

in conjuction with other drugs. Most of these drugs are effective in the early stage of 

cancer and against a specific type of cancer. Therefore, recent focus is on the synthesis of 

compounds that can be effective against a wide array of tumors and are not susceptible to 

drug resistance. 

1.2 DRUG OVERVIEW 

FB642 (carbendazim) is a systemic fungicide belonging to the benzimidazole family that 

has been widely used in agricultural applications since the 1960's to protect crops from 

decay caused by various fungal pathogens (Davidse 1986). It is also used as a pesticide 
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and herbicide for the protection of flowers and flower bulbs. In vitro studies conducted 

by Procter & Gamble suggest that carbendazim has broad antitumor activity against many 

tumors that are resistant to standard cytotoxic agents and that the compound is not 

susceptible to multiple drug resistance phenotypes. In vivo studies in murine (B16, P388) 

tumors, human colon (HT-29), lung (A549, SK-MES), breast (MX-1, MCF-7), pancreas 

(MiaPaCa, Panc-01), and prostrate (DU145) tumors also revealed antitumor activity. 

These preclinical studies revealed that the efficacy of carbendazim is both dose and 

schedule dependent. Extensive monitoring and toxicological studies done on carbendazim 

report its safety for agricultural use as a pesticide (Krechniak and Klosowska 1986; 

Cybulski and Palut 1982; Gardiner et al. 1974; Hershberger and Arce 1993). 

1.2.1 Drug Description 

Chemical Name: methyl-2-benzimidazolecarbamate 

Chemical Formula; C9H9O2N3 

Molecular Weight: 191.2 

Appearance: white powder, odorless 

Chemical Structure: 

O 

H 
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1.2.2 Pharmacology 

Carbendazim has demonstrated in vitro and in vivo activity against pancreatic, colon, 

breast, lung, ovarian and prostrate cell lines as a single agent. In combination with other 

oncolytic agents, enhancements in tumor regression have been seen. The starting dose of 

carbendazim determined by preclinical studies is 1.2 g/m per week for 3 consecutive 

weeks, which is equivalent to 1/10 the maximum feasible dose (MFD) of the study drug 

(MFD=2000 mg/kg) administered as a single oral dose in rats every week for 4 

consecutive weeks. 

While extensive research has defined the preclinical activity of carbendazim, the 

mechanism of cytotoxicity of carbendazim is not well understood. Carbendazim does not 

appear to interact directly with cellular DNA. Some studies have reported that 

carbendazim may interfere with mitosis, possibly interacting with the mitotic spindle 

proteins (Davidse and Flach 1977; Burland and Gull 1984; Nakai and Hess 1994; 

Parvinen and Kormano 1974; Hess et al. 1991). A recent study on carbendazim 

mechanism of action demonstrated that it increased the extent of apoptosis in human 

tumor cell lines, induced G2/M uncoupling, was equally effective against p53 wild type 

and p53 abnormal cells, and showed antitumor activity in drug and multidrug resistant 

cell lines (Hammond et al. 2001). 



Studies have also shown that carbendazim has significant antiviral activity. Pre-clinical 

data indicate that carbendazim comes from a family of compounds that demonstrate a 

novel mechanism of HIV inhibition. These compounds are potentially attractive anti-HIV 

agents and may be a forerunner of drug development in an important new anti-HIV 

therapeutic area. 

1.2.3 Pharmacokinetics 

The kinetics of absorption, distribution, biotransformation and excretion of carbendazim 

in rats is available in the literature (Krechniak and Klosowska 1986). The disappearance 

of carbendazim in rat (i.v. 12 mg/kg) followed the kinetics of a two-compartment open-

system model. It rapidly metabolizes to methyl 5-hydroxy-2-benzimidazolecarbamate (5-

HBC) and 2-aminobenzimidazole (2-AB). Unchanged carbendazim was found in highest 

concentration in blood. When administered orally as a solution (12 mg/kg), carbendazim 

is easily absorbed from the gastrointestinal tract, its bioavailability is about 85%. 

Urine is the major route of excretion in the rat. The composition of the measured 

radioactivity 12 h after i.v. injection was 94% as 5-HBC, 3% as 2-AB and only 3% as the 

unchanged carbendazim. The rapid biotransformation and excretion of carbendazim may 

account for its low mammalian toxicity. 
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1.2.4 Perceived Advantages 

• Broader spectrum of activity than Taxol, currently the most active anticancer 

drug on the market. 

Effective against more types of cancers, such as colon and pancreatic cancers 

for which current therapies show limited success. 

• No unexpected clinical toxicity observed. 

*1* Oral formulation should facilitate prolonged intermittent administration. 

••• Demonstrated antiviral activity. 

1.2.5 Market Opportunity 

The global cancer drug market was valued at $23.6 billion in 2000 and is forecasted to 

reach a value of $29.0 billion in 2006. The U.S. cancer drug market is the largest in the 

world with a value of $11.1 billion in 2001. The cytotoxic sector is the largest segment in 

the U.S. cancer market, valued at $4.0 billion. For each cancer type carbendazim is likely 

to have activity against, there are no other treatment options available after patients have 

progressed on standard anticancer agents. Carbendazim will be developed for use both 

for patients with refractory cancer as well as an additional standard treatment regime. If 

the predictive models regarding the efficacy of carbendazim are proven correct, the 

commercial potential for this drug appears to be on par or greater than that of Taxol, 

which had sales of $1.6 billion in 2000 prior to its U.S. patent expiration. 
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1.3 SOLUBILIZATION 

In dealing with new drug substances, it is extremely important to know something about 

their solubility characteristics, especially in aqueous systems since they must possess 

some limited aqueous solubility to elicit a therapeutic response. When a drug substance 

has an aqueous solubility less than 1 mg/ml in the physiologic pH range (1-7), a potential 

bioavailability problem may exist. Recently, the importance of solubility, has been 

highlighted by its use in the biopharmaceutics classification system (BCS) described by 

Amidon et al. (1995). If a drug is poorly water soluble, then it will slowly dissolve, 

perhaps leading to incomplete absorption. Therefore, in order to obtain better absorption 

of poor soluble drugs, it is necessary to alter their solubility. 

Solubility can be altered by either solute modification or solvent modification (Myrdal 

and Yalkowsky 1999; Yalkowsky 1999). Solute modification can help increase the 

apparent solubility and dissolution rate of the compound. This can be done by changing 

the crystal structure or adding a cosolute to the crystal (Yalkowsky 1999). Modifying the 

solvent is effective in producing a thermodynamically stable increase in solubility. A 

flow chart depicting different ways of altering solubility is presented in Figure 1.1. 
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1.3.1 S olute Modification 

The crystal structure of the solute in equilibrium with the solution is the fundamental 

factor which determines its solubility in water or any other solvent. The most stable 

crystal form will have the lowest free energy and correspondingly lowest solubility, 

which is referred to as the equilibrium solubility. Crystal modification can produce 

different forms with higher free energy that may produce an increase in the dissolution 

rate of drugs, especially poorly soluble drugs and an apparent increase in their solubility. 

Such modification in the parent compound can be achieved physically or chemically. 

Aqueous solubility of 

an organic solute 

Crystal term 
(Melting point, 

Enthalpy of fusion) 

Molecular Structure 
(Activity term) 

i 
Solute 

modification 

Solvent 
modification 

. T T T • 
Chemical pH Cosolvent Surfactant Complexant Physical 

Cosolute Polymorph Hydrate/Solvate Amorphous 

Prodrugs Salt Formation 

Figure 1.1 Flow diagram illustrating different procedures for altering solubility of a 

poorly soluble drug 
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Physical modifications in a crystal structure can be brought about by reducing the particle 

size, crystallizing the drug from different solvents, forming a hydrate or solvate, 

destroying the crystallinity or mixing with another solute. Each of these operations will 

produce only a transient increase in solubility. Given enough time, the apparent solubility 

always reverts to the solubility of the most stable crystal form. Since this reversal can be 

fairly rapid, the effects of polymorphs, amorphs, and hydrates are greater on the initial 

dissolution rate than on the apparent solubility. 

Solute modifications achieved chemically (including prodrugs and salt formation), 

however, may result in an increase in the equilibrium solubility as a new chemical entity 

is formed. 

1.3.2 Solvent Modification 

Solvent modification is the most effective means of producing a thermodynamically 

stable increase in solubility. Over the years, a variety of solubilization additives have 

been developed. The four most commonly used solubilizing techniques are pH control, 

cosolvents, surfactants, and complexing ligands. The solubilizing ability of each of these 

techniques along with the physicochemical properties of the drug molecules are 

important factors in choosing how to solubilize the drug. Other factors include; the 

desired dose, safety, taste, toxicity and overall cost of the solubilizing agents. 



29 

It has been shown in recent years that the combination of solubilizing methods may 

further enhance the solubility. The pH control combined with the different techniques 

has been shown to produce significant increases in the solubility of ionizable solutes 

(Martin 1993; Li et al. 1998, 1999). When used in conjunction with buffers, lower 

concentrations of cosolvents, surfactants and complexants can be used. The solubility is 

often greater than if the solubilizing agents were used alone. 

1.4 AIMS OF THIS STUDY 

Even though carbendazim continues to be important to achieve an effective 

chemotherapy for the treatment of a variety of tumor models, its formulation has not been 

completely satisfactory because of its poor solubility. The purpose of this study is to 

develop therapeutically viable oral and parenteral formulations. In order to achieve this 

goal, following studies need to be performed: 

• Investigation of the physico-chemical properties of the bulk drug (Chapter II). 

• Solubility enhancement through solvent modification (Chapter III) and salt 

formation (Chapter IV). 

• Recommendation of oral and parenteral formulations based on the solubility 

results (Chapter V). 

• Pharmaceutical and biological evaluation of the proposed formulations 

(Chapter VI). 
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CHAPTER II: DRUG CHARACTERIZATION 

2.1 INTRODUCTION 

Prior to development, it is necessary to have a full understanding of the physical-

chemical properties of the drug substance. This information often leads to a better 

understanding of the interrelationship between molecular structure and drug action. In 

this study, the following physicochemical properties of carbendazim were determined: 

melting point, thermogravimetric analysis, mass spectrum (MS), infra-red spectroscopy 

(IR), nuclear magnetic resonance (NMR), ultraviolet spectrum (UV), solubility, and 

stability. Also, an HPLC method was developed to quantitate carbendazim and separate it 

from any possible degradation products. 

2.2 EXPERIMENTAL 

2.2.1 Materials 

Carbendazim was supplied by the Proctor and Gamble Company and was used as 

received. All other chemicals were reagent grade and purchased from Sigma-Aldrich 

Chemical Company (St. Louis, MO). All chemicals were used as received without further 

purification. 
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2.2.2 Mass Spectrum 

The low resolution mass spectrum of carbendazim and its decomposition products were 

determined using a TSQ7000 Triple Quadruple Mass Spectrometer (Thermofinnigan, San 

Jose, CA) with Atmospheric Pressure Chemical Ionization (APCI). 

2.2.3 Infrared Spectrum 

The infrared spectrum of carbendazim was determined on a Thermo Nicolet Avatar 360 

FT-IR. A tiny amount of drug sample was placed on the diamond cell and the spectra was 

recorded. 

2.2.4 Nuclear Magnetic Resonance (NMR) 

The nuclear magnetic resonance of carbendazim was determined in solvents CDCI3 and 

D2O, respectively, by Bruker DRX 600 (Bruker Corp., Billerica, MA). 

2.2.5 Melting Point Determination 

The melting point of carbendazim was determined by using a differential scanning 

calorimeter, DSC QIOOO (TA Instruments, New Castle, DE). Small quantities (1-3 mg) of 
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carbendazim were weighed and spread evenly across the bottom of the aluminum pan. 

The pan was then covered with the lid to flatten the sample against the bottom of the pan 

for improved thermal contact and minimal thermal gradients. The reference pan was 

prepared by sealing an empty crimped pan with a crimped lid. The heating rate of DSC 

was controlled at 5°C/min. 

2.2.6 Thermogravimetric Analysis 

The percent weight loss of the drug powder was monitored by using a TA Instruments 

Thermogravimetric Analyzer (TGA) Q50 (New Castle, DE). The weighed sample (3-5 

mg) was placed in an open aluminum pan and heated at a rate of 10°C/min. Nitrogen was 

used as the purge gas. 

2.2.7 Polarizing Microscope and Hot Stage 

A Leica DMLP polarizing microscope (E. Licht Co., Denver, CO) was used to 

characterize the physical properties of carbendazim. The powder was examined under 

crossed polar and photomicrographs were taken using a Nikon camera, which was 

attached to the microscope. For hot-stage microscopy, Mettler FP 80 central processor 

and Mettler FP 82 hot stage (Columbus, OH) was used on the Leica microscope. 
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2.2.8 Ultraviolet Spectrum 

The UV spectra of carbendazim were determined in different solvents, viz. methanol, 

acetonitrile, and O.OIM phosphate buffer at pH 2. The UV scan was performed using a 

Gary 50 Bio UV spectrophotometer (Varian, Walnut Creek, CA). 

2.2.9 Solubility in Pure Solvents 

An excess amount of carbendazim was added to vials containing 1 ml of different 

solvents. The sample vials were rotated at 20 rpm using an end-over-end mechanical 

rotator (GlasCol Laboratory rotator, Terre Haute, IN) at ambient temperature for 2-3 

days. After equilibration, each sample was filtered through a 0.45 |am filter. An aliquot of 

the filtrate was diluted and analyzed using HPLC. No degradation of carbendazim was 

observed in any of the solvents during the time needed to establish the equilibrium 

solubility. 

2.2.10 Stability Studies 

The stability of carbendazim was studied at low pH. Stock solutions of 1 mg/ml of 

carbendazim were prepared in O.OIM phosphate buffer at pH 0.9 and 1.9. All stock 

solutions were sealed in glass ampoules. The samples were withdrawn at different times 

and diluted with the mobile phase before injecting them into HPLC. 
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The temperature effect on the degradation rate of carbendazim was conducted for the 

samples at pH 0.9 and 1.9 at three different temperatures (25°C, 37°C, and 60°C). 

Temperature was maintained by using a Precision Microprocessor Controlled 280 series 

water bath (Jouan Lie., Winchester, VA). 

2.2.11 High Performance Liquid Chromatography 

A Beckman (Fullerton, CA) Gold HPLC system equipped with a model no. 168 detector 

at 280 nm was used for all assays. A Pinnacle ODS amine column (250 X 4.6 mm, 

Restek, Bellefonte, PA) was used with a mobile phase composed of 40% 20 mM 

phosphate buffer at pH 3 and 60% acetonitrile. The flow rate was controlled at 0.8 

ml/min. The retention time of carbendazim was 3.5 min. The injection volume was 20|xL. 

The evaluation of the assay was conducted by using carbendazim standard solutions at 

concentrations ranging from 0.1 [i^g/ml to 100 |a,g/ml. None of the excipients interfere 

with the assay. All experimental data are the average of duplicate values with an average 

error of less than 3%. 

The HPLC system developed as described above can detect carbendazim and its major 

degradation products. Figures 2.1 (a) and (b) represent chromatograms obtained from a 

fresh sample of carbendazim and one that has degraded in pH 0.9 buffer at 60°C for 50 

days, respectively. 
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Figure 2.1 Representative HPLC chromatograms of degraded carbendazim in buffer 

solution at pH 0.9 at t = 0 days (a) and t = 50 days (b) 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Mass Spectrum 

Figure 2.2 illustrates the mass spectrum of carbendazim. Due to its thermal stability, the 

APCI mass spectrum of carbendazim is strong in molecular ion intensity and poor in 

fragment ions. The mass/charge ratio, m/e, of 191.9 is observed for the parent ion peak, 

which is also the molecular peak. The fragmentation pattern of carbendazim as seen in its 

mass spectrum is proposed in Figure 2.3 The presence of the methoxy group (OCH3) is 

suggested by the presence of the peak at m/e 159.9 for the loss of CH3OH (MW = 32), 

which leads to the formation of stable isocyanate moiety (MW = 159.9). The cleavage of 

the carbonyl group from the formed isocyanate moiety (m/e 159.9) results in a weak 

fragment at m/e 133.9. 
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Figure 2.2 Mass spectrum of carbendazim 
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Figure 2.3 Scheme for fragmentation of carbendazim 

2.3.1 Infrared Spectrum 

Figure 2.4 shows the infrared spectrum of carbendazim. The presence of the -NH group 

is confirmed by a peak at 3300 cm"\ The C-H stretch is seen at 3014 cm"' and C=0 

stretch at 1765 cm"\ 
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Figure 2.4 IR spectrum of carbendazim 

2.3.2 Melting Point Determination and Thermogravimetic Analysis 

Figure 2.5 depicts the melting point of carbendazim along with its thermogravimetric 

analysis. The DSC scan of carbendazim shows two endotherms. The onset temperature of 

the first endotherm occurs at 228°C, whereas the second endotherm is seen around 

306°C. The latter is in agreement with the reported melting point of 305°C (The Merck 

Index 1996). The basis for this endotherm was further investigated by using TGA. There 

is no weight loss observed until 230°C. This indicates that no residual solvent is left in 

the drug. There is about 27% weight loss over the temperature range of 237-251°C and a 

further 48% at 313-343°C. The fact that only a fraction of drug is lost at the first 

endotherm indicates that the second endotherm is not due to boiling, but rather, due to 
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dmg decomposition with the evaporation of gas. If that is the case, then the first 

endotherm (228°C) should be the melting point of carbendazim as opposed to the 

literature reported value of 305°C. 

In order to confirm our reasoning for the occurrence of two endotherms and to report the 

authentic melting point of carbendazim, we heated the drug to 220°C in an oven and 

obtained an isotherm at that temperature for 60 min. Then we collected the sample and 

ran MS, IR, and UV on it. For simplicity, we will be referring to the original sample as I 

and the sample heated at 220°C as II in the following discussion. 
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Figure 2.5 DSC and TGA scan of carbendazim 



40 

Figure 2.6 shows the melting point of II. As expected, we see only one sharp endotherm 

at 345°C, which in all probability is the melting point of II. The melting point of II in 

Figure 2.4 and 2.5 differ by 40°C, however, the heat of enthalpy (-350 J/g) is similar. 
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Figure 2.6 DSC scan of II 

Figure 2.7 illustrates the mass spectrum of 11. The m/e 191.8 peak, which is the molecular 

weight of I, is missing in Figure 2.7 suggesting the absence of I. On the other hand, m/e 

159.9 which appeared as the fragment ion peak in Figure 2.2 is the parent ion peak in 

Figure 2.7. This clearly illustrates that I is the original compound, carbendazim, having a 

melting point of 228°C, whereas, II is formed as a result of decomposition of 
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carbendazim during melting. UV and IR spectra of I and II, which are shown in Figures 

2.8 and 2.9, further validate our results that the two compounds are different. The 

decomposition after melting was also confirmed by observation under a hot stage 

microscopy. 
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Figure 2.8 Comparison of UV spectra of I and II 
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Figure 2.9 IR spectra of I and II 

2.3.3 Ultraviolet Spectrum 

The UV-absorption spectra along with the list of the absorption maxima of carbendazim 

in methanol, acetonitrile, and 0.0 IM phosphate buffer solution at pH 2 are shown in 

Figure 2.10. 
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Figure 2.10 UV spectra of carbendazim in different solvents 

2.3.4 Solubility in Pure Solvents 

The solubilities of carbendazim in different solvents as determined by HPLC are 

summarized in Table 2.1. Carbendazim is slightly soluble in water, however, it is more 

soluble at low pH and in some organic solvents like DMSO, NMP, and DMA. The 

crystallinity of carbendazim more significantly contributes to its insolubility in different 

solvents than its non-polarity. 



44 

2.3.5 Prediction of the Ionization Constant and Octanol-Water Partition Coefficient 

Carbendazim is an ampholyte. The presence of electron withdrawing benzene ring next to 

imidazole, decreases its basicity to around 5, whereas the acidic carbamide group is 

expected to have a pKa around 11. The octanol-water partition coefficient calculated 

using CLOGP® software is 1.71. 

2.3.6 Stability Studies 

The stability of carbendazim was investigated at pH 0.9 and 1.9 over the temperature 

range of 25°C to 60°C. The degradation of carbendazim (kobs) follows apparent first order 

kinetics at low pH and at different temperatures as shown in Figure 2.11. The acid 

degradation of carbendazim is independent of pH and similar degradation rate profiles are 

observed at both pH values. At both 25°C and 37°C, the drug in buffer solutions is found 

to be very stable. At these temperatures approximately 100% of the drug is still present 

after 6 months. On the other hand, the drug almost degraded completely within six 

months in samples kept at 60°C. The observed degradation rate constants were calculated 

from the slope of the linear relationship between the logarithm of the remaining drug 

concentration and time. Values of kobs for carbendazim degradation at different pH and 

different temperatures are listed in Table 2.2. 
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Table 2.1 Solubility of carbendazim in various solvents at 25°C 

Solvent Solubility (mg/ml) 

Water 0.006 

Ethanol 0.155 

Propylene glycol 0.411 

Dimethyl acetamide (DMA) 3.880 

Dimethyl sulfoxide (DMSO) 9.190 

Glycerol formal 0.837 

Mpyrol 3.224 

Monoacetin 0.633 

Diacetin 0.727 

Triacetin 0.121 

l-methyl-2-pyrrolidone (NMP) 4.852 

y-Butyrolactone 0.528 

1% Gentisticacid 0.225 

0.5% Caffeine 0.194 

1% Urea 0.008 

Tween 80 0.071 

O.lNHCl (pH~1.34) 18.340 
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Figure 2.11 Apparent first order plots for degradation of carbendazim as a function of 

temperature (a); pH 0.9 and (b): pH 1.9. •: 25°C; O: 37°C; A; 60° 
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Table 2.2 Observed apparent first order degradation rate constants of carbendazim under 

different conditions 

pH Temperature (°C) Kobs (day"') 

09 60 0.0102 

1.9 60 0.0128 

2.3 CONCLUSIONS 

The physicochemical properties of carbendazim were evaluated in this study. The melting 

point of carbendazim was determined to be around 230°C as compared to its reported 

value of 305°C. The drug was poorly soluble in water and most pharmaceutically 

acceptable solvents. The high crystallinity of carbendazim significantly contributes to its 

insolubility than its non-polarity. The drug was found to have a basic pKa around 5 and 

an acidic pKa of 11. Solutions of carbendazim at low pH were found to be stable at both 

25°C and 37°C. 
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CHAPTER III: SOLVENT MODIFICATION 

3.1 INTRODUCTION 

A common problem experienced in the early development of drugs intended for oral 

and/or intravenous administration is the solubilization of a slightly water soluble or water 

insoluble active ingredient. This can often limit the effective application of drugs in 

current therapies. Carbendazim is one such drug. Its anticancer activity is limited because 

of its poor aqueous solubility. Its projected oral dose of 100 mg per day is far greater than 

its water solubility of 6.11|Xg/ml. Therefore, it must be solubilized before it can be 

adequately tested in the clinic. 

In chapter I we discussed briefly the different solubilization approaches that are available 

for increasing the apparent or equilibrium solubility of a given compound. This chapter 

will focus on the solubilization of carbendazim using solvent modification. The chapter 

will address the solubility enhancement by some pharmaceutically acceptable cosolvents, 

surfactants, and complexants, alone and in combination with pH. Based on our 

solubilization studies, we will then propose different oral and intravenous formulations. 
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3.2 BACKGROUND 

3.2.1 Solubilization by pH 

Altering the pH of a solution is a common method for increasing the solubility of a weak 

electrolyte. Usually the ionized form of the drug is more soluble in water than the 

unionized form. As a result, by changing the pH of the solution, significant increases in 

the solubility of ionizable solutes can often be obtained. An increase in pH above the pKa 

value of a weak acid and a decrease in pH below the pKa of a weak base will increase the 

aqueous solubility. 

The total solubility of a solute as a function of pH can be determined by using pH control 

with buffers and applying the Henderson-Hasselbach equation. The total solubility, Sj, 

of a solute in a buffered solution is defined as the sum of the total unionized, Stu, and 

total ionized, Sji, species in that solution: 

(3.1) 

The Henderson Hasselbach equation for a weak base can be written as 

pH = pK.+log|i- (3.2) 
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Substituting for S, in equation (3.1) from equation (3.2) yields 

=S„(1 + 10P'^^~P") (3.3) 

Since Su is equivalent to the intrinsic solubility of the drug and is independent of the 

solution pH, equation (3.3) indicates that the concentration of the ionized drug increases 

exponentially with a decrease in solution pH below the pKa of the weak base until the 

solubility product of the salt is reached. Also, from this equation we see that when the pH 

and the pKa are equal the concentrations of the unionized and ionized forms are 

equivalent. As a result, the total solubility is twice the value of the intrinsic solubility at 

the pKa. 

3.2.2 Solubilization by Cosolvents 

Cosolvents are defined as water-miscible organic solvents that are used in liquid drug 

formulations to increase the solubility of poorly water-soluble substances or to enhance 

the chemical stability of a drug. The addition of a cosolvent to an aqueous system 

decreases the polarity of water by breaking up its intermolecular hydrogen bonding. The 

reduction of intermolecular hydrogen bonding decreases the squeezing out of nonpolar 

solutes by water. 
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For nonpolar solutes, such as carbendazim, cosolvency can be described by the log linear 

model of Yalkowsky et al. (1972a, b) wherein the total solubility of the unionized solute 

is related to the fraction of cosolvent (fc) in the mixture and the solublizing power of the 

cosolvent for the unionized solute (Ou) by 

logS^u =logS„+a„f, (3.4) 

Similarly, for the ionized species 

logS^i =logSi+aif, (3.5) 

where, Oi is the solubilizing power for the ionized species. 

The total solubility of a solute in a cosolvent system can also be determined as a function 

of pH by combining equations 3.1, 3.3, 3.4 and 3.5. The solubilization produced by a 

cosolvent in relation to pH was described by Li et al. (1999) to be; 

= S„ (3.6) 

As the drug becomes ionized its polarity increases and its affinity for the cosolvent 

lessens. Thus, in most cases Oi is smaller than Ou- Although the solubilizing power is 
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less, the increase in the concentration of the ionized species can exceed that of the neutral 

drug (Li et al. 1999). This will occur when the difference between the pKa of the drug and 

the solution pH is greater than the difference between the solubilizing powers of the 

cosolvent for both species (i.e., when pKa-pH > Ou - Oj). 

3.2.3 Solubilization by Surfactants 

Surfactants are compounds that have molecular structure with two distinct regions, a 

polar region and a nonpolar region. In water, the surfactant molecules self associate into 

soluble structures called micelles, provided that their concentration exceeds the critical 

micelle concentration (CMC). The interior of the micelle is nonpolar and therefore, can 

solubilize nonpolar or semipolar drugs that have been squeezed out of the water. In 

contrast, the exterior of the micelle consists of the polar regions and interacts with the 

aqueous solution. 

For a given surfactant solution there is equilibrium between the unionized drug in 

solution, Su, and the unionized drug in the micelle, DuM. The total solubility of the drug 

in the solution, Stu, is: 

^Tu ~ (3.6) 
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The value of DuM is related to the micellar partition coefficient for the unionized species, 

Kmu, and the micellar concentration, Cm, by: 

DuM = (3.7) 

Note that Cm is the difference between the total surfactant concentration, Csurf, and the 

CMC. Therefore, when the critical micellar concentration is small. Cm is approximately 

equal to the total surfactant concentration. 

Combining Equations 3.6 and 3.7 gives the equation which describes the solubilization of 

unionized drugs by surfactants: 

The molar solubilization capacity, Ku, is equal to the slope of the Sju (moles/1) versus Csurf 

(moles/1). By using the relationship shown below in Equation 3.9, the solubilization 

capacity can be used to determine the micellar partition coefficient. 

(3.8) 

(3.9) 

It has been shown that the combined effect of micellization and pH can significantly 

enhance the solubility of a drug (Li et al. 1999). Unlike cosolvents where only one phase 
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exists in the solution, when surfactants and pH are used together the resulting solution 

contains four species in equilibrium: the unionized and ionized drug in water and the 

unionized and ionized drug in the micelle. The solubilization capacity (Ki) for an ionized 

species is given by: 

Ki = K„,S, (3.10) 

Knowing this, we can describe the solubilization of ionized drugs by surfactants: 

(3.11) 

The total solubilization for a weak base (Li 2000; Li et al. 1999) is defined by combining 

equations (3.8) and (3.11) and inserting equation (3.3): 

S r *  = S „ + S „ 1 0 < " ' ' - i ' " > + K _ S „ C „ + K „ | S „ 1 0 < " ' - { 3 . 1 2 )  

where S™is the total solubility and Kmi is the micellar partition coefficient of the ionized 

species. Note that K^i will invariably be smaller than Kmu- This is because as the drug 

becomes ionized its polarity increases causing its affinity for the interior of the micelle to 

lessen. 
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If the pKa of the drug is less than the pH of the solution, the concentration of the ionized 

species in water and in the micelle will be small. On the other hand, if > 

Kmu/Kmi the last term in Equation 3.12 will be dominant. As a result, the solubility of the 

ionized species in the micelle will be greater than the unionized species (Li 2000; Li et al. 

1999). 

3.2.4 Solubilization by Complexant 

Complexation involves the non-bonded association of two or more molecules to form a 

new structural entity. Cyclodextrin and its derivatives are the most commonly used 

complexants in pharmacy. Entering the rigid, nonpolar cavity of the cyclodextrin 

molecule increases the solubility of a drug. This is known as inclusion complexation, or 

host-guest complexation (Cram and Cram 1994; Yalkowsky 1999). The cyclodextrin is 

the host molecule and the nonpolar solute or the nonpolar region of the solute is the 

guest. 

Apart from inclusion complexation, stacking compleaxtion is another type of nonbonded 

association that can effectively solubilize organic compounds in water. Stacked 

complexes are formed from the interaction of planar aromatic molecules that have a large 

area of contact. Stacking is a result of the squeezing out of aromatic hydrocarbons from 

aqueous solution by strong water-water interactions. Many non-toxic planar aromatic 

compounds like caffeine, nicotinamide, and n-methyl pyrrolidone have been reported to 
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form stacked complexes with insoluble planar organic molecules and thereby, increase 

their water solubility. 

The solubilization by complexation can be derived similarly to that by micellization. The 

equilibrium constant, Ku, of a 1:1 complex between the unionized drug and the ligand is 

given by: 

_[S^ (3.13) 
[SJ[L] 

where L is the concentration of the ligand, [SuL] is the concentration of the drug ligand 

complex and Su is the concentration of free drug. 

The total solubility of the solute can be simply defined by: 

Stu=SU+[SUL] (3.14) 

Similarly, the total concentration of ligand, Lj, in the system can be given by: 

[LT] = [L] + [S„L] (3.15) 
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Through rearrangement and substitution of Equations 3.15 into Equation 3.13 we can 

solve for [SuL]: 

[S„L] = (3 16) 
(1 + KJSJ) 

Then the total solubility of a solute by complexation is given by: 

Stu=S„+'cJLT] (3.17) 

where the solubilization slope of the unionized drug Xu is defined as 

(3.18) 
(1 + KJSJ) 

If KuSu « 1 then, Tu s KuSu 

By knowing the value of Xu from a plot of complexant concentration and solubility and 

rearranging equation 3.18, we can calculate the formation constant as 
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By analogy to the above treatment of surfactants 

(3.20) 

For a combined approach of both pH control and complexation for an ionizable drug, the 

solubilization for a 1:1 complex was described by Li et al. (1998) to be: 

where K; is the complexation constant for the ionized solute. 

By analogy to the equation for micellization (Equation 4.10), the relative importance of 

the last two terms in Equation 3.21 depends upon the degree of ionization of the solute. 

If > Ku/Kj then the ionized drug-ligand complex can have a greater solubility 

then the complex of the unionized drug and ligand (Li 2000; Li et al. 1998). 

gcomp ^ +KuS„LT + KiS„10^P'^='"P"^LT (3.21) 

3.3 EXPERIMENTAL SECTION 

3.3.1 Materials 

Carbendazim was provided by the Procter & Gamble Company and used as received. 

Hydroxypropyl p-cyclodextrin (HPPCD) with an average molecular weight of 1390 and 
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an average degree of substitution of 4.4 was obtained from Cyclodextrin Technologies 

Development Inc. (Gainesville, FL). Sulfobutyl ether P-cyclodextrin (SBEpCD) with an 

average molecular weight of 2160 and an average degree of substitution of 7 was a gift 

from Cydex, L. C. (Overland Park, KS). All other chemicals were of reagent grade, 

purchased from Sigma (St. Louis, MO) or Aldrich (St. Louis, MO) and used without 

further purification. Buffers were prepared according to Henderson-Hasselbalch equation. 

3.3.2 pH-Solubilization profile 

The buffer systems used for the pH-solubilization profile are 0.0 IM sodium citrate/HCl 

with pH rangel.2-4.0, O.OIM citrate-phosphate-borate/HCl with pH range 4.0-8.0, and 

O.OIM glycine/NaOH with pH range 8.0-12.0. In all the above mentioned buffers the 

ionic strength was maintained at O.IM using sodium chloride. The effect of buffer species 

on the solubility of carbendazim at very low and high pH was not observed because the 

solubility product of each salt was not reached. Solubility at different pH was determined 

in the same manner as described below. 

3.3.3 Solubility determination 

An excess amount of carbendazim was added to duplicate vials containing 2 ml of O.OIM 

phosphate buffer at pH 2.00 + 0.15 and pH 7.00 ± 0.15 containing different 

concentrations (0%, 1%, 2.5%, 5%, 10%) of cosolvents (EtOH, PG, PEG 400, and 
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Glycerol), surfactants (Tween 20, Tween 80, sodium lauryl sulfate (SLS), sodium 

taurocholate, sodium deoxycholate, sodium cholate, cetyltriammonium bromide (CTAB) 

and myristoyl carnitine (MC)) and cyclodextrins (HPPCD, SBE|3CD, n-methyl 

pyrrolidone, and nicotinamide). In addition the cosolvents and cyclodextrins were studied 

at 20%. The solubility was also determined in O.OIM, O.IM, and IM of hydrochloric 

acid, phosphoric acid, sulfuric acid, methanesulfonic acid, benzenesulfonic acid, and 

toluenesulfonic acid. The sample vials were rotated at 20 rpm using an end-over-end 

mechanical rotator (Glas-Col Laboratory rotator, Terre Haute, IN) at ambient temperature 

for 10 days. Samples with drug crystal present were considered to have reached 

equilibrium and were removed from the rotator. The samples were filtered through a 

0.45-|im filter and the pH at equilibrium was measured before performing HPLC 

analysis. The maximum concentrations of different solubilizing agents were selected 

because these concentrations have been used in the marketed formulations without any 

problem (Wade and Weller 1994). 

3.3.4 HPLC analysis 

A Beckman Gold HPLC system equipped with a model no. 168 detector at 280 nm was 

used for all assays. A Pinnacle ODS amine column (250 X 4.6 mm, Restek, Bellefonte, 

PA) was used with a mobile phase composed of 40% 20 mM phosphate buffer at pH 3 

and 60% acetonitrile. The flow rate was controlled at 0.8 ml/min. The retention time of 

carbendazim was 3.5 min. The injection volume was 20|aL. The evaluation of the assay 
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was conducted by using carbendazim standard solutions at concentrations ranging from 

0.1 |Xg/nil to 100 jig/ml. None of the solubilization agents interfered with the assay. All 

experimental data are the average of duplicate values with an average error less than 3%. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Solubilization by pH 

Figure 3.1 shows the unionized and the ionized forms of carbendazim. The formation of a 

resonance stabilized cation and anion is responsible for the high solubilities at low and 

high pH that are shown in Figure 3.2. 

The figure shows that carbendazim has an intrinsic solubility of 6.1 fXg/ml and its 

solubility increases with decreasing pH below 4.5 (the pKa of its basic guanadinium 

group), and with increasing pH above 10.8 (the pKa of its carbamate group). Figure 3.2 

also shows that the experimental pH-solubilization profile fits very well with the 

theoretical line calculated by the Henderson-Hasselbalch equation for an intrinsic 

solubility of 6.1 |J-g/ml, a basic pKa of 4.5 and an acidic pKa of 10.8. 



Figure 3.1 Structure of carbendazim 
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The solubility of carbendazim was also determined as a function of counter-ion. Since, 

each formed salt has different solubility, it is necessary to know the pH range in which it 

is soluble. Table 3.1 lists the solubility of carbendazim in different acids. 
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Figure 3.2 pH-solubilization profile of carbendazim 

This data points were then plotted on the theoretical pH solubility profile of carbendazim 

as shown in Figure 3.3. We can see that all of the data points for pH values greater than 

1.5 falls on the theoretical curve represented by the solid line. The solubility of 

carbendazim in O.IM sulfuric acid and p-toluenesulfonic acid lies left of the theoretical 

curve, suggesting that the salt of these acids reached their solubility product value. On the 

other hand, the solubility of carbendazim in 0.1 and IM hydrochloric and 

methanesulfonic acid, respectively, lies way to the right of the theoretical curve. The 

possible explanation could be either self association of carbendazim molecules or 
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presence of second basic pKa on the carbendazim. The carbamate group is known to have 

a pKa value of less than 0, but it may be possible that because of presence of 

benzimidazole ring the protonation of carbamate group may be feasible at low pH values. 

The dash line on the Figure 3.3 is generated using the solubilization equation for divalent 

base with pKai = 4.5 and pKa2 =1.5. The solubility at low pH appears to fit very well 

with this theoretical curve. 

Table 3.1 Solubility of carbendazim in different acids 

Acid 

0.01 M O.IM 

Acid 
Solubility 
(mg/ml) 

pH 
Solubility 
(mg/ml) 

pH 

Hydrochloric 0.70 2.3 9.80 1.5 

Phosphoric 0.84 2.2 3.74 1.8 

Sulfuric 1.42 2.0 3.29 1.1 

Methanesulfonic 1.42 2.1 19.01 1.4 

Benzenesulfonic 0.78 2.4 4.84 1.7 

p-T oluenesulfonic 0.94 2.4 1.90 1.4 
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Figure 3.3 Solubility of carbendazim in different acids 

•: hydrochloric acid; A: phosphoric acid; >t=:sulfuric acid; O: benzenesulfonic acid; and 

O: p-toluenesulfonic. The solid and dash lines drawn through the data are theoretical and 

were calculated using 0.006 mg/ml as the free base solutility. The pKa of 4.5 was used for 

former and pKai and pKai of 4.5 and 1.5 for the latter. 
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3.4.2 Solubilization by cosolvents 

Figure 3.4a shows the aqueous solubility of carbendazim versus the concentration of 

EtOH, PG, PEG 400, and Glycerol at pH 7. In all cases there is an exponential increase in 

the solubility with increasing cosolvent concentration. The extent of solubilization 

depends both on the concentration and the polarity of cosolvents. The order of 

solubilization (Ou) by four cosolvents is PEG 400 > EtOH > PG > Glycerol. This order is 

in agreement with the polarities of cosolvents as reflected by their reported dielectric 

constants or solubility parameters (Etman and Nada 1999). 

Figure 3.4b shows the aqueous solubility of carbendazim versus the concentration of the 

same cosolvents at pH 2. From Figure 3.4b, we can conclude that there is only a slight 

effect of cosolvent on the total drug solubility at pH 2, with the cosolvents following the 

same order as at pH 7. The solubilization slopes were calculated from Equation 3.4 and 

are provided in Table 3.2. Although the slopes at pH 2 (Oi) for all the studied cosolvents 

are smaller than at pH 7 (Ou), the amount of drug solubilized is greater at pH 2. This is 

because the concentration of the cation far exceeds the concentration of the uncharged 

drug in solution at pH 2. 
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Figure 3.4 Solubilization of carbendazim by different cosolvents. (a) pH 7.00, (b) pH 

2.10. O: PEG 400; •: EtOH; A: PG; O: Glycerol. 
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Table 3.2 Solubilization power of cosolvents at pH 2 and 7 

Cosolvent Cu (pH 7) ai (pH 2) 

PEG 400 0.031 0.0079 

Ethanol 0.019 0.0079 

PG 0.016 0.0055 

Glycerol 0.010 0.0022 

3.4.3 Solubilization by surfactants 

Figure 3.5 shows the total solubility of carbendazim at pH 7 for different concentrations 

of non-ionic surfactants (Tween 20 and Tween 80), anionic surfactant (SLS), and bile salt 

(sodium cholate and sodium deoxycholate) solutions. The critical micelle concentrations 

of Tween 20 and Tween 80 are 0.006% and 0.0014%, respectively (Florence and 

Attwood 1988) which is well below the minimum concentration of surfactant used for 

solubilization. At pH 7, the total drug solubility increases linearly with increasing the 

concentration of all the surfactants. 
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Figure 3.5 Solubilization of carbendazim by different surfactants at pH 7 

X: Tween 20; •: Tween 80; •: sodium cholate; *: sodium deoxycholate; 0: sodium 

taurocholate; A: SLS. 

Figure 3.6 shows the total drug solubility of carbendazim at pH 2 ± 0.15 for different 

concentrations of non-ionic surfactants (Tween 20 and Tween 80), anionic surfactants 

(SLS and sodium taurocholate), cationic surfactant (CTAB), and zwitterionic surfactant 

(MC). The difference in solubility for 0% surfactant is due to fluctuation in pH of the 

sample during study. As seen from the figure, there is no significant change in the total 

solubility with increasing concentration of non-ionic surfactants at pH 2 ±0.15, because 

the polar cationic drug species does not partition into the nonpolar region of the micelle. 

Also, at high concentrations of micelles (which do not form homogeneous aqueous 
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solutions), the volume of free water is reduced. This reduces the amount of the ionized 

species in the free water. Therefore, the net effect of micellization on total drug solubility 

is the result of the increase in the solubility of the unionized drug by the micelle, the 

decrease in the amount of ionized drug in the free water, (i.e., the volume of the solution 

not occupied by the micelles), and the increase (if any) in the solubility of the ionized 

drug in the micelle. 
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Figure 3.6 Solubilization of carbendazim by different surfactants at pH 2 ± 0.15 

X: Tween 20; •: Tween 80; •: CTAB; •: MC; O: sodium taurocholate; A: SLS. 
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On the other hand, anionic surfactants SLS and sodium taurocholate increase the 

solubility of carbendazim at pH 2 ± 0.15 in a linear fashion. This significant increase in 

the solubility can be attributed to the added electrostatic attraction between the positively 

charged drug species and the negatively charged surfactant species. Based on the analogy 

'opposite attract and like repel', the cationic surfactant (CTAB) and the zwitterionic 

surfactant (MC) didn't increase the solubility of carbendazim appreciably at pH 2 ± 0.15 

because of electrostatic repulsion between the positively charged drug species and the 

positively charged surfactant species. In fact, the repulsion is so strong in case of CTAB 

that a decrease in the solubility of carbendazim is observed with increasing CTAB 

concentration. 

Table 3.3 Solubilization parameters of the surfactants for carbendazim 

Surfactant Ku(pH7) Kmu(M-') Ki(pH2) 

Tween 20 0.0014 41.86 0.0029 0.48 

Tween 80 0.0015 44.84 0.0117 1.92 

SLS 0.0010 29.90 0.0540 6.42 

Sodium deoxycholate* 0.0006 17.94 NA NA 

Sodium cholate* 0.0005 14.95 NA NA 

Sodium taurocholate 0.0007 20.93 0.0809 6.02 

MC NA NA 0.0546 7.03 

NA: Not available 
* The study was not performed at pH 2 because of the limited solubility of the excipient. 
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Also, from Figures 3.5 and 3.6 we can see that there is no significant difference on a 

weight basis between Tween 20 and Tween 80 in solubilizing carbendazim at either pH 7 

or pH 2 ± 0.15. However, the more nonpolar Tween 80 is a more efficient solubilizer on a 

molar basis than Tween 20 as is evident from their Kmu and Kmi values. The 

solubilization capacities and the micellar partition coefficients for different surfactants in 

solubilizing carbendazim are calculated using Equations 3.9 and 3.12 and are 

summarized in Table 3.3. As can be seen from the Table 3.3 that the solubilization slopes 

of all of the surfactants are greater for the ionized drug species than the unionized. The 

lower micellar partition coefficient for the ionized drug (Kmi) is obviously due to its 

greater affinity for water. 

3.4.4 Solubilization by complexants 

The solubility of carbendazim in various concentrations of HPpCD, SBEpCD, 

nicotinamide, and NMP is shown in Figure 3.7. The total drug solubility of carbendazim 

increases both at pH 7 and pH 2 for all the studied complexants. Also, since carbendazim 

is a planar aromatic molecule, it also forms stacked complexes with stacking complexing 

agents, nicotinamide and NMP. At pH 7, the solubility of carbendazim appears to 

increase in a linear fashion with complexant concentration suggesting formation of 1:1 

drug-ligand complex for all studied complexants. 
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Figure 3.7 Solubilization of carbendazim by different complexants 
(a) pH 7 and (b) pH 2 ± 0.15. *; HPpCD; •: SBEpCD; A: NMP; O: nicotinamide. 
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Figure 3.7a shows that both HPpCD and SBEpCD have the same capacity to solubilize 

unionized carbendazim at pH 7, whereas, both nicotinamide and NMP solubilize more 

milligrams of uniozined carbendazim than the cyclodextrins. 

Figure 3.7b shows that SBEpCD was more efficient than HPPCD at solubilizing the 

cationic drug at pH 2. This can be attributed to the fact that the former carries a negative 

charge at low pH while the latter is neutral. The added electrostatic attraction in the case 

of SBEpCD leads to a powerful means of solubilization for the cationic drug. However, 

stacking complexant nicotinamide gave the highest increment in carbendazim solubility 

at pH 2 and at 20% concentration gave approximately 10 mg/ml solution. Furthermore, 

both nicotinamide and NMP gave linear increases in solubility at pH 2, consistent with 

the formation of a 1:1 drug-ligand complex. On the contrary, both cyclodextrins gave a 

non-linear increase in the solubility at pH 2, with the solubility curve reaching plateau 

beyond 10%. 

In order to understand the non-linear behaviour of carbendazim-cyclodextrin complex at 

pH 2, we performed the same solubility experiment at pH 1 and pH 3. Figure 3.7 shows 

the solubility of carbendazim in different concentrations of SBEpCD at pH 1, 2, and 3. 

From the figure we can see that the solubility increases linearly with complexant 

concentration at pH 3, whereas, it starts to plateau at pH 2 and 1. This result indicates that 

the cyclodextrin cavity has a preferential affinity for the unionized form of the drug. An 

explanation for this phenomenon is that the requirement for solvation of the charged drug 
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species by water may prohibit the aromatic ring from fully penetrating the cyclodextrin 

cavity, whereas deeper penetration may be possible with unionized, more hydrophobic 

form of carbendazim. Figure 3.7 shows the solubility of carbendazim as a function of 

HPpCD and SBEpCD at pH 3. 
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Figure 3.8 Solubilization of carbendazim by SBE(3CD at various pH 

C>:pHl;n:pH2;0:pH3. 
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Using equation 3.19, the solubilization data in all the buffers were used to calculate the 

formation constants for all the complexants studied and are included in Table 3.4 along 

with the observed solubilization slopes. The ionized carbendazim has a larger 

solubilization slope than its neutral form because the solubilization slope is proportional 

to the product of its formation constant and its concentration in water at pH 2. Thus, 

although the formation constant for the ionized species (Ki) is less than that of the 

unionized species (Ku), the latter is more efficiently solubilized. 
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Figure 3.9 Solubilization of carbendazim by HPPCD and SBE^CD at pH 3 ± 0.1 

HPPCD; •: SBEpCD 
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Table 3.4 Solubilization parameters of the complexants for carbendazim 

Complexant tu(pH7) Ku(M-^) TiCpH 2)  Ki (M"') 

HPpCD* 0.0016 50.798 0.0044 6.267 

SBEpCD* 0.0026 80.629 0.0145 14.173 

Nicotinamide 0.0004 12.684 0.0193 1.701 

NMP 0.0002 6.341 0.0086 1.083 

* For HPpCD and SBE[3CD Xi and Ki were calculated at pH 3 instead of pH 2. 

3.5 FORMULATION DEVELOPMENT 

Based on our solvent modification studies, we found that solubilization of carbendazim 

by combining pH control with cosolvents, surfactants, and complexants is more effective 

than use of any of these techniques alone. Table 3.5 summarizes the results of these 

methods. 

Before making a decision on final formulations for preclinical studies, it is mandatory to 

take account of the excipients to be used. The most important rule to bear in mind when 

formulating pharmaceutical products is the "keep it simple" principle. Specifically, 

formulations should be developed using excipients which have an established use in 

pharmaceutical products by the same route as the product under development. A number 
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of reviews, eg. Nema et al. (1997), Powell et al. (1998), and Strickley (1999) provide 

well documented information on the amount of excipients that can be used in marketed 

formulations. Table 3.6 lists important selection criteria that need to be considered when 

recommending a formulation. 

Table 3.5 Summary of solubility of carbendazim in different vehicles 

Method 
Solubility 
(mg/ml) 

S/S^ 

Carbendazim (intrinsic) 0.006 1 

Carbendazim-H+ (pH 2.0) 2.354 393 

Carbendazim-H+ (pH 1.4) 19.012 3169 

SLS (10%, pH 2.1) 5.198 866 

Sodium taurocholate (20%, pH 2) 8.323 1387 

NMP(20%, pH2.1) 5.060 844 

Nicotinamide (25%, pH 2) 10.392 1732 

SBEpCD (20%, pH 2.1) 5.199 867 

HPpCD (30%, pH 1.1) 54.646 9108 

SBEpCD (30%, pH 1.1) 91.824 15304 
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Table 3.6 Selection criteria for different solubilizing agents 

Solubilization Applicability Advantages Limitations 

pH range 2-12 inexpensive; simple chance of ppt; tissue 
irritation 

Cosolvents max 10% ethanol; 

40% PG 

inexpensive; 
chemically stabilizing 

chance of ppt; 
systemic toxicity 

Surfactants max 10% non-ionic precipitation unlikely toxic at higher 
concentration 

Complexants SBEpCD & HPpCD-
20%-t- w/w 

Ion stabilizing; 
precipitation unlikely 

Expensive 

Based on the available information on excipient safety and the results of solubilization 

studies of carbendazim, we developed the following intravenous and oral formulations 

for clinical studies. 

3.5.1 Intravenous Formulation 

*t* 1 mg/ml carbendazim in phosphate buffer at pH 2. 

• 2 mg/ml carbendazim in 20% nicotinamide at pH 2. 

3.5.2 Oral Formulations 

• 10 mg/ml carbendazim in phosphate buffer at pH 1. 
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• 50 mg/ml carbendazim in 20% SBEPCD at pH 1. 

While it is not practical to give oral preparations at very high pH, low pH as acceptable 

for oral administration. Emetrol® (anti-nausea liquid) is available over the counter. It is a 

solution of phosphoric acid and sugars with a pH around 1.3 that is an excellent vehicle 

for carbendazim. Anti-nausea liquid can be given in 15-30 ml doses, five times in an 

hour, four times a day. This amounts to a maximum daily dose of 600 ml. Since we are 

proposing a formulation of 10 mg/ml, up to 1000 mg of carbendazim can be given orally 

in 100 ml of anti nausea liquid, which is way above the daily oral dose of carbendazim. 

Although, mesylate buffer gave the maximum solubility we chose to use the phosphate 

buffer for preclinical supplies. The reason being, firstly, phosphate is well accepted in 

marketed products and secondly, the required dose for preclinical studies could be 

formulated in phosphate buffer. 

3.6 CONCLUSIONS 

The solubilization of carbendazim by combining pH with cosolvents, surfactants, and 

complexants was investigated. The solubility of carbendazim was found to be a function 

of pH, having solubility as high as 18 mg/ml at pH 1.3. Cosolvents have a relatively 

small effect (50% increase) on total drug solubility at pH 2 because of the high polarity of 

the cationic drug. Also pH combined with nonionic surfactants does not improve 



81 

solubility, as nonionic micelles are not able to accommodate the cationic drug. 

Fortunately, the total drug solubility increases by combining pH 2 with complexants, as 

they can form a complex with the isolated aromatic ring of both the unionized and the 

ionized drug. Based on our results, we have developed a number of intravenous and oral 

formulation at low pH that could be therapeutically viable. 
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CHAPTER IV: SOLUTE MODIFICATION 

4.1 INTRODUCTION 

In Chapter III, we had discussed different solvent modification approaches to increase the 

solubility of carbendazim. Even though, we got an appreciable increase in carbendazim 

solubility (as high as 15000 times), the possibility of formulating a solid dosage form still 

eluded us. In order to realize this goal, we thought of altering the crystal structure. 

The modification of the solute phase can be effective in increasing the apparent solubility 

and dissolution rate of an active pharmaceutical ingredient in water (Agharkar et al. 1976; 

Anderson and Flora 1996; Benjamin and Lin 1985). The modification of the crystal 

structure can be achieved physically (mechanically or formation of cosolute) or 

chemically (salt formation or prodrug) as discussed in Chapter II. Although modification 

achieved mechanically is restricted to solid solutes, cosolutes can alter the dissolution 

rate of liquid, noncrystalline, and crystalline solid solutes. Chemical modification 

involves formation of a new species, which often is more soluble than the free weak acid 

or base. In the present chapter we will restrict ourselves to solute modification achieved 

chemically via salt formation. 

If a compound possesses an ionization centre, then the possibility of forming a salt exists 

(Berge et al. 1977). Salt formation provides a means of altering the physicochemical and 



83 

resultant biological characteristics of a drug without modifying its chemical structure. 

Factors that can be changed by salt formation include solubility, dissolution, 

hygroscopicity, taste, physical and chemical stability or polymorphism. Water soluble 

salts offer many advantages like preparation of injectable sterile aqueous solutions, fast 

dissolution of the active principle contained in solid dosage form, etc. over solubility 

enhancement involving solvent modification, which, may precipitate upon dilution. Also, 

since salt is considered a new chemical entity, it may constitute new claims for an 

extension of proprietary rights. 

Carbendazim is an ampholyte (Gauthier et al. 2000), having a base pKa of 4.5 and an 

acidic pKa of 10.6 and thus can be an ideal candidate for salt formation. Since current 

FDA approved marketed parenteral products range in pH from 2 to 11 (Sweetana and 

Akers 1996), we will be considering carbendazim as a weak base for the purpose of salt 

preparation. Thus, in the current chapter we will focus on the theory of salts of a weak 

base, their preparation method, structure elucidation, initial physical and chemical 

characterization, dissolution rate and finally salt selection procedure. 



84 

4.2 BACKGROUND 

4.2.1 General Features of pH-Solubility Profile 

The correct interpretation of an apparent solubility value for a given salt requires a 

quantitative understanding of the ionic equilibria governing the pH-solubility behavior of 

the unionized form of the drug and its salts. Figure 4.1 shows a classical pH-solubility 

profile for a hypothetical weak base having a pKa of 7. There are two key regions in the 

pH-solubility profile depicted in Figure 4.1, determined by the nature of the solid phase 

present in equilibrium with the drug in solution. In Region I (pH > 3.5), the solid phase 

present is the free base (neutral form, B). Therefore, the concentration of free base in 

solution is fixed at the intrinsic solubility. So. The overall solubility, St, is given as 

where the concentration of the protonated conjugate acid species, [BH"^], is obtained from 

(4.1) 

iVj, — 1— 
[BH""] 

(4.2) 
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Figure 4.1 pH-solubility profile of a weak base 

It is evident from equation 5.1 that the logarithm of solubility is a constant at pH » pKa, 

while it increases linearly with decreasing pH at pH < pKg. This simple linear relationship 

ends abruptly at pH < 3.5, where the excess solid phase is the salt, for example, chloride 

salt (Region II). The total solubility in the Region II is described by 

(4.3) 

K,p=[BH^][Cr]  (4.4) 

where, Ksp is the solubility product of the salt. 
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The pH value where the two regions intersect is the pH of maximum solubility, referred 

to as pHmax and is shown by Bogardus and Blackwood (1979) as equal to 

Therefore, the salt and the free form simultaneously exist in the solid state in equilibrium 

with the saturated solution at pH = pHmax-

4.2.2 Salt Selection Strategy 

The salt selection should be viewed as a part of the overall objective of selecting the 

'optimal form' of a drug candidate for development. The following guideline should be 

regarded as essential building blocks of any effective salt selection strategy (Gould 1986; 

Morris et al. 1994). 

(a) The major issue for salt selection of an ionizable drug is consideration of the 

relative basicity (or acidity) of the drug and the relative strength of the 

conjugate acid (base). In order to form a salt, the pKa of the conjugate acid has 

to be atleast two units less than the pKa of the basic centre of the drug. 

Essentially, the selected counter ion should possess minimal toxic effects. 

PHmax =PKa+log-^ (4.5) 
sp 
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Therefore, for our experimental drug carbendazim, which has a basic pKa of 

4.5, the following anionic counterions could be used for salt preparation 

Acid MolWt pKal pKa2 pKa3 

HCl 36.46 <-6 

H2SO4 98.08 -3 

Ethane-1,2-disulfonic acid 190.20 -2.1 -1.5 

p-Toluenesulfonic acid 172.21 -1.34 

Methanesulfonic acid 96.10 -1.2 

Benzenesulfonic acid 158.18 0.7 

Oxalic acid 90.04 1.27 4.26 

Maleic acid 116.08 1.92 6.23 

Phosphoric acid 98.0 1.96 7.12 12.32 

(b) The selection of the conjugate anion governs different physico-chemical 

properties of the formed salt. The increase or decrease in melting point of a 

series of salts is usually dependent on the controlling effect of crystallinity 

from the conjugate anion. For example, salts prepared from planar, high 

melting aromatic sulfonic acids yield crystalline salts of correspondingly high 

melting point. The stability of the salt is a direct function of its melting point, 

whereas the solubility is an indirect function. 

(c) The presence of a hydrophilic counter ion generally results in an increase of 

salt solubility. 
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(d) The more polar or less hydrophobic the conjugate acid and salt form, the 

greater will be the propensity to adsorb moisture at a set humidity. 

(e) In selecting counter ions for the salts, the fact should be considered that 

certain counter ions can exert significantly more pronounced common ion 

effect in aqueous solubilities than others. Salts formed with relatively stronger 

counter ions are relatively more affected by counter ions than the salts formed 

with relatively weaker counter ions. 

4.3 EXPERIMENTAL SECTION 

4.3.1 Materials 

Carbendazim was provided by the Procter & Gamble Company and used as received. All 

other chemicals were of reagent grade, purchased from Sigma (St. Louis, MO) or Aldrich 

(St. Louis, MO) and used without further purification. 

4.3.2 Salt Preparation 

The phosphoric acid (0.98 g) was added to 100 ml of water kept on a heating plate 

maintained at 70°C. To this solution, 1.92 g of carbendazim was then added portion-wise. 
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On reacting to form the salt, carbendazim started dissolving. The system was heated to 

favor the reaction and to increase the solubility of the formed salt. The slurry was 

constantly stirred at 250 rpm for about 60 min until a saturated solution was obtained. 

The saturated solution was vacuum filtered immediately using a preheated (70°C) glass 

filter into a conical flask that was pre-equilibrated at (70°C). The final filterate was 

cooled slowly to room temperature by putting it back on the heating plate programmed to 

2°C/min decrease in temperature. The solution was then left at room temperature 

overnight, whereby needle shaped crystals crashed out of the solution. The formed 

crystals were removed from the water using a spatula and dried on filter paper to ensure 

evaporation of surface water molecules. 

Similarly, other salts (hydrochloride, sulfate, tosylate, and besylate) were prepared 

wherein equimolar amount of acid and free base were added. But for synthesizing the 

mesylate salt we had to modify our procedure due to high solubility of the free base in 

methanesulfonic acid. To a 2 ml solution of 2M methanesulfonic acid, 600 mg of 

carbendazim was added portion-wise and vortexed. The suspension was then rotated 

overnight on an end-to-end rotator. Then, it was filtered and left at room temperature to 

evaporate slowly for 2 days, when fine needle like crystals were obtained. The crystals 

were separated from the solution by filteration and washed with isopropyl alcohol to get 

rid of excessive methanesulfonic acid. The crystals were then air dried to ensure 

evaporation of isopropyl alcohol. 
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4.3.3 Thermal Analysis 

Thermal analysis methods used in this study included differential scanning calorimetry 

(DSC), thermogravimetric analysis (TGA), and hot stage microscopy (HSM). 

DSC traces were recorded with a TA Instruments DSC QIOOO (TA Instruments, New 

Castle, DE). Samples weighing 1-3 mg were heated in crimped aluminum pans at a rate 

of 5°C/min under nitrogen flow of 40 ml/min. TGA analysis was performed on all 

samples indicated by DSC as being possible solvates or hydrates. TGA traces were 

recorded with a TA Instruments TGA Q-50 intrument (TA Instruments, New Castle, DE). 

The sample weight was approximately 2-4 mg and heating rates of 2-15°C/min under 

nitrogen gas flow of 60 ml/min were used. 

HSM analysis was carried out on small amounts of sample with a Mettler FP 82 hot stage 

equipped with a Mettler FP 80 central processor (Mettler, Columbus, OH), focused on 

Leica DM LP microscope (E. Licht Co., Denver, CO). The effects of temperature 

increase on the crystal behavior of samples were studied by placing a small amount of 

each sample on a glass slide, covering it with a coverslip, and gradually increasing the 

temperature to about 300°C at a heating rate of 10°C/min. Dehydration was observed 

with samples immersed in mineral oil. Photographs were taken using a Nikon 100 Nic 

digital camera equipped with Diagnostics Instruments IX-HRD digital camera coupler 
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(Diagnostics Instruments Inc., Sterling Heights, MI) and transferred to a Gateway 

computer. 

4.3.4 Powder X-ray diffraction (PXRD) 

The PXRD patterns of different salts of carbendazim were determined at ambient 

temperature and atmosphere using a Philips PM 990/100 (Philips, The Netherlands) 

diffractometer. The x-ray generator (PW3373/00 Cu LFF DKl 19706) at a voltage of 50 

kV and current of 40 mA with a copper radiation source. Counts were measured using a 

X'Celerator detector which is based on real time multiple strip (RTMS) technology. 

Samples were packed into zero background silicon sample holders, taking care to avoid 

introducing preferred orientation of the crystallites. The samples were subjected to a 

spinning movement having rotation time of 4 s. The samples were scanned with the 

diffraction angle, 20, increasing from 3° to 63° at a step size of 0.0167° with a counting 

time of 15.24 s. The XRD pattern traces of samples (salts subjected to moisture sorption 

or stability) were compared with regard to peak position and relative intensity, peak 

shifting, and the presence or lack of peaks in certain angular regions. 

4.3.5 Single Crystal X-ray Structural Analysis 

X-ray data were collected with a Bruker SMART 1000 CCD detector X-ray 

diffractometer. Data were processed using the Bruker SAINT software package's narrow 
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frame algorithm. The structure was solved by direct methods using SHELXS in the 

Bruker SHELXTL (Version 5.0) software package. Crystallographic and procedural data 

for all the studied salts are listed in Table 4.1(a-c). 

4.3.6 Moisture sorption studies 

The moisture sorption of different salts was determined by exposing weighed amounts 

(~2 to 3 mg) of salts in 4 ml glass vials placed in sealed desiccators containing saturated 

salt solutions. Saturated solutions of salts that give defined relative humidities (as a 

function of temperature) have been reported in various handbooks containing physical 

and chemical data (eg. Handbook of Chemistry and Physics). 

The study was performed at relative humidity values of 43% (saturated solution of 

potassium carbonate) and 81% (saturated solution of potassium bromide) at 25°C. The 

samples were stored in desiccators of known relative humidity for 8 days, following 

which they were weighed to calculate % change in weight. The solid phases were then 

analyzed using PXRD to ascertain the effect of the moisture content. 



Table 4.1a Crystallographic data for single x-ray crystal structure of carbendazim salts 

Crystal data Hydrochloride Phosphate Sulfate Tosylate Benzoylate Mesylate 

Empirical 
formula 

C9H14CIN3O4 C9H12N3O6P C18H24N6O10S C16H17N3O5S C15H15N3O5S C10H13N3O5S 

Formula 
weight 

263.68 289.19 516.49 363.39 349.36 287.29 

Crystal size 
(mm^) 

0.55 X 0.12 X 

0.08 
0.37 X 0.22 X 

0.07 
0.25 X 0.12 X 

0.04 
0.34 X 0.09 X 

0.08 
0.39 X 0.35 X 

0.18 

Crystal system Orthorhombic Triclinic Monoclinic Orthorhombic Triclinic Monoclinic 

Space group P2i2i2i pi C2/c P2i2i2i PI Cc 

Unit cell 
o 

dimensions (A) 

a = 5.6916(7) 
b = 13.3375(17) 
c = 15.4889(19) 
a = 90° 
P = 90° 
Y =90° 

a = 7.7610(9) 
b = 9.0368(11) 
c = 9.9799(11) 
a = 115.098° 
(3 = 104.913° 
Y = 98.536° 

a = 19.666(4) 
b = 6.7980(15) 
c = 18.250(4) 
a = 90° 
p = 115.687° 
Y =90° 

a = 7.6805(7) 
b = 13.4035(12) 
c= 15.9194(14) 
a = 90° 
p = 90° 
Y =90° 

a = 9.0068(5) 
b = 9.3944(5) 
c = 9.6643(6) 
a = 87.9450° 
(3 = 75.7680° 
Y = 74.9240° 

a = 5.1602(8) 
b = 17.688(3) 
c= 14.321(2) 
a = 90° 
p = 98.150° 
Y =90° 

Volume (A^) 1175.8(3) 585.36(12) 2198.7(8) 1638.8(3) 765.01(8) 1293.9(3) 

Z 4 2 8 4 2 4 

Calculated 
density 
(mg/m^) 

1.490 1.641 1.560 1.473 1.517 1.475 

Absorption 
coefficient 
(mm"') 

0.333 0.265 0.218 0.231 0.244 0.271 

F(OOO) 552 300 1080 760 364 600 

VO 



Table 4.1b X-ray single crystal data collection parameters for carbendazim salts 

Data 
Collection 

Hydrochloride Phosphate Sulfate Tosylate Benzoylate Mesylate 

Diffractometer 
Broker SMART 
1000 CCD 

Bruker SMART 
1000 CCD 

Bruker SMART 
1000 CCD 

Bruker SMART 
1000 CCD 

Bruker SMART 
1000 CCD 

Bruker SMART 
1000 CCD 

Temperature 
(K) 

170 170 170 170 170 170 

Wavelength 
(A) 

0.1707 0.7107 0.7107 0.7107 0.7107 0.7107 

0 range for 
data collection 

2.01-26.11° 2.41-27.54° 2.30-27.52° 1.99-25.55° 2.18-27.90° 2.30-26.03° 

Index ranges 
-7<h<7,  
-16<k<16,  
-18<1< 19  

-10<h< 10 ,  
- l l<k<l l ,  
-12<1< 12  

-25 < h < 25, 
-8<k<8,  
-23 < 1 < 23 

-9 < h < 9, 
-16<k< 16, 
-19<1< 19  

-11  <h< 11,  
-12<k< 12, 
-12<1< 12  

-6 < h < 6, 
-21  <k<21 ,  
-17<1< 17  

Reflections 
collected 

12994 7239 13030 17552 9724 7047 

Independent 
reflections 

2321 2676 2540 3062 3619 2569 

vo 
4^ 



Table 4.1c X-ray single crystal refinement parameters for carbendazim salts 

Solution and 
Reflnement 

Hydrochloride Phosphate Sulfate Tosylate Benzoylate Mesylate 

System used 
SHELXTL- SHELXTL- SHELXTL- SHELXTL- SHELXTL- SHELXTL-

System used 
V5.0 V5.0 V5.0 V5.0 V5.0 V5.0 

Solution Direct methods Direct methods Direct methods Direct methods Direct methods Direct methods 

Refinement 
method 

Full-matrix Full-matrix Full-matrix Full-matrix Full-matrix Full-matrix 
Refinement 
method 

least-squares on 
F^ 

least-squares on 
F2 

least-squares on 
F^ 

least-squares on 
F^ 

least-squares on 
F2 

least-squares on 
F^ 

Max/min 0.9732 and 0.9817 and 0.9913 and 0.9817 and 0.9580 and 
transmission 0.8380 0.9084 0.9476 0.9255 0.9107 
Absolute 
structure -0.03(7) 0.01(9) 0.32(8) 
parameter 
Data/ 
restraints / 2321/0 /170  2676/0 /220  2540 / 0 / 195 3062 / 0/226 3619/0 /217  2569 / 2 / 173 
parameters 
R indices Ri = 0.0397, Ri = 0.0349, R] = 0.0419, Ri = 0.0433, Ri = 0.0369, Ri = 0.0384, 
(I>2a(I)) wRa = 0.0714 WR2 = 0.0941 wRi = 0.0954 WR2 = 0.0828 wR2 = 0.0899 WR2 = 0.0892 
R indices (all Ri = 0.0523, Ri=  0 .0421 ,  Ri = 0.0738, Ri = 0.0538, Ri = 0.0509, Ri = 0.0437, 
data) WR2 = 0.0754 WR2 = 0.0987 WR2 = 0.1098 WR2 = 0.0860 wRi = 0.0933 wR2 = 0.0915 
Goodness of fit 
on 

1.073 1.060 1.041 1.084 0.977 1.062 

Largest 
difference peak 
and hole (eA"^) 

0.301 and -
0.188 

0.468 and -
0.303 

0.290 and -
0.380 

0.318 and -
0.256 

0.366 and -
0.364 

0.286 and -
0.224 

VO 
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4.3.7 Solubility determination 

A quantity of each crystalline salt of carbendazim exceeding the amount required to give 

a saturated solution with respect to the salt (unless solubility exceeded I M) was rotated 4 

to 7 days in a 4 ml glass vial containing 1-2 ml of Millipore water at room temperature. 

The solubility of salts in water at 37°C, and 45°C were determined by placing the vials in 

calibrated constant temperature water baths (Jouan Inc., Winchester, VA) held within 

0.05°C of the temperature of the run. These were mixed by end-to-end rotation. Each 

sample was then filtered through a 0.45 |im PTTF filter. The filterate was collected in 

two or more fractions which were analyzed separately by HPLC to ensure that there were 

no misleading solubility measurements resulting from adsorption onto the filter. Filter 

adsorption was assumed to be negligible when the concentrations of successive fractions 

agreed within ±5%. The composition of the residual solid was checked to ensure that at 

least some of the solid phase in equilibrium with the solution was the salt. The solubility 

of the different salts was also determined in O.OIM and O.IM of the corresponding acids. 

The Ksp determinations were generally calculated directly from the observed carbendazim 

concentration once it was established that the residual solid phase contained excess salt. 

Since free acid precipitation results in the neutralization of an equivalent amount of 

counterion to its free base form, the same procedure could be used to calculate Ksp in 

systems where free acid precipitation occurred prior to saturation of the system with the 

given salt. 
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4.3.8 Dissolution studies 

The dissolution of different salts of carbendazim and free carbendazim were studied in 

Millipore treated water and O.IN hydrochloric acid (HCl) at pH 1.09 as the dissolution 

media. We also studied dissolution of physical mixtures of drug and phosphoric acid in 

the molar ratio of 1:1 and 1:2. A weighed amount of salt (so as to have 50 mg of 

carbendazim) was triturated so as to have uniform particle size and suspended in the 

dissolution media. The volume of dissolution media was taken as 250 ml and the stirring 

rate was maintained at 250 rpm. The study was performed at room temperature. 1 ml 

aliquot samples filtered through a 0.45 |i^m Millipore filter were withdrawn at 1, 5, 10, 15, 

20, 30, 45, and 60 min, respectively. 1 ml of the dissolution medium was added to the 

dissolution vessel after each sampling period to maintain constant volume. The samples 

were then analyzed by a HPLC procedure. 

4.3.9 High Performace Liquid Chromatography 

A Beckman Gold HPLC system equipped with a model no. 168 detector at 280 nm was 

used for all assays. A Pinnacle ODS amine column (250 X 4.6 mm, Restek, Bellefonte, 

PA) was used with a mobile phase composed of 40% 20 mM phosphate buffer at pH 3 

and 60% acetonitrile. The flow rate was controlled at 0.8 ml/min. The retention time of 

carbendazim was 3.5 min. The injection volume was 20|uiL. The evaluation of the assay 
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was conducted by using carbendazim standard solutions at concentrations ranging from 

0.1 |xg/ml to 100 |Lig/ml. None of the solubilization agents interfered with the assay. All 

experimental data are the average of duplicate values with an average error less than 3%. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Morphology of the Carbendazim salts 

After preparation and recovery of the crystal forms, visual and microscopic evaluation 

(Figure 4.2) clearly showed differences in the morphology of the prepared salts from the 

original compound. Using microcopy, all salts where characterized as monoclinic or 

orthorhombic. 

4.4.2 X-ray Diffraction Analysis 

Each of the prepared salts had a distinct and characteristic PXRD pattern as shown in 

Figure 4.3. These PXRD patterns were used to compare with the respective samples that 

were subjected to moisture sorption studies or stability studies. 



(a) hydrochloride (b) phosphate 

(c) sulfate (d) mesylate 

(e) besylate 

Figure 4.2 Microscopic pictures of different salts of carbendazim 
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Figure 4.3 X-ray powder patterns for different salts of carbendazim 

4.4.3 Thermal Analysis 

A summary of the DSC data is given in Table 4.2. These data include all thermal events 

(i.e., dehydration and melting) and their corresponding heat requirements. The DSC 

traces of all salts (Figure 4.4) but hydrochloride and sulfate showed a single melting 

endotherm, indicating that all of these salts were synthesized as anhydrous salts. On the 

other hand, the DSC traces of sulfate and hydrochloride showed more than one 

Besylate 

Phosphate 

Tosylate 

Mesylate 

Hydrochloride 

Sulfate 
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endotherms, suggesting the presence of the solvent molecule and/or polymorphs. Since, 

water was the only solvent used in the preparation of all the salts, we were assured that 

the above two salts were hydrates. 

Table 4.2 DSC data of different salts of carbendazim with respect to thermal events at a 

certain temperature with the corresponding heat required 

Carbendazim 

Salt 

Dehydration 

Endotherm 
(°C) 

Heat 

(J/g) 

Melting Point Endotherm 
(°C) 

Heat of 
Fusion 

(J/g) 

Carbendazim 

Salt 

Dehydration 

Endotherm 
(°C) 

Heat 

(J/g) 

Onset Temp Peak Temp 

Heat of 
Fusion 

(J/g) 

Hydrochloride 66.52 124.8 96.75 118.76 219.4 

Phosphate — — 180.23 189.54 296.9 

Sulfate — — 124.04 137.31 323.6 

Mesylate — — 198.48 202.45 137.8 

Besylate — — 208.17 211.23 171.0 

Tosylate — 
— 213.18 216.47 162.7 

Hot stage microscopy (HSM) was used to ascertain different thermal events that were 

shown in the DSC traces of the hydrochloride and the sulfate salt. Figure 4.5 shows the 

sequence of events recorded on heating a sample of carbendazim sulfate. On heating, the 

first endotherm (A) at 135°C in the DSC trace of the sulfate salt probably corresponds to 

melt of the salt accompanied by dehydration of the hydrated salt. The formation of air 
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bubbles indicates liberation of the water molecules and the shrinkage of molecules 

represents the melt. The basis for this endotherm was further investigated by using TGA. 

Tosylate 

Mesylate 

§ -2-
E 
g 
o 

Phosphate 

LL 
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Universal V3.7ATA Instruments Exo Up Temperature ("C) 

Figure 4.4 DSC thermograms of different salts of carbendazim 

The TGA scan shown in Figure 4.6 indicates a weight loss of about 19% over the 

temperature range of 120 - 170°C. This weight loss is more than the theoretical weight 

loss of 7%, calculated for a solvate consisting of two molecules of carbendazim, two 

molecules of water and a single molecule of sulfate. Therefore, the first endotherm 

should be the melt of the hydrate. 



150°C 

190°C 

Figure 4.5 HSM photographs of carbendazim sulfate 
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As the sample is heated further, a second form of the compound recrystallizes from the 

melt; however, this event was not detected by DSC analysis. The melt of this form 

corresponds to the second, small endotherm (B) on the DSC thermogram and occurs 

around 175°C. In order to verify our assumption regarding the second form of the salt, 

we cooked the sulfate salt in an oven maintained at 140°C and then ran the sample on the 

HPLC using the procedure described before to check for the presence of carbendazim. 

The eluent at 3.5 min had the uv spectra similar to the original compound, thereby, 

validating our assumption. After the second melt, recrystallization again occurs to form 

dendritic crystals. This dendritic crystal continues to grow until it melts, indicated by the 

third endotherm on the DSC trace, which happens to be the degradation product. 

Sulfate 

Hydnf)chlonde 

20 
0 50 100 150 

Temperature (°C) 

200 250 300 

Universal V3.7A TA Instruments 

Figure 4.6 TGA thermograms of carbendazim sulfate and carbendazim hydrochloride 
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The temperature of the first endotherm exceeds the boiling point of water by 35°C, which 

indicates formation of a stable ionic hydrate. This is confirmed by a detailed study of its 

packing arrangement (discussed under single crystal x-ray structure of sulfate salt), 

wherein the presence of water molecules helps in formation of a number of hydrogen 

bonds. The guest water molecules in the sulfate salt are located in isolated cavities along 

the length of the b-axis, forming H-bonds with sulfate, carbendazim and other water 

molecules. Dehydration of the crystal must therefore involve complete disruption of the 

crystal structure shown in Figure 4.12 and should occur at relatively high temperature 

owing to strong host-guest hydrogen bonding, and location of guest molecules in the 

isolated cavities. 

The DSC thermogram of sulfate along with TGA and HSM confirmed that there are two 

forms of the sulfate salt. Although the synthesized salt contains only one form, it is only 

after the melt of A, that the other form grows from the melt. From the DSC thermogram 

of the sulfate salt, it is difficult to distinguish between monotropy and enantiotropy. The 

interpretation of the DSC curve is facilitated by Burger's enthalpy of fusion rule (1979): 

if the higher melting form has lower melting enthalpy, both forms are related 

enantiotropically. Table 4.3 lists the melting point and the enthalpy of fusion for the 

different forms of the sulfate and the hydrochloride salt. The melting enthalpy of the 

higher melting form B is lower than the melting enthalpy of A. Therefore, the two forms 

are enantiotropically related, with form A stable below the transition temperature. 
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Table 4.3 Physical properties of different forms of a sulfate and a hydrochloride salt 

Property 
Sulfate salt Hydrochloride salt 

Property 
Form A Form B Form A Form B Form C 

MP (°C) 137.31 177.56 118.76 151.63 188.73 

AHfusion (J/§) 323.60 48.05 219.40 65.01 65.26 

100-

8 0 - 5C/mir 

100 150 200 250 

Universal V3.7A TA Insfrumenls Temperature fC) 

Figure 4.7 TGA thermograms of carnendazim hydrochloride at different heating rates 
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In a similar fashion, the hydrochloride salt was found to undergo dehydration at 66°C, 

followed by a melting endotherm at 120°C. The weight loss of 13.1% (Figure 4.6) over 

the temperature range 45-86°C agrees with the theoretical amount of 13.6%, calculated 

for a solvate containing two molecules of water for every molecule of the hydrochloride 

salt. The hydrochloride salt was found to have three forms, which are also related 

enantiotropically. The weight loss associated with each form may be due to evaporation 

of hydrochloride gas. 
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Figure 4.8 Logarithm of heating rate versus reciprocal absolute temperature 

A: C = 0.0799 and O: C = 0.05 

The dehydration kinetics of carbendazim hydrochloride dihydrate was studies by 

subjecting the crystals to TGA heating rates of 5, 7, 10, 12, and 15°C per minute. TGA 
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traces for the dihydrate at different heating rates are shown in Figure 4.7. The activation 

energy (Ea) for the dehydration process was calculated from these TGA data according to 

the method described by Flynn and Wall (1966). This method involves the analysis of 

weight loss versus temperature at different heating rates (p) to determine the 

corresponding absolute temperatures at a constant weight loss (C). Graphs of negative 

logarithm of heating rates (expressed in °C/s) (-log (3) versus 1/T were plotted (Figure 

4.8) and the activation energy calculated from the slope of the curves. The calculated 

activation energy for the dehydration of the hydrochloride salt according to the TGA data 

was ~ 64 kJ/mol. 

4.4.4 Description of the Structures 

The X-ray crystal structure of different salts of carbendazim permitted a detailed analysis 

of the conformational preferences, hydrogen-bonding interactions, and crystal packing 

forces that likely determine the physical properties of these crystal forms. The views of 

different salts of carbendazim with atomic numbering are given in Figures 4.9(a-f). Final 

relevant atomic positions, bond lengths, bond angles, and torsion angles are listed in 

Appendices A-C. 

In the carbendazim molecule, the imidazole nitrogen N(14) is protonated, so the C(6)-

N(14) bond is lengthened (1.332(3) A). This proton is bonded, via intermolecular 

hydrogen bond, to the counter ion, chloride ion Cl(17) (N(14)...C1(17) = 3.143 A) in the 
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present salt. It can also possibly have an intramolecular hydrogen bond with the oxygen 

0(4) of the carbamate group, though the bond angle is far away from linear 

(ZN(14)H(14A)0(4)=116.12). There is a double bond between C(3) and 0(4) atoms 

(1.192(3) A), whereas C(3) and 0(2) are single bonded (1.335(3) A). But the bond 

distance between C(3) and 0(2) is less than that for a single covalent bond value of 1.41 

A. This suggests that the 0(2) atom has partial sp^ characterization, which makes the 

C(l) of the methyl group less flexible. 

The positive charge of the carbendazim molecule is neutralized by the counter ion from 

the included acidic moiety. The formed cation is resonance stabilized, the positive charge 

fluctuating among the three nitrogen N(5), N(7), and N(14) respectively. This is verified 

by the bond lengths of N(5)-C(6) (1.346(3)A), C(6)-N(7) (1.338(3) A), and C(6)-N(14) 

(1.332(3) A), which are between the bond length values for a single C-N (0.143 A) and a 

o 

double C=N (0.127 A) bond. Above information regarding the structure of carbendazim 

is true for all the formed salts. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.9 Thermal ellipsoid plot of molecules of different salts of carbendazim in the 

asymmetric unit at 50% probability, showing atomic numbering scheme 

(a): hydrochloride; (b): phosphate; (c): sulfate; (d): mesylate; (e): besylate; (f); tosylate 
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4.4.4.1 Carbendazim hydrochloride 

The hydrochloride salt of carbendazim crystallized in the orthorhombic space group 

P2i2i2i. This space group is chiral. This space group does not have any symmetry 

operations associated with inversion or mirror and thus, is devoid of a centre of symmetry 

and aptly defined as non-centrosymmetric. The symmetry operation for this space group 

involves both rotation and translation along a given axis and is called a screw axis. In this 

space group three two-fold screw axes are present along a, b, and c directions. Thus, 

2i2i2i mean that the asymmetric unit moves V2 of a repeat unit along the three axes for 

each V2 of a revolution about that axis. Because of these symmetry operations, 4 equipoint 

transformations are generated (x,y,z; Vi+x, Vi-y, -z; -x, V2+y, V2-z\ '/2-x, -y, Vi+z), thereby, 

having the general position multiplicity of 4 in the unit cell. 

The asymmetric unit of the carbendazim hydrochloride salt contains one molecule each 

of hydrochloride and carbendazim along with two water molecules. The presence of two 

water molecules in the unit pattern illustrated the importance of water during the 

crystallization process. 



112 

(a) 

• • 

. * * 
. r \ r ^ 
r  f ,  «.  

4. 4 

V ll ,v H 

c ^ s ^ • • '  # • '  
4 

(b) 

Figure 4.10 Helix type arrangements around a two fold screw axis 

a: carbendazim moieties; b: hydrochloride salt 

The thermal ellipsoidal diagram of the hydrochloride salt (Figure 4.9(a)) includes the 

atomic labeling scheme, while the stereo packing diagram of its unit cell is shown in 

Figure 4.10. The chloride anion along with the water molecules act as a cross linker for 

the carbendazim assemblies. The self assembly patterns of carbendazim molecules 

(present as cationic species) arrange themselves in infinite helices around a two-fold 

screw axis, by connecting through pi-pi stacking involving imidazole and phenyl ring 
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(Figure 4.10(a)). Such assemblies create voids in which chloride ions and water 

molecules are contained (Figure 4.10(b)). The chloride ions interact with the surrounding 

carbendazim ions and water molecules by multiple hydrogen bonds, one hydrogen bond 

with carbendazim (N(14)-H(14A)...C1(17)) and one hydrogen bond with each of the two 

water molecules (0(15)-H(15B)...C1(17) and 0(16)-H(16A)...C1(17)). The water 

molecules also form hydrogen bonds with nitrogen (N(5) and N(7)) and oxygen (0(4)) of 

carbendazim ion. The two water molecules are also connected with each other through 

intermolecular hydrogen bonding. 

A novel feature in the carbendazim hydrochloride assembly is the presence of C-H...C1 

bond formed between the CI (HI A) of the methyl group on the carbendazim and the 

chloride ion. The C(1)-H(1A)...C1(17) distance of 3.693A is less than the van der Waals 

o 

distance of 4.08A and also it maintains remarkable linearity, the C-H...C1 angle being 

157.82°. The hydrogen bonding parameters for the hydrochloride salt are listed in Table 

4.4. In the above discussed packing arrangement of hydrochloride salt, the Os on water 

act as both hydrogen bond acceptor and donor whereas both N and C act as hydrogen 

donors and CI as an acceptor. 

The crystal structure is stabilized by numerous hydrogen bonds of the type N-H...O, N-

H...C1, 0-H...0, 0-H...C1, and C-H...C1. Apart from these hydrogen bonds, all other 

intermolecular contacts correspond to normal van der Waals interactions. 
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Table 4.4 Geometrical parameters for hydrogen bonds observed in the crystal lattice of 

carbendazim hydrochloride salt 

D-H...A </(H...A) (A) rf(D...A) (A) Z(D-H...A) (°) 

N(7)-H(7A)...0(15) 1.786 2.664 174.79 

N(5)-H(5A)...0(16) 1.886 2.758 170.74 

N(14)-H(14A)...C1(17) 2.365 3.143 147.66 

0(15)-H(15B)...C1(17) 2.297 3.070 160.82 

0(16)-H(16A)...C1(17) 2.395 3.205 173.74 

0(15)-H(15A)...C1(17) 2.456 3.249 151.04 

0(16)-H(16B)...0(16) 2.398 3.082 149.07 

0(16)-H(16B)...0(15) 2.491 3.021 127.06 

C(1)-H(1A)...C1(17) 2.767 3.693 157.82 

D and A refer to donor and acceptor atoms, respectively. 

4.4.4.2 Carbendazim phosphate 

The phosphate salt of carbendazim crystallizes in the triclinic system, having 

centrosymmetric space group, PI. The triclinic crystal systems have no restrictions 

regarding cell edges and cell angles. The only symmetry operation for PI space group is 

inversion through a point. Since this inversion is along a one fold axis, it is equivalent to 
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the centre of symmetry. Based on the above symmetry operation, we can have two 

equipoint transformations (x,y,z and -x,-y,-z), yielding the general position multiplicity 

of 2 in the unit cell. 

' •  \ \  

Figure 4.11 Packing arrangement of the phosphate salt along c-axis 

The salt adopts a specific molecular conformation, which promotes intermolecular 

hydrogen bonding. The drug molecule like the hydrochloride salt is monoprotonated and 

the molecular ratio between the drug molecule and the phosphate anion is 1:1. hi this 

structure, the three N-H donors (N(4), N(7), and N(14)) of the drug molecule and the 
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oxygen acceptor of the phosphate anion participate in the hydrogen bonding. The oxygen 

0(12) and 0(14) act as acceptors and each forms two H-bond interactions, one with the 

protonated drug and the other with the phosphate anion. 0(13) acts both as an acceptor 

(N(7)-H(10A)...0(13)) and a donor (0(13)-H(13B)...0(12)) to form H - bond 

interactions. 0(11) acts as a donor and forms intermolecular H-bonds with 0(14) of the 

phosphate anion. The strong intermolecular N-H...0 between the NHs of the cationic 

drug moiety and the oxygen of the anionic phosphate link neighboring carbendazim 

molecules into chains. The 0-H...0 hydrogen bonds between the phosphate molecules 

allows the arrangement of the anion molecules in a line parallel to the b axis (Figure 

4.11). 

The packing arrangement of phosphate salt shows that both carbendazim and phosphate 

anions are arranged in stacks of parallel molecules. The molecules in adjacent stacks are 

arranged in inverted fashion. Within the stacks, the molecules are arranged in the same 

direction. Apart from the routine intermolecular hydrogen bonds (discussed earlier), the 

most intense inter-molecular interactions in carbendazim occur among adjacent stacks 

between the carbon of the carbonyl group and the % system of the benzene ring 

(Claessens and Stoddart 1997, Hunter et al. 2001, Waters 2002). The observed bond 

length (C(3)-C(10)) of 3.261A is less than van der Waals value of 3.4A. The strong 

electron acceptor character of the carbonyl oxygen induces the formation of 7i-complexes. 
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Table 4.5 Geometrical parameters for hydrogen bonds observed in the crystal lattice of 

carbendazim phosphate salt 

D-H...A </(H...A) (A) J(D...A) (A) Z(D-H...A) (°) 

N(7)-H(10A).. .0(13) 2.256 2.986 146.59 

N(14)-H(13A). ..0(12) 1.946 2.695 150.58 

N(5)-H(11A).. .0(14) 1.804 2.658 163.60 

N(7)-H(10A).. .0(14) 2.599 3.110 121.02 

0(13)-H(13B). ..0(12) 1.804 2.583 177.66 

0(11)-H(11B). ..0(14) 1.893 2.616 173.62 

D and A refer to donor and acceptor atoms, respectively. 

4.4.4.3 Carbendazim sulfate 

The carbendazim sulfate crystallizes in the monoclinic system, having centrosymmetric 

space group, C2/c. In monoclinic system, there is a "unique" axis - that one which is 

perpendicular to the other two. This unique axis is normally chosen as the b-axis, and 

thus, P > 90°. The crystal pattern for the sulfate salt is centred, unlike the hydrochloride 

or the phosphate salt that has primitive pattern. In a centred pattern, the grouping of 

motifs at the centre of the rectangular cell is identical with that at the comers. The symbol 

'C represents that the lattice is a one face-centered or end-centered, in which a second 
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lattice point lies at the center of the C-face (that defined by the a- and b- axes). In such 

system, the cell volume is double of the primitive cell. In C2/c the symmetry operation is 

a 2-fold rotation axis parallel to b-axis and a glide plane perpendicular to b-axis. The 

symbol 'c' represents that the direction of glide is parallel to the c-axis. A glide plane 

combines the operation of reflection with that of translation and therefore, it occurs only 

in extended arrays. 

In this space group, 2 equipoint transformations are generated by point symmetry which 

is doubled by centrosymmetry to 4. Since this crystal system is one face-centered, the 

number is further doubled to 8, thereby, yielding the general position multiplicity of 8 in 

the unit cell. These general positions are (x,y,z), (-x,-y,-z), ('/2+x,'/2+y,z), (Vi-x, Yi-y, -z), 

(-x,y,V^2 -z), (x,-y,'/2+z), (V2-x,i/2+y,V2-z), and (V2+x,'/2-y,V2+z). 

In the smallest molecular unit, S04^' sits on a 2-fold axis so only a half of it is unique. 

The molecular ratio between the drug molecule and the anion is 2:1. Therefore, the 

asymmetric unit consists of a single protonated carbendazim molecule, one water 

molecule, and a half sulfate anion. 

The sulfate salt adopts a molecular conformation, which promotes intermolecular 

hydrogen bonding. In this structure, the three N-H donors of the drug molecule and the 

sulfate oxygen acceptor of the anion, along with the water molecule, participate in 

hydrogen bonding. Strong intermolecular N-H...O hydrogen bonds between the 
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imidazole and carbamate NHs and the sulfate and water oxygens link the protonated 

carbendazim, the sulfate anions, and the water molecules into chains, which propogate 

along the b-axis (figure 4.12). Therefore, the packing diagram of this salt closely 

resembles the packing of the phosphate salt, having a column of anion, SO4 " in this case, 

running parallel to the b axis and those sulfate molecules are hydrogen bonded to the 

water molecules (0(20)-H(21)...0(10) and 0(20)-H(20)...0(11)). The drug molecule is 

again H-bonded to the anion on each side of themselves like they do in the structure of 

the phosphate saU (N(7)-H(7A)...0(10), N(5)-H(5A)...0(11), N(5)-H(5A)...S(1) and 

N(7)-H(7A)...S(1). The drug molecule also forms hydrogen bond with the water 

molecule (N(14)-H(14A)...0(20)). 

Like the hydrochloride salt, the packing arrangement of the sulfate salt shows the 

presence of intermolecular hydrogen bond having carbon as the hydrogen donor. But in 

this case, oxygen acts as the hydrogen acceptor instead of chlorine (as in hydrochloride 

salt). The C(9) of the benzene ring acts as hydrogen donor and forms hydrogen bond with 

the oxygen of the carbonyl group (C(9)"-0(4) = 3.411A). Although realized as early as 

1962 that an activated C-H group as present in some heterocyclic bases (Sutor 1962, 

1963), for example, caffeine, theophylline, uric acid and related compounds, tends to 

interact with oxygen atoms in the same way as an 0-H or N-H group and the short 

(<3.4A) C--0 contacts observed in the crystals of these molecules were interpreted as C-

H...0 hydrogen bonds, it was not until 1982 that the existence of C-H...0 hydrogen 

bonds in organic molecules was convincingly demonstrated (Taylor and Kennard 1982) 
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and C-H...0 bonds started gaining acceptance as a stabilizing force when adjusted 

within the framework of stronger forces such as N-H...O, 0-H...0 hydrogen bonds and 

donor-acceptance interactions. Eventhough, the C—O distance for the C-H...O bond in 

the sulfate salt is a bit higher than the limit, the linearity of the bond angle (150.09°) 

makes its existence more than possible. 

Figure 4.12 Packing arrangement of the sulfate salt along b-axis 

Furthermore, the packing arrangement of the sulfate salt is stabilized by the presence of 

C-H.. .Pi interactions between the methyl group of one carbendazim and the benzene ring 
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of the other carbendazim. These interactions are C(11)...H(1C) (2.797A) and 

C(10)...H(1C) (2.676A). 

Table 4.6 Geometrical parameters for hydrogen bonds observed in the crystal lattice of 

carbendazim sulfate salt 

D-H...A </(H...A) (A) rf(D...A) (A) Z(D-H...A) (°) 

N(7)-H(7A)...0(10) 1.839 2.689 165.86 

N(5)-H(5A)...0(11) 1.841 2.699 167.27 

N(14)-H(14A)...0(20) 2.031 2.800 147.82 

N(5)-H(5A)...S(1) 2.843 3.664 157.13 

N(7)-H(7A)...S(1) 2.858 3.639 150.36 

0(20)-H(20)...0(11) 2.082 2.900 160.92 

0(20)-H(21)...0(10) 2.149 2.959 163.71 

C(9)-H(9A)...0(4) 2.500 3.411 150.09 

D and A refer to donor and acceptor atoms, respectively. 

4.4.4.4 Carbendazim mesylate 

The carbendazim mesylate salt, like carbendazim sulfate, crystallizes in monoclinic 

system, but has a different space group, Cc. Also, unlike other carbendazim sulfonate 

salts, the Bravais lattice for the mesylate salt is centred. The only symmetry operation 
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associated with this space group is a glide plane in the direction parallel to the c-axis. 

This space group is chiral, having a z value of 4. The general positions are given by 

(x,y,z), ('/2+x,!/2-y,z), (x,-y,!/2+z), and ('/2+x,y2-y//2+z). 

Figure 4.13 Packing arrangement of mesylate salt along b-axis. 

The asymmetric unit consists of one molecule each of protonated carbendazim and 

anionic methane sulfonate. A projection along the b-axis of the atomic arrangement of the 

salt is depicted in Figure 4.13. The packing consists of alternate parallel stacks of 

protonated carbendazim and mesylate anions. These stacks are parallel to the a-axis 

(Figure 4.13). Within the stacks, the molecules are oriented in the same direction. These 

stacks of carbendazim and methanesulfonic acid are held together by intermolecular 

hydrogen bonding and C-H...Pi interactions. All the NHs on carbendazim molecule acts 
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as hydrogen donors, whereas Os and S on mesylate anion behave as hydrogen acceptors. 

Every mesylate anion forms three N-H...0 bonds, two H-bonds with the carbendazim 

molecule on the right side and one with the other carbendazim molecule on the left side 

(Figure 4.13). The N(5) of carbendazim can also form H-bond with the S(18) of the 

mesylate anion, though N(5)-H(5A)...0(17) bond is more linear than the N(5)-

H(5A).. .S(18). The hydrogen bonding parameters are listed in Table 4.7. 

Table 4.7 Geometrical parameters for hydrogen bonds observed in the crystal lattice of 

carbendazim mesylate salt 

D-H...A rf(H...A)(A) (/(D...A)(A) Z( D-H...A) (°) 

N(7)-H(7A)...0(15) 1.827 2.696 168.80 

N(14)-H(14A)...0(16) 1.934 2.745 152.59 

N(5)-H(5A)...0(17) 1.850 2.730 178.77 

N(5)-H(5A)...S(18) 2.901 3.713 154.10 

D and A refer to donor and acceptor atoms, respectively. 

Apart from the H-bonds, which are strong, single point interactions with a very well-

defined geometry, there are other weaker, less well-defined interactions that are also 

responsible for holding the molecule together. One such interaction is C-H...Pi, where a 

polarized C-H group interacts with the aromatic ring. The presence of electron 
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withdrawing sulfonate group polarizes the methyl group of the mesylate, making it 

electron deficient, which then interacts with the electron rich benzene ring of the 

o 

carbendazim by forming C-H...Pi interactions. The distance of 2.759 A between C(10)-

H(19C) is smaller than the summation of their van der Waal radii (2.9 A), which proves 

the presence of such interactions. Therefore, the hydrogen bonds and the van der Waals 

contacts give rise to a three-dimensional construction of the structure and add to the 

stability. 

4.4.4.5 Carbendazim besylate 

The carbendazim besylate salt, like the phosphate salt, crystallizes in the triclinic system 

having space group PI, with Z = 2. The asymmetric unit consists of one molecule each of 

carbendazim and benzenesulfonic acid. Carbendazim appears as a planar molecule in the 

asymmetric unit with the benzenesulfonic acid perpendicular to it. 

The packing arrangement of the salt shows the presence of intermolecular hydrogen 

bonding between the protonated carbendazim and benzenesulfonate anion (Figure 4.14). 

However, we do not see any intramolecular hydrogen bonding nor do we see any 

hydrogen bonding between two carbendazim molecules or two benzenesulfonic acid 

molecules. As usual the case is, all the hydrogen donating atoms (N) form hydrogen 

bonds with hydrogen acceptor atoms (O and S). Unlike the hydrochloride and sulfate salt, 

the packing motif of besylate salt allows formation of two intermolecular hydrogen bonds 
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involving carbon as the donor. The phenyl carbons (C(22) and C(23)) of the 

benzenesulfonate anion forms hydrogen bonds with the methoxy oxygen (0(2)) of the 

carbendazim molecule. The bond lengths (C-- 0) for both C-H...0 bonds is less than 

3.4A and the bond angle is greater than 130°. Because of the intermolecular hydrogen 

bonds between carbendazim and benzenesulfonate anion, the carbendazim molecules are 

arranged along the b-axis. 

Figure 4.14 Packing arrangement of besylate salt along b-axis 
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Table 4.8 Geometrical parameters for hydrogen bonds observed in the crystal lattice of 

carbendazim besylate salt 

D-H...A </(H...A) (A) rf(D...A) (A) Z(D-H...A) (°) 

N(7)-H(7A)...0(17) 1.916 2.789 171.48 

N(5)-H(5A)...0(16) 1.908 2.772 166.76 

N(14)-H(14A)...0(15) 2.011 2.797 148.10 

N(7)-H(7A)...S(18) 2.894 3.686 150.67 

C(22)-H(22A)...0(2) 2.574 3.302 133.68 

C(23)-H(23A)...0(2) 2.588 3.334 135.67 

D and A refer to donor and acceptor atoms, respectively. 

From the packing arrangement of the besylate salt, it is clear that the stacks of 

carbendazim molecules are arranged perpendicular to the stacks of benzenesulfonate 

anions. Such arrangement is favorable for having T-shaped edge-to-face electrostatic 

interaction (Hunter et al. 2001). Although benzene has no net dipole, it has an uneven 

distribution of charge, with greater electron-density on the face of the ring and reduced 

electron-density on the edge, which gives rise to quadrupole moment. Such quadrupole 

moments of the aromatic rings are thought be the precursors for the electrostatic 

component of the interaction. The possible edge-to-face interactions observed in besylate 
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salt are H(9A)...C(23) and H(9A)...C(22) having bond lengths of 2.696 and 2.736A 

respectively. 

4.4.4.6 Carbendazim tosylate 

The carbendazim tosylate salt, like the hydrochloride salt, crystallizes in the 

orthorhombic system having space group P2i2i2i, but does not have any solvent 

molecules in the crystal. 

Figure 4.15 Packing arrangement of tosylate against a two fold axis along c-axis 
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The asymmetric unit consists of one molecule each of carbendazim and toluenesulfonic 

acid. As seen in the besylate salt, carbendazim molecule and the toluenesulfonic acid lie 

perpendicular to each other in the asymmetric unit. The unit cell contains four molecules 

each of carbendazim and toluenesulfonic acid. The molecules are arranged in alternate 

layers of carbendazim and tosylate in all the three directions. Like the hydrochloride salt, 

the carbendazim and tosylate molecules in the tosylate salt are arranged in infinite helices 

around a two-fold screw axis. When looking down the crystallographic c-axis, the 

carbendazim molecules within the stacks are flipped by 180°, whereas the tosylate 

molecules are oriented in the same direction. The molecules of adjacent stacks of 

carbendazim show an inclination angle of ±41.11° to the stack axis, in this case a-axis. 

Table 4.9 Geometrical parameters for hydrogen bonds observed in the crystal lattice of 

carbendazim tosylate salt 

D-H...A J(H...A) (A) d(D...A) (A) Z(D-H...A) n 

N(7)-H(7A)...0(15) 1.845 2.713 167.93 

N(5)-H(5A)...0(16) 1.912 2.786 171.85 

N(14)-H(14A)...0(17) 2.075 2.812 140.74 

N(7)-H(7A)...S(18) 2.871 3.665 150.89 

N(5)-H(5A)...S(18) 2.979 3.798 151.79 

C(25)-H(25B)...0(2) 2.582 3.442 146.60 

D and A refer to donor and acceptor atoms, respectively. 
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The packing arrangement of tosylate (Figure 4.15), as expected, shows intermolecular 

hydrogen bonding (Table 4.9) between the NHs of carbendazim and Os and S of tosylate. 

The packing arrangement for tosylate, like besylate, shows a number of edge-to-face and 

CH-tt interactions. These interactions involve the phenyl rings of both carbendazim and 

p-toluenesulfonic acid and the methyl group of carbendazim. Some of the noted 

interactions are H(9A)...C(23) (2.769A), H(9A)...C(24) (2.786A) and H(1A)...C(23) 

{2.119k). 

4.4.4.7 Packing Efficiency 

Packing forces and crystal symmetry determine the chemical and physical properties of 

crystalline materials. The primary packing rule for molecular crystals, called Principle of 

Close Packing, is to have maximum density and minimum free volume (Kitraigorodskii 

1961). A void space in crystals is always unfavorable. The denser or more closely packed 

crystal has the lower free energy and therefore, is the most stable. 

The packing efficiency can be interpreted by measuring the packing coefficient, K, for a 

given crystal. The packing coefficient represents the amount of space filled by the 

molecules in a lattice and is calculated as 

k = n^^ 

^cell 
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where N is the number of molecules in the unit cell, Vvdw is the van der Waals volume of 

the molecule in the asymmetric unit, and Vceii is the volume of the unit cell. The van der 

Waals volume were calculated using the Conolly surface feature of the DS ViewerPro 

program and standard van der Waals radii of the program. The packing coefficient of 

different carbendazim salts are listed in Table 4.10. We can see that the packing 

coefficients for all the salts are between 0.65 and 0.73, which is in agreement with the K 

range of 0.65-0.8 for stable crystals. 

4.4.4.8 Comparison of structures of different carbendazim salts 

The carbendazim moiety in all the studied salts was found to be arranged in a planar 

organization, irrespective of the crystal system/space group and/or the counterion present 

in the crystal lattice. This is not surprising as the presence of a benzimidazole ring on one 

end makes the molecule as a whole planar. Interestingly, the carbonyl group next to the 

oxygen of methoxy group imparts a slight sp2 character to the oxygen, thereby restricting 

the free rotation of the methoxy group. This is confirmed by the inability of the oxygen to 

form hydrogen bonds with any of the available H - donors in all the studied salts. None 

of the salts showed the presence of intermolecular hydrogen bonding between the 

carbendazim molecules, except for the sulfate salt, wherein a weak C-H...0 

intermolecular hydrogen bond was present between carbendazim molecules. 



Table 4.10 Comparison of major hydrogen bonds formed in crystal lattice of different carbendazim salts based on criteria of 
hydrogen bond strength 

Donor (D) Acceptor (A) (D...A) (A) 
Molecule Atom Molecule Atom Hydrochloride Phosphate Sulfate Mesylate Besylate Tosylate 
CBZ N(5) Salt O 0.752 0.852 0.811 0.780 0.738 0.724 
CBZ N(7) Salt O 0.846 0.534 0.821 0.814 0.721 0.797 
CBZ N(14) Salt o 0.815 0.710 0.765 0.713 0.698 
CBZ N(14) Salt CI 0.827 
Water 0 Salt CI 0.880 
Water 0 Salt o 0.590 
Water 0 Salt o 0.469 0.531 
Phosphate 0(13) Phosphate o 0.907 
Phosphate 0(11) Phosphate o 0.877 

Properties Hydrochloride" Phosphate Sulfate*^ Mesylate Besylate Tosylate 
Number of molecules in the unit cell 4 2 8 4 2 4 
VvdwCA')" 206 202 200 208 258 273 
Vcell(A^)' 1176 585 2199 1294 765 1639 
Packing Efficiency (k) 0.70 0.69 0.73 0.64 0.68 0.67 
MP (°C) 119 190 137 202 211 216 

AHfusion (J/E) 219 297 324 138 171 163 
a; Ac? = [covalent(D-H) + vdw(H.. .A)] - observed(D-H.. .A) 
b: hydrochloride salt was found to be dihydrate 
c: sulfate salt was found to be carbendazim hemisulfate monohydrate 
d: van der Waals volume of the molecule in the asymmetric unit 
e: volume of the unit cell calculated from the single x-ray crystal data 
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Apart from the normal covalent bonds, the packing arrangement of organic salts is mainly 

determined by its ability to form inter and intramolecular hydrogen bonds and to a lesser 

extent by van der Waals interactions. Thus, knowledge of hydrogen bond strength along 

with the hydrogen bond number (HBN) can be used in qualitative fashion for correlations 

with melting point. It should be remembered that the melting point of a compound is 

resultant of number of parameters like symmetry, eccentricity, packing, flexibity, and 

hydrogen bonding. 

The strength of a hydrogen bond is a function of electronegativity of the donor (D) and 

the acceptor (A) atoms. Since the closeness of the D and A atoms in a crystal is a 

measure of how effectively the hydrogen is acting as a mutual attractor, we can use 

crystallograghic A-B distances as a measure of hydrogen bond strength. HBN is defined 

as the maximum number of hydrogen bonds that can exist in a repeating lattice. It is 

equal to twice the minimum of the number of bondable hydrogen or hydrogen bond 

acceptor sites on the molecule. 

Although all the salts form multiple hydrogen bonds, only the prominent ones (based on 

its strength) are listed in Table 4.10. All the sulfonic salts form reinforced hydrogen 

bonds, wherein 3 NHs on carbendazim are bonded with 3 Os on sulfonate and thus, have 

relatively higher melting points than the other salts. However, as the sulfonate salts 

arrange themselves to form the hydrogen bond they will likely assume a packing 
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arrangement which is not as efficient as those of non-hydrogen bonded molecules. This is 

indicated by the low values of packing efficiency for the sulfonate salts. 

The phosphate salt also forms reinforced hydrogen bonds between the phosphate 

moieties, but the carbendazim molecule is not that strongly bonded to the phosphate and 

therefore, has a melting point less than sulfonates but greater than both the hydrochloride 

and the sulfate. On the other hand, both hydrochloride and the sulfate salt form a number 

of H-bonds (at least six), which may compete with each other and limit the formation of 

all bonds. It is very likely that the geometric constraints imposed by some H-bonds 

severely inhibit additional bonds and result in low melting points. Because of less 

stringent requirements, these salts are closely packed. 

Interestingly, incorporation of solvent molecules in a crystal lattice, water in the case of 

hydrochloride and the sulfate salts appears to be related to attaining maximum hydrogen 

bond number. Both the hydrochloride and the sulfate salt are deficient in acceptor and 

donor atoms respectively, and by including water molecules in their lattice they attain 

stable crystal structures analogous to sharing of electrons to achieve stable configuration. 

4.4.5 Moisture sorption studies 

A high degree of moisture sorption or desorption by the salts under expected ambient 

humidity conditions of pharmaceutical manufacturing plants (30-50% RH) may create 
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handling and manufacturing difficulties, change in potency of the drug substance, change 

in true density, variation in flow properties, chemical instability, or variability in 

dissolution rates and bioavailability. Although general trends have been noted between 

the propensities of salts to form hydrates and various structural features such as 

counterion radius and charge, a given salt may form several stoichiometric hydrates 

depending on the crystallization conditions. Hence, an assessment of a compound's 

ability to adsorb moisture is an important developability criterion. 
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Figure 4.16 Moisture adsorption curves for different salts of carbendazim 

• : hydrochloride salt; X; sulfate salt; O: tosylate salt; besylate salt; A; phosphate 

salt; and •: mesylate salt. 
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Figure 4.16 shows the moisture adsorption curves for all the different salts of 

carbendazim for a relative humidity value of 43 and 81%. As can be seen, the chloride 

and sulfate salt were minimally hygroscopic, adsorbing less than 1% moisture at 81% 

RH. Incidentally, both of these salts were synthesized as hydrates. In contrast, the 

phosphate and mesylate salts were found to be hygroscopic, adsorbing 7.5 and 10.1% 

moisture at 81% RH, respectively. The besylate and tosylate salts adsorbed around 4.3% 

moisture. 

The powder x-ray diffraction patterns of hydrochloride, sulfate, besylate, and tosylate 

salts remained unchanged for the humidity values of 43 and 81%. However, both the 

mesylate and phosphate salt showed changes in its PXRD patterns for samples stored at 

81% RH, which could be attributed to a change in the crystal form (Figure 4.17(a) and 

(b)). The mesylate sample stored at 81% RH loses intensity in the higher angle peaks as 

well as the major reflections at 11.7° 20 and 20.3° 26, and gains new peak at 18.8° 20, 

whereas the sample stored at 43% RH has similar PXRD pattern as the synthesized salt. 

The phosphate sample stored at 43% RH loses intensity in 28° 20 reflection. The 81% 

RH pattern has new reflection at 26° 20 and loses intensity in 22° 20. 

These results indicate that at RH value of 43%, all salts adsorbed less than 2% of 

moisture and remained unchanged in their solid state form except for the phosphate salt. 

Therefore, all of these salts but phosphate could be considered for further investigation in 

search of an optimal salt form. 
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Figure 4.17 Powder x-ray diffraction patterns for: (a) Mesylate salt and (b) Phosphate salt 
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4.4.6 Solubility studies 

The pH solubility profile of the hydrochloride, phosphate, sulfate, besylate, and tosylate 

salts of carbendazim at 25°C is given in Figure 4.18. The mesylate salt was found to be 

highly soluble (> 200 mg/ml) and is therefore not shown. The solubility of sulfate 

reached a plateau at approximately 1.2 X 10"^ M in the region below pH 1.58. This 

suggests that below this pH the solution is saturated with respect to the sulfate salt of 

carbendazim. On the other hand, the solubility of both the besylate and the tosylate 

decreased below a pH value of 1.65 and 1.82 respectively. The decline in the solubility of 

both the salts was due to common ion effect. The solubility of the hydrochloride salt did 

not decrease for the studied pH value. The solubility products of the different salts were 

calculated using equation (4.4) and are tabulated in Table 4.11. 

Thus, large pH shifts on dissolution of salts suggests that a large amount of conjugate 

acid is dissociating and therefore, a relatively high solubility is then obtained. 

The solubility-temperature dependencies of the different salts are indicated in Figure 

4.19. This is a semilogarithmic plot of solubility against reciprocal temperature. The 

slopes of such plots (or the tangent to a given curve at a given temperature in the case of 

a nonlinear plot) yield the differential heat of solutions of the respective species. Usually 

such curves are nonlinear and AHs values are obtained calorimetrically at a given 

temperature. In this case, over this limited temperature span, the plots appear linear and 
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rough estimates of AHs are possible. Table 4.12 lists AHs of all the studied compounds. 

The relative species temperature dependencies, the free base > salt form, are in accord 

with the literature. This may have important implications for solution dosage form design 

and storage conditions. 
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Figure 4.18 Solubilities of various 1:1 carbendazim salts represented on the pH-solubility 

profile of carbendazim free base at 25°C 

A: hydrochloride salt; O; phosphate salt; •: sulfate salt; x; tosylate; and O: besylate 



139 

Table 4.11 Solubility of different carbendazim salts 

Salt 
Water 

pHmax KspCMY Salt 
pH S (mg/ml) 

pHmax KspCMY 

Hydrochloride 1.68 6.080 NA NA 

Phosphate 1.93 3.032 1.93 2.1 X 10-^ 

Sulfate 1.9 6.505 1.58 2.7 X 10"^ 

Mesylate® 0.8 205.662 NA NA 

Besylate 1.76 6.992 1.65 1.1 X 10'^ 

Tosylate 1.93 4.815 1.82 4.1 X 10"^ 

a - Saturation was not reached 
b - Ksp calculated after correcting for common ion effect 

Table 4.12 Heat of solutions of different salts 

Compound AHs (J.K^M-^) 

Carbendazim 

Hydrochloride salt 

Phosphate salt 

Sulfate salt 

Besylate salt 

Tosylate salt 

145.250 

14.951 

11.906 

22.898 

17.390 

18.704 
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Figure 4.19 Plot of logarithm of solubility of free base and different salts against 

reciprocal temperature 

O: free base; hydrochloride salt; •: phosphate; A: sulfate; X; tosylate; and •: 

besylate 

4.4.7 Dissolution studies 

The dissolution behavior of the free base and that of the hydrochloride, phosphate, 

sulfate, mesylate, besylate, and tosylate salts were compared in Millipore treated water 

and O.IN hydrochloric acid solution at pH 1.0. The pH 1 solution simulates the gastric 

fluid (pH of stomach around 1-3), since the behavior in this solution is relevant to the 

bioavailability after oral administration. Figure 4.20 shows the dissolution profile in 

water and O.IN HCl. As we can see from Figure 4.20(a) the hydrochloride, the sulfate, 
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the besylate, the tosylate, the phosphate, and the free base didn't completely dissolve in 

water but the amount dissolved of all but free carbendazim was greater than 40% of the 

initial dose after 60 min. On the other hand, the mesylate salt was completely soluble in 

water within 30 mins. 

The dissolution of different salts in O.IN HCl is shown in Figure 4.20(b). All the salts as 

well as free base were completely soluble in the dissolution media (not surprising as the 

pH of the media was 1.1), although the time for dissolving 100% of sample was different. 

The mesylate salt was instanteously soluble whereas the sulfate and the phosphate salt 

took 5-10 min to attain complete miscibility. The free base along with the hydrochloride, 

the besylate, and the tosylate dissolved completely in 15-20 min. 

In order to compare the dissolution of prepared salts with physical mixture of the free 

base and the acid, we prepared drug: phosphoric acid mixture in the ratio of 1:1 and 1:2. 

Figure 4.21 shows the dissolution profile of the two physical mixtures and the phosphate 

salt in Millipore water. The phosphate salt (found to be 1:1) shows better dissolution than 

the 1:1 physical mixture. On the other hand, the 1:2 physical mixture shows better 

dissolution than the phosphate salt. The 1:2 physical mixture, because of the excessive 

acid decreases the pH of the diffusion layer in the microenvironment of the particles more 

than the 1:1 phosphate salt and thereby, facilitates dissolution. 
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Figure 4.20 Dissolution profiles of carbendazim and its salts in (a) water & (b) O.IN HCl 
O: free base, O: hydrochloride salt; X; phosphate salt, •: sulfate salt, •: mesylate salt; 
• : besylate salt; •: tosylate salt. 
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Figure 4.21 Dissolution profiles of phosphates in water 

O: free base, physical mixture (1:1), x: phosphate salt, and A: physical mixture (1:2) 

The results of dissolution studies are not surprising, since a salt exhibits a higher 

dissolution rate than the base at an equal pH, even though they have the same equilibrium 

solubility. The salt effectively acts as its own buffer to alter the pH of the diffusion 

boundary layer, thereby increasing the apparent solubility of the parent drug in that layer. 

Thus, administration of basic drugs as their salt forms ensures that stomach emptying 

rather than in vivo dissolution will be the rate limiting factor in its absorption. 
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From the dissolution studies it is evident that the formed salts have better dissolution than 

the free base. Also, among the salts, mesylate was found to be the best followed by 

sulfate and phosphate. The phosphate salt (1:1) had better dissolution than the 1:1 

physical mixture. The 1:2 physical mixture of carbendazim and phosphoric acid because 

of excess acid had better dissolution than 1:1 phosphate salt. 

4.5 CONCLUSIONS 

A number of acidic salts of a weak ampholyte carbendazim were synthesized with a view 

to increase the apparent solubility. A preformulation study was conducted on all the 

synthesized salts so as to select a salt with optimum physicochemical and biological 

properties. Table 4.13 lists the physical properties of all the studied salts along with the 

free base. All the salts showed better dissolution rate profile than the free base, the 

mesylate being the best. The hydrochloride and the sulfate salt were synthesized as 

hydrates and were found to exist in more than one form and thus were discarded for 

future studies. The phosphate salt was found to be hygroscopic and showed a change in 

its powder pattern on storage in 43% RH for 7 days. On the other hand, all the sulfonic 

acid salts were found to be stable and were recommended for further development. 



Table 4.13 Comparison of some basic properties of carbendazim and its six salts 

Property Base 
Hydro 
chloride 

Phosphate Sulfate Mesylate Besylate Tosylate 

Appearance 
Light grey, 

crystalline 

White, 

crystalline 

White, 

crystalline 

White, 

crystalline 

White, 

crystalline 

White, 

crystalline 

White, 

crystalline 

Crystal System NA Orthorhombic Triclinic Monoclinic Monoclinic Triclinic Orthorhombic 

Space group NA P2i2i2i PI C2/C Cc pi P2i2i2i 

Mol. Wt. 191.2 263.68 289.2 516.49 287.29 349.36 363.39 

MP(°C) 240 118.76 189.54 137.31 202.45 211.23 216.47 

Polymorphism 
No evidence 

of 

polymorphs 

Atleast three 

forms 

detected 

No evidence of 

polymorphs 

Atleast two 

forms 

detected 

No evidence 

of 

polymorphs 

No evidence 

of 

polymorphs 

No evidence of 

polymorphs 

Sw (mg/ml) 0.006 6.080 3.032 6.505 > 205.662* 6.992 4.815 

pH of saturated 
sol. 

5.90 1.68 1.93 1.90 0.80 1.76 1.93 

Hygroscopicity 
(hygrostat for 8 
days at 43% RH) 

Gain 0.36% 

moisture 

Gain 0.13% 

moisture 

Gain 0.88% 

moisture, 

PXRD pattern 

changed. 

Gain 0.38% 

moisture 

Gain 2.04% 

moisture, 

same PXRD 

pattern. 

Gain 0.18% 

moisture 

Gain 0.27% 

moisture 
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CHAPTER V: IN VITRO EVALUATION OF PROPOSED FORMULATIONS 

5.1 INTRODUCTION 

When developing formulations for compounds with limited solubility or stability, where 

excess of pH or cosolvents might be used, it is desirable to carry out screening studies to 

assess their potential to cause pain or other adverse effects upon administration. For 

example, diazepam injection is known for precipitating in the blood stream, thereby 

forming crystals which can produce severe pain and phlebitis, as well as alter 

bioavailability (Schroeder and DeLuca 1974; Turco 1987). 

Several in vitro and in vivo models have been developed to evaluate the potential for 

adverse effects following parenteral administration. In contrast to the inherent difficulty 

of performing in vivo studies, in vitro precipitation can be easily and accurately 

measured, and the results can be related to those obtained from in vivo experimentation 

(Lewis and Hecker 1985; Krzyzaniak 1997). A few in vitro models have been proposed 

for studying precipitation: static serial dilution, dynamic injection, and dropwise dilution 

with or without stirring. The static serial dilution method involves sequential dilution in 

one to one ratio in a medium resembling blood such as normal saline, 5% dextrose in 

water (D5W), and isotonic Sorensen's phosphate buffer (ISPB) and monitoring the 

formation of a precipitation by visual or other means. The dynamic injection method 

involves a continuously circulating system of plasma or a medium representing plasma. 
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After injection of the test formulation, the resulting solution passes through a flow-

through cell within a spectrophotometer where light scattering associated with particle 

formation is monitored. Such dynamic models more realistically simulate the in vivo 

situation. Recently, Johnson et al. (2003) statistically validated the importance of using 

an in vitro dynamic model in predicting precipitation-induced phlebitis. In the method of 

dropwise addition, small aliquots of formulation are added serially to ISPB. The 

precipitate which would not redissolve in 30 s without stirring is determined visually. 

Alternatively, the latter procedure can be performed with stirring. 

This chapter will focus on evaluation of formulations recommended in chapter III using 

static serial dilution and dynamic injection method. 

5.2 EXPERIMENTAL SECTION 

5.2.1 Materials 

Carbendazim was obtained from Procter & Gamble Company and used as received. All 

other chemical were reagent grade and purchased from Sigma or Aldrich. Diazepam was 

injectable Valium® (5 mg/ml, 10 ml vial, Roche). The ISPB was prepared according to 

Scientific Tables and filtered through a 0.45 |im filter prior to use. The following 

i 
j 

carbendazim formulations were prepared: 
I 

I 
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5.2.1.1 Intravenous Formulation 

*t* 1 mg/ml carbendazim in phosphate buffer at pH 2. 

• 2 mg/ml carbendazim in 20% nicotinamide at pH 2. 

5.2.1.2 Oral Formulations 

<• 10 mg/ml carbendazim in phosphate buffer at pH 1. 

• 50 mg/ml carbendazim in 20% SBE(3CD at pH 1. 

A sufficient quantity of SBEPCD was weighed and added to O.OIM phosphate buffer at 

pH 1 to make 20% w/v solution. Now, 3.75 g each of fructose and glucose was weighed 

in a 10 ml graduated container. The volume was made up to 10 ml with either O.OIM 

phosphate buffer at pH 1 or 20% SBEPCD in O.OIM phosphate buffer at pH 1. The 

resulting mixture is vortexed at room temperature for 30 min until a clear solution is 

obtained. Then approximately 100 mg of carbendazim is weighed and added to each of 

the above solution and vortexed for 5-10 min. The pH of the suspension is then adjusted 

to pH 1 with IN HCl. The suspension vial is then rotated at 20 rpm using an end-over-

end mechanical rotator until clear solution is obtained. All formulations were filtered 

through a 0.45 |im filter prior to use. The solution is then analyzed by HPLC for the final 

concentration. 
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The other formulations were prepared in the same manner as described above except for 

the intravenous formulations which did not contain any sugar. 

5.2.2 Methods 

5.2.2.1 In Vitro Static Serial Dilution 

The proposed intravenous formulations were mixed in 1:1 ratio with ISPB at pH 7.4 and 

were observed for precipitation. The following procedure was carried out at room 

temperature in clear 10 x 75 mm test tubes: 

(a) One ml of the intravenous formulation is placed into a test tube. 

(b) One ml of ISPB is added to the test tube containing 1 ml of formulation and 

agitated. 

(c) One ml of the resulting solution is then placed into another test tube. 

(d) An additional one ml of ISPB is added to the solution in step (c) and agitated. 

(e) Steps (c) and (d) are continued until 10 dilutions are completed. 

Figure 5.1 shows a pictorial representation of the static serial dilution procedure. After 

completing the above procedure the formulation has been diluted by a factor of one 

thousand. Each of the dilutions was visually observed for the presence or absence of a 

precipitate. After the initial observations, the formulation-ISPB mixture were rotated for 



150 

24 h and then filtered by a 0.45 |xm filter. The HPLC procedure described in section 3.3.4 

was used to determine the equilibrium concentration in each diluted sample. The 

difference between the measured concentration and the total concentration in each 

dilution sample is equal to the concentration of the drug precipitated at that formulation-

diluent ratio. The formulation-diluent ratio is defined as the ratio of formulation volume 

to the total volume (volume of formulation + volume of ISPB). 

ISPB 

Formulation 

Figure 5.1 Pictorial representation of In Vitro Static Serial Dilution 

ISPB at pH 7.4 was used as blood model because it has the same buffer capacity as blood 

(Martin 1993; Bower et al. 1961) and, unlike blood, the buffer is clear, making it possible 

to visually observe any precipitate present in the solution. 
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Since the oral formulation is administered along with a fluid like water or juice, it is 

essential to study the effect of dilution of the formulation with these fluids. This can be 

investigated by a simple serial dilution precipitation study as described above. The 

formulation is serially diluted using equal volumes of Seven Up, water, and pH 7 buffer. 

5.2.2.2 In Vitro Dynamic Injection 

Peristaltic or Syringe Pump 

Septum 

Needle 

) Formulation 

Syringe Pump r Waste 

u.v. 
flow 
cell 

Figure 5.2 Schematic representation of In Vitro Dynamic Injection model 

Figure 5.2 shows the schematic representation of the in vitro dynamic injection model as 

developed by Yalkowsky et al. (1977, 1983). As is indicated in Figure 6.2, a Harvard 

Apparatus model 22 syringe pump was used to direct ISPB through a 40 cm length of 
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flexible Tygon plastic tubing, (type R-3603, inner diameter of 3 mm); then through a 

Hellma QS quartz flow-through cell with a 1 cm path length at a 5 ml/min flow rate. This 

flow rate is comparable to that of human blood flow in readily accessible arm veins 

(Rowland and Tozer 1995). A Beckman DU 640 ultraviolet spectrophotometer, holding 

the flow cell, was used to read occlusion of light. The 22-guage sterile stainless steel 

needle of a 20 ml plastic syringe, containing each formulation to be tested, was 

introduced into the flexible tubing. 

If a formulation precipitates upon injection it produces opacity in the tubing, which 

passes through the flow cell and is interpreted by the spectrophotometer as reduced 

transmittance or increased absorbance. The wavelength was chosen as 540 nm as none of 

the drug or formulation excipient absorbed at this wavelength. 

5.3 RESULTS AND DISCUSSION 

5.3.1 In Vitro Static Serial Dilution 

5.3.1.1. Intravenous Formulations 

Formulation-diluent ratios ranging from 1 to approximately 0.001 are used because ratios 

of 0.1 and 0.01 have been suggested to be reasonable for describing the initial dilution of 

the formulation by blood that accompanies an intravenous injection (Krzyzaniak et al. 



153 

1996). As the formulation is diluted with ISPB, the concentration of the drug and 

excipients in the formulation decrease in proportion to the formulation-diluent ratio, 

whereas the pH and tonicity of the formulation approach that of the ISPB. If the drug in 

the formulation-diluent mixture has a concentration greater than its solubility, the 

solution will be supersaturated, and a precipitate could be produced. 

n 0.2 

0.001 0.01 0.1 

Formulation-dihitbn ratio 

Figure 5.3 The amount of precipitate formed at each formulation-diluent ratio in static 

serial dilutions 

O: Img/ml in buffer; A: 1 mg/ml in 10% Nicotinamide; •: 2 mg/ml in 20% 

Nicotinamide 

The amount of carbendazim precipitate formed at each formulation-diluent ratio is shown 

in Figure 5.3. In comparison to formulations in buffer and 20% nicotinamide. 
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respectively, the formulation in 10% nicotinamide shows minimum precipitation. At a 

formulation-diluent ratio of 0.25, 20% nicotinamide formulation reaches its maximum 

precipitation, yielding approximately 0.56 mg (corresponding to 28% of the formulation), 

while buffer formulation has its maximum precipitation of 0.25 mg (corresponding to 

25% of the formulation) also at the ratio of 0.25. 

5.3.1.2. Oral Formulations 

Since the oral formulation is administered along with a fluid like water or juice it is 

essential to study the effect of dilution of the formulation with these fluids. This can be 

investigated by a simple serial dilution precipitation study. The formulation is serially 

diluted using equal volumes of Seven Up, water, and pH 7 buffer. 

Table 5.1 shows the result of a precipitation study for two oral formulations, viz. 10 

mg/ml carbendazim buffered solution at pH 1 and 50 mg/ml carbendazim in 20% 

buffered SBEPCD solution at pH 1. It is evident from Table 1 that both above 

formulations did not precipitate in Seven Up and water at dilutions varying from 10 to 

250 times. The final pHs of the diluted solutions were also measured and listed in Table 

5.1. When the formulation is diluted to the point at which the concentration of hydrogen 

ion or hydroxide ion is not sufficient to maintain the solubility of the drug above the 

concentration present, precipitation will occur. Therefore, soda and water can be used 

efficiently to administer above formulation orally. 



Table 5.1 Serial Static dilutions for oral formulations 

Formulation Dose 

(mg/ml) 

Dilution with Formulation Dose 

(mg/ml) Vehicle Seven up (3.26) Water (5.50) pH 7 Buffer 

Formulation Dose 

(mg/ml) 

Ratio 1:10 1:100 1:250 1:10 1:100 1:250 1:10 1:100 1:250 

Formulation Dose 

(mg/ml) 

pH 2.1 3.0 3.0 1.9 2.9 3.3 6.8 7.2 7.3 

pH 1 Buffer 10 initial - - - - - - + + + pH 1 Buffer 10 

1 day - - - - - - + + + 

20% SBEpCD 

pH 1 

50 initial - - - - - - + + + 20% SBEpCD 

pH 1 

50 

1 day - - - - - - + + + 

+: precipitation 

no precipitation 
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Figure 5.4 Results of in vitro dynamic injection studies 

5.4 CONCLUSIONS 

Different oral and intravenous formulations of carbendazim were evaluated using in vitro 

static serial dilution and dynamic injection studies. The intravenous formulation having 1 

mg/ml carbendazim in 10% nicotinamide showed no precipitation with both methods. 

Both the oral formulations, 10 mg/ml in phosphate buffer at pH 1 and 50 mg/ml in 20% 

SBEpCD in phosphate buffer at pH 1 did not precipitate on dilutions with water and 

seven up. 
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The dramatic shift in the pH of the formulations from 2 to 6.9 is responsible for the 

precipitation when diluted with pH 7 buffer solution. 

5.3.2 In Vitro dynamic injection 

In Figure 5.4, we see the results from the dynamic injection studies. The turbidities are 

represented by the amount of absorbance for different formulations. The valium 

formulation is used as a reference, since it is reported to cause precipitation upon dilution. 

On comparison to the valium formulation, none of the studied formulations showed 

precipitation as seen from their opacity values. The tiny peaks seen in case of 

nicotinamide formulations are because of differences in the refractive indices of two 

solutions and is called scherin pattern. This is confirmed by running a placebo of 

nicotinamide formulation. 

Comparisons of Figure 5.3 and 5.4 show the differences in the results of the two studies. 

While the 10% nicotinamide formulation containing 1 mg/ml of carbendazim does not 

precipitate in either study, the outcomes are different for the buffer and the 20% 

nicotinamide formulations. Both of these formulations precipitate on serial dilutions but 

resist precipitation in dynamic study. The difference may be explained by the fact that 

dynamic mixing may prevent the precipitation in the dynamic injection study. 
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CHAPTER VI: ANTITUMOR EFFICACY AND PHARMACOKINETIC 

STUDIES OF PROPOSED CARBENDAZIM FORMULATIONS IN MICE 

6.1 INTRODUCTION 

The most important step in developing a formulation is to determine the therapeutic 

activity of the designed formulation. For pharmacology and pharmacokinetic studies on 

the developed formulations, mice were chosen as the animal model. Oral solutions, viz. 

9.4 mg/ml of carbendazim in phosphate buffer at pH 1 and 9.4 mg/ml of carbendazim in 

20% SBEPCD at pH 1, were used for the animal studies. The studies were conducted by 

Dr. Robert Dorr at the Arizona Cancer Center. 

This chapter talks about the influence of the above formulations on the antitumor activity 

and bioavailability of carbendazim in a murine model in order to provide inference as to 

the anticipated therapeutic activity of the formulations in humans. 

6.2 EXPERIMENTAL SECTION 

6.2.1 Materials 
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Carbendazim and the internal standard PG 300995 (Figure 7.1) were obtained from 

Proctor & Gamble Company and were used as received. All other chemical used were 

HPLC grade and purchased from Sigma-Aldrich. 

6.2.2 Preparation of Standard solution 

Stock solutions of carbendazim were prepared by dissolving 5.0 mg of carbendazim in 50 

ml methanol to a concentration of 0.1 mg/ml. Standard solution of carbendazim were 

obtained from stock solution by diluting the solution to 0.5, 1, 10, 20, 50, 250, and 500 

ng/ml. They were used to spike the mouse serum to prepare standard serum samples of 

carbendazim prior to extraction. The plasma standards were prepared by adding 100 ^il of 

carbendazim standard and 100|a,l of internal standard to a 5ml polypropylene tube (with 

cap, VWR). This is then evaporated to dryness under a gentle stream of nitrogen or in a 

Speed-Vac (Savant). The dried standards are reconstituted in 100 ^il of rat plasma and 

vortexed for 5 min. The plasma standards are then extracted according to the extraction 

procedure. The same procedure is then repeated for other carbendazim standard solutions. 

Figure 6.1 Structure of PG300995 
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The internal standard for carbendazim analysis is PG300995. The stock solution of the 

internal standard is prepared by dissolving 5.0 mg of PG300995 in 50 ml of methanol. A 

50 ng/ml solution of PG300995 is then made by adding 0.005ml PG300995 stock to 

9.995 ml methanol. 

6.2.3 Extraction Procedure 

The plasma standard prepared as described in section 7.2.2 is added to 200 |xl of O.IM 

NaOH, vortexed to mix and allowed to stand at room temperature for 5 min. Then, 2 ml 

of ethyl acetate is added to the sample and shaken at high speed for 15 min. The mixture 

is then centrifuged for 5 min at 18°C. The top organic layer is transferred to a glass tube 

and dried in Speed-Vac. The residue is then reconstituted with 100 |j,l of 50% methanol. 

The reconstituted sample is transferred to 1.7 ml microcentrifuge tubes and centrifuged 

for 3.5 min at 13,500 rpm. Finally, the supernatant is collected and loaded in to 

autosampler vials for analysis. 

6.2.4 Chromatographic conditions 

Samples were analyzed using reversed phase liquid chromatography tandem mass 

spectrometry with atmospheric pressure chemical ionization (APCI). LC/MS/MS analysis 

is performed on a ThermoFinnigan TSQ Quantam triple quadrupole mass 

spectrophotometer in tandem with a Surveyor LC system. Chromatographic separation is 
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achieved with a Waters C18 column (Nova-PakC-18, 4|im, 150X3.9 mm) with a C18 

guard cartridge (Nova-Pak, 4|i.m, 20X3.9 mm). The mobile phase consisted of methanol 

and water in the ratio of 50:50. The flow rate of mobile phase was 0.3 ml/min. 

Autosampler sample tray is maintained at 10°C and the injection volume is 15 |j.l. 

Carbendazim and the internal standard eluted at around 8.6 min. Figure 6.2 shows a 

representative ion chromatogram. 

100 
FB642 

191>160 

40 • <U 
O 

§ 

(U 
> 100 

IS (PG300995) 

201>170 

6 0 2 4 8 10 12 

Time (min) 

Figure 6.2 Selected ion chromatograms of an extracted mouse plasma sample 
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Analytes are ionized by positive atmospheric pressure chemical ionization with a corona 

discharge current of 4)ia, sheath gas flow of 15, auxilliary gas flow of 5, API temperature 

of 400°C, and a capillary temperature of 250°C. Argon is used as the collision gas at a 

pressure of 1.5 mTorr. The following reactions are monitored using SRM scan mode: 

PG300995 202.030^ 66.048 at a collision energy of 42, PG300995 202.030-^ 93.018 at 

a collision energy of 36, PG300995 202.030-> 157.036 at a collision energy of 40, 

PG300995 202.030^ 170.047 at a collision energy of 34 , FB642 192.070^ 160.1 at a 

collision energy of 22, FB642 192.070-^ 132.0 at a collision energy of 36 and FB642 

192.070-^ 105.000 at a collision energy of 42. 

6.2.5 Preparation of Formulations 

Two oral solutions, viz. 9.4 mg/ml carbendazim in phosphate buffer at pH 1 and 9.4 

mg/ml carbendazim in 20% SBEpCD at pH 1, were prepared for evaluation. The buffer 

used was O.OIM phosphate buffer at pH 1. The pH was adjusted using IN HCl. A 

sufficient quantity of SBEpCD was weighed and added to O.OIM phosphate buffer at pH 

1 to make 20% w/v solution. Now, 3.75 g each of fructose and glucose was weighed in a 

10 ml graduated container. The volume was made up to 10 ml with either O.OIM 

phosphate buffer at pH 1 or 20% SBEpCD in O.OIM phosphate buffer at pH 1. The 

resulting mixture is vortexed at room temperature for 30 min until a clear solution is 

obtained. Then approximately 100 mg of carbendazim is weighed and added to each of 

the above solution and vortexed for 5-10 min. The pH of the suspension is then adjusted 
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to pH 1 with IN HCl. The suspension vial is then rotated at 20 rpm using an end-over-

end mechanical rotator until clear solution is obtained. The solution is then analyzed by 

HPLC for the final concentration. 

6.2.6 Antitumor Efficacy Studies 

Female C-57/B-16 mice (weighing 15-18 g) were used for the antitumor efficacy studies. 

The mice were 5-6 weeks old at the time of study. The mice were divided into 6 groups, 

each having 4 mice. On day zero all the mice were injected B-16 melanoma 

subcutaneously. The dosing started 24 h after 10^ cells implanted. The mice were dosed 

once a day for five days by oral gavage. The tumor growth was measured three times a 

week (monday, Wednesday, and friday). The length (L) and width (W) of the tumor was 

measured using a digital calipers and the volume (V) of tumor growth was calculated as 

2 

The weight of mice was taken once a week. 

6.2.7 Oral Bioavailability Studies 
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Female Balb/c mice (n=3, weighing 15-18 g) were used for the oral bioavailability 

studies. The mice were dosed orally at 160 mg/kg for 5 days. Blood samples were 

collected from different mice at 0.5, 1, 2,4, and 8 hrs after the administration of the last 

dose. The plasma was separated from blood by centrifugation and stored at -80°C before 

analysis. 

6.2.8 Data Analysis 

The ratio of the peak area of carbendazim to that of internal standard was used as the 

assay parameter. Peak-area ratios were plotted against theoretical concentrations. 

Standard calibration curves were obtained from unweighted least squares linear 

regression analysis of the data. Mouse serum concentrations of carbendazim were 

calculated from the standard calibration curves. The plasma concentration versus time 

data were analyzed using the model-independent approach. 

6.3 RESULTS AND DISCUSSION 

6.3.1 Antitumor Efficacy Studies 

All the studied mice reported 100% tumor take rate on injecting B-16 melanoma. The 

mice were divided into 6 groups. Each group had 4 mice. Table 6.1 lists the formulations 

that were used to determine the antitumor activity of carbendazim in mice. Table 6.2 lists 
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the dosing schema for each of the formulation. From herein, formulation I refer to 

carbendazim in phosphate buffer and formulation II refers to carbendazim in 20% 

SBEpCDatpH 1. 

Figure 6.3 shows a plot of tumor volume as a function of time for six groups. The lower 

value of tumor volume will suggest that the formulation is active against the growth of 

tumor. As we can see from the Figure 7.2 that both control I and II groups, as expected 

showed increase in tumor volume with time, suggesting that neither of the control group 

could resist tumor growth. Both formulations la and lb resisted the growth of tumor over 

a period of time. The more reduction in tumor growth with formulation lb indicates that 

the antitumor activity of carbendazim is a linear function of its concentration, underlying 

the importance of 'the more the better'. 

Table 6.1 Quantitative composition of carbendazim formulations 

No. Vehicle Sucrose Fructose PH Drug conc 

(%) (%) (mg/ml) 

I Phosphate buffer 37.5 37.5 1.00 9.4 

II 20% SBEpCD in phosphate 37.5 37.5 1.03 9.4 

buffer 
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On the other hand, both formulations Ila and lib were ineffective in reducing the tumor 

growth rate. The only difference between formulation I and II is the presence of 

cyclodextrins in formulation II. The cyclodextrin in formulation II forms a complex with 

the drug and the resulting complex is in equilibrium with the free drug and free 

cyclodextrin. Dilution is a major driving force for the dissociation of the complex to 

liberate the free drug. It may be possible that the formed complex didn't dissociate in the 

mice gut because of negligible amount of fluid and thus, excreted out as a complex. Table 

6.3 lists the antitumor efficacy of formulation I. 

Table 6.2 Dosing schema for various groups 

Group Vehicle Vol (ml)* mg/dose mg/kg/d mg/m^/d 

Control I Water 0.0 0.0 0.0 

Formulation la Phosphate buffer 0.25 2.37 80 300 

Formulation Ila 20% SBEpCD in 

phosphate buffer 

0.25 2.37 80 300 

Formulation lb Phosphate buffer 0.50 4.7 160 600 

Formulation lib 20% SBEpCD in 

phosphate buffer 

0.50 4.7 160 600 

Control II Phosphate buffer 0.0 0.0 0.0 

* Daily dose for 5 consecutive days 
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Table 6.3 Antitumor efficacy of Formulation I 

Formulation mg dose/day (ml) Tumor volume (mm^) % T/C 

Day 24 

Control (0.5) 3,600 

la 2.35(0.25) 1,450 40.3%* 

lb 4.70(0.50) 1,050 29.2%* 

*T/C < 42% considered significant 

5000 1 

4000 -

3000 

2000 

1000 

0 *-* 

10 15 

Time (Days) 

20 25 

Figure 6.3 Effect of different formulations on tumor volume 

*: Control I; X; Control II; A: Formulation la; A: Formulation lb; O: Formulation Ila; 

• : Formulation lib. 
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6.3.2 Pharmacokinetic studies 

Since formulation lb gave maximum activity against the tumor growth in mice, we chose 

formulation lb for oral bioavailability study in mice. The plasma concentration versus 

time profile of the administered formulation is illustrated in Figure 6.4. The administered 

formulation achieved peak plasma level of about 7 |ig/ml, which is comparable to that of 

IV dose. Carbendazim plasma concentration decreased at a rate of first order after the 

carbendazim reached its maximum blood concentration. The pharmacokinetic parameters 

of the administered formulation of carbendazim are summarized in Table 6.4. 

10000 

Figure 6.4 Plasma concentrations versus time profile. Each point represents the mean ± 

standard error of measurement from three mice. 
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Table 6.4 Pharmacokinetic parameters of administered carbendazim formulation 

Cmax Tmax Ti/2 AUC* CL/F* Vd/F* 

(ng/ml) (hr) (hr) (ng.hr/ml) (LAir/kg) (L/kg) 

7,394 0.5 1.03 26,705 5.99 8.89 

*calculated by assuming that the plasma carbendazim concentration immediately prior to 

the administration of the fifth dose was negligible. 

Table 6.5 compares the blood levels achieved in mice after administration of intravenous 

and oral formulations. Our formulation in phosphate buffer at pH 1 gave bioavailability 

of 75% which is much better than that achieved by P&G's oral formulation. The low 

value of Cmax as compared to that of P&G's formulation can probably be increased by 

administering higher concentration of carbendazim in phosphate buffer. 

Table 6.5 Comparison of different formulations 

Route Formulation Dose (mg) Cmax (fAg/ml) % Bioavailability 

IV — 6.4 15 100 

Oral P&G 132 15-20 4.8-6.4 

Oral Phosphate buffer at pH 1 4.7 7 75 
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Because the plasma samples were collected after the last dose of carbendazim 

formulation, we had to make the following assumptions before the pharmacokinetic 

analysis could be performed: carbendazim did not accumulate following multiple dose 

administration and multiple dose administration of carbendazim did not affect its own 

disposition. Further studies are necessary to validate these assumptions. 

6.4 CONCLUSIONS 

The antitumor efficacy and pharmacokinetic properties of two oral formulations of 

carbendazim were investigated in mice. The formulation containing 9.4 mg/ml of 

carbendazim in phosphate buffer and sugar at pH 1 was found to be active. It 

significantly reduced the tumor growth in B-16 melanoma injected mice. The antitumor 

activity of formulation lb at 160 mg/kg is comparable to older formulations at 4,000-

5,000 mg/kg/d X 21 days. The formulation gave active blood levels, which were 

comparable to IV dosing. 
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SUMMARY 

Carbendazim is a systemic fungicide belonging to the benzimidazole carbamate family 

that has been used widely in agricultural applications since the 1960s. Carbendazim is 

one of several classes of benzimidazoles that are currently being investigated and 

developed for their anticancer activity. The biologic activity of this group of compounds 

is unique and has been related to interactions with microtubules, uncoupling of G2/M 

phase of cell cycle progression and apoptosis. Furthermore, FB-642 exhibits in vitro 

activity in p53 abnormal cells and multidrug resistant tumor cell lines. Murine xenograft 

models and human tumor cloning assays suggest a broad spectrum of activity, including: 

pancreas, prostate, breast, colon, ovarian and non-small cell lung cancers. It also has an 

unparalleled safety profile in humans. Thus, the development of this benzimidazole 

carbamate compound, FB-642, may provide an anticancer agent with a broad spectrum of 

activity and a favorable resistance profile. 

Carbendazim is an ampholyte with a basic pKa of 4.5 and an acidic pKa of 10.8. The 

melting point of carbendazim is determined to be around 230°C as compared to its 

reported value of 305°C. It is poorly soluble in water (~6 mcg/ml) and most 

pharmaceutically acceptable solvents. Its projected oral dose of 100 mg per day is far 

greater than its water solubility. 
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The aqueous solubility of carbendazim is enhanced by both solvent modification and salt 

formation. Its solubility increases by decreasing pH below 4.5 and increasing pH above 

10.8. The solubility of carbendazim at pH 1.3 is 18 mg/ml and at pH 0.8 is -160 mg/ml. 

Therefore, the use of a low pH for an oral formulation is preferred. Cosolvents and 

nonionic surfactants have a relatively small effect (50% increase) on the total 

carbendazim solubility at pH 2 whereas anionic surfactants and complexants show an 

appreciable increase in the total drug solubility at pH 2. The results of solvent 

modification suggest that the high crystallinity of carbendazim more significantly 

contributes to its insolubility in water than its non-polarity. 

Salt formation provides a means of altering the physicochemical and resultant biological 

characteristics of a drug without modifying its chemical structure. A number of acidic 

salts viz. hydrochloride, phosphate, sulfate, mesylate, besylate, and tosylate, are 

synthesized with a view to increase the apparent solubility of carbendazim. To aid in the 

selection of the best salt to progress with, carbendazim and its salts are evaluated by 

hygroscopicity, polymorphism, and stability. Additionally, the dissolution profiles of 

various salts and free base are compared. Based on the results of this comparative 

physicochemical screening, the sulfonate salts are recommended further development. 

Based on preformulation studies two oral formulations are chosen for preclinical studies 

in mice. The formulations containing 9.4 mg of carbendazim either in phosphate buffer at 
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pH 1 (I) or in 20% SBEpCD at pH 1 (II) did not precipitate on in vitro static serial 

dilution with water and seven up for the dilution ratios ranging from 10 to 250. 

Pharmacokinetic studies in mice indicate that the formulation I is approximately 75% 

bioavailable and achieved plasma concentrations of 7 |ag/mL. The result is a 25-fold 

improvement in bioavailability compared to the previous formulation developed by 

P&GP. This formulation is currently being concentrated three-fold to achieve the goal 

plasma concentration of approximately 15 |ag/mL. Furthermore, the formulation I at a 

dose of 160 mg/kg/d for 5 days in the B16 murine melanoma model produced an active 

T/C% ratio of 29.2% (T/C% ratio values < 42% are considered active). Thus, the 

proposed formulation is significantly more soluble and thus is more predictive in 

determining consistent pharmacokinetics, toxicity and efficacy. 
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APPENDIX A: FINAL RELEVANT ATOMIC POSITIONS OF CARBENDAZIM 

SALTS 

Table A.l Atomic coordinates (x 10^) and equivalent isotropic displacement parameters 

(A^x 10^) for carbendazim hydrochloride dihydrate. 

X y z U(eq)* 
Cl(17) 747(1) 1861(1) 7910(1) 31(1) 
C(l) 11432(4) 11157(2) 2599(2) 34(1) 
0(2) 10187(3) 11173(1) 1787(1) 27(1) 
C(3) 8171(4) 10661(2) 1796(2) 23(1) 
0(4) 7368(3) 10215(1) 2394(1) 33(1) 
N(5) 7155(3) 10722(2) 990(1) 23(1) 
C(6) 5198(4) 10208(2) 787(2) 21(1) 
N(7) 4103(4) 10298(2) 26(1) 22(1) 
C(8) 2179(4) 9653(2) 19(2) 22(1) 
C(9) 468(4) 9468(2) -593(2) 25(1) 
C(10) -1198(4) 8758(2) -383(2) 29(1) 
C(ll) -1202(4) 8266(2) 408(2) 28(1) 
C(12) 478(4) 8466(2) 1022(2) 25(1) 
C(13) 2189(4) 9158(2) 812(2) 22(1) 
N(14) 4103(3) 9529(1) 1272(1) 21(1) 
0(16) 663(4) 7071(2) 5095(2) 35(1) 
0(15) 572(4) 3577(2) 1289(1) 36(1) 

*U(eq) is defined as one third of the trace of the orthogonalized Uy tensor. 
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Table A.2 Atomic coordinates (x 10^) and equivalent isotropic displacement parameters 

(A^x 10^) for carbendazim phosphate. 

X y z U(eq)* 
P(l) 2253(1) 14262(1) 9459(1) 17(1) 
0(14) 3479(1) 13103(1) 9392(1) 22(1) 
0(13) 2552(2) 15387(2) 11263(1) 23(1) 
0(12) 218(1) 13380(1) 8495(1) 22(1) 
0(11) 2959(2) 15543(2) 8904(2) 26(1) 
0(4) 165(2) 7445(1) 4969(1) 29(1) 
N(14) 2071(2) 9520(2) 4120(2) 18(1) 
0(2) 923(2) 8526(1) 7615(1) 26(1) 
N(5) 2206(2) 10109(2) 6748(2) 20(1) 
N(7) 4017(2) 11904(2) 6150(2) 19(1) 
C(3) 997(2) 8561(2) 6316(2) 21(1) 
C(8) 4243(2) 11899(2) 4809(2) 19(1) 
C(13) 3006(2) 10382(2) 3514(2) 19(1) 
C(12) 2874(2) 9967(2) 1981(2) 25(1) 
C(9) 5408(2) 13068(2) 4633(2) 24(1) 
C(6) 2707(2) 10463(2) 5692(2) 18(1) 
C(10) 5259(2) 12663(2) 3101(2) 28(1) 
C(l) -301(3) 6965(2) 7341(3) 32(1) 
C(ll) 4015(3) 11149(2) 1797(2) 30(1) 

*U(eq) is defined as one third of the trace of the orthogonalized UU tensor. 
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Table A.3 Atomic coordinates (x 10^) and equivalent isotropic displacement parameters 

(A^x 10^) for carbendazim sulfate. 

X y % U(eq)* 
S(l) 5000 9945(1) 2500 16(1) 
0(10) 4378(1) 11206(2) 2464(1) 21(1) 
0(11) 4725(1) 8673(2) 1771(1) 23(1) 
C(l) 4066(2) 8637(4) -1058(1) 26(1) 
0(2) 4036(1) 8917(2) -282(1) 23(1) 
C(3) 3362(1) 9308(3) -319(1) 19(1) 
0(4) 2768(1) 9377(2) -922(1) 27(1) 
N(5) 3441(1) 9622(3) 459(1) 20(1) 
C(6) 2857(1) 10043(3) 640(1) 18(1) 
N(7) 2957(1) 10321(3) 1402(1) 20(1) 
C(8) 2260(1) 10737(3) 1396(1) 19(1) 
C(9) 2054(1) 11102(3) 2018(1) 23(1) 
C(10) 1298(1) 11478(3) 1785(2) 25(1) 
C(ll) 769(1) 11500(3) 970(1) 24(1) 
C(12) 975(1) 11105(3) 352(1) 21(1) 
C(13) 1733(1) 10710(3) 582(1) 17(1) 
N(14) 2129(1) 10259(3) 125(1) 18(1) 
0(20) 4052(1) 4786(3) 1446(1) 34(1) 

*U(eq) is defined as one third of the trace of the orthogonalized UU tensor. 
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Table A.4 Atomic coordinates (x 10^) and equivalent isotropic displacement parameters 

(A^x 10^) for carbendazim mesylate. 

X y z U(eq)* 
S(18) 333(1) 1094(1) 1347(1) 29(1) 
0(2) -6465(4) 1600(1) -2192(1) 39(1) 
N(7) -95(4) 3372(1) -1575(2) 30(1) 
0(16) 1466(4) 1136(1) 481(1) 39(1) 
N(14) 568(4) 2393(1) -642(2) 31(1) 
0(15) 2116(3) 749(1) 2111(1) 33(1) 
C(6) -987(5) 2698(1) -1370(2) 29(1) 
C(3) -4190(5) 1715(2) -1630(2) 33(1) 
0(17) -624(4) 1820(1) 1627(2) 47(1) 
N(5) -3178(4) 2395(1) -1858(2) 32(1) 
C(8) 2167(5) 3530(2) -945(2) 30(1) 
C(13) 2576(5) 2903(2) -352(2) 29(1) 
0(4) -3219(4) 1290(1) -1031(2) 48(1) 
C(9) 3823(5) 4146(2) -857(2) 36(1) 
C(12) 4718(5) 2868(2) 355(2) 37(1) 
C(l) -7723(7) 887(2) -2051(3) 50(1) 
C(19) -2387(5) 495(2) 1134(2) 37(1) 
C(ll) 6385(5) 3481(2) 438(2) 40(1) 
C(10) 5943(5) 4109(2) -150(2) 40(1) 

*U(eq) is defined as one third of the trace of the orthogonalized Ijy tensor. 
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Table A.5 Atomic coordinates (x lO^) and equivalent isotropic displacement parameters 

(A^x 10^) for carbendazim besylate. 

X y z U(eq)* 
S(18) 3007(1) 8903(1) 6447(1) 20(1) 
0(4) 3914(2) 4640(1) 8226(1) 35(1) 
N(7) 2597(2) 2687(1) 5145(1) 21(1) 
C(8) 2080(2) 3735(2) 4195(2) 21(1) 
0(16) 3723(1) 9663(1) 7292(1) 25(1) 
N(14) 3056(2) 4739(1) 5714(1) 20(1) 
C(9) 1336(2) 3665(2) 3114(2) 27(1) 
0(15) 3815(1) 7351(1) 6200(1) 27(1) 
N(5) 3749(2) 2607(1) 7104(1) 22(1) 
C(10) 953(2) 4943(2) 2373(2) 29(1) 
0(17) 2796(1) 9674(1) 5141(1) 25(1) 
C(ll)  1303(2) 6235(2) 2704(2) 28(1) 
0(2) 4656(1) 2349(1) 9049(1) 25(1) 
C(12) 2011(2) 6316(2) 3801(2) 25(1) 
C(13) 2385(2) 5041(2) 4546(2) 20(1) 
C(6) 3171(2) 3329(2) 6032(2) 20(1) 
C(3) 4102(2) 3330(2) 8149(2) 22(1) 
C(l) 5056(2) 2962(2) 10228(2) 30(1) 
C(19) 1070(2) 8997(2) 7501(2) 20(1) 
C(20) 868(2) 8204(2) 8747(2) 26(1) 
C(21) -640(2) 8373(2) 9619(2) 31(1) 
C(22) -1940(2) 9305(2) 9257(2) 30(1) 
C(23) -1743(2) 10050(2) 7989(2) 29(1) 
C(24) -237(2) 9903(2) 7115(2) 25(1) 

*U(eq) is defined as one third of the trace of the orthogonalized Uy tensor. 
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Table A.6 Atomic coordinates (x 10^) and equivalent isotropic displacement parameters 

(A^x 10^) for carbendazim tosylate. 

X y z U(eq)* 

S(18) 324(1) 6503(1) 7747(1) 20(1) 

0(16) -309(2) 5609(1) 7322(1) 27(1) 

0(15) 1753(2) 6979(1) 7293(1) 27(1) 

C(19) -1429(3) 7360(2) 7725(2) 17(1) 

C(21) -2685(4) 8921(2) 7361(2) 26(1) 

0(17) 718(3) 6324(1) 8627(1) 31(1) 

C(22) -4298(3) 8630(2) 7668(2) 25(1) 

C(20) -1252(3) 8294(2) 7392(2) 23(1) 

C(24) -3024(4) 7050(2) 8040(2) 21(1) 

C(25) -5850(4) 9311(2) 7625(2) 36(1) 

C(23) -4448(4) 7671(2) 8008(2) 23(1) 

N(7) 1672(3) 3999(2) 1009(1) 23(1) 

0(2) 6407(3) 6007(2) 686(1) 32(1) 

C(8) 69(4) 3798(2) 628(2) 22(1) 

0(4) 4452(3) 6053(2) -374(1) 37(1) 

N(5) 4074(3) 5051(2) 774(1) 25(1) 

C(9) -1258(4) 3167(2) 846(2) 27(1) 

N(14) 1543(3) 4945(2) -102(1) 25(1) 

C(6) 2510(4) 4684(2) 563(2) 22(1) 

C(10) -2689(4) 3144(2) 316(2) 32(1) 

C(12) -1406(4) 4363(2) -626(2) 27(1) 

C(ll) -2754(4) 3721(2) -416(2) 31(1) 

C(13) -9(4) 4395(2) -88(2) 22(1) 

C(3) 4954(4) 5747(2) 294(2) 28(1) 

C(l) 7451(4) 6748(2) 270(2) 36(1) 

*U(eq) is defined as one third of the trace of the orthogonalized Tjy tensor. 
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APPENDIX B: BOND LENGTHS AND ANGLES OF CARBENDAZIM SALTS 

Table B.l Bond lengths [A] and angles [°] for carbendazim hydrochloride. 

C(l)-0(2) 1.443(3) 0(2)-C(l)-H(lA) 109.5 

C(1)-H(1A) 0.9800 0(2)-C(l)-H(lB) 109.5 

C(1)-H(1B) 0.9800 H(1A)-C(1)-H(1B) 109.5 

C(1)-H(1C) 0.9800 0(2)-C(l)-H(lC) 109.5 

0(2)-C(3) 1.335(3) H(1A)-C(1)-H(1C) 109.5 

C(3)-0(4) 1.192(3) H(1B)-C(1)-H(1C) 109.5 

C(3)-N(5) 1.377(3) C(3)-0(2)-C(l) 113.95(19) 

N(5)-C(6) 1.346(3) 0(4)-C(3)-0(2) 126.3(2) 

N(5)-H(5A) 0.8800 0(4)-C(3)-N(5) 124.9(2) 

C(6)-N(14) 1.332(3) 0(2)-C(3)-N(5) 108.8(2) 

C(6)-N(7) 1.338(3) C(6)-N(5)-C(3) 122.0(2) 

N(7)-C(8) 1.393(3) C(6)-N(5)-H(5A) 119.0 

N(7)-H(7A) 0.8800 C(3)-N(5)-H(5A) 119.0 

C(8)-C(9) 1.381(3) N(14)-C(6)-N(7) 109.9(2) 

C(8)-C(13) 1.394(3) N(14)-C(6)-N(5) 127.0(2) 

C(9)-C(10) 1.379(3) N(7)-C(6)-N(5) 123.1(2) 

C(9)-H(9A) 0.9500 C(6)-N(7)-C(8) 108.48(19) 

C(10)-C(ll) 1.390(4) C(6)-N(7)-H(7A) 125.8 

C(10)-H(10A) 0.9500 C(8)-N(7)-H(7A) 125.8 

C(ll)-C(12) 1.375(3) C(9)-C(8)-N(7) 132.1(2) 

C(11)-H(11A) 0.9500 C(9)-C(8)-C(13) 121.5(2) 

C(12)-C(13) 1.381(3) N(7)-C(8)-C(13) 106.4(2) 

C(12)-H(12A) 0.9500 C(10)-C(9)-C(8) 116.5(2) 

C(13)-N(14) 1.393(3) C(10)-C(9)-H(9A) 121.8 

N(14)-H(14A) 0.8800 C(8)-C(9)-H(9A) 121.8 

0(16)-H(16B) 0.77(4) C(9)-C(10)-C(ll) 122.2(2) 

0(16)-H(16A) 0.82(3) C(9)-C(10)-H(10A) 118.9 

0(15)-H(15B) 0.80(3) C(11)-C(10)-H(10A) 118.9 

0(15)-H(15A) 0.88(4) C(12)-C(ll)-C(10) 121.1(2) 



C(12)-C(11)-H(11A) 

C(10)-C(11)-H(11A) 

C(ll)-C(12)-C(13) 

C(11)-C(12)-H(12A) 

C(13)-C(12)-H(12A) 

C(12)-C(13)-N(14) 

C(12)-C(13)-C(8) 

N(14)-C(13)-C(8) 

C(6)-N(14)-C(13) 

C(6)-N(14)-H(14A) 

C(13)-N(14)-H(14A) 

H(16B)-0(16)-H(16A) 

H(15B)-0(15)-H(15A) 

119.4 

119.4 

117.2(2) 

121.4 

121.4 

131.9(2) 

121.4(2) 

106.65(19) 

108.53(18) 

125.7 

125.7 

110(4) 

109(3) 
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Table B.2 Bond lengths [A] and angles [°] for carbendazim phosphate. 

P(l)-0(12) 1.4998(11) C(13)-N(14)-H(13A) 124.0(15) 
P(l)-0(14) 1.5087(11) C(3)-0(2)-C(l) 114.98(14) 
P(l)-0(11) 1.5675(13) C(6)-N(5)-C(3) 122.76(14) 
P(l)-0(13) 1.5780(11) C(6)-N(5)-H(11A) 114.4(14) 
0(13)-H(13B) 0.78(2) C(3)-N(5)-H(11A) 122.5(14) 
0(11)-H(11B) 0.73(2) C(6)-N(7)-C(8) 108.65(13) 
0(4)-C(3) 1.2044(19) C(6)-N(7)-H(10A) 125.7(15) 
N(14)-C(6) 1.3320(19) C(8)-N(7)-H(10A) 125.2(15) 
N(14)-C(13) 1.398(2) 0(4)-C(3)-0(2) 126.64(15) 
N(14)-H(13A) 0.83(2) 0(4)-C(3)-N(5) 124.47(15) 
0(2)-C(3) 1.326(2) 0(2)-C(3)-N(5) 108.90(14) 
0(2)-C(l) 1.452(2) C(9)-C(8)-N(7) 131.63(15) 
N(5)-C(6) 1.350(2) C(9)-C(8)-C(13) 121.92(15) 
N(5)-C(3) 1.384(2) N(7)-C(8)-C(13) 106.44(14) 
N(5)-H(11A) 0.88(2) C(12)-C(13)-C(8) 121.56(15) 
N(7)-C(6) 1.342(2) C(12)-C(13)-N(14) 131.80(15) 
N(7)-C(8) 1.392(2) C(8)-C(13)-N(14) 106.64(13) 
N(7)-H(10A) 0.83(2) C(13)-C(12)-C(ll) 116.71(15) 
C(8)-C(9) 1.386(2) C(13)-C(12)-H(6A) 120.9(13) 
C(8)-C(13) 1.393(2) C(11)-C(12)-H(6A) 122.4(13) 
C(13)-C(12) 1.383(2) C(10)-C(9)-C(8) 116.48(16) 
C(12)-C(ll) 1.389(2) C(10)-C(9)-H(5A) 121.7(12) 
C(12)-H(6A) 0.95(2) C(8)-C(9)-H(5A) 121.8(12) 
C(9)-C(10) 1.380(3) N(14)-C(6)-N(7) 109.76(14) 
C(9)-H(5A) 0.95(2) N(14)-C(6)-N(5) 128.39(14) 
C(10)-C(ll) 1.396(3) N(7)-C(6)-N(5) 121.84(14) 
C(10)-H(3A) 0.90(2) C(9)-C(10)-C(ll) 121.92(17) 
C(1)-H(2C) 0.91(2) C(9)-C(10)-H(3A) 117.6(13) 
C(1)-H(2B) 0.95(2) C(11)-C(10)-H(3A) 120.5(13) 
C(1)-H(2A) 0.95(2) 0(2)-C(l)-H(2C) 109.5(13) 
C(11)-H(1A) 0.91(2) 0(2)-C(l)-H(2B) 109.3(14) 

H(2C)-C(1)-H(2B) 108.1(19) 
0(2)-C(l)-H(2A) 105.5(14) 
H(2C)-C(1)-H(2A) 109.6(19) 
H(2B)-C(1)-H(2A) 114.7(18) 
C(12)-C(ll)-C(10) 121.39(16) 
C(12)-C(11)-H(1A) 120.7(12) 
C(10)-C(11)-H(1A) 117.9(12) 
0(12)-P(1)-0(14) 115.60(6) 
0(12)-P(1)-0(11) 107.90(7) 
0(14)-P(1)-0(11) 109.78(7) 
0(12)-P(1)-0(13) 110.54(6) 
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0(14)-P(1)-0(13) 106.63(6) 
0(11)-P(1)-0(13) 105.99(7) 
P(1)-0(13)-H(13B) 108.3(19) 
P(1)-0(11)-H(11B) 108.2(19) 
C(6)-N(14)-C(13) 108.51(13) 
C(6)-N(14)-H(13A) 127.5(15) 



Table B.3 Bond lengths [A] and angles [°] for carbendazim sulfate 

S(l)-0(10)#l 1.4722(14) 0(10)#1-S(1)-0(10) 108.77(12) 
S(l)-0(10) 1.4722(14) 0(10)#1-S(1)-0(11) 110.71(8) 
S(l)-0(11) 1.4781(15) 0(10)-S(1)-0(11) 109.12(8) 
S(l)-0(11)#1 1.4781(15) 0(10)#1-S(1)-0(11)#1 109.12(8) 
C(l)-0(2) 1.454(3) 0(10)-S(1)-0(11)#1 110.71(8) 
C(1)-H(1C) 0.95(3) 0(11)-S(1)-0(11)#1 108.42(13) 
C(1)-H(1B) 0.91(3) 0(2)-C(l)-H(lC) 109.9(16) 
C(1)-H(1A) 0.95(3) 0(2)-C(l)-H(lB) 104.2(16) 
0(2)-C(3) 1.326(2) H(1C)-C(1)-H(1B) 112(2) 
C(3)-0(4) 1.210(2) 0(2)-C(l)-H(lA) 108.2(15) 
C(3)-N(5) 1.375(3) H(1C)-C(1)-H(1A) 108(2) 
N(5)-C(6) 1.356(3) H(1B)-C(1)-H(1A) 114(2) 
N(5)-H(5A) 0.87(3) C(3)-0(2)-C(l) 116.03(17) 
C(6)-N(7) 1.330(3) 0(4)-C(3)-0(2) 127.1(2) 
C(6)-N(14) 1.337(2) 0(4)-C(3)-N(5) 124.5(2) 
N(7)-C(8) 1.397(3) 0(2)-C(3)-N(5) 108.45(17) 
N(7)-H(7A) 0.87(2) C(6)-N(5)-C(3) 123.72(18) 
C(8)-C(9) 1.382(3) C(6)-N(5)-H(5A) 115.9(16) 
C(8)-C(13) 1.395(3) C(3)-N(5)-H(5A) 120.3(16) 
C(9)-C(10) 1.382(3) N(7)-C(6)-N(14) 110.29(18) 
C(9)-H(9A) 1.01(3) N(7)-C(6)-N(5) 121.79(18) 
C(10)-C(ll) 1.398(3) N(14)-C(6)-N(5) 127.91(19) 
C(10)-H(10A) 0.96(3) C(6)-N(7)-C(8) 108.73(17) 
C(ll)-C(12) 1.379(3) C(6)-N(7)-H(7A) 122.4(16) 
C(11)-H(11A) 0.97(2) C(8)-N(7)-H(7A) 127.3(16) 
C(12)-C(13) 1.390(3) C(9)-C(8)-C(13) 122.1(2) 
C(12)-H(12A) 0.94(3) C(9)-C(8)-N(7) 131.80(19) 
C(13)-N(14) 1.398(3) C(13)-C(8)-N(7) 106.13(18) 
N(14)-H(14A) 0.86(2) C(10)-C(9)-C(8) 116.1(2) 
0(20)-H(20) 0.85(3) C(10)-C(9)-H(9A) 122.4(14) 
0(20)-H(21) 0.84(3) C(8)-C(9)-H(9A) 121.5(14) 

C(9)-C(10)-C(ll) 122.3(2) 
C(9)-C(10)-H(10A) 118.6(15) 
C(11)-C(10)-H(10A) 119.2(15) 
C(12)-C(ll)-C(10) 121.5(2) 
C(12)-C(11)-H(11A) 119.0(14) 
C(10)-C(11)-H(11A) 119.5(14) 
C(ll)-C(12)-C(13) 116.6(2) 
C(11)-C(12)-H(12A) 123.9(15) 
C(13)-C(12)-H(12A) 119.5(15) 
C(12)-C(13)-C(8) 121.50(19) 
C(12)-C(13)-N(14) 131.64(19) 
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C(8)-C(13)-N(14) 106.86(17) 
C(6)-N(14)-C(13) 107.98(17) 
C(6)-N(14)-H(14A) 128.7(16) 
C(13)-N(14)-H(14A) 123.3(16) 
H(20)-0(20)-H(21) 107(3) 

Symmetry transformations used to generate equivalent atoms: #1 -x+l,y,-z+l/2 
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Table B.4 Bond lengths [A] and angles [°] for carbendazim mesylate 

S(18)-0(16) 1.446(2) 0(16)-S(18)-0(17) 112.73(13) 

S(18)-0(17) 1.453(2) 0(16)-S(18)-0(15) 112.05(11) 

S(18)-0(15) 1.4596(17) 0(17)-S(18)-0(15) 111.42(11) 

S(18)-C(19) 1.750(3) 0(16)-S(18)-C(19) 107.06(13) 

0(2)-C(3) 1.341(3) 0(17)-S(18)-C(19) 106.70(13) 

0(2)-C(l) 1.446(3) 0(15)-S(18)-C(19) 106.42(12) 

N(7)-C(6) 1.326(3) C(3)-0(2)-C(l) 114.9(2) 

N(7)-C(8) 1.399(3) C(6)-N(7)-C(8) 108.7(2) 

N(14)-C(6) 1.335(3) C(6)-N(14)-C(13) 108.1(2) 

N(14)-C(13) 1.393(3) N(7)-C(6)-N(14) 110.3(2) 

C(6)-N(5) 1.352(3) N(7)-C(6)-N(5) 122.1(2) 

C(3)-0(4) 1.197(3) N(14)-C(6)-N(5) 127.6(2) 

C(3)-N(5) 1.369(3) 0(4)-C(3)-0(2) 125.2(3) 

C(8)-C(9) 1.379(4) 0(4)-C(3)-N(5) 126.0(2) 

C(8)-C(13) 1.395(4) 0(2)-C(3)-N(5) 108.8(2) 

C(13)-C(12) 1.391(4) C(6)-N(5)-C(3) 122.9(2) 

C(9)-C(10) 1.383(4) C(9)-C(8)-C(13) 122.3(2) 

C(12)-C(ll) 1.378(4) C(9)-C(8)-N(7) 131.8(2) 

C(ll)-C(10) 1.394(4) C(13)-C(8)-N(7) 105.9(2) 

C(8)-C(13)-C(12) 121.0(3) 

C(8)-C(13)-N(14) 106.9(2) 

C(12)-C(13)-N(14) 132.0(3) 

C(8)-C(9)-C(10) 116.4(3) 

C(ll)-C(12)-C(13) 116.7(3) 

C(12)-C(ll)-C(10) 121.9(3) 

C(9)-C(10)-C(ll) 121.7(3) 
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Table B.5 Bond lengths [A] and angles [°] for carbendazim besylate 

S(18)-0(15) 1.4488(11) 0(15)-S(18)-0(16) 112.73(6) 
S(18)-0(16) 1.4597(11) 0(15)-S(18)-0(17) 113.34(7) 
S(18)-0(17) 1.4617(12) 0(16)-S(18)-0(17) 111.99(6) 
S(18)-C(19) 1.7726(16) 0(15)-S(18)-C(19) 106.55(7) 
0(4)-C(3) 1.2005(18) 0(16)-S(18)-C(19) 105.71(7) 
N(7)-C(6) 1.3355(19) 0(17)-S(18)-C(19) 105.82(7) 
N(7)-C(8) 1.391(2) C(6)-N(7)-C(8) 108.22(12) 
N(7)-H(7A) 0.8800 C(6)-N(7)-H(7A) 125.9 
C(8)-C(9) 1.384(2) C(8)-N(7)-H(7A) 125.9 
C(8)-C(13) 1.396(2) C(9)-C(8)-N(7) 131.67(15) 
N(14)-C(6) 1.3322(19) C(9)-C(8)-C(13) 121.52(15) 
N(14)-C(13) 1.3942(19) N(7)-C(8)-C(13) 106.76(14) 
N(14)-H(14A) 0.8800 C(6)-N(14)-C(13) 108.45(13) 
C(9)-C(10) 1.385(2) C(6)-N(14)-H(14A) 125.8 
C(9)-H(9A) 0.9500 C(13)-N(14)-H(14A) 125.8 
N(5)-C(6) 1.354(2) C(10)-C(9)-C(8) 116.72(15) 
N(5)-C(3) 1.379(2) C(10)-C(9)-H(9A) 121.6 
N(5)-H(5A) 0.8800 C(8)-C(9)-H(9A) 121.6 
C(10)-C(ll) 1.396(2) C(6)-N(5)-C(3) 122.31(13) 
C(10)-H(10A) 0.9500 C(6)-N(5)-H(5A) 118.8 
C(ll)-C(12) 1.378(2) C(3)-N(5)-H(5A) 118.8 
C(11)-H(11A) 0.9500 C(9)-C(10)-C(ll) 121.41(16) 
0(2)-C(3) 1.3318(18) C(9)-C(10)-H(10A) 119.3 
0(2)-C(l) 1.4540(19) C(11)-C(10)-H(10A) 119.3 
C(12)-C(13) 1.384(2) C(12)-C(ll)-C(10) 122.02(16) 
C(12)-H(12A) 0.9500 C(12)-C(11)-H(11A) 119.0 
C(1)-H(1A) 0.9800 C(10)-C(11)-H(11A) 119.0 
C(1)-H(1B) 0.9800 C(3)-0(2)-C(l) 115.26(12) 
C(1)-H(1C) 0.9800 C(ll)-C(12)-C(13) 116.51(15) 
C(19)-C(24) 1.386(2) C(11)-C(12)-H(12A) 121.7 
C(19)-C(20) 1.392(2) C(13)-C(12)-H(12A) 121.7 
C(20)-C(21) 1.384(2) C(12)-C(13)-N(14) 131.91(14) 
C(20)-H(20A) 0.9500 C(12)-C(13)-C(8) 121.78(15) 
C(21)-C(22) 1.380(2) N(14)-C(13)-C(8) 106.30(14) 
C(21)-H(21A) 0.9500 N(14)-C(6)-N(7) 110.25(13) 
C(22)-C(23) 1.385(2) N(14)-C(6)-N(5) 126.83(14) 
C(22)-H(22A) 0.9500 N(7)-C(6)-N(5) 122.91(13) 
C(23)-C(24) 1.385(2) 0(4)-C(3)-0(2) 126.17(15) 
C(23)-H(23A) 0.9500 0(4)-C(3)-N(5) 124.61(15) 
C(24)-H(24A) 0.9500 0(2)-C(3)-N(5) 109.21(12) 

0(2)-C(l)-H(lA) 109.5 
0(2)-C(l)-H(lB) 109.5 
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Table B.6 Bond lengths [A] and angles [°] for carbendazim tosylate 

S(18)-0(17) 1.4525(18) 0(17)-S(18)-0(15) 113.15(12) 

S(18)-0(15) 1.4600(19) 0(17)-S(18)-0(16) 112.32(11) 

S(18)-0(16) 1.4596(18) 0(15)-S(18)-0(16) 112.30(11) 

S(18)-C(19) 1.770(3) 0(17)-S(18)-C(19) 106.56(12) 

C(19)-C(24) 1.387(4) 0(15)-S(18)-C(19) 106.20(12) 

C(19)-C(20) 1.366(3) 0(16)-S(18)-C(19) 105.66(11) 

C(21)-C(22) 1.388(4) C(24)-C(19)-C(20) 120.2(2) 

C(21)-C(20) 1.386(4) C(24)-C(19)-S(18) 118.05(19) 

C(21)-H(21A) 0.9500 C(20)-C(19)-S(18) 121.8(2) 

C(22)-C(23) 1.398(4) C(22)-C(21)-C(20) 121.7(3) 

C(22)-C(25) 1.503(4) C(22)-C(21)-H(21A) 119.1 

C(20)-H(20A) 0.9500 C(20)-C(21)-H(21A) 119.1 

C(24)-C(23) 1.376(4) C(21)-C(22)-C(23) 117.9(3) 

C(24)-H(24A) 0.9500 C(21)-C(22)-C(25) 121.4(3) 

C(25)-H(25A) 0.9800 C(23)-C(22)-C(25) 120.7(3) 

C(25)-H(25B) 0.9800 C(19)-C(20)-C(21) 119.4(2) 

C(25)-H(25C) 0.9800 C(19)-C(20)-H(20A) 120.3 

C(23)-H(23A) 0.9500 C(21)-C(20)-H(20A) 120.3 

N(7)-C(6) 1.327(3) C(19)-C(24)-C(23) 120.5(2) 

N(7)-C(8) 1.399(3) C(19)-C(24)-H(24A) 119.8 

N(7)-H(7A) 0.8800 C(23)-C(24)-H(24A) 119.8 

0(2)-C(3) 1.326(4) C(22)-C(25)-H(25A) 109.5 

0(2)-C(l) 1.438(3) C(22)-C(25)-H(25B) 109.5 

C(8)-C(9) 1.368(4) H(25A)-C(25)-H(25B) 109.5 

C(8)-C(13) 1.395(4) C(22)-C(25)-H(25C) 109.5 

0(4)-C(3) 1.202(3) H(25A)-C(25)-H(25C) 109.5 

N(5)-C(6) 1.340(3) H(25B)-C(25)-H(25C) 109.5 

N(5)-C(3) 1.383(4) C(24)-C(23)-C(22) 120.4(3) 

N(5)-H(5A) 0.8800 C(24)-C(23)-H(23A) 119.8 

C(9)-C(10) 1.387(4) C(22)-C(23)-H(23A) 119.8 

C(9)-H(9A) 0.9500 C(6)-N(7)-C(8) 109.2(2) 

N(14)-C(6) 1.340(3) C(6)-N(7)-H(7A) 125.4 



N(14)-C(13) 1.402(4) C(8)-N(7)-H(7A) 125.4 

N(14)-H(14A) 0.8800 C(3)-0(2)-C(l) 115.7(2) 

C(10)-C(ll) 1.398(4) C(9)-C(8)-C(13) 122.0(3) 

C(10)-H(10A) 0.9500 C(9)-C(8)-N(7) 131.6(2) 

C(12)-C(13) 1.373(4) C(13)-C(8)-N(7) 106.4(2) 

C(12)-C(ll) 1.388(4) C(6)-N(5)-C(3) 123.2(2) 

C(12)-H(12A) 0.9500 C(6)-N(5)-H(5A) 118.4 

C(11)-H(11A) 0.9500 C(3)-N(5)-H(5A) 118.4 

C(1)-H(1A) 0.9800 C(8)-C(9)-C(10) 116.7(3) 

C(1)-H(1B) 0.9800 C(8)-C(9)-H(9A) 121.7 

C(1)-H(1C) 0.9800 C(10)-C(9)-H(9A) 121.7 

C(6)-N(14)-C(13) 108.7(2) 

C(6)-N(14)-H(14A) 125.6 

C(13)-N(14)-H(14A) 125.6 

N(7)-C(6)-N(5) 123.7(3) 

N(7)-C(6)-N(14) 109.6(2) 

N(5)-C(6)-N(14) 126.7(3) 

C(9)-C(10)-C(ll) 121.6(3) 

C(9)-C(10)-H(10A) 119.2 

C(11)-C(10)-H(10A) 119.2 

C(13)-C(12)-C(ll) 116.9(3) 

C(13)-C(12)-H(12A) 121.5 

C(11)-C(12)-H(12A) 121.5 

C(10)-C(ll)-C(12) 121.1(3) 

C(10)-C(11)-H(11A) 119.4 

C(12)-C(11)-H(11A) 119.4 

C(12)-C(13)-C(8) 121.6(3) 

C(12)-C(13)-N(14) 132.2(3) 

C(8)-C(13)-N(14) 106.2(2) 

0(4)-C(3)-0(2) 126.7(3) 

0(4)-C(3)-N(5) 124.2(3) 

0(2)-C(3)-N(5) 109.1(2) 

0(2)-C(l)-H(lA) 109.5 

0(2)-C(l)-H(lB) 109.5 



H(1A)-C(1)-H(1B) 109.5 

0(2)-C(l)-H(lC) 109.5 

H(1A)-C(1)-H(1C) 109.5 

H(1B)-C(1)-H(1C) 109.5 



APPENDIX C: TORSION ANGLES OF CARBENDAZIM SALTS 

Table C.l Torsion angles [°] for carbendazim hydrochloride 

C(l)-0(2)-C(3)-0(4) 0.0(3) 

C(l)-0(2)-C(3)-N(5) -179.5(2) 

0(4)-C(3)-N(5)-C(6) -5.0(4) 

0(2)-C(3)-N(5)-C(6) 174.43(19) 

C(3)-N(5)-C(6)-N(14) -6.1(4) 

C(3)-N(5)-C(6)-N(7) 176.0(2) 

N(14)-C(6)-N(7)-C(8) 0.7(3) 

N(5)-C(6)-N(7)-C(8) 178.9(2) 

C(6)-N(7)-C(8)-C(9) 178.8(2) 

C(6)-N(7)-C(8)-C(13) -0.8(2) 

N(7)-C(8)-C(9)-C(10) 179.4(2) 

C(13)-C(8)-C(9)-C(10) -1.0(3) 

C(8)-C(9)-C(10)-C(ll) 1.3(3) 

C(9)-C(10)-C(ll)-C(12) -0.2(4) 

C(10)-C(ll)-C(12)-C(13) -1.4(4) 

C(ll)-C(12)-C(13)-N(14) 179.8(2) 

C(ll)-C(12)-C(13)-C(8) 1.7(3) 

C(9)-C(8)-C(13)-C(12) -0.5(4) 

N(7)-C(8)-C(13)-C(12) 179.2(2) 

C(9)-C(8)-C(13)-N(14) -179.1(2) 

N(7)-C(8)-C(13)-N(14) 0.6(2) 

N(7)-C(6)-N(14)-C(13) -0.3(3) 

N(5)-C(6)-N(14)-C(13) -178.4(2) 

C(12)-C(13)-N(14)-C(6) -178.6(2) 

C(8)-C(13)-N(14)-C(6) -0.2(2) 
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Table C.2 Torsion angles [°] for carbendazim phosphate 

C(l)-0(2)-C(3)-0(4) -0.1(2) 
C(l)-0(2)-C(3)-N(5) -179.96(14) 
C(6)-N(5)-C(3)-0(4) -6.3(2) 
C(6)-N(5)-C(3)-0(2) 173.66(13) 
C(6)-N(7)-C(8)-C(9) -179.74(16) 
C(6)-N(7)-C(8)-C(13) -0.06(17) 
C(9)-C(8)-C(13)-C(12) -0.2(2) 
N(7)-C(8)-C(13)-C(12) -179.88(14) 
C(9)-C(8)-C(13)-N(14) 179.75(14) 
N(7)-C(8)-C(13)-N(14) 0.03(16) 
C(6)-N(14)-C(13)-C(12) 179.90(16) 
C(6)-N(14)-C(13)-C(8) 0.00(17) 
C(8)-C(13)-C(12)-C(ll) -1.0(2) 
N(14)-C(13)-C(12)-C(ll) 179.16(16) 
N(7)-C(8)-C(9)-C(10) -179.42(16) 
C(13)-C(8)-C(9)-C(10) 0.9(2) 
C(13)-N(14)-C(6)-N(7) -0.04(17) 
C(13)-N(14)-C(6)-N(5) -179.23(14) 
C(8)-N(7)-C(6)-N(14) 0.06(17) 
C(8)-N(7)-C(6)-N(5) 179.32(13) 
C(3)-N(5)-C(6)-N(14) 5.7(2) 
C(3)-N(5)-C(6)-N(7) -173.45(14) 
C(8)-C(9)-C(10)-C(ll) -0.6(2) 
C(13)-C(12)-C(ll)-C(10) 1.3(2) 
C(9)-C(10)-C(ll)-C(12) -0.5(3) 
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Table C.3 Torsion angles [°] for carbendazim sulfate 

C(l)-0(2)-C(3)-0(4) 3.3(3) 
C(l)-0(2)-C(3)-N(5) -177.12(18) 
0(4)-C(3)-N(5)-C(6) 0.2(3) 
0(2)-C(3)-N(5)-C(6) -179.45(19) 
C(3)-N(5)-C(6)-N(7) 179.4(2) 
C(3)-N(5)-C(6)-N(14) -1.2(3) 
N(14)-C(6)-N(7)-C(8) 0.2(2) 
N(5)-C(6)-N(7)-C(8) 179.70(19) 
C(6)-N(7)-C(8)-C(9) 178.8(2) 
C(6)-N(7)-C(8)-C(13) -0.5(2) 
C(13)-C(8)-C(9)-C(10) -1.2(3) 
N(7)-C(8)-C(9)-C(10) 179.6(2) 
C(8)-C(9)-C(10)-C(ll) -0.3(3) 
C(9)-C(10)-C(ll)-C(12) 1.3(4) 
C(10)-C(ll)-C(12)-C(13) -0.7(3) 
C(ll)-C(12)-C(13)-C(8) -0.8(3) 
C(ll)-C(12)-C(13)-N(14) 180.0(2) 
C(9)-C(8)-C(13)-C(12) 1.8(3) 
N(7)-C(8)-C(13)-C(12) -178.82(19) 
C(9)-C(8)-C(13)-N(14) -178.8(2) 
N(7)-C(8)-C(13)-N(14) 0.6(2) 
N(7)-C(6)-N(14)-C(13) 0.2(2) 
N(5)-C(6)-N(14)-C(13) -179.3(2) 
C(12)-C(13)-N(14)-C(6) 178.8(2) 
C(8)-C(13)-N(14)-C(6) -0.5(2) 

Symmetry transformations used to generate equivalent atoms: #1 -x+l,y,-z+l/2 



Table C.4 Torsion angles [°] for carbendazim mesylate 

C(8)-N(7)-C(6)-N(14) -0.6(3) 

C(8)-N(7)-C(6)-N(5) 179.5(2) 

C(13)-N(14)-C(6)-N(7) 0.6(3) 

C(13)-N(14)-C(6)-N(5) -179.4(2) 

C(l)-0(2)-C(3)-0(4) -1.8(4) 

C(l)-0(2)-C(3)-N(5) 178.1(2) 

N(7)-C(6)-N(5)-C(3) -177.1(2) 

N(14)-C(6)-N(5)-C(3) 3.0(4) 

0(4)-C(3)-N(5)-C(6) -5.1(4) 

0(2)-C(3)-N(5)-C(6) 175.0(2) 

C(6)-N(7)-C(8)-C(9) 179.9(3) 

C(6)-N(7)-C(8)-C(13) 0.3(3) 

C(9)-C(8)-C(13)-C(12) -0.9(4) 

N(7)-C(8)-C(13)-C(12) 178.8(2) 

C(9)-C(8)-C(13)-N(14) -179.6(2) 

N(7)-C(8)-C(13)-N(14) 0.1(3) 

C(6)-N(14)-C(13)-C(8) -0.4(3) 

C(6)-N(14)-C(13)-C(12) -179.0(3) 

C(13)-C(8)-C(9)-C(10) 0.5(4) 

N(7)-C(8)-C(9)-C(10) -179.1(3) 

C(8)-C(13)-C(12)-C(ll) 0.3(4) 

N(14)-C(13)-C(12)-C(ll) 178.6(3) 

C(13)-C(12)-C(ll)-C(10) 0.6(4) 

C(8)-C(9)-C(10)-C(ll) 0.4(4) 

C(12)-C(ll)-C(10)-C(9) -1.0(4) 



Table C.5 Torsion angles [°] for carbendazim besylate 

C(6)-N(7)-C(8)-C(9) -176.88(16) 

C(6)-N(7)-C(8)-C(13) 0.57(16) 

N(7)-C(8)-C(9)-C(10) 178.95(15) 

C(13)-C(8)-C(9)-C(10) 1.8(2) 

C(8)-C(9)-C(10)-C(ll) 0.0(2) 

C(9)-C(10)-C(ll)-C(12) -1.5(3) 

C(10)-C(ll)-C(12)-C(13) 1.1(2) 

C(ll)-C(12)-C(13)-N(14) -178.12(15) 

C(ll)-C(12)-C(13)-C(8) 0.8(2) 

C(6)-N(14)-C(13)-C(12) 179.97(17) 

C(6)-N(14)-C(13)-C(8) 0.93(17) 

C(9)-C(8)-C(13)-C(12) -2.3(2) 

N(7)-C(8)-C(13)-C(12) 179.93(14) 

C(9)-C(8)-C(13)-N(14) 176.86(14) 

N(7)-C(8)-C(13)-N(14) -0.91(16) 

C(13)-N(14)-C(6)-N(7) -0.60(17) 

C(13)-N(14)-C(6)-N(5) -179.48(14) 

C(8)-N(7)-C(6)-N(14) 0.01(17) 

C(8)-N(7)-C(6)-N(5) 178.94(14) 

C(3)-N(5)-C(6)-N(14) 9.3(2) 

C(3)-N(5)-C(6)-N(7) -169.40(14) 

C(l)-0(2)-C(3)-0(4) 0.2(2) 

C(l)-0(2)-C(3)-N(5) -179.04(12) 

C(6)-N(5)-C(3)-0(4) 1.2(2) 

C(6)-N(5)-C(3)-0(2) -179.55(13) 

0(15)-S(18)-C(19)-C(24) -131.32(13) 

0( 16)-S( 18)-C( 19)-C(24) 108.53(13) 

0(17)-S(18)-C(19)-C(24) -10.41(15) 

0(15)-S(18)-C(19)-C(20) 51.28(14) 

0(16)-S(18)-C(19)-C(20) -68.87(14) 

0(17)-S(18)-C(19)-C(20) 172.19(12) 

C(24)-C(19)-C(20)-C(21) -2.4(2) 
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S(18)-C(19)-C(20)-C(21) 175.01(12) 

C(19)-C(20)-C(21)-C(22) 0.7(2) 

C(20)-C(21)-C(22)-C(23) 1.7(3) 

C(21)-C(22)-C(23)-C(24) -2.5(2) 

C(20)-C(19)-C(24)-C(23) 1.6(2) 

S(18)-C(19)-C(24)-C(23) -175.77(12) 

C(22)-C(23)-C(24)-C(19) 0.8(2) 



Table C.6 Torsion angles [°] for carbendazim tosylate 

0(17)-S(18)-C(19)-C(24) -65.7(2) 

0(15)-S(18)-C(19)-C(24) 173.4(2) 

0(16)-S(18)-C(19)-C(24) 53.9(2) 

0(17)-S(18)-C(19)-C(20) 115.9(2) 

0(15)-S(18)-C(19)-C(20) -5.0(3) 

0(16)-S(18)-C(19)-C(20) -124.5(2) 

C(20)-C(21)-C(22)-C(23) -0.6(4) 

C(20)-C(21)-C(22)-C(25) -179.4(3) 

C(24)-C(19)-C(20)-C(21) -0.9(4) 

S(18)-C(19)-C(20)-C(21) 177.5(2) 

C(22)-C(21)-C(20)-C(19) 0.7(4) 

C(20)-C(19)-C(24)-C(23) 1.0(4) 

S(18)-C(19)-C(24)-C(23) -177.4(2) 

C(19)-C(24)-C(23)-C(22) -0.9(4) 

C(21)-C(22)-C(23)-C(24) 0.7(4) 

C(25)-C(22)-C(23)-C(24) 179.5(3) 

C(6)-N(7)-C(8)-C(9) -179.1(3) 

C(6)-N(7)-C(8)-C(13) 0.8(3) 

C(13)-C(8)-C(9)-C(10) 0.5(4) 

N(7)-C(8)-C(9)-C(10) -179.6(3) 

C(8)-N(7)-C(6)-N(5) 178.7(2) 

C(8)-N(7)-C(6)-N(14) -0.4(3) 

C(3)-N(5)-C(6)-N(7) 178.4(3) 

C(3)-N(5)-C(6)-N(14) -2.6(4) 

C(13)-N(14)-C(6)-N(7) -0.2(3) 

C(13)-N(14)-C(6)-N(5) -179.3(3) 

C(8)-C(9)-C(10)-C(ll) 1.3(4) 

C(9)-C(10)-C(ll)-C(12) -2.0(5) 

C(13)-C(12)-C(ll)-C(10) 0.7(4) 

C(ll)-C(12)-C(13)-C(8) 1.1(4) 

C(ll)-C(12)-C(13)-N(14) -179.9(3) 

C(9)-C(8)-C(13)-C(12) -1.8(4) 
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N(7)-C(8)-C(13)-C(12) 178.3(2) 

C(9)-C(8)-C(13)-N(14) 179.0(2) 

N(7)-C(8)-C(13)-N(14) -0.9(3) 

C(6)-N(14)-C(13)-C(12) -178.4(3) 

C(6)-N(14)-C(13)-C(8) 0.7(3) 

C(l)-0(2)-C(3)-0(4) 1.6(4) 

C(l)-0(2)-C(3)-N(5) -178.7(2) 

C(6)-N(5)-C(3)-0(4) -3.9(4) 

C(6)-N(5)-C(3)-0(2) 176.4(2) 



200 

REFERENCES 

Agharkar S, Lindenbaum S, Higuchi T (1976) Enhancement of solubility of drug salts by 
hydrophilic counterions: properties of organic salts of an antimalarial drug. J Pharm Sci 
65: 747-749 

Amidon GL, Lennemas H, Shah VP, Crison JR (1995) A theoretical basis for a 
biopharmaceutic drug classification: the correlation of in vitro drug product dissolution 
and in vivo bioavailability. Pharm Res 12; 413-420 

Anderson BD, Flora KP (1996) Preparation of water soluble compounds through salt 
formation. In Wermuth CG (ed) The practice of medicinal chemistry. Academic Press, 
London, pp 739-754 

Benjamin EJ, Lin LH (1985) Preparation and in vitro evaluation of salts of an 
antihypertensive agents to obtain slow release. Drug Dev Ind Pharm 11: 771-790 

Berge SM, Bighley LD, Monkhouse DC (1977) Pharmaceutical salts. J Pharm Sci 66: 1-
19 

Bissery MC, Guenard D, Gueritte-Voegelein F, Lavelle F (1991) Experimental antitumor 
activity of taxotere (RP 56976, NSC 628503), a taxol analogue. Cancer Res 51: 4845-
4852 

Bogardus JB, Blackwood RK (1979) Solubility of doxycycline in aqueous solution. J 
Pharm Sci 68: 188-194 

Bower VE, Paabo M, Bates RG (1961) A standard for the measurement of the pH of the 
blood and other physiological media. J Res Natl Bur Stand A 65A: 267-270 

Bower VE, Paabo M, Bates RG (1961) pH standard for blood and other physiological 
media. Clin Chem 7: 292-296 

Bruker (1997) SAINT Reference Manual Version 5.0 Bruker AXS Inc., Madison, WI 

Bruker (1997) SHELXTL Reference Manual Version 5.0 Bruker AXS Inc., Madison, WI 

Bruker (1997) SMART Reference Manual Version 5.0 Bruker AXS Inc., Madison, WI 

Burger A (1979) Polymorphic drugs of European pharmacoepia. Acta Pharm Technol 
(Suppl)7: 107-112 



201 

Burland TG, Gull K (1984) Molecular and cellular aspects of the interaction of 
benzimidazole fungicides with tubulin and microtubules. In: Trinci APJ, Ryley JF (eds) 
Mode of action of antifungal agents. Cambridge University, New York, pp 300-320 

Claessens CG, Stoddart JF (1997) Review commentary n-K interactions in self assembly. 
J Phy Org Chem 10: 254-272 

Cram DJ, Cram JM (1994) Container molecules and their guests. Royal society of 
Chemistry, Cambridge 

Cybulski J, Palut D (1982) Metabolism of 14C-carbendazim. Rocz Panstw Zakl Hig 33: 
425-432 

Davidse LC (1986) Benzimidazole fungicides: mechanism of action and biological 
impact. Annu Rev Phj^topathol 24: 43-65 

Davidse LC, Flach W (1977) Differential binding of methyl benzimidazole-2-yl 
carbamate to fungal tubulin as a mechanism of resistance to this antibiotic agent in 
mutant strains of Aspergillus nidulans. J Cell Biol 72: 174-193 

Etman MA, Nada AH (1999) Hydrotropic and cosolvent solubilization of indomethacin. 
Acta Pharm 49: 291-298 

Florence AT, Attwood D (1988) Physicochemical principles of pharmacy. Chapman and 
Hall, New York 

Flynn JH, Wall AW (1966) A quick, direct method for the determination of activation 
energy from thermogravimetric data. Polym Lett 4: 323-328 

Gardiner JA, Kirkland JJ, Klopping HL, Sherman H (1974) Fate of benomyl in animals. J 
Agric Food Chem 22: 419-427 

Gauthier C, Ayele J, Guiband G (2000) Physico-chemical properties of carbendazim and 
consequences on its removal by sorption on PAC. J European d'Hydrologie 31: 65-84 

Gould PL (1986) Salt selection for basic drugs. Int J Pharm 33: 201-217 

Hammond LA, Davidson K, Lawrence R, Camden JB, Von Hoff DD, Weitman S, 
Izbicka E (2001) Exploring the mechanisms of action of FB642 at the cellular level. J 
Cancer Res Clin Oncol 127: 301-313 

Handbook of Chemistry and Physics (1972-1973) Weast RC (ed) The Chemical Rubber 
Co., Ohio, p E40 

Hershberger LW, Arce GT (1993) Environmental health criteria for carbendazim. World 
Health Organization, Vammala, Finland, p 149 



202 

Hess RA, Moore BJ, Forrer J, Linder RE, Abuel-Atta AA (1991) The fungicide benomyl 
(methyl 1-(butylcarbamoyl)-2-benzimidazole carbamate) causes testicular dysfunction by 
inducing the sloughing of germ cells and occlusion of efferent ductules. Fundam Appl 
Toxicol 17: 733-745 

Hunter CA, Lawson KR, Perkins J, Urch CJ (2001) Aromatic interactions. J Chem Soc, 
Perkin Trans 2 651-669 

Johnson JLH, He Y, Yalkowsky SH (2003) Prediction of precipitation-induced phlebitis: 
A statistical validation of an in vitro model. J Pharm Sci 92: 1574-1581 

Kitaigorodskii AI (1961) Organic Chemical Crystallography. Consultant's Bureau, New 
York (English translation of the Russian original published by Press of the Academy of 
Sciences of the USSR, Moscow, 1955) 

Krechniak J, Klosowska B (1986) The fate of the 14C-carbendazim in rats. Xenobiotica 
16: 809-815 

Krzyzaniak JF (1997) Lysis of human blood cells. 4. Comparison of in vitro and in vivo 
hemolysis data. Amer Chem Soc Amer Pharmaceut Assoc 86: 1215-1217 

Krzyzaniak JF, Raymond DM, Yalkowsky SH (1996) Lysis of human blood cells I: 
Effect of contact time on water induced haemolysis. PDA J Pharm Sci Technol 50: 223-
226 

Lewis GBH, Hecker JF (1985) Infusion thrombophlebitis. Br J Anaesth 57: 220-233 

Li P (2000) Drug solubility studies by using combined solubilization techniques. Ph.D. 
dissertation, The University of Arizona, Tucson 

Li P, Tabibi ES, Yalkowsky SH (1998) Combined effect of complexation and pH on 
solubilization. J Pharm Sci 87: 1535-1537 

Li P, Tabibi ES, Yalkowsky SH (1999) Solubilization of ionized and un-ionized 
flavopiidol by ethanol and polysorbate 20. J Pharm Sci 89: 507-509 

Martin A (1993) Physical Pharmacy. Lea & Febiger, Philadelphia 

Morris KR, Fakes GM, Takur AB, Newman AW, Singh AK, Venit JJ, Spagnuolo CJ, 
Serajuddin ATM (1994) An integrated approach to the selection of optimal salt form for a 
new drug candidate. Int J Pharm 105: 209-217 

Myrdal PB, Yalkowsky SH (1999) Solubilization of drugs. In: Swarbrick J, Boylan J 
(eds) Encyclopedia of pharmaceutical technology. Marcel Dekker, New York, pp 161-
217 



203 

Nakai M, Hess RA (1994) Morphological changes in the rat Sertoli cell induced by the 
microtubule poison carbendazim. Tissue Cell 26: 917-927 

Nema S, Washkuhn RJ, Brendel RJ (1997) Excipients and their use in injectable 
products. PDA J Pharm Sci Technol 51: 166-171 

Ni N, Sanghvi T, Yalkowsky SH (2002) Solubilization and preformulation of 
carbendazim. Int J Pharm 244: 99-104 

Parvinen M, Kormano M (1974) Early effects of antispermatogenic benzimidazole 
derivatives U 32.422E and U 32.104 on the seminiferous epithelium of the rat. 
Andrologia 6: 245-253 

Powell MF, Nguyen T, Baloian L (1998) Compendium of excipients for parenteral 
formulations. PDA J Pharm Sci Technol 52: 238-311 

Rowland M, Tozer TN (1995) Clinical pharmacokinetics concepts and applications. 
Lippincott Williams & Wilkins, Baltimore, p 138 

Schroeder HG, DeLuca PP (1974) A study on the in vitro precipitation of poorly soluble 
drugs from nonaqueous vehicles in human plasma. Bull Parenteral Drug assoc 28: 1-14 

Strickley RG (1999) Parenteral formulations of small molecule therapeutics marketed in 
the United States (1999)-Part I. PDA J Pharm Sci Technol 53: 324-349 

Sutor DJ (1962) The C.sbd.H...O hydrogen bond in crystals. Nature 68: 195 

Sutor DJ (1963) Evidence for the existence of C-H...O bonds in crystals. J Chem Soc 
1105-1110 

Sweetana S, Akers MJ (1996) Solubility principles and practices for parenteral drug 
dosage form development. PDA J Pharm Sci Technol 50: 330-342 

Taylor R, Kennard O (1982) Crystallographic evidence for the existence of CH...O, 
CH.. .N and CH.. .CI hydrogen bonds. J Am Chem Soc 33: 5063-5070 

The Merck Index (1996) Budavari S (ed) Merck & Co, New Jersey, p 1838 

Turco S (1987) Infusion phebilitis: A review of the literature. Parenterals 5: 1-8 

Wade A, Weller PJ (1994) Handbook of pharmaceutical excipients. American 
Pharmaceutical Association, Washington DC 

Waters ML (2002) Aromatic interactions in model systems. Curr Opinion Chem Bio 6: 
736-741 



204 

Yalkowsky SH (1999) Solubility and solubilization in aqueous media. Oxford University 
Press, New York 

Yalkowsky SH, Amidon GL, Zografi G, Flynn GL (1972a) Solubilization of 
nonelectrolytes in polar solvents: III. Alkyl p-aminobenzoates in polar and mixed 
solvents. J Pharm Sci 64: 48-52 

Yalkowsky SH, Flynn GL, Amidon GL (1972b) Solubilization of nonelectrolytes in polar 
solvents. J Pharm Sci 61: 983-984 

Yalkowsky SH, Valvani SC (1977) Precipitation of solubilized drugs due to injection or 
dilution. Drug Intell Clin Pharm 11: 417-419 

Yalkowsky SH, Valvani SC, Johnson BW (1983) In vitro method for detecting 
precipitation of parenteral formulations after injection. J Pharm Sci 72: 1014-1017 


