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ABSTRACT 

A series of crystalline Cholic acid inclusion compounds were 

studied with a view to understanding the role of guest 

molecul~s in inducing and st~bilizing a particular Cholic 

acid <host> lattice structure. Alcohols in the series 

CH3(CH~>nOH (n= 0 ~o 3 and 2-propanol> were employed as 

guest molecules and enclathrated in the host lattice of 

Cholic acid during crystallization. 

~ 
Single crystal structure analyses wp$ performed by X-ray 

diffraction. Two types of molecular packing were 

identified. Cholic acid inclusion compounds with methanol, 

ethanol and 1-propanol are characterized by a 3-D host and 

guest molecule network stabilized by hydrogen bonds with 

The guest molecules 2-

propanol and 1-butanol, by nature of their size, induce a 

molecular packing with a larger guest cavity than that in 

Symmetrically defined by the P6~22 

space group, the crystal lattice is characterized by a helix 

of Cholic acid molec~les generated by the six-fold screw 

axis through the origin and parallel to the c axis. The 

lattice is stabilized by an intricate hydrogen bonding 

scheme. 

The conformation of Cholic acid <particularly that of the 

flexible side-chain> in the two types of molecular packing 

was studied. The size and shape of the guest cavities 

created by the host lattices were examined. 

Thermal analyses <Thermogravimetric analysis and 

Differential Scanning Calorimetry> were performed on these 

compounds to examine the guest content and the strength of 

host-guest interactions. 
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ABBREVIATIONS USED IN THE TEXT 

DCA 

DMSO 

DNA 

D.S.C. 

DSS 

D.T.A. 

e.s.d. 

G 

H 

I • R. 

m.p. 

N.M.R. 

r.m~s. 

s.o.f. 

T.G.A. 

UV 

Deoxycholic acid 

Dimethyl sulphoxide 

Deoxyribonucleic acid 

Differential scanning calorimetry 

Sodium 2-dimethyl-2-silapentane sulphonate 

Differential thermal analysis 

estimated standard deviation 

guest 

host 

Infrared 

melting point 

Nuclear magnetic resonance 

root mean square 

site occupancy factor 

Thermogravimetric analysis 

Ultraviolet 
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CODE NAMES OF THE CHOLIC ACID INCLUSION COMPOUNDS OF THIS WORK 

ME CHO [Cho lie acid:methanolJ 

ECHO [Cho lie acid:ethanolJ 

PRONCH [Cho lie acid:1-propanolJ 

BUCHO [Cho lie acid: 1-butanol J 

PROCHO CCholic acid:2-propanolJ 



CODE NAMES OF ADDITIONAL COMPOUNDS MENTIONED IN THE TEXT 

AP DACE 
CHEDCA 
CHOE TH 
CHOWAT 
DC A AC A 
DCAACE 
DCAAPH 
DCABAN 
DCABKF 
DC A BRO 
DC AC AP 
DCACHX 
DCACLK 
DC A DAB 
DCADCP 
DCADEK 
DCADMS 
DC AD TB 
DCADTT 
DCAEMK 
DCAETA 
DCAETH 

.DCAETW 
DCAFAP 
DC AF ER 
DCAMPK 
DCANAF 
DCANBD 
DCAPAL 
DCAPHA 
DCAPHE 
DCAPIB 
DCAPNC 
DCAQDC 
DC ARMS 
DCARUB 
DCASMS 
DCASTY 
DCATCP 
DCAWAT 
HYODCA 
LITCHO 
NACWAT 

[Apocholic acid:acetoneJ 
Chenodeoxycholic acid 
[Cholic acid:ethanolJ 
[Cholic acid:waterJ 
[Deoxycholic acid:acetic acid] 
[Deoxycholic acid:acetoneJ 
[Deoxycholic acid:acetophenoneJ 
[Deoxycholic acid:l,2-benzanthraceneJ 
[Deoxycholic acid:11,12-benzofluorantheneJ 
Deoxycholic acid p-bromoanilide 
[Deoxycholic acid:m--chloroacetophenoneJ 
[Deoxycholic acid:cyclohexanoneJ 
[Deoxycholic acid:chloroacetoneJ 
[Deoxycholic acid:(E)-p-dimethylaminoazobenzeneJ 
[Deoxycholic acid:(+)-camphorJ 
[Deoxycholic acid:diethyl ketone] 
[Deoxycholic acid:dimethyl sulphoxide:water] 
[Deoxycholic acid:di-t-butyl diperoxycarbonateJ 
[Deoxycholic acid:di-t-butyl thioketoneJ 
[Deoxycholic acid:ethyl methyl ketone] 
[Deoxycholic acid:ethyl acetate] 
[Deoxycholic acid:ethanol:waterJ (hexagonal) 
[Deoxycholic acid:ethanol:waterJ <tetragonal) 
[Deoxycholic acid:p-fluoroacetophenoneJ 
[Deoxycholic acid:ferrocene] 
[Deoxycholic acid:methyl pentyl ketone] 
[Deoxycholic acid:napthaleneJ 
CDeoxycholic a~id:norbornadieneJ 
[Deoxycholic acid:palmitic acid:ethanol/acetoneJ 
[Deoxycholic acid:phenylacetyleneJ 
[Deoxycholic acid:phenanthreneJ 
[Deoxycholic acid:p-diiodobenzeneJ 
[Deoxycholic acid:pina~oloneJ 
[Deoxycholic acid:quadricyclaneJ 
[Deoxycholic acid:<R>-3-methyl cyclohexanoneJ 
Deoxycholic acid rubidium salt 
[Deoxycholic acid:<S>-3-methyl cyclohexanoneJ 
[Deo~ycholic. acid:styreneJ 
[Deoxycholic acid:thiocampheniloneJ 
CDeoxycholic acid:waterJ 
Hyodeoxycholic acid 
Lithocholic acid 
[Sodium Cholate:waterJ 
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CHAPTER 1 

INTRODUCTION 



1. INTRODUCTION 

1.1. Background of inclusion co~pounds 

From our understanding of atoms .as particles occupying 

approximately spherical volumes, it is obvious that no 

crystal lattice can pack with 100% efficiency. 

In a simple, hypothetical case of single neutral atoms 

packed together closely in a crystal lattice, small volumes 

must remain unoccupied. If these atoms are extended 

conceptually to molecules, the unoccupied volumes may assume 

molecular proportions capable of accommodating small 

molecul~s not necessaril~ interacting with the lattice 

structure by the formation of ionic, covalent or coordinate 

covalent bonds. This open conformation is made possible by 

the strong interatomic forces among the main components of 

the crystal lattice which.allow·a lower lattice energy than 

that achieved by van der Waals attractions upon close 

packing. 

Before 1948, compounds synthesized with small molecules 

passively included in an open crystal lattice were poorly 

understood and could not be described in terms of Werner's 

coordination theory. The development of crystal structure 

determination by X-ray analysis to the extent of the 3-D 

treatment of a many-atom problem allowed the resolution of 

both the structure and the confusion presiding around these 

compounds. 

In 1948 H.M. Powell determined the structure of B-quinol 

with sulphur dioxide and coined the term "clathrate" to 

describe the inclusion of a small molecule into a 

sterically-confined cavity created by the other component of 

the crystal lattice 1 • 

1 



On reflection of chemical history, it is found that 

inclusion compounds were synthesized unknowingly as early as 

1811 2 • Since that time the synthetic origins of many of the 

major groups of presently known inclusion compounds can be 

found, fo.r example, 1841 - graphite intercalates3 , 1891 

cyclodextrin inclusion compounds4 , 1897 - Hofmann-type 

inclusion compounds~, 1914 - Dianin's compound clathrates0 , 

1916 - choleic acids' and 1940 - urea inclusion compounds9 • 

1.2. Nomenclature of inclusion compounds 

Since the acceptance of "clathrate" into common descriptive 

terminology, a multitude of terms have described these and 

r~lated compounds with occasional organization in the form 

of proposed systems of nomenclature. 

Basic terminology in common use is that of the "host" and 

"guest" molecules, referring to the major component involved 

in the creation of a cavity and the molecule accommodated 

therein, respectively. General compounds of this type are 

referred to as inclusion compounds and they are frequently 

subdivided on the basis of the cavity shape; 

1) Layer9 or {ntercalate10 inclusion compounds refer to 

those in which guest molecules occupy the interlayer spaces 

between the planes of host molecules. 

2> Clathrates10 or cage compounds9 refer to inclusion 

compounds in which the cavity is entirely surrounded by the 

host molecules and escape of guest molecules is somewhat 

prevented. 

3) Channel inclusion compounds are those in which guest 

molecules are tontained in channels created by the 

arrangement of the host molecules. 

Weber and Josel 11 described a systematic method of 

classification for all inclusion compounds on the basis of 

host-guest molecular type and interaction, topological 

2 



details and numeri~al consid~rations of the cbmponents 

involv~d. Although comp~ehensive, the original sense of 

"clathrate" has been altered and the term inclusion compound 

is used only to describe those com~ounds in which 

intramolecular host-guest aggregates occur. For these 

reasons, and the lack of this system's use in literature 

describing inclusion compounds, the general classifications 

outlined above will be used and some examples of these 

discussed in the following sections. 

3 
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1.3.2. Hofmann 14
•

1 e and Werner 1 ~ type inclusion compounds 

The extension of blocking groups·among the layers of an 

intercalate structure reduces the translational mobility of 

guest molecules between the layers, effectively creating 

cavities. .In Hofmann-type inclusion compounds; 

M=Mn,Fe,Co,Ni,Cu 

M'=M or platinum group metals 

G=small aromatic molecules, 

the NH3 groups extend into the interlayer spaces among the 

2-D sheets composed of CN, M and M'. Figure 2 shows a 

typical Hofmann-type inclusion compound. 

QM 
•M' eN 
Oc 
OOcN 

FIGURE 2: The structure of M<NH3)3M'<CN>4·2C.H •• 

Protons of the benzene and ammonia are not shown. 

taken from reference 17) 

M=M'=Ni. 

<Figure 

5 
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Werner-type inclusion compounds are structurally similar 

with the general formula; 

MX2A4 M=Fe,Co,Ni,Cu,Zn,Mn,Hg,Cr 

X=NCS-,Nco-,cN-,No3-,No2-,C1-,Br-,I

A=neutral substituted pyridine, 

a-arylalkylamine or isoquinoline, 

in which the X groups protrude into the interlayer spaces 

defining cavities. Structural modifications of both the 

Hofmann- and Werner-type inclusion compounds result in 

various sized/shaped cavities with the possibility of the 

creation of channels, depending on the protruding groups and 

the gu~st molecules. 

The creation of highly specific cavity shapes and sizes has 

led to the application of these compounds as separating 

tools in chromatography 19 • 1 ~ and for physical separation by 

selective crystallization 10 • 20 • 21 • Specificity is such that 

isotopic separation has even been achieved 2 2. 

1.3.3. Dianin's compound inclusion compounds23.24 

The inclusion compounds formed with 4-p-hydroxyphenyl-2,2,4-

trimethylchroman <Dianin's compound) and its derivatives are 

characterized by true hour-glass shaped cavities created by 

hydrogen bonding of the hydroxyl groups at the top and 

bottom of the cavity. Figure 3 shows the unsolvated form of 

Dianin's compound with unoccupied cavities. 

6 



FIGURE 3: The structure of the unsolvated form of Dianin's 

compound with hour-glass shaped cavities <Figure taken from 

refer~nce 24> 

The cavity may contain various organic solvents, argon, 

benzene etc. The irregular hexagon created by this hydrogen 

bonding has been structurally copied with chemical 

analogues, the hexahost, capable of similar inclusion 

compound formation. 

Dianin's inclusion compounds have been used for selective 

clathr~tion2e, for molecule storage, for the modification of 

photochemical reactivity24 , as polymerizing agents and as 

catalysts. 

7 



1.3.4. Zeolites27 

These porous tectosilicates, many of which occur naturally, 

form a complex network of cavities and channels. A 

permanent anionic framework with exchangeable cations ,in the 

intricate series of cavities/cha.nnels is responsible for 

the selective behaviour of these compounds. Industrially 

they have wide applications, includingJshape-selective 

catalysis, molecular sieving, chromatographic separation• 

and even isotopic fractionation 2 e. 

1.3.5. Urea and urea derivative inclusion compounds2 ci> 

The achiral urea, thiourea or selenoure~ molecules are 

bonded together in a helix creating a chiral channel capable 

of including long thread-like molecules. The chiral nature 

of the channel is responsible for the resolution of 

enantiomersci>• 2~ and other moleculesci>• 19 • The orientation of 

the gue~t ~olecules in the channel allows for the 

polymerization of monomers into linear polymers 10 ·3°. 

1.3.6. Cyclode>etrin inclusion compounds31 

Permanent eye.lie oligpsaccharides formed by the junction of 

6, 7, or 8 0(+)-glucopyranose un£ts are named a-, B- and y-

cyclodextrins respectively. The diameters available for 

guest molecule accommodation range from 5 to BA <se~ Figure 

4) • 
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1.3.7. Deoxycholic, Apocholic and Cholic acid inclusion 

compounds and related bile acids 

Owing to the topic of this thesis these inclusion ~ompounds 

will be described in greater detail than the preceding 

examples. 

1.3.7.1. Biological nature of the bile acids 

The bile acids isolated from the bile of various animals are 

steroids with several features in common. Conformationally, 

a cis-junction exists between the A and 8 rings and trans-

junctions are present between the remaining rings. A side 

chain is attached at CC17>, fiv~ carbon atoms in length and 
I 

terminating in a carboxyl group. <Further conformational 

detail on the rings and side chain of the bile acids is 

given in Chapter 5). The number and position of a-hydroxyl 

groups vary from acid to acid. The cis-, trans-junctions 

and the positions of the hydroxyl groups result in a bile 

acid molecule with an arched shape with distinct hydrophobic 

and hydrophilic sides. 

Four bile acids have been isolated from human bile. Cholic 

acid <3a,7a,12a-trihydroxy-5B-cholan-24-oic acid) is by far 

the most abundant. Chenodeoxycholic acid C3a,7a-dihydroxy-

5B-cholan-24~oic acid> is also present in high proportions. 

Deoxycholic acid C3a,12a-dihydroxy-5B-cholan-24-oic acid> 

and Lithocholic acid C3a-hydroxy-5B-cholan-24-oic acid> are 

secondary bile acids present in much lower proportions and 

formed by the bacterial degradation of the primary bile 

acid s::s 7 • Schematic representations of these bile acids and 

the related Apocholic and Hyodeoxycholic acids are shown in 

Figure 5. 

These bile acids are conjugated with the amino acids glycine 

or taurine and exist as salts of ~odium or potassium in· bile 

10 



FIGURE 5: Schematic representation of; 
a> Deoxycholic acid <3a,12a-dihydroxy-5B-cholan-24-oic acid>, 
b> Cholic acid (3a,7a,12a-trihydroxy-5B-cholan-24-oic acid>, 
c> Chenodeoxycholic acid (3a,7a-dihydroxy-5B-cholan-24-oic acid>, 
d} Apocholic acid (3a,12a-dihydroxy-58-chol-8(14>en-24-oic acid>, 
e> Lithocholic acid (3a-hydroxy-58-cholan-24-oic acid>, 
f> Hyodeoxycholic acid <3a,6a-dihydroxy-58-cholan-24-oic acid). 
Filled and open circles represent methyl groups and oxygen atoms 
respectively. 

1 1 



e.g~ sodium glycocholate. The physioiogical functions of 

these salts are well documented although the mechanisms 

involved are not entirely understood. The funct~ons include 

the promotion of fipid diffusion through intestinal 

mucosa3a· 3~, the resorption of drugs, vitamins and hormones 

and the activation/inhibition of various enzymatic 

reactions39 • Th~ bile salts in conjunction with lecithin 

are known to solubilize cholesterol and facilitate its 

excretion 03e. 4 o. Abnormal proportions of the various 

components may result in the formation of gallst,ones4 ':>. In 

this respect, Chenodeoxycholic acid is administered as an 

alternative to surgery owing to its ability to correct 

abnormal proportions and dissolve cholesterol rich 

gaLlstones41 • 

The association of bile salts/acids <conjugated or non

conjugated) with various molecules in vitro has been studied 

in an attempt to understand the mechanisms involved in the 

physiological fu~ctions mentioned above. The greatest 

problem in deriving these connections is the use of various 

forms of the bile acids in the experiments. 

Non-conjuqa~~~ bile acids are known to interact with other 

molecules in solution, from their ability to produce 

spectroscopic 42-4~ and optical rotation43 • 4 e changes. The 

formation of crystals of non-conjugated bile acids with 

included molecules Ccholeic acids> .is well documented <see 

Section 1~3.7.3>. Attempts to structurally correlate solid 

and liquid associations have been made and even extended to 

solution interactions where no crystal information is1 

available. 

The D_QD.::-_c;:_c;>l"\Luga_!;ed t;>j.le..§..alts are known to interact in 

solution with certain biological fractions for example 

certain histones from chromatin47 , phospholipid 4 e and other 

proteins49 • These interactions are reversible and largely 

12 



with n-hexanol, n-octanol, palmitic and lauric acids 

(determined by the change in specific rotation) 4 e. 

Other steroid complexes were also found with similar 

properties including complexes with chloroform?o.71 and 

testosterone, progesterone, androsterone and cholesterol in 

complexes with fatty acids and urethanes (as determined by 

phase diagrams) 7 2. 

Structurally, the choleic acids were poorly understood until 

the early 1970's when accurate structure determinations were 

carried out. Rheinboldt observed a periodic function for 

the DCA:fatty acid 4 e, DCA:ester42 and DCA:alcohol 41 •=2 

ratios with hydrocarbon chains of variable lengths in 

crystal complexes. These apparent stoichiometric 

relationships led to the discussion of these compounds as 

coordination complexes. Sobotka, in a review of choleic 

acids in 19343~, explained the non-appearance of certain 

ratios (e.g. 5:1, 7:1> in terms of the fact that such ratios 

"would not permit symmetrical constellation". He did note 

however that some physical properties e.g. melting point and 

solubility, change as a function of the molecular size of 

the hydrocarbon moiety and were not periodic in nature. 

The 1930's saw the beginning of a series of pioneering 

crystallographic studies on various choleic acids73- 7e . 

. Orthorhombic symmetry with the space group P212121 was 

identified and a channel recognized for the inclusion of 
' long carbon chains. By the 1960's accurate cell parameters 

were being obtained for these structures43 • 

In 1972 four papers were published reporting 

crystallographically-determined structures marking the 

beginning of reliable structural information. These 

included the choleic acids; CDCA:acetic acidJ 7~, CDCA:p

diiodobenzeneJ and CDCA:phenanthreneJ~ 1 in the P2121? 1 space 

15 



group with DCA bilayers and the host molecules joined via 

hydrogen bonds. [Cholic acid:ethanolJ 90 and non-clathrating 

Deoxycholic acid p-bromoanilide91 described very different 

molecular.packing although both were in the P212 12 1 space 

group. 

These and the many varied structures reported since that 

time are dealt with in the following section. 

1.3.7.3. Molecular packing 

Inclusion compounds of the bile acids show great diversity 

in their molecular packing. Table 1 gives crystallographic 

details of the bile acid inclusion compounds and some 

related bile acids/salts which have been determined since 

1972. Classes 1, 2 and 3 refer to inclusion compounds with 

the host molecules DCA, Apocholic acid and Cholic acid 

respectively. Sub-classes within class 1 <DCA host> are 

distinguished on the basis of the space group. Sub-class 

1.1 is further subdivided by structural considerations. 

Class 4 describes related bile acids and salts. 

In the following sections, each of the classes will be 

discussed separately. 

Class 1 <DCA host> 

Inclusion compounds of DCA are by far the most well studied 

owing to the versatility of DCA as a host molecule. 

Molecular packing in the space groups P212121, P21212 

<orthorhombic>, P41212 <tetragonal> and P6e <hexagonal> are 

observed. The choice of sub-class and the divisions within 

this sub-class is controlled entirely by the size, shape and 

functionality of the guest molecules. The majority of guest 

molecules induce the orthorhombic forms. 

16 



TABLE 1: Crystallographic data of inclusion and non-inclusion compounds of bile acids solved since 1972 

HOST GUEST CODE H:G SPACE a b c e R REFERENCE A 
NAME RATIO GROUP <A> <A> <A> ('=~) 

Class 1.1 <P212121> 
Class 1.1.1 <aA> 
DCA acetophenone 8 •c DCAAPH 5:2 P212121 25.243 13.606 7. 198 .038 82,83 

p-fluoroacetophenone DCAFAP 2: 1 P212121 25.270 13.579 7 .198 .06 84 
m-chloroacetophenone DCACAP 3: 1 P212121 25.283 13.639 7. 198 .025 82 acetone 8 • 0 DCAACE 5:3 P212121 25.416 13.514 7. 194 .07 85 ethyl ace ta tee DCAETA 2: 1 P212121 25.438 13.457 7.243 .064 86 ethyl methyl ketone19 •e: DCAEMK 2: 1 P212121 25.462 13.448 7. 176 .037 85 methyl pentyl ketone DCAMPK 3: 1 P212121 25.529 13.440 7.214 .043 85 
phenylacetylene DCAPHA 2: 1 P212121 25.542 13.662 7.227 .071 87 
acetic acid DCAACA 1 : 1 P212121 25.55 13.81 7 .109 .10 79 acetophenonec DCAAPH 2: 1 P212121 25.59 13.71 7.25 88 
(Ej-p-dimethylaminoazobenzene DCADAB 4: 1 P212121 25.676 13.731 7 .160 .093 89 
acetone 0 DCAACE 2: 1 P212121 25.809 13.610 7.233 . 10 90 
ethyl methyl ketonee: DCAEMK 2 :·1 P212121 25.81 13.59 7.23 88 
diethyl ketone DCADEK 2: 1 P212121 25.828 13.560 7.240 .063 85,88 
chloroacetone DCACLK 2: 1 P212121 25.83 13.63 7 .19 88 
pal mi tic acid:ethanol DCAPAL 8: 1: 1 P212121 26.020 13.543 7.268 . 110 91 

Class 1.1.2 <aB> 
DCA napthalene DCANAF 2: 1 P212121 26.50 13.72 7 .·38 92 

p-diiodobenzene DCAPIB 2: 1 P212121 26.59 13.58 7. 17 .13 51 
styrene DCASTY 2: 1 P212121 26.59 13.59 7.28 92 
11,12-benzofluoranthene DCABKF 3: 1 P212121 26.8 13.6 7.2 93 
1,2-benzanthracene DCABAN 3: 1 P212121 26.99 13.69 7.29 94 
phenanthrene,.. DCAPHE 3: 1 P212121 26.81 13.60 21 .66 94,51 Class 1.1.3 <BB - pseudo P21212> 

DCA <S>-3-methyl cyclohexanone DCASMS 2: 1 P212121 26.90 13.52 14. 16 88 
<R>-3-methyl cyclohexanone DC ARMS 2: 1 P212121 26.98 13.51 14. 18 88 
cyclohexanone DCACHX 2: 1 P212121 26.990 13.354 14.141 85,88 
norbornadiene DCANBD 2: 1 P212121 27. 125 13.456 14.212 . 110 95 
pinacolone DC AP NC 2: 1 P212121 27. 132 13.543 14.228 .078 96 
quadricyclane DCAQDC 2: 1 P212121 27. 150 13.359 14.161 .086 97 
di-t-butyl diperoxycarbonateG DC AD TB 4: 1 P21212 27. 16 13.48 14. 17 98,99 ...... 
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TABLE 1: < c:ontd. > 

Class 1.2 <P21212> 
DCA thiocampheniloneH DCATCP 2: 1 P21212 13.738 27.203 7 .189 .158 100 

ferrocene DC AF ER 2: 1 P21212 27.288 13.679 7.072 .101 101 
di-t-butyl thioketoneH DCADTT 2: 1 P21212 13.933 27.294 7.285 .101 102 
(+)-camphor OCADCP 2: 1 P21212 27.353 13.814 7.233 .070 46 

Class 1.3 <tetragonal> 
DCA water OCAWAT 2:3 P41212 13.999 48.903 • 1 1 103 

ethanol:water DCAETW 2: 1: 1 P41212 14.068 49.334 .083 104 
Class 1.4 <hexagonal> 
OCA ethanol:water OCAETH 3:2:1 P6e 15.115 18.676 .08 105 

dimethyl sulphoxide:water DC A OMS 2: 1: 1 P6e 15.117 18.695 • 110 106 
Class 2 
Apocholic acetone:i: APO ACE 1 : 1 P212121 24.47 14.26 7.50 .08 90 
acid acetone:i: APOACE 1 : 1 P212121 24.570 14.264 7.530 .04 85 
Class 3 
Chol ic ethanol CHOE TH 1 : 1 P212121 14.661 11.759 15.066 .113 80 
acid water CHOWAT 1 : 1 P21 12.794 8. 157 12.885 117.6 .069 107 
Class 4 
Class 4.1 <Related bile acids> 
Hyodeoxycholic acid HYOOCA P212121 11.574 29.921 6.443 .043 108 
Li thochol ic acid LITCHO P212121 6.807 12. 178 26.779 .049 109 
Chenodeoxycholic acid CHEOCA P21 18.785 8.120 14.889 99 .1 .069 37 
Class 4.2 <Bile ac:id derivatives> 
Deoxychol ic acid p-bromoanilide OCABRO P212121 11.942 30.62 7.585 . 132 81 
Class 4.3 <Bile salts> 
Deoxycholic acid rubidium salt DCARUB P21 13.118 7.817 11.788 97.7 .051 110 
NaCholate water NACWAT 1 : 1 P21 12. 197 8.214 12.559 108.1 .059 11 1 

A When two references are given, the crystallographic data of the two solutions correspond very closely. 
Actual data of the most r~cent solution are presented. 
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Data collection performed at different temperatures. Crystallographic data from the lowest temperature 
data collection are presented. 
The structure of acetophenone has been solved twice resulting in markedly different unit cell parameters. 
Data of both solutions are presented. 
As for c but with acetone. 
As for c but with ethyl methyl ketone. 
Differs from the rest of the class by c:=21.66A. 
This structure was originally described in the P21212 space group~e. The guest was however not located 
and distinction between pseudo P21212 and true P21212 was not possible. 
The a and b axes have been reported using a convention contrary to the remainder of the class. 
As for c but with acetone and Apocholic acid. 



Class 1.1 <DCA host, orthorhombic, P212121 ) / 

Figure 6 shows typical packing for class 1.1 <DCAACE>. 

FIGURE 6: Molecular packing of DCAACE viewed along c. 

Circles represent methyl groups and oxygen atoms. Dashed 

lines indicate hydrogen bonding. <Figure taken from 

reference 99) 

The characteristic structural unit is the bilayer. DCA 

molecules linked head to tail by hydrogen bonding form a row 

parallel to the b axis. The stacking of these rows in the c 

axis creates a monolayer. The hydrophilic portions of two 

monolayers interact via hydrogen bonding to form a bilayer. 

These bilayers extend into planes parallel to be. The 

exterior of the bilayers is hydrophobic owing to the methyl 

groups and lack of hydroxyl and carboxyl groups on the 

convex portion of the molecules. The arched shape of DCA 

allows the creation of hydrophobic channels between adjacent 

antiparallel bilayers extending along the c axis. These 

channels are centred on a two-fold screw axis. 

Two structural forms have been identified by virtue of the 

length of their c axes, namely a <classes 1.1.1 and 1.1.2> 

and 8 <class 1.1.3). Values of c for a and 8 are 
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approximately 7 and 14A respectively. In the a form, the 

monolayers of a bilayer are shifted from one another by 

approximately 3.6A. This results in the staggering of DCA 

molecules of adjacent bilayers surrounding a channel. This 

is not the case in the 8 form when the doubling of the c 

axis and approximate 7A translation in c results in 

monolayers at approximately the same height in c. Although 

adjacent bilayers are related by a true two-fold screw axis, 

a pseudo two-fold axis is evident. This class is hence 

DCAPHE in which 

the c axis is essentially tripled retains a true two-fold 

screw axis owing to the approximately 7A translation. 

Shifting of the bilayers in both the a and 8 forms relative 

to one another results in a large variation in the size and 

shape of the channel available for occupation by a guest 

molecule. Axis b, defined by the length of the host 

molecule and axis c defined by the repeat distance of the 

bilayer moiety remain essentially constant. However, 

variation in the a axis allows the expansion of the channel 

and the accommodation of v~rious sized guest molecules. 

Shifting of the bilayers relative to one another in b is 

also responsible for changes in the shape and size of the 

guest cavity. 

De Sanctis and Giglio 112 calculated the van der Waals energy 

as a function of the shift of the bilayers in b for various 

a values. The coordinates of DCAACA <class 1.1.1 - a form) 

and DCANBD (class 1.1.3 - 8 form) were used in the 

calculation. Results of these are given in Figures 7 and 8. 

20 



-2H-B.4) 

0 3 
y <ii 

FIGURE 7: a-form; van der Waals energy curves as a function 

of the shift of the bilayers in b for various values of a. 

The arrows show the positions of the choleic acids' crystal 

struc:tures. <Figure· taken from reference 99> 
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FIGURE 8: B-form; van der Waals energy curves as a function 

of the shift of the bilayers in b for various values of a. 

The arrows show the positions of the choleic acids' crystal 

structures. <Figure. taken from reference 99> 
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Three energetically-stable minima were recognized for both 

the a and 8 forms. Of the a form, the deepest minimum, aA 

contains those structures of class 1.1.1. The channel is 

small and rectangular with approximate dimensions of 

2.6x6.0A. These channels are usually occupied by thread-

like or small aromatic guest molecules. The second minimum, 

aB <class 1.1.2> offers the greatest stability for values of 

a greater than 26A and has channel dimensions of 

approximately 5.0x7.1A. The channel is occupied by 

molecules with large lateral dimensions or substituents 

which induce a larger a axis value than in the aA case. The 

third minimum, aC corresponds to a structure in which no 

channel is created. This structure has not yet been 

observed. 

The 8 structures have similar energetic minima with 8A 

unoccupied probably resulting from the preferable occupation 

of aA at a axis values below 26A. 88 <class 1.1.3> is 

occupied by larger molecules which induce larger a values. 

8C refers to a pack{ng without the formation of channels and 

again is not observed. 

Examples of molecular packing of aA, aB, 88 and the proposed 

aC are shown in Figures 9a, b, c and d. 
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FIGURE 9: Molecular packing of a) DCAACE <aA>, b) DCAPHE 

<aB>, c> DCANBD <BB> and d) aC viewed along c. Circles 

represent methyl groups and oxygen atoms. Dashed lines 

indicate hydrogen bonding. <Figure taken from reference 99) 

Figure 10 shows the lowest energy values for aA, aB, aC, BA, 

BB and BC versus a axis values. 

j 
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FIGURE 10: Lowest van der Waals energy values for aA, aB, 

aC, BA, BB and BC versus a. The regions between the small 

dashed, large dashed and solid lines represent the observed 

values of a <Table 1> for aA, aB and BB structures 

respectively. <Figure taken from reference 99) 

The range of observed a values is shown for the observed 

crystal structures of aA, aB and BB. It can be seen that 

the structures adopted represent the energetic minimum for 

particular a values which in turn are dependent on the 

steric properties of the guest molecules. aC and BC are 

always energetically less stable than other structural forms 

at any a value and explain why these structures have not yet 

been observed. <The classes 1.1.1 (aA>, 1.1.2 (aB>, 1.1.3 

<BB> and 1.1.4 <P21212> have also been referred to as a, B, 

Y and o respectivelyae.> 

Class 1.2 <DCA host, orthorhombic, P21212> 

The structures of this class are induced by bulky almost 

spherical guest molecules. The guest molecule is 

accommodated in a cavity centred around a two-fold axis 
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along c as opposed to a two-fold screw axis as in the 

P212121 space group. This results in DCA molecules of 

adjacent bilayers surrounding a cavity which are not 

staggered. Structurally these are very similar to class 

1.1.3, the pseudo P21212 , both structures being induced by 

bulky guest molecules. 

Class 1.3 <DCA host, tetragonal, P41212> 

This has only been observed in two cases, for very small, 

polar guest mole~ules. Figure 11 shows the molecular 

packing of DCAETW viewed along the c axis. 

FIGURE 11: Molecular packing of DCAETW along a. Circles 

represent methyl groups and oxygen atoms. No hydrogen bonds 

are shown. <Figure taken from reference 104> 

Wavy bilayers related by the four-fold screw axis extend 

into the ab plane. The bilayers are structurally similar to 

those reported for the orthorhombic ~orm although adjacent 

bilayers are more closely packed, precluding guest inclusion 

in hydrophobic channels between them. The guest molecules 

are included between the monolayers of a bilayer in small 
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hydrophilic channels in a and b. The guest molecules are 

actively involved in hydrogen bonding with the host 

molecules. The DCA molecules of two monolayers forming a 

~bilayer have approximately the ·same a or b length similar to 

classes 1.1.3 and 1.2. 

Class 1.4 <DCA host, hexagonal, P6~> 

These structures· form the only example of the inclusion 

compounds of DCA in which the structure is· not based on the 

formation of bilaye~s. Figure 12 shows an example of the 

molecular packing of this class. 

FIGURE 12: Molecular packing of DCADMS viewed along c. 

Large filled, small filled and open circles represent 

sulphur atoms, methyl groups and oxygen atoms respectively. 

Hydrogen bonds are indicated by dashed lines. DCA to DCA 

hydrogen bonds are omitted. 

99) 

<Figure taken from reference 

This structure is induced by ethanol and water or water 

guest molecules. <A tetragonal form with ethanol and water 

guest molecules was mentioned in the previous section. The 

formation of the tetragonal rather than hexagonal form for 
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ethanol:water guest molecules is favoured by the lowering of 
the temperature during slow evaporation of DCA from aqueous 
ethanol.) 

A helix is created by the existence of the 6~ axis around 
which the DCA molecules are centred. The interior surface 
of the helix is largely hydrophilic owing to the presence of 
carboxyl and hydroxyl groups while the outer surfaces are 
hydrophobic allowing van der Waals interactions between 
adjacent helices. A spiral of hydrogen bonds exists between 
the hydrophilic groups of the host and the guest molecules 
contained within the channel. 

Class 2 <Apocholic ac~d host> 

Although several inclusion compounds of Apocholic acid have 
been reported61 •67 , only one crystal structure has been 
determined. Apocholic acid is structurally very similar to 
DCA and it is therefore not surprising that the structure 
APOACE is very similar to DCAACE. However, although both 
can be classified as a forms of the orthorhombic space group 
P212121, the inclusion of two acetone molecules in the 
channels of APOACE relative to one molecule in DCAACE forces 
the formation of the aB type structure in APOACE. 

Class 3 <Cholic acid host> 

Cholic ac~d adds a new dimension to potential molecular 
packing by virtue of its additional hydroxyl group at CC7> 
relative to DCA or Apocholic acid. In the Cholic acid 
inclusion compounds solved thus far, the available hydroxyl 
groups have been employed in the formation of novel hydrogen 
bonding schemes in the P212121 and P21 space groups. 

In the P212121 structure with ethanol, no bilayer exists to 
create distinct hydrophobic and hydrophilic regions. Unlike 
the structures mentioned previously, a cavity is formed 
which sterically confines the guest molecules. The oxygen 
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of the guest molecule is actively involved in two·of the 

five unique hydrogen bonds stabilizing the crystal lattice. 

The monoclinic P21 structure with water.as the included 

guest molecule adopts closely packed bilayers parallel to 

be. No channels are available between adjacent bilayers and 

the water molecules are contained in the hydrophilic 

interior of the bilayers and are involved in the hydrogen 

bonding scheme which incorporates all the available hydroxyl 

groups. The structure of the bilayers is similar to class 

1.3 <tetragonal) in which small guest molecules are included 

within the bilayers. 

Class 4 <Related bile acid/salts> 

Class 4.1 describes related bile acids which have not yet 

been found as host molecules in inclusion compounds. 

Crystal structures of these molecules alone show several 

common features. Bilayers, a prerequisite for channel 

formation in many of the previously mentioned structures, 

are entirely absent. It appears that the hydroxyl group at 

C<12) is essential for bilayer formation as DCA (3a,12a

dihydroxy>, Apocholic acid (3a,12a-dihydroxy> and Cholic 

acid <3a,7a,12a-trihydroxy) are capable of bilayer formation 

while Hyodeoxycholic acid (3a,6a-dihydroxy>, Lithocholic 

acid- <3a-hydroxy> and Chenodeoxycholic acid <3a,7a-

dihydroxy> are not. The molecules pack with a higher 

packing density than the other inclusion compounds and the 

structures are stabilized by hydrogen bonds. 

Class 4.2 describes the chemical derivative of DCA, DCA p-

bromoanilide. A dimeric structure is created with a 

hydrophilic cavity and hydrophobic surface. The hydroxyl 

group at C<12> is not involved in hydrogen bonding. It has 

been suggested that DCA p-bromoanilide may be ·analogous to 

the naturally-occurring glyco/tauro conjugates of DCA. It 

has hence been suggested that the vacant hydroxyl group may 
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be representative of a biological system in which 

interaction with another molecule is possible. 

The bile salts <class 4.3) are structurally very similar to 

CHOWAT. The major difference is the guest molecule 

functioning as a coordination site as opposed to a hydrogen 

bond donor/acceptor site between the monolayers of the host 

molecules. 

An interesting structural conformation not detailed in the 

table owing to insufficient crystallographic data is the 

helical steroid complex formed from an acidified solution of 

sodium deoxycholate in glycylglycine 11 ~• 114 • X-ray 

diffraction studies on air dried fibres revealed approximate 

helix diameter dimensions of 39 to 49A depending on the 

glycylglycine concentration. It has been suggested that 

this complex may be related to the biological process of 

micelle formation. 

1.3.7.4. Applications of choleic acids 

The inclusion of guest molecules in the host lattice creates 

a unique chemical environment, spatially and chemically 

responsible for the unique behaviour of these compounds. 

The steric enclosure of guest molecules has been utilized in 

stabilizing autoxidizable materia1 11e, drug transport4a.11a 

and the formation of high-temperature superconductors 117 • 

The steric conformation of the guest molecule in relation to 

the conformation of the host lattice allows the asymmetric 

polymerization of confined monomers in a particular 

geometry97 • 119 • 119 , regiospecific and stereospecific 

interactions between the host and guest 

mo~eculesa~.ae. 9o. 9a.ioo.io2 , enantiomeric selectivity2 e 0120 

and even the elucidation of reaction pathwayse2.e4.121. 

These type of regiospecific reactions are not only 
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catalytically and hence industrially useful, but are also 

important for their biomimetic behaviour. As with the 

functioning of enzymes, geometric constraints are imposed 

with the host and "substrate" in close proximity with 

strictly defined relative orientations. 

DCA has also been used as a potential store of ~nergy by the 
c 

inclusion of quadricyclane97 • With the inclusion of a 

photosensitizer96 , the release of energy on the conversion 

of quadricyclane to norbornadiene is possible. 

30 



1.4. Scope of this investigation 

Owing to the limited number of studies and consequent lack 

of information on the inclusion compounds of the 

physiologically important Cholic acid, it was considered 

important to study these compounds. 

To examine the inclusion compounds of Cholic aLirl with guest 

molecules, a series of alcohols were choseh for 

enclathration. Alcohols were chosen as guest molecules for 

the following reasons; 

1> Previous work has described some of these compounds. 

Myliuses described the preparation and composition of 

Cholic acid inclusion compounds with methanol, ethanol 

and 1-propanol. He did not however recognize the 

formation of inclusion compounds with higher or 

branched alcohols. Johnson et aJ. 80 have synthesized 

and solved the crystal structure of the inclusion 

compound with ethanol. 

2> Thus far only polar molecules capable of hydrogen 

bonding have been found to be enclathrated by Cholic 

acid. 

3> Alcohols in the series CH3(CH2>nOH with n=0-9 are 

all liquid at room temperature and can be used 

directly as the solvent for Cholic acid. This 

avoids the use of another solvent to dissolve solid 

host/guest and prevents the possible inclusion of 

diverse solvent molecules in the inclusion compounds. 

4) The functionality of the guest molecules in the series 

is essentially the same, the major difference between 

members of the series being the length of the 

molecule. This allows the study of the effect of 

enclathrating increasing carbon chain lengths, and is 

comparable to studies in which hydrocarbons with 

increasing carbon chain lengths have been included in 

the channels of DCA inclusion compounds. 
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It was hoped, by the structure solution of single crystals 

<Chapter 3 and 4> to examine the influence of the guest 

molecules on individual host molecules and on the host 

lattice <Chapter 5). From this, one could develop an 

understanding of the forces in the enclathration proc~ss and. 

the restrictions imposed on guest type. Thermal analyses 

<Chapter 6> would allow the quantitative examination of the 

interactions in the crystal lattice and the stability of 

particular inclusion compounds. These results would allow 

the prediction of the success with which further types of 

guest molecules would be enclathrated. 

In the structure solution of the inclusion compounds 

synthesized, namely, CCholic acid:ROH; ROH=methanol, 

' ethanol, 1-propanol, 2-propanol and 1-butanolJ two different 

lattice structures were observed, one in the P212121 space 

group and the ~ther in the P6~22 space group. These lattice 

structures have beerr referred to as the P212121 and P6~22 

structures. 
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2. EXPERIMENTAL PROCEDURES 

2.1. Crystal growth 

Cholic acid <Sigma) was dissolved in a boiling solution of 

th~ relevant solvent <methanol, ethanol, 1-propanol, 1-

butanol or 2-propanol - all MERCK> until s•turation was 

achieved. The solution was diluted with excess solvent and 

filtered. hot. The solution was allowed to cool to room 

tempe~ature and filtered again. This solution was allowed 

to stand. Crystals formed by evaporation within a few days 

<MECHO, ECHO and PRONCH> or up to a month <BUCHO and 

PROCHO>. 

2.2. Crystal photographs 

Photographs of the various crystals under polarized light 

~ere taken on a Nikon SMZ-10 microscope with a Nikon 

Photomicrographic Attachment Microflex AFX-II and a Nikon 

FX-35 camera. The magnification is given in each 

photograph. 

2.3. General analyses 

2.3.1. Crystal preparation for analyses 

Crystals were removed from the mother liquor and dried 

briefly on filter paper before use unl~ss otherwise 

specified. 

2.3.2. Microanalyses 

C, H and N analyses were performed on an Heraeus Universal 

combustion analyser - Model CHN-RAPID 122 • 
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2.3.3. Density measurements 

Density measurements were made using the flotation method. 

Crystals were suspended in a mixture of saturated Kl and 

distilled water. The density of the mixture was measured 

using a Paar Digital Densitymeter DMA 35. 

2.3.4. Melting point determinations 

Melting point determinations were carried out on a 

Gallenkamp melting apparatus with benzil, p-nitroaniline and 

phenylthiourea used as standards <m.p.'s=95, 147.5 and 154° 

respectively>. These melting points were corroborated by 

values obtained in b.S.C. analyses and on a Leitz visual 

heating stage. 

2.3.5. N.M.R. spectroscopy 

Samples were dissolved in DMSO-db and 1 H N.M.R. spectra 

recorded at 90.02Hz on a Bruker WH-90 spectrometer. 

Sodium 2-dimethyl-2-silapentane sulphonate <DSS> was used as 

the reference compound. 

2.3.6. I.R. spectroscopy 

Samples were ground with nujol to a mull and applied to Cs! 

plates. I. Transmission in the range 180-4000cm- 1 was 

recorded with a double beam on a Perkin-Elmer 983 

spectrophotometer. 

2.3.7. Thermogravimetric analysis <T.G.A.> and Differential 

Scanning Calorimetry <D.S.C.> 

T.G.A. was performed using a 951 Thermogravimetric Analyser 

<Du Pont Instruments>. Samples in the mass range 3.71-

22.41mg were heated in a platinum bucket at a rate of 
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10°C/min from 25 to 300°C under a constant N2 flow of 

60ml/min. In the case of MECHO and PRONCH the samples were 

ground to a fine powder before use. 

CuS04 ·5H20 was used as a standard. Water molecules are lost 

at 85°C <2xH20>, 115°C <2xH2 0> and 230°C <1xH20) 123 • 124 • 

D.S.C. was performed using a 910 Differential Scanning 

Calorimeter <Du Pont Instruments). Samples in the mass 

range 4.7-14.Smg were heated on aluminium lids at a rate of 

10°C/min from 20 to 300°C. In some cases the samples were 

ground to a fine powder before use. 

Indium <6H=28.4J/g, m.p.=156.7°C) 12e and Zinc <6H=102.1Jlg, 

m.p.=419.58°C) 126 were used for calibration. 

These analyses were supplemented by following the thermal 

events visually. Samples were heated at a rate of 

approximately 10°C/min and viewed on a Leitz visual heating 

stage. 

2.3.8. Powder X-ray diffraction 

Finely ground samples of Cholic acid and ECHO were pressed 

into sample holders for analysis on a Philips vertical 

goniometer PW1050/70 with a motor control unit PW1394 and a 

Philips X-ray generator PW1130/90 operating at 45kV and 

30mA. Nickel-filtered copper radiation <CuKa, A =1.5418A> 

was used with a divergent and receiving slit each of 1°. 

The samples were scanned in the region 8~20~40 at a speed of 

Owing to the increase in background at low 20 

values as a result of the large slits used, the effective 

range scanned was 18~20~40°. 
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2.4. Single crystal analyses 

2.4.1. Crystal preparation for.photography and data 

collection 

A single crystal was chosen on the basis of its ability to 

extinguish polarized light and mounted on a glass fibre. A 

crystal of MECHO, visibly unstable in air, was mounted in 

its mother liquor in a Lindemann tube <Hilgenberg, 

diameter=0.5mm>. 

2.4.2. Preliminary single crystal photography 

Oscillation and Weissenberg photographs were taken on X-ray 

film with Ni-filtered copper radiation <CuKa A=1.5418A> 

using a non-integrating Stoe goniometer attached to a camera 

with a radius of 28.65mm. Philips PW1120 and PW1008 X-ray 

generators were used, operating at 20mA and 40kV. 

2.4.3. Data collection 

Data collections were carried out using an Enraf-Nonius CAD4 

diffractometer with graphite-monochromated MoKa radiation 

(A=0.7107A> <Department of Chemistry, University of Cape 

Town> and CuKa radiation <A=1.5418A> CC.S.I.R., Pretoria). 

Accurate lattice constants were determined by least-squares 

analysis of 25 reflections within a limited e range. The 

data were collected in the w-20 .scan mode. Three reference 

reflections were monitored throughout the data collections 

as a measure of crystal stability and orientation and 

instrumental stability. 

Lorentz and polarization corrections were applied to all the 

data collections. Absorption corrections were applied to 

36 .. 



all the data collections excluding that of MECHO. A decay 

correction was applied to the data of BUCHO only. 

Further details can be found in the tables and di~cussion 

.associated with the structure solution of each compound. 

2.5. Computation 

Crystal structures were solved using the program 

SHELXS86 127 • Subsequent refinement was performed with 

SHELX76 129 modified to permit refinement of up to 500 

parameters. PARST 12~ was used to calculate molecular 

parameters. Molecular packing and individual molecules were 

plotted with the pro~rams PLUT0 130 and PLUTOX 131. Space-

filling molecules were drawn with ALCHEMY1 32 • OPEC 133 was 

used for the examination of occupied and unoccupied volumes 

in defined regiohs of a unit cell. 

Computations were performed initially on a Sperry 1100/81 

computer and lat~r on a VAX/VMS<version 4.7> computer, both 

at the computer centre of the University of Cape Town. 
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3. PRELIMINARY AND STRUCTURAL ANALYSES OF THE P2 1 2 1 2 1 

INCLUSION COMPOUNDS 

3.1. Crystal growth 

Crystals were prepared as described in the experimental 

section. Solutions of the compounds MECHO and ECHO formed 

large colourless tabular crystals within a few days. 

Crystals of PRONCH were. slightly more difficult to obtain 

owing to a tendency for pure Cholic acid to precipitate out 

of solution. Crystals of MECHO are unstable in air. 

Desorption of the guest molecules occurs rapidly and the 

crystals become opaque. Care was taken to avoid desorption 

in all the analyses of the crystals. An example of the 

crystals formed is shown in Figure 13 for ECHO. 

FIGURE 13: Crystals of ECHO viewed under polarized light. 

scale: 

1mm 
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3.2. Microanalyses 

Microanalyses were performed on the crystals of the 

inclusion compounds and on Cholic acid alone. The results 

are given in Table 2. 

TABLE 2: Microanalyses of the P212121 inclusion compounds 
and Cholic acid alone 

SAMPLE 

CHOLIC ACID 
calculated-C24H400e 
observed 

ME CHO 
calculated-C24H400e·CH40 <1:1) 8 

calculated-C24H400e·2<CH40) <1:2> 
observed 

ECHO 
calculated-C24H400e·C2HbO (1:1> 
observed 

PRONCH 
calculated-C24H400e•C3HeO <1:1> 
observed 

7.C 

70.5 
70.3 

68 .1 
66. 1 
66.7 

68.7 
68.6 

69.2 
68.8 

7.H 

9.9 
8.0 

10. 1 
10.3 
10. 1 

10.2 
9.6 

10.3 
9.7 

19.6 
21. 7 

21.8 
23.6 
23.3 

21.1 
21.8 

20.5 
21.5 

A Samples analysed for C, H and N content. XO.derived by 
subtraction. 

a Ratios in parentheses refer to host:guest ratio derived 
from structure solution, Section 3.7. 

In all cases the hydrogen content deviates from the 

calculated values, but repeated measurements of the same 
sample show large deviations in the hydrogen and 

consequently also in the oxygen values. % Carbon shows good 
correlation between the calculated and observed values. The 
calculated C, H and 0 content for MECHO has also been given 
for a host:guest ratio of 1:2, owing to the discrepancy 
observed in density measurements <Section 3.3? and T.G.A. 
analysis <Section 6.4.1>. The values correspond more 
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closely to the 1:2 ratio, consistent with the other 

measurements mentioned. 

However, estimation of host:guest ratios from these values 

should be treated with caution owing to the organic nature 

of both the host and guest molecules. 

3.3. Density measurements 

These measurements, although made on completely organic 

samples, were able to provide quantitative information of 

the host:guest ratios where microanalysis had failed. 

Samples with their calculated and observed densities are 

given in Table 3. 

TABLE 3: Density measurements of the 
P212121 inclusion compounds 

SAMPLE H:G8 

ME CHO 1~138 1.175 1 : 1 • 4 

ECHO 1.167 1.166 1 : 1 

PRONCH 1.168 1.160 1 : 1 

A Densities calculated with a host:guest 
ratio of 1:1~ <Determined 
crystallographically, Section 3.7> 

e Host:guest ratio calculated from Dm• 
<See Appendix 1 for formula used> 

The density of only MECHO differs from the value expected by 

an apparent increase in the guest content relative to the 

host. These results are supported by T.G.A. analysis 

<Section 6.4.1> and are explainable in terms of the size of 

the cavity available for guest in the structure <see 

Chapter 5>. 
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3.4. Melting point determinations 

Melting points were determined using the methods described 

in the experimental section. These measurements were 

averaged and are presented in Table 4. 

TABLE 4: Melting points of the 
P212121 inclusion compounds and 
Cholic acid alone 

SAMPLE m.p. 
(aC) 

CHOLIC ACID 195A 

MECHO 198 

ECHO 198 

PRONCH 198 

A Literature = 198°C(anhydrous)~e. 

Cholic acid alone has a lower melting point than the 

literature value~e. This is typical of a sample which is 

not totally anhydrous. The inclusion compounds all show a 

slightly higher melting point than does the Cholic acid 

alone. This may result from improved purity of the steroid 

upon recrystallization or the further stabilization of the 

steroid molecules upon their involvement in guest molecule 

enclathration. Powder X-ray diffraction shows that Cholic 

acid is micro-crystalline in nature. The observed pattern 

is however markedly different from that observed for ECHO. 

For this reason, the melting of non-clathrated Cholic acid 

relative to that of the inclusion compounds does not 

correspond to the destruction of the same crystal lattice 

although it is likely that hydrogen bonds are the major 

stabilizing forces in both forms. 
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3.5. N.M.R. Spectroscopy 

Quantitative analysis of 1H N.M.R. spectra obtained for the 

inclusion compounds was extremely .difficult owing to the 

overlap of the complex Cholic acid and alcohol spectra1~4. 

However, in ECHO and PRONCH the inclusion of guest molecules 

could be confirmed qualitatively. Well-defined peaks of 

protons in the alcohol molecules were observed although 

protons of the alcohol hydroxyl group could not be observed 

against the background of Cholic acid peaks. 0 2 0 washing 

was unable to resolve this problem. 

MECHO gave a spectrum very similar to that of Cholic acid 

from which it was impossible to identify methanol 

unequivocally. The presence of ethanol in ECHO was obvious 

with a triplet observed for the protons of the CH3 group 

with a chemical shift value centred at 81.08 <81.20) and a 

multiplet for the protons of CH2 at 83.46 <83.70>. In a 

similar manner, PRONCH gave a multiplet <possibly resulting 

from overlap with the Cholic acid spectrum> for the protons 

of the CH~ group at 80.86 <80.90>, a multiplet at 81.40 

(81.55) for the protons of the CH2 adjacent to the methyl 

group and a triplet at 83.34 <83.60) for the remaining CH
2 

group. All values given in parentheses refer to chemical 

shifts for the alcohol alone 1 ~4 • The discrepancy in 

observed and literature chemical shift values r~flects the 

chemical environment of the alcohols, namely other alcohol 

molecules (literature) and DMSO-do <observed>. 

3.6. I.R. Spectroscopy 

Infrared spectra were recorded to examine the possibility of 

hydro~en bonding occurring in the inclusion compounds. 

Although the effect on in-plane, out-of-plane bending is not 

very great, the stretching vibrational frequency shifts to a 
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lower frequency with a concomitant broadening of the 
absorption band 13e. 

Non-bonded hydroxyl groups show characteristic stretching 
bands at approxi~ately 3600cm-i 126 In the case of Cholic 
acid, an absorption occurs at 3520cm- 1 resulting from the 
hydroxyl groups. These groups are likely to be involved in 
hydrogen bonds to some extent. The inclusion of an alcohol 
with Cholic acid not only introduces another hydroxyl group, 
but also allows hydrogen bonding between the ordered 
structure of host and guest molecules. 

Pure methanol, ethanol and 1-propanol all exhibit 
absorptions around 3350cm- 1 1 ~0 and are clearly involved in 
hydrogen bonding. The hydroxyl group shifts of Cholic acid 
inclusion compounds are distinct and can easily be observed. 
These are given in Table 5. 

TABLE 5: Wavenumber shifts associated with the 
formation of hydrogen bonds in the P212121 
inclusion compounds relative to Cholic acid alone. 

SAMPLE 

CHOLIC ACID 

ME CHO 

ECHO 

PRONCH 

wavenumber 
<cm- 1 > 

3520 

3468 

3467 

3481 

52 

53 

39 

Significant wavenumber shifts are observed on the formation 
of the inclusion compounds relative to Cholic acid alone. 
These shifts are a measure of the strength of hydrogen bonds 
involving the hydroxyl groups in Cholic acid. It will be 
seen in the following section <Section 3.7>, that PRONCH has 
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on average slightly longer and hence weaker hydrogen bonds 

which is reflected in the v value. 

MECHO presents an interesting I.R. spectrum, with a weak 

residual absorption at 3520cm- 1 • With increased drying time 
prior to analysis, the peak recorded in the table above at 

3468cm- 1 shifts to a higher frequency as guest molecules are 

lost from the inclusion compound lattice. 
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3.7. Structure solution 

3.7.1. Introduction 

In the following sections (3.7.2, 3.7.3 and 3.7.4>, the 

structure so)utions of the inclusion compounds ECHO, PRONCH 

and MECHO will be discussed. Owing to their similarity, 

description of the method of solution will be given in 

detail for ECHO only. The remaining two structures are 

discussed when deviation from the example of ECHO is 

significant. Atomic numbering of Cholic acid is shown in 

Figure 14. Atomic numbering of the guest molecule in each 

compound is given in the relevant discussion. 

The symmetry of the P212121 space group viewed down the a, b 
' and c axes has been given in Figure 15 for reference 

purposes. 

Crystal data, data collection parameters, final refinement 

data, hydrogen bond data, analyses·of variance, fractional 

atomic coordinates and thermal parameters are contained in 

tables at the end of the discussion of each compound. 

In the following sections and in Chapter 4, no attempt will 

be made to summarize the vast field of crystallography. 

General reference texts used are given in references 137 to 

142. More detailed information on direct methods was also 

found in more specific literature 14~. 

EKpressions for the various R factors can be found in 

Appendix 2. 
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0(24) 

0(3) 

FIGURE 14: Atumic numbering of Cholic acid. 0<24> and 0<25> refer to carbonyl and 
hydroxyl oxygens respectively. 



3.7.2. ECHO - CCholic acid : ethanol] 

The data collection· was performed on an Enraf-Nonius CAD4 

diffractometer with graphite-monochromated MoKa radiation 

(A=0.7107A> at 293K. 24 Reflections in the range 16~0~17 

were used to determine accurate lattice constants. Three 

reference reflections were measured periodical.ly throughout 

the duration of the data collection to monitor crystal 

stability and orientation and instrumental stability. 

Absorption <empirical>, Lorentz and po)arization corrections 

were applied to the data. 

The space group, P212121, as identified by preliminary 

oscillation and Weissenberg photographs was confirmed by the 

data which satisfied the non-extinction reflection 

conditions; 

hOO; h=2n 

OkO; k=2n 

001; 1=2n. 

Detailed crystal and data collection parameters are given in 

Tables 6 and 7. 

The crystal structure was solved by direct methods using the 

program SHELXS86127. 

Of the 2599 reflections collected, 25 systematically absent 

reflections were rejected and an additional 925 suppressed 

as they were considered 'unobserved' <4a<F>>F>. The data 

were considered to be of good quality with Rcv>=0.043 

<R<~>=Ea<F2 )/EF2 )). The number of unique data as a function 

of resolution in the range 1.1 to 1.2A was examined. As 211 

of the theoretically possible·264 reflections were observed, 

it was considered probable that solution by direct methods 

would succeed 144 • Mean IE 2 -11 values for the projections 

Okl, hOl, hkO and the remaining data were consistent with 

the symmetry of the P212121 space group. The special 

projections Okl, hOl and hkO are all centric <mean IE 2 -11 
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close to 0.968> and the remaining data acentric <mean IE 2 -11 

close to 0:736>. 

160 Subset reflections were selected on the basis of the 

value of aEsT <estimated a value> and the number of negative 

quartets which they generate. Multisolution tangent 

refinement was performed on the 50 'best' subset phase 

permutations using 280 reflections. The 'best' solution was 

extended by further tangent expansion. After one cycle of 

E-Fourier recycling, the point atom R-factor based on E

values was RE=0.209. The highest 32 peaks in the E-map 

identified all the non-hydrogen atoms of the host and three 

non-hydrogen atoms of the guest molecule. 

Subsequent full~matrix least-squares refinement was carried 

out using the program SHELX76i 2 a <see Table 8 for rejection 

and suppression of reflections>. The 29 non-hydrogen peaks 

of Cholic acid observed in the E-map were introduced as the 

first model for refinement, resulting in an initial R value 

<R=CEI IFol-IFcl f )/EIFol>, R=0.200. The configuration of the 

host molecule was observed to correspond to that of 

naturally-occurring Cholic acid. 

Three non-hydrogen atoms of the ethanol molecule were 

obvious in the resulting electron density map calculated by 

difference Fourier synthesis. These peaks and hydrogens 

inserted by geometric fixing to their respective parent host 

or guest atoms were included in the next model. The 

hydrogens were constrained at a distance of 1.00A from their 

parent atoms, with a common temperature factor. 

From the Hamilton test 14e. 14•, it was obvious that the model 

was not inferior <at a significance level of 0.005> by 

anisotropic modelling of all the non-hydrogen host atoms as 

opposed to only the side-chain and oxygen atoms. However, 

because of the low number of 'observed' reflections, the 
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x--

C(G1) 

C(G2) 

C(G3) 
O(G) 

b 

FIGURE 16: 
a> Difference electron density map in the region of the guest molecule, 
ethanol. Three sections in b 0.9A apart are superimposed. Contours are 
drawn in steps of 0.2e/A~. 
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b) Modelling of the disorder of the ethanol molecule. The guest is 
statistically disordered with either the backbone O<G>-C<G1>-C<G2> or O<G>
C(G3>-C<G2> adopted by a particular molecule. 
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HCG22> 

FIGURE 17: Final refined model of the guest molecule, ethanol. The guest 
is statistically disordered.with either the backbone O<G>-C<G1>-C<G2> or 
O<G>-C<G3>-C<G2> adopted by a particular molecule. 
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FIGURE 18: Difference electron density maps in the region of O···O 
contacts <3.0A. Contours are drawn in steps of 0.1e/A3 • The shaded region 
corresponds to electron density ~O. Large circles and small filled circles 
represent oxygen and hydrogen •toms respectively. 
A> x=-0.08, H<03> and H<012> of the hydrogen bonds 

0(3)···0<12> and 0(12>···0(24> respectively. 
B> x=0.02, H<07> of the hydrogen bond 0<7>···0<G>. 
C> y=0.23, H<025> of the hydrogen bond 0<25>···0(7). 
D> z=-0.06, H<OG> and HC07> of the hydrogen bonds 

0<3>···0<G> and O<G>···0<7> respectively. 



function of the O···O distancei 47 , and linked via a common 

temperature factor. 

given in Table 9. 

Hydrogen bond angles and distances are 

A weighting scheme, based on a 2 (F) was employed for least 

squares refinement and to yield satisfactory variation in 

the intensity of reflections as a function of parity groups, 

sine, ~F/Fm•M and the Miller indices. Analyses of variance _, 
with the refined weighting scheme <w=<i§ia 2 <F>+.000590·F 2 )) 

are tabulated in Table 10. 

The parameters of the model converged satisfactorily to a 

final R=0.066, Rw=0.070 <Rw=<EI IFal-IFcl I ·w~>l<EIFal ·w~>>. 

Residual maximum and minimum electron densities 0.35 and 

-0.26 ~/A3 respectively, reflected satisfactory modelling of 

the electron density distribution. 

14 Reflections with (w~·I IFal-IFcl 1>><3.5(~Ew·<Fa-Fc) 2 )/(N

NP>> were suppressed in the final stages of refinement in 

order to achieve a more satisfactory convergence. These 

reflections were reinstated into the data set after the 

final refinement to examine their influence on the R values. 

The corresponding R and Rw are given in Table 8. 

Details of the final refinement are given in Table 8. 

Fractional atomic coordinates and thermal parameters are 

given in Tables 11 and 12. Bond lengths, bond angles and 

torsion angles can be found in Appendix 3 on microfilm. 

Structure factors can be found in Appendix 4 on microfilm. 

u~-0 <or u.~u£v> ranges for non-hydrogen atoms are 0.037<1> 

to 0.091<2>A2 and from 0.073<13) to 0.129<4>A2 for the host 

and guest molecules respectively. The higher value observed 

for the guest molecule is accounted for by the high thermal 

motion in this region. Bond angles and lengths of the guest 

molecule are affected by the same phenomena, apparent in 
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higher e.s.d.'s relative to those of the host molecule. c-c 
distances in the host molecule range from 1.500(8) to 

1.572<8>A excluding the anomalously short C(22>-C<23) 

(1.473(10>A> and C<23)-C(24> <1.474<10>A> bonds. It has 

been noted 1 ~~ that C-0 distances are shorter than the 

expected 1.450A when these hydroxyl groups are involved in 

hydrogen bonding. The range of values observed in this 

structure for the three hydroxyl groups of the host molecule 
is 1.433(7) to 1.442<9>A and consistent with their 

involvement in hydrogen bonding. Bond angles (e.s.d. 

range=0.4 to 0.7°) are typical of those observed in 

steroids 14a. The torsion angles <e.s.d. range=0.5 to 1.1°) 

describe a chair conformation for rings A, B and C. The 
conformation of the D ring approaches a B-envelope. The 

conformation of the host molecule as defined by its torsion 
angles is described more fully in Chapter 5. 

This structure has been solved previously by Johnson et 

The carbon atoms in the rings were assigned 

isotropic temperature factors and the remaining carbon and 

oxygen atoms were modelled anisotropically. No disorder was 
observed for the guest molecule and hydrogens were not 

reported in the hydrogen bonds. The parameters were refined 
to give.R=0.113. Consistently larger e.s.d. values are 

reported for the fractional atomic coordinates, bond lengths 
and angles relative to the structure solved in this thesis. 
An unusually large torsion angle of 68.1° was reported for 

C<2>-C<3>-C<4>-C<5>. This value is actually 61.8° when 
calculated using the fractional atomic coordinates supplied. 
In the solution described in this work, the value for the 

same angle was found to be an acceptable 57.8<7> 0
• 
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TABLE 6: ECHO - Crystal data 

Molecular formula 

Molecular weight I (g/mol> 

Space group 

z 
a I (A> 

b I (A) 

c I (A> 

v I (A3) 

Dm I (g/cm3 ) 

De: (for Z=4> I (g/cm3 ) 

F<OOO) I e 
µ/(MoK~> I <cm- 1 ) 

C~4H4,:>De. C~HoO 

454.66 

P2i2i2i 

4 

14.653(7) 

11.739(4) 

15.045(2) 

2588(2) 

1.166 

. 1. 167 

1000 

0.47 
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TABLE 7: ECHO - Data collection parameters 

Di ffract.ometer 

Operating conditions of generator 

Temperature <K> 

Radiation 

Crystal dimensions I <mm> 

Aperture width I <mm> 

Vertical aperture length I <mm> 

Scan mode 

Scan width I ("") 

Scan speed 

Range scanned I ("") 

Maximum h,k,1,20 

Reflections for lattice par~meters: 

no., 0 range I ( 0 ) 

Stability control reflections: 

no., no. of measurements 

Total exposure time I <hrs> 

Instability of standard reflections I <X> 

Reflections collected 

Data corrections performed 

Absorption correction: 

maximum transmission I <X> 

minimum transmission I <X> 

average transmission I <X> 

Enraf-Nonius CAD4/ 

50kV 30mA 

293 

MoK~ <A=0.7107A> 

57 

graphite monochromator 

0.50x0.40x0.20 

1.15 + 1.05tane 

4 

w-20 

1.05 + 0.35tane 

variable,min.=40s/refl 

1 S.0S.25 

13,17,17,49.88 

24,16.24S.0S.16.84 

3,78 

24.2 

1. 1 

2599 

Absorption, Lorentz 

and polarization 

99.98 

97.50 

98.75 



TABLE 8: ECHO - Final refinement data 

R= <EI IF o I - IF c I I >I< EI F o I > 

R ... = < E I I F o I - I F c I I • w'-» > I < E I F o I · w!.fl > 

Total reflections 

No. reflections rejected 
<Systematically absent or F/I negative or 
equal to zer-o) 

No. reflections suppressed 
< w!.fl • I IF o 1-1 F c I I > >3. 5 • .f < Ew · < F o-F c > 2 >I< N-NP > 

R, R ... with the above reflections reinstated 

No. reflection~ suppressed as 'unobserved'· 
20' ( F »F I 

N, No. of 'observed' reflections 

NP, No. of parameters 

N/NP 

Maximum ~e/A3 remaining 

Minimum ~e/A~ remaining 

Maximum (shift/esdJ host molecule 

Maximum (shift/esdJ guest molecule 

Average (shift/esdJ host and guest molecules 

58 

0.066 

0.070 

g=0.000590 

2599 

419 

14 

0.066,0.072 

444 

1722 

243 

7. 1 

0.35 

-0.26 

0.008 

0.024 

0.002(2) 



TABLE 9: ECHO - Hydrogen ·bond data ' 

H-BOND 

0 ( 7 ) 1. • " " 0 ( 25 ) 1. L 

O<G>1.· • ·0<7>1. 

O< 3) 1.1.1. • • ·O(G) 1.v 

0( 12) 1." "•0(3) 1.1.L 

0(24) 1.1. •• ·0( 12) 1. 

H O· · ·O 

<A> 

H<025> 2.584(6) 

H<07> 2.714(7) 

H < OG > 2 . 720 C 9 > 

H<03> 2.765<6) 

H<012> 2.847(7) 

0-HA 

<A> 

1.02(5) 

0.98(2) 

0.97(7) 

0.97(4) 

0.96(5) 

H· ·O 

<A> 

1.68(5) 

1.74(2) 

1.77(7) 

1.80(4) 

1.95(6) 

0-H· ·O 

( C>) 

145(6) 

169(5) 

166(6) 

178(6) 

156(4) 

A Hydrogens fixed to oxygens as a function of O···O distance 147 

1. x,v,z 
1.1. -X-0.5,-Y,Z-0.5 

1.1.1. -X,Y-0.5,~Z-0.5 

1.v X,Y-1,Z 
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TABLE 10: ECHO - Analyses of variance 

By pari-ty groups 

GROUP GGG UGG GUG UUG GGU UGU GUU UUU All 

M 246 216 215 206 216 216 208 199 1722 

v 108 96 115 97 108 110 103 99 105 

As a function of sine 

SIN0 .00- .17- .22- .26- .28- .31- .33- .35- .37- .40- .43 

M 173 183 212 122 229 167 173 143 187 133 

v 127 103 107 112 106 110 102 91 90 93 

As a function of ~F/Fm•x 

~F/Fm•K .0 .16- .18- .20- .22- .23- .25- .28- .32- .39- 1.0 

M 1 90 1 73 2 i 9 227 87 145 165 180 1 71 165 

v 63 91 105 110 111 121 116 109 106 112 

As a function of [Miller indices] 

h 0 1 2 3 4 5 6 7 8 9 10 11 12 13 
M 136 158 149 150 148 137 139 127 1 1 1 100 87 80 71 61 
v 131 110 100 96 107 107 92 97 93 95 124 86 118 106 

k 0 1 2 3 4 5 6 7 8 9 10 11 12 13 
M 145 187 185 178 176 164 154 131 126 105 75 45 33 18 
v 124 118 102 94 110 100 98 103 97 110 101 79 101 86 

1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 
M 122 156 151 156 153 134 128 126 118 106 87 73 .59 53 
v 121 96 109 118 109 98 102 108 98 102 104 122 91 90 

M=number of reflections in the group 

V=lOO·<NL<wlFc-F~l~/MLw)~, N=total number of reflections 

REST 

68 

103 

REST 

0 

0 

REST 

100 

84 
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TABLE 11: Fractional atomic coordinates .( >< 104 > and Thermal 

Parameters. <A2 x 103 ) with e.s.d. s in parentheses for ECHO 

ATOM 

C<i) 

C<2> 

C<3> 

C<4> 

C<5> 

CC6) 

C(7) 

C<8> 

C(9) 

c ( 10) 

c ( 11 ) 

c ( 12) 

c ( 13) 

c ( 14) 

c ( 15) 

c ( 16) 

C<17> 

c ( 18) 

c ( 19) 

CC20> 

C<21> 

CC22> 

C<23> 

C<24> 

0(3) 

0(7) 

0 ( 12) 

0(24) 

0(25) 

O<G> 

C<Gl>A 

·X/a 

2006( 4) 

1307( 5> 

1429( 5> 

1325< 4) 

1994( 4) 

1894( 4) 

1069 ( 4) 

975( 4) 

1072 ( 4) 

1961( 4) 

944 ( 4) 

97< 4) 

19 ( 4) 

100 ( 4) 

-156( 4) 

-853 ( 4) 

-908( 4) 

785( 4) 

2807( 4) 

-1189 ( 4) 

-1173 ( 6) 

-2150( 5) 

-2415( 5) 

-3344( 5) 

767( 4) 

250( 3) 

-712( 3) 

-3832( 4> 

-3588( 3) 

408( 6) 

665( 9) 

y/b 

-39( 5) 

275 ( 5) 

1502( 5) 

2269( 5) 

1978( 5) 

2758( 5) 

2523( 5) 

1272< 5) 

485 ( 5) 

694( 5) 

-768( 5) 

-1024< 5) 

-231( 4) 

998 ( 4) 

1718( 5) 

966( 5) 

·-171( 5) 

-554( 5> 

399( 6) 

-1168 ( 5) 

-2324< 6) 

-932( 6) 

-1730( 7) 

-1611( 6) 

1761( 4) 

2912( 3) 

-1015( 3) 

-776( 5) 

-2500( 4) 

5196( 5) 

5549( 8) 

-2207( 4) 53( 2) 

-2925( 4) 54( 2) 

-3179( 5) 58( 2) 

-2377( 4) 50( 2) 

-1644( 4) 47( 2> 

-834( 4) 51( 2) 

-257( 4) 45( 2) 

-5 ( 4) 39 ( 1) 

-828( 3) 37( 1> 

-1350( 4) 42( 1) 

-554 ( 4) 43 ( 1 ) 

4( 4) 40( 1) 

807 ( 3) 37 ( 1 ) 

484 ( 3) 37 ( 1 ) 

1285 ( 4 ) 51 ( 2 ) 

1784( 4) 50( 2) 

1 301 ( 4 ) 38 ( 1 ) 

1469 ( 4) 49 ( 2) * 
-811 ( 4) 59 ( 2) * 
1909( 4) 49( 2) * 
1448 ( 5) 73 ( 3) * 
2302( 4) 60( 2) * 
3013( 5) 72< 3) * 
3377( 5) 64( 3) * 

-3858( 3) 82( 2) * 
-680 ( 3) 54 ( 2) * 
-534< 3) 52( 2) * 
3269 ( 4) 91 ( 2) * 
3845( 4) 

-457( 6) 

386 ( 9) 

83 ( 2) * 
129 ( 4) * 
86 ( 5) * 
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TABLE 11: < c:ontd. > 

C<G2) 1572( 9) 5975(11) 403( 9) 128( 6) * C<G3) 5 1131<16) 5966<22) -429<13) 73 ( 13) * H(03) 762(56) 2545(24) -4061 ( 53) 107( 12) 
HCQ7) 235(56) 3744<11) -635(56) 107( 12) 
H<012> -833(59) -286(33) -794(49) 107( 12) 
H<025> -4210(27) -2367(69) 4134<51) 107(12> 
H<OG> 60(48) 5769<50) -774<48) 107<12) 
A s.o.f. = 0.77 

a s.o.f. = 0. 23" 

Anisotropic atoms have thermal parameters <A 2 x 10~> of the form 

.. 

2U13hla*c*cosB* + 2U12hka*b*cosY*> 

ATOM U::s::s 

c ( 18) 44< 3) 52< 4) 51( 4) 6( 3) -7( 3) 3( 3) 
C<19> 44( 4) 65( 4) 67( 4) 14( 4) 7( 4) 5( 3) 
CC20) 53( 4) 49( 4) 46( 3) -1( 3) 3( 3) Q( 3) 
C<21> 86( 5) 53( 4) 79( 5) -1( 4) 41( 5) -6( 4) 
C<22) 61< 4) 60( 4) 58( 4) -3( 4) 17( 3) -4( 4) 
C<23> 65( 5) 80( 5) 71( 5) 15( 5> 10( 4) --: 1 ( 4> 
C<24> 68( 5) 55( 4) 68( 5) 5( 4) 26( 4) 5( 4) 
0(3) 138( 5) 44( 3) 65( 3) 12( 3) -31( 3) -9( 3) 
0(7) 57< 3) 31< 2) 75( 3) 0( 2> -12( 2) 0( 2) 
0 ( 12) 62( 3) 43( 2) 51( 2) -6( 2> -10( 2> -5( 2) 
0<24> 81( 4) 74< 4) 118< 4) 19( 4) 55( 4> 14 ( 3) 
0<25) 78( 4> 55( 3) 116 ( 5) 7( 3) 37( 3) 0( 3) 
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TABLE 1 1 : <contd.·> 

O<G> 180( 8) 46( 3) 160( 7> .,-9 ( 4) -90( 6) 26( 4> 
C<Gl)A 114<11> 39( 5} 105 ( 10) -4( 6) 3( 9) 7( 6) 
C<G2> 147(11) 122( 9) 116 ( 9) 13( 8) -7( 9) -3( 9) 
C<G3) 8 89(26) 42 ( 1 7) 87(27> -16( 18), 6<23) -7( 19) 
A s.o.f. = 0.77 

a s.o.f. = 0.23 
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TABLE 12: Fractional atomic coordinates ( x 104 ) and Thermal 
Parameters <A2 x 103 ) with e.s.d. s in parentheses for the 
hydrogens of ECHO 

ATOM x/a y/b z/c U.t.•~ 

C<1 > 

H < 11 > 1903( 4) -853( 5) -2037( 4) 62(3) 
H < 12 > 2630( 4) 43( 5) -2467( 4) 62(3) 
C<2> 

H<21> 676( 5) 157( 5) -2688( 4) 62(3) 
HC22) 1403( 5) -217( 5) -3458( 4) 62(3) 
C<3> 

H<3> 2059( 5) 1635( 5) -3416( 5) 62(3) 
C<4> 

H<41) 1429( 4) 3075( 5) -2565( 4) 62(3) 

H<42> 690( 4) 2190( 5) -2140( 4) 62(3) 

C<S> 

H<5> 2608( 4) 2114( 5) -1911( 4) 62(3) 

C<6> 

HC61> 1851( 4) 3561 ( 5) -1052( 4) 62(3) 
H<62) 2453( 4) 2670( 5) -460( 4) 62(3) 
C<7> 

H<7> 1168( 4) .2956( 5) 305( 4) 62(3) 

C<B> 

H<8> 1489( 4) 1123( 5) 416( 4) 62(3) 
C<9> 

H<9> 572( 4) 683( 5) -1254( 3) 62(3) 
C<11> 

H<111> 1492( 4) -1003( 5) -202< 4) 62(3) 
H<112> 908( 4) -1235( 5) -1109( 4) 62(3) 
C< 12) 

H< 121) 164( 4) -1810( 5) 249( 4) 62(3) 
C<14> 

H ( 14 > -326( 4) 1178< 4) -16( 3) 62(3) 
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TABLE 12: <contd.> 

C< 15> 

H<151) 389( 4) 1874( 5) 1666( 4) 62(3) 
H < 152) -438( ,4) 2455( 5) 1097( 4) 62(3) 
C< 16) 

H<161> -1465( 4) 1345( 5) 1783( 4) 62<3> 
H ( 162) -647( 4) 845( 5) 2410( 4) 62(3) 
C< 17> 

H < 1 7) -1414( 4) -242( 5) 859( 4> 62(3) 
C< 18> 

H(181) '691 ( 4) -74( 5) 2009( 4) 62(3) 
H < 182) 1384( 4) -358( 5) 1189( 4) 62(3) 
H ( 183) 785( 4) -1377( 5) .1641 ( 4) 62(3) 
C< 19> 

H<191) 2729( 4) 844( 6) -249( 4) 62(3) 
H < 192 > 3387( 4) 635( 6) -1108( 4) 62(3) 
H < 193 > 2833( 4) -432( 6) -668( 4) 62(3) 
C<20> 

H<20) -724( 4) -1212( 5) 2394( 4) 62(3) 
C<21> 

H<211> -539( 6) -2527( 6) 1265( 5) 62(3) 
H<212> -1567( 6) -2255( 6) 910< 5) 62(3) 
H<213> -1422( 6) -2932( 6) 1846( 5) 62(3) 
C<22> 

H<221> -2609( 5) -990( 6) 1812( 4) 62(3) 
H<222> -2157( 5) -141( 6) 2551 ( 4) 62(3) 
C(23> 

H<231) -2357( 5) -2520( 7) 2771 ( 5) 62(3) 
H<232) -1975< 5) -1627( 7) 3515( 5) 62(3) 
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TABLE 12: <contd.> 

C(Gl) 

H<Gll)A -241( 9) 6164( 8) 589( 9) 62(3) 
HCG12)A 624( 9) 4886( 8) 801( 9) 62(3) 

C<G2>. 

H<G21) 1919( 9) 6415(11) -55( 9) 62(3) 

H<G22> 1918( 9) 5269(11) 559( 9) 62(3) 

H<G23> 1494( 9) 6454<11> 948( 9) 62(3) 

C<G3> 

HCG31) 8 1585 ( 16) 5746(22) -894(13) 62(3) 

H<G32) 8 892 ( 16) 6746(22) -556(13) 62(3) 

A s.o.f. = 0.77 
13 s.o.f. = 0.23 



3.7.3. PRONCH - CCholic acid : 1-propanolJ 

Crystal and data collection parameters are given in Tables 
13 and 14. 

Of 2671 reflections collected, 25 systematically absent 
reflections were rejected and a further 677 suppressed 

· <4a<F>>F>. The remaining 1969 reflections were used for the 
structure solution by direct methods 127 • The data were 
considered to be of good quality with Rc~>=0.028. 

The point atom R-factor based on E-values was RE=0.225 for 
32 peaks. The resulting ~-map identified all the non
hydrogen host and four non-hydrogen guest atoms. 

Refinement of the 29 non-hydrogen host atoms using 
SHELX76 129 resulted in an initial R=0.223 <see Table 15 for 
rejection and suppression of reflections>. The subsequent 
difference electron density map <Figure 19a) gave evidence 
of disorder in the guest molecule similar to that observed 
in the ethanol molecule of ECHO. 1-Propanol was modelled as 
shown in Figure 19b, with the s.o.f.s of atoms CCGl> and 
C<G2> linked to those of C<G4) and C(G5>. The atom pairs 
C<Gl>, C<G4> and C<G2>, C<G5> account for the positional 
disorder of the carbon adjacent to O<G> and C~G3> 
respectively. The s.o.f. of CCGl> and C<G2> refined to 0.70 
consistent with the preferred guest backbone O<G>-C<G1>
CCG2>-C<G3> as shown by the electron density distribution. 
The thermal motion of the_guest atoms O<G>, C<Gl>, C<G2> and 
C<G3> was modelled anisotropically, while C<G4> and C<G5>, 
being of lower-electron density were modelled isotropically. 
The distances O<G>-C<G1>, C<G1>-CCG2>, CCG2>-C<G3>, O<G>
C<G4>, C<G4>-C<G5>, C<G5>-C<G3> were fixed to chemically 
reasonable distances consistent with the electron density 
distribution. No hydrogens were inserted for the guest 
carbons as the disorder of the guest molecule prohibited 
realistic geometric placing of these atoms. The final 
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a 

CCC3> 

1 C<C2> 

CCC4> 

1A 
b 

FIGURE 19: 
a ) Difference electron density map in the region of the guest molecule, 
1- propanol. Six sections in b 0.47A apart are superimposed. Contours are 
drawn in steps of 0.25e/A3 • Orange, red, brown, green, blue and black 
lines correspond to 0.25, 0.50, 0.75, 1.00, 1.25 and ~1.50e/A3 
respectively. 
b) Modelling of the disorder of the 1-propanol molecule. The guest is 
statistically disordered with either the backbone O<G> - C<G1> - C<G2>-C<G3> or 
O<G> - C<G4> - C<G5> - C<G3) adopted by a particular molecule. 



refined model of the guest molecule with calculated bond 

lengths and angles 129 is shown in Figure 20. The D<G>-

C<l,4) distances differ from the expected values for 

1-propanol owing to the involvement of the oxygen in 

hydrogen bondin~ and the high thermal motion in this region. 

The thermal motion of the host molecule's oxygen and side

chain non-hydrogen atoms was modelled anisotropically. 

Geometrically obtained protons were attached to parent 

carbon atoms of the host molecule. 

Hydrogens observed in hydrogen bonds were included with a 

common temper~ture factor and fixed to their parent oxygen 

at distances consistent with those in the refinement of 

ECHO. It is apparent by viewing hydrogen bonding data 

<Table 16> that the bond angles and H···O distances are 

unrealistic. Although hydrogens observed in the O···O 

region conform approximately to expected hydrogen-bond 

geometry 147 • 149 , these peaks could not be refined 

satisfactorily. 

The modelling described resulted in a final R=0.071, 

Rw=0.080 (w=(1/a 2 (F)+0.000630·F2 )). Analyses of variance 

are tabulated in Table 17. Residual maximum and minimum 

electron densities 0.32 and -0.27e/A~ respectively, 

reflected satisfactory modelling of the electron density 

distribution. 

Details of the final refinement are given in Table 15. 

Fractional atomic coordinates and thermal parameters are 

given in Tables 18 and 19. Bond lengths, bond angles and 

torsion angles can be found in Appendix 3 on microfilm. 

Structure factors can be found in Appendix 4 on microfilm. 

UL•o (or U.quLv> ranges for non-hydrogen atoms are 0.040(1) 

to 0.093<2>A2 and from 0.080(10> to 0.138(4)A2 .for the host 
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FIGURE 20: Final refined model of the guest molecule, 1-propanol. 
The guest is statistically disordered with either the backbone 
O<G>-C<G1>-C<G2>-C<G3> or O<G>-C<G4>-C<G5>-C<G3> adopted by a 
particular molecule. 
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and guest molecules, respectively. High thermal motion in 

the region mf the guest molecule accounts for this 

difference and also for higher e.s.d.'s in bond lengths and 

angles for the guest relative to the host molecule. This 

difference is common for most inclusion compounds in which 

the anchorage and hence thermal stability of the guest 

molecules is not as high as that of the host molecules. The 

disorder of guest molecules is even more obvious in 

inclusion compounds in which the guest molecules are not 

stabilized as effectively or sterically confined, for 

example in the channels of some choleic acids. The disorder 

is often such that the guest positions can only be found by 

potential energy calculationse7,e~.~1.~e.1oe.106,1eo.1e1. 

C-C distances in the host molecule range from 1.503(9) to 

1.558<B>A excluding the C<22>-C<23) <1.522(9)A) and shorter 

C<23>-C<24> <1.482<9>A> bonds. The range of values of C-0 

distances corresponding to the three.hydroxyl groups is 

1.425(8) to 1.433<6>A, consistent with their involvement in 

hydrogen bonding. Bond angles <e.s.d. range=0.4 to 0.6°> 

and torsion angles (e.s.d. range=0.4 to 1.0°) are very 

similar to those calculated in ECHO. Further conformational 

detail of the host molecule as defined by its torsion angles 

is given in Chapter 5. 
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TABLE 13: PRONCH - Crystal data 

Molecular formula 

Molecular weight I (g/mol> 

Space group 

z 
a I <A> 

b I (A> 

c I (A> 

v I <A::!:> 

Dm I ( g/cm'3 ) 

De:: (for Z=4> I ( g/cm·3 > 

F<OOO> I e 
µl<MoK~> I (cm- 1 > 

C24H400e.C~HeO 

468.70 

P2i.2 1 2 1 

4 

15.026(2) 

11.864(9) 

14.951(4) 

2665(2) 

1.160 

1.168 

1032 

0.46 
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TABLE 14: PRONCH ~ Data collection parameters 

Diffractometer 

Operating conditions of generator 

Temperature I <K> 

Radiation 

Crystal dimensions I <mm) 

Aperture width I <mm) 

Vertical aperture length I <mm> 

Scan mode 

Scan width I ( 0 ) 

Scan speed 

Range scanned I ( 0 ) 

Maximum h,k,1,20 

Reflections for lattice parameters: 

no., 0 range I ( 0 ) 

Stability control reflections: 

no., no. of measurements 

Total exposure time I <hrs) 

Instability of standard reflections I (/.) 

Reflections collected 

Data corrections performed 

Absorption correction: 

maximum transmission I (/.) 

minimum transmission I (/.) 

average transmission I <t.> 

Enraf-Nonius CAD4 

55kV 30mA 

293 

73 

MoKa 0..=0.7107A> 

graphite monochromator 

0. 44x0. 50x0. 56. 

1.15 + 1.05tane 

4 

w-20 

1. 00 + o .. 35tane 

variable,min.=40s/refl 

1 S.EIS.25 

17,14,17,49.97 

24,16.62~0S.16.98 

3,75 

24.0 

2.7 

2671 

Absorption, Lorentz 

and polarization 

99.97 

97.02 

97.93 



TABLE 15: . PRONCH - Final refinement data 

R= ( E I I F"" I - I F c: I I > I ( E I F o I > 

R..,= < E I I F"" I - I f c: I I · w'4 ) I < E I F o I • w"' > 

Total reflections 

No. reflections rejected 
<Systematically absent or F/I negative or 
equal to zero> 

No. reflections suppressed 
< w"i • I IF o I - j F c: 11 > >4. 30 · .f < Ew • ( F o-F c: > 2 >I< N-NP > 

R, R~ with the above reflections reinstated 

No. reflections· suppressed .as 'unobserved' 
·2cr<F>>F 

N, No. of 'observed' reflections 

NP, No. of parameters 

N/NP 

Maximum ~e/A~ remaining 

Minimum ~e/A3 remaining 

Maximum [shift/esdJ host molecule 

Maximum [shift/esdJ guest molecule 

Average [shift/esdJ host and guest molecules 

74 

0.071 

0.080 

g=0.000630 

2671 

300 

27 

0.073,0.082 

327 

. 2017 

248 

8. 1 

1 0.32 

-0.27 

0.001 

0.001 

0.0001(1) 



TABLE 16: PRONCH - Hydrogen bond data 

H-BOND 

0 ( 7) :i. ... 0 ( 25) :i. :i. 

O<G>:i.· · ·0<7>.t. 

0<3>:i..t..t.• • ·O<G>:i.v 

0(12):i.···0(3):i.:i.1. 

0 ( 24) :i. 1. ••• 0 ( 12) :i. 

H 

H<025) 

HC07> 

H<OG> 

H<03) 

H<012> 

O· • ·O 

<A> 

2.596(7) 

2.669(7) 

2.700(8) 

2.813(6) 

2 .876( 7) 

0-HA 

<A> 

1.02(6) 

0.98(3) 

0.97(5) 

0.97(3) 

.0.96(5) 

H· ·O 

<A> 

1.99(5) 

1.69(3) 

1.78(6) 

1.91 (4) 

1.96(6) 

0-H· ·O 

(CJ) 

115(5) 

176(6) 

157(6) 

155(5) 

159(5) 

A Hydrogens fixed to oxygens as a function of O···O distance 147 

X,Y,Z 

-X-0.5,-Y,Z-0.5 

-X , Y-0. 5', - Z-0. 5 

:i.v X,Y-1,Z 
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