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(v) 

The crystal structures of c ,c. -trehalose dihydrate and 4,6; 4' , 6 '-di-

O-ethylic1eue-oc,o-treha1ose monohydrate have been determined by X-ray 

diffraction techniques. In both oases three-dimensional X-ray intensity 

data were collected using an equi-inclination Weissenberg camera with 

Cu K,,, radiation. The intensity measurements were made visually. 

ec-trehalose dihydrate was found to be orthorhombie, space group 

P212.2.1, with a 12.233 R, b = 17.889 1, o = 7,596 R and. Z = 1. The 

observed and calculated densities were 1.512 and. 1.511 g.cni respectiv-

ely. The structure was solved by direct methods using the tangent formula. 

The atomic parameters were refined by the method of least squares to a 

final residual, R 5.9%. 

It was found that the molecules are held together by van der Waal' a 

forces and by a complex network of twelve hydrogen bonds. One water mole-

cule is trigonally and one tetrahedrally co-ordinate. The acetal oxygen 

atom in one residue only acts as an acceptor in a hydrogen bond, which 

is rather long at 2.88 R. The molecule is in the expected conformation 
with the two glucopyranose rings in the"chair" form. The bond angle at 

the gluoosidic linkage is 115.7°. The two crystallographically unrelated 

but chemically identical glucose residues are closely similar. The main 

effect of the different crystal packing of the two rings is to cause 

slight distortions of the atoms 0(3)  and 0(4.). 

4,6 ;4' , 6' -di-O-ethylidene- vo  -trehalose monohydrate was found to be 

monoclinic, space group P21, with a = 11.276 1, b = 8.4.35 R, a = 10.004- 



97.580  and Z = 2. The observed and oalculated densities were 1.52 

and 1.445 	respectively. The structure was solved by direct methods 

using the 2 relationship. The atomic parameters were refined by the 

method of least squares to a final residual, R = 12.2%. 

It was found that the molecules are held together by a network of six 

hydrogen bonds and by van der Waal' s forces which were particularly 

strong between the methyl groups. The water molecule is trigonally 00-

ordinate • Two ethereal ogen atoms act as acceptors in hydrogen bonds, 

which are both rather long at 2.83 and 288 L The six-membered rings 

closed by the etbylidene group are parallel to the glucopyranoid rings 

and in the chair form. The methyl groups are in the equatorial position. 

The bond angle at the glucosidic linkage is 115.00. The stereochemistry 

of this linkage is very similar to that in the o(,c_trehalose molecule. 
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INTRODUCTION 

(a) Carbohydrates and Crystallography. 

The carbohydrates constitute one of the most important classes of 

organic compounds both in theory and in practice. Their part in the 

chemical processes which take place in living organisms is of the utmost 

importance. In this respect, only the proteins may be said to surpass 

them. In consequence of the importance and diversity of the carbohydrates, 

a great volume of chemical information about them has been collected 

since the classical work of Fischer, Purdie, Haworth and Irvine first 

established this field of chemistry. On the other hand, at the time when 

the studies described in this thesis were commenced, few determinations 

of the crystal structures of carbohydrates had been reported in the liter-

ature. In recent years much more attention has been paid to stereochemistry 

and structure in organic chemistry, especially in the field of natural 

products. There has , therefore, been an increasing number of crystallo-

graphic carbohydrate structure determinations. 

In contrast to the proteins, which are often obtained in the form of 

good single crystals, the carbohydrates are generally only partially 

ordered, and are often completely amorphous. This is because the function 

of a protein may be quite precise, requiring each molecule to have 

exactly the same stereochemistry. Polysaccharides, however, have less 

demanding functions, e.g. as the material of cell walls, so that molecular 

uniformity is not required. At the best, then, a polysacoharide may exist 

in the form of fibres, in which many identical helical strands are bundled 

together in a disordered fashion. X-ray diffraction photographs of the 
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fibres may lead to the establishment of the approximate geometry of the 

helical repeat unit, but in order to achieve this it is necessary to have 

accurate knowledge of the structures of the sugar units of which the 

polymer is constituted, since model-building is an essential part of such 

studies. 

In order to describe completely the structure of any polysaccharide, 

the following features must be specified: 

the sequence of the sugar units; 

the ring size in the sugar units; 

the conformation of the sugar units; 

the positions of the bonding between adjacent units; 

the size of the bond angle at the linkage between units; 

the torsion angles about both of the two bonds involving the oxygen 

atom in the linkage. 

The first four of these are within the scope of the physical and biochem-

ical methods of the sugar chemist, although it should be mentioned that 

the ways of determining conformations have been proven by X-ray diffraction 

studies. The stereochemistry of the sugar linkage i, however, a much more 

difficult problem. 

The bond angle at a glycosidic oxygen atom has been evaluated in 

severe], studies of disaccharides, and for one trisacoharide, raffinose 

M. Berman, 1970). The values obtained range from about 1110  to 1229, 

in the melibiosa and sucrose portions of raffinoso. The average value for 

the bond angle at a g].ycosidio oxygen  atom is about 1170 . 
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The conformation about the C(l) - 0(1) bond is often dominated by 

the exo-anonieric effect (A J. de Ibog, H. R. Buys, C. Altona and 

L Havinga, 1969). In any moiety C - X - C - Y there are interactions 

favouring a gauche conformation, but these interactions are very weak, 

of the order of I or 2 koai. mole-1. These authors concluded that more 

experimental evidence was needed so that better empirical rules could 

be formulated. 

In a disaccharide molecule it is often possible for an internal 

hydrogen bond to exist between one of the hydroxyl groups in one sugar 

unit and the ring oxygen atom in the other. In crystal structures, however, 

such a bond is not found. Vhen a ring oxygen atom does participate in a 

hydrogen bond, it is either to a water molecule, as in raffinose, or to 

a hydroxyl group in a different molecule. Since naturally occurring sugars 

are found in aqueous media, it may be speculated that this hydrogen 

bonding will be to water molecules rather than internally. The internal 

bond imposes a constraint on the molecule, restricting vibration about 

the glycosidic linkage. 

It was anticipated that in both of the structures studied there 

would be two chemically identical, but orystallographioafly unrelated, 

sugar residues. It was therefore hoped that a comparison of the geometry 

of the two residues would provide not merely a set of average values, 

but also give some idea of the extent to which different crystal packing 

might affect the geometry of the residue. It was also hoped that comparison 

of two different compounds containing the same linkage might indicate how 

sensitive the conformation of the linkage is to crystal packing. 
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(b) Trehalose and its Derivatives. 

The D-glueosyl D-glucosides are collectively known as the trehaloses. 

There are three reviews of these compounds in the literature (K. Myrbäck, 

1949; M. Hayaahibe and K. Aso, 1959; G. Birch, 1964). There are three 

isomers which have 	and f3,f3 linkages; all three have been synthes- 

ised, but only the isomer with the e4,ck linkage occurs naturally. It alone 

is alternatively known as mycose or mushroom sugar. It is widespread in 

nature where it is found in fungi, bacteria, the blood of insects, algae 

lichens and some higher plants. It constitutes up to l of mushrooms 

and dried yeast, but more basic foodstuffs apparently contain none, so 

that it does not constitute an important part of the human diet. The 

lipids of the human tubercle bacilli, and those in oorynebaoterituu 

diptheriae, contain esters of .-trehaloae. 

It has been shown that o.o-treha1oae yields only glucose on complete 

hydrolysis (C. Bóhning, 1888). From the time of its discovery (H. Wigers, 

1832) it was known to be non-reducing, so that the positions of the 

glucosyl linkages were necessarily 1,11. The molecular weight was found 

to be 350 by the freezing point depression method (L. Maquenne, 1891), so 

that the molecular formula must be C12Ii27O. On oxidation with sodium 

metaperiodate, and with periodic acid., one mole of<,-trehalose reacted 

with four moles of oxidant and gave off two moles of formic acid, showing 

that both rings are pyranoid. (E. L. Jackson and. C. S. Hudson, 1939; 

S. Akiya. S. Okui and S. Suzuki, 1952). Similar results were obtained 

using lead tetra-acetate (R. C. Hookett, M. T. Dienes and H. E. Ramsden, 

1943). Methylation followed by hydrolysis was found to yield two moles 

of 2,3,4,6 tetra-O-methyl-D-glucose (H. Schiubach and. K. Maurer, 1925), 
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which again showed that the rings were both pyranoid. Thus all the 

chemical evidence showed that 	-treha].ose consists of two pyranoid 

rings linked 1,11 , as shown (fig 1). 

Whereas &-trehalose is very soluble in water and in aqueous ethanol, 

it is nearly insoluble in absolute ethanol. It may be crystallised in an 

anhydrous form by dissolving crystals of the hydrate in pyridine and 

distilling the solution at atmospheric pressure in order to remove the 

water of crystallisation (G. Birch, 1965). From aqueous ethanol it invar-

iably crystallises as the dihydrate. These crystals have been examined by 

optical crystallography (P..Groth, 1910) and found to be rhombic bisphen-

oida, with a : b : a = 0.681 : 1 : 0.4171. 

It has been shown that the specific rotations of the three isomers 

of trehalose and their octa-acetates do not agree with Hudson's rules, 

although better agreement is obtained with Iüyne's rules (3. Stank, 

1957). A further anomaly was discovered when the infra-red- spectrum of 

-trehalose was examined. It has been calculated that the water of 

crystallisation of carbohydrates should give rise to an absorption at 

164.5 on 	(s. A. Barker, E. J. Bourne and D. H. Whiffen, 1956). It was 

hoped that the determination of the crystal structure might explain the 

observed pattern of results (G. Birch, 1965): 

Maltose monohydrate 1680 cm (broad absorption) 

Glucose monohydrate 1670 oni (broad) 

Lactose monohydrate 1660 cm (sharp) 

Trehalose dihydrate 1690 am-1  (sharp). 



- Trehalose 

0 = oxygen 

*-carbon 

fig (1) 



The trehalosee form many crystalline esters and ethers. Crystallis-

ation is favoured by the absence of a free reducing group. There can be 

no anomeric forms of the products, so that the entropy of a solution is 

lower than 'would be the case for a reducing disaccharide • Dr. Birch was 

kind enough to supply several batches of crystals. These included some 

large crystals of c1. , -trehalose dihydrate which were obtained by several 

successive recrystallisations from aqueous ethanol. Some anhydrous 

trehalose crystals crystals were, unfortunately, far too small for single crystal 

X-ray diffraction work. There were also crystals of two derivatives, 

4,6:4' ,6 '-di-O-ethyliciene-°ç' -trebalose monohydrate (fig 2) and 

6,6' -dideozy- -trehalose monohydrate (fig 3). 

The former compound, referred to henceforth as diethylidene trehalose, 

was prepared from o u -trohalose by adding paraldehyde and some sulphuric 

acid. It was crystallised from 1,6-dioxan-watcr made alkaline with 

ammonia. Analysis for carbon and hydrogen, for the acetaldehyde content 

and for the glucose equivalent 'were consistent with the formula 0161260 32 

H20. The dideoxy derivative, referred to as dideoxy trehalose, 	pro- 

pared by hydrogenating hexa-0-aeetyl-6, 6' -dideoxy-6 , 6' -.di-iodo- -tre-

haloze. The iodine atoms were thus replaced by hydrogen atoms, and the 

hexa-acetyl-dideor compound was then de-acetylated. The product was 

recrystallized twice from ethanol, but on standing for several days in 

the mother liquor the crystals redissolved and crystallized in a different 

form. Analysis for carbon and hydrogen suggested that the crystals were a 

monohydrate, of formula C12ff22 .1120  (G. G. Birch, 1966). 



Diethylidene Tnehulose. 

Dideoxy Trehalose. 

(figs 2&3) 
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(c) Possible Methods of Solution of the Structures. 

The formula units of the compounds under consideration each contained 

over twenty oxygen and carbon atoms. In consequence, even if the asymmet-

ric unit of the crystal structure contained only one formula unit, the 

most favourable possibility, the problem would nevertheless be one of 

moderate difficulty. When the work described in this thesis was commenced, 

the use of direct methods of phase determination in non-centrosymmetrio 

space groups had not attained its present prominence, and therefore a 

solution was sought by Patterson methods. 

The orientation of a pyranoid ring in the "chair" form can readily 

be deduced from a three-dimensional Patterson synthesis, making use of 

the characteristic set of multiple-weight vectors which appear close to 

the origin (C. A. Beavers and T. R. IL McDonald, 1950; C. A. Beavers, 

P. R. B. McDonald, J. H. Robertson and F. Stern, 1952 inter aiia). The 

presence of ring substituents in equatorial positions increases the 

potency of this method, favouring its success with the present set of 

compounds. The problem now becomes that of boating the pyranoid rings 

in the unit call, and resolving the ambiguities of the orientations 

established. Several possible methods were considered:- 

(1) In centrosymmetrlo projections, e.g. projections down two-fold screw 

axes, there is an accumulation of vectors corresponding to the 

vector between the centre of one ring and the centre of a symmetry-

related ring. This method was applied successfully in the case of 

glucose (C. A. Beavers and P. R. B. McDonald, 1950), where the 

centre-centre peek showed up very clearly. For a glucose ring this 
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vector should be weighted up eight times. 

The Harker section (D. Harker, 1936) of the three dimensional Patterson 

map should contain a complete representation of the molecule. If the 

orientation of one ring is known then it might be possible to locate 

it in this way, although past results are not encouraging (a. J. 

Brown, 1966). It is, however, a quick method to apply, and the Harker 

sections or section may be used to check trial structures obtained 

by other methods. 

Trial and error methods based on the very strongest intensities have 

been used successfully for osilobiose (a. 3. Brown, 1966), but this 

method cannot be expected to apply widely. Of course, the strongest 

intensities must not be ignored, for they do contain information 

about the structure. 

An image-seeking function may be employed, such as the sum function 

and the theoretically superior minimum function (w J. Buerger, 1959). 

This approach is identical to the vector convergence method (C. A. 

Beavers and Z. B. Robertson, 1950). 

For any centrosymmeti'io projection, the triple product sign relation-

ship (D. M. Sayre, 1952) could be employed. This method is not really 

sufficiently powerful, although the structure of /3-1)-glucose has been 

solved in this way (w. G. Ferrier, 1963) using the method of coincid-

ences (D. F. Grant, R. G. Howells and. D. Rogers, 1957). 

In the field of structure determination, the major change which has 

taken place in the last few years is undoubtedly the development of the 

direct methods of phase determination for non-oentroaymmetrio space 
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groups. The first structure to be published, which had been solved in 

this way was L-arginine, for which the method of symbolic addition was 

used (I. L. Jarle and. J. Kane 1.96). This technique was described in 

detail in a later publication (3. Kane and I. L. Kane, 1966). It soon 

became apparent that this was a powerful method., capable of solving 

intricate structures and of extending and refining partial solutions. 

Patterson methods indubitably work best for "heavy atom" compounds, 

and are least effective for compounds which are composed entirely of 

light atoms. The phase relationships used in the direct approach were 

originally deduced using the simplifying assumption that all the atoms in 

a structure are equal in magnitude. It is therefore to be expected that 

direct methods will be superior to Patterson methods of solving light atom 

structures. It has been found that the presence of heavy atoms does 

increase the ease of finding the correct solution using the Sayre sign 

relationship, so it might be expected that the presence of heavy atoms 

in a non.-centrosymietrie space group would also facilitate the phase 

determination. 

Two possible advantages of direct methods compared. to Patterson 

methods are also relevant. In the first place, it is quite possible to 

obtain an erroneous solution of the Patterson summation and think it 

correct; using direct methods the distinction between success and failure 

is often more obvious. Secondly, assuming that a correct solution is 

obtained by both methods, that obtained by phase relationships is likely 

to refine much more rapidly. This is because the errors in the parameters 

deduced by direct methods are likely to be small and randomly distributed, 
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whereas those in a Patterson solution are likely to be larger and to 

be, at least partly, systematic. 

It was not, however, at any time the object of the candidate to make 

a rigorous comparison of the merits of these two methods, but rather to 

find, the best method available for the solution of saooharide structures. 

It seems clear that the two method.s can complement each other, and, 

specifically, that the Patterson summations can be used to help interpret 

a map obtained by direct methods, and to indicate the plausibility of a 

trial structure • For these purposes the ring orientations deduced from the 

Patterson summations may be employed. The data necessary are the same for 

both methods, i.e. a sot of accurate intensity data, and accurate cell 

dimensions to carry out the appropriate corrections. It is probable that 

the use of inaccurate data will be more prejudicial to the chance of 

success using phase relationships than to that using Patterson methods. 

Although there have been considerable changes of emphasis in the 

field of crystallography since the work recorded In this thesis was 

commenced in 1965, nevertheless the objectives of the work have not 

changed. They were firstly to solve the structures of some disaccharides, 

thereby obtaining useful atereochemical information about the molecules 

themselves, and secondly, to examine the methods of solving such 

structures. That the second of these aims has been overtaken by events 

is, of course, a cause of rejoicing. 
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SCTI0N I: 	-TREiAL0SE DI}fYDRME 

1. PRELIMINRY I3TIATI0J'j 

The Appatatus Used. 

A normal-beam vertical travel Weissenberg camera of 10 em diameter 

was used with a Newton-Rayniax self-rectifying X-ray tube. It was run at 

50,000 V and. 20 mA with a copper target and, sometimes, a nickel filter 

to remove the Cu KA  radiation. This instrument was used to determine the 

space group and the accurate unit cell dimensions. A IJnioam horizontal 

travel equi-inclination Veissezberg camera of 5.73 cm diameter was used 

with a Philips P1010 generator, which was run at 40,000 V and 20 mA with 

a copper target and a nickel filter. This was used to obtain the photo-

graphs from which the intensity data were measured. A. Philips PW 1051 

powder diffraotometer was also used with the above generator. All X-ray 

exposures were carried, out at about 18°C. Ilford. "Industrial G' film was 

used on all occasions. It was developed at about 18°C for five minutes 

in PhenX developer, and was then fixed for twice the clearing time. 

Physical Examination. 

Crystals of ,o_treha1ose dihyd.rate are described as rhombic bisphen-

oid.s with a b c = 0.6824 1 0.171. The commonly observed faces 

are (120), (110), (101), (oil) and. (iii), and occasionally found are 

(100) and. (010). There is a cleavage plane parallel to (110). The 

crta1s are optically biaxial, with 2V = 500161 , 2 = 78056' and 

/3 = 1.4.78, all referred to Na 1) light (. Groth, 1910). Very good. 
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crystals were supplied by Dr. Birch. They were colourless, and showed 

very clear extinctions when viewed between crossed polarisers. The 

largest crystals showed a feeble pieso-eleotric effect, suggesting that 

they belong to a non-controsymmetrie space group. This was necessarily 

so, since the material was known to consist of only one stereo-isomer. 

It was noted that the crystals had a cleavage plane, and when some of the 

batch were split up into fragments this was identified as parallel to 

(110) as Groth reported. 

The density was known to be about 1.52 g.om 3  (G. G. Birch, 1965a). 

Small fragments of a good large crystal were found to have a density of 

1.512 g.om 3  by the method of flotation. The two liquids used, carbon 

tetrachloride and toluene, were very close to the value sought, which 

increased the accuracy of the method.. 

(c) Space Group Determination. 

Specimens were used which were elongated parallel to the axis of rot-

ation, which was arranged to coincide with an axial direction. Oscillation 

photographs wore used in order to adjust the orientation so that the axis 

of rotation was accurately parallel to the axial direction of the crystal. 

Woissenberg photographs of the zeroth and first layers were then obtained, 

using a 200 oscillation. The diffraction patterns were all symmetrical 

about the zero layers, showing that the symmetry of the crystals is 

orthorhombic. The only systematically absent reflections were: 

I(hoo) when h was odd; 

I(oko) when k was odd; 

i(ooL) when 1 was odd. 

This information is only consistent with one space group, P212121, which 
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is number 19 (International Tables, vol I). From the oscillation photo-

graphs a,.k  and c were found to be 12.2, 17.9 and 7.6 R respectively. It 

was calculated thence that the rrnmbez' of molecules in the unit cell vas 

four, aqual to the number of equivalent positions in the space group, so 

that the asymmetric unit of the structure contains one molecule, 

(d) Accurate Gel]. Dimensions. 

Zero layer Weissenherg photographs were used, which were calibrated 

by the sharp shadows of brass knife-edges at accurately known angles of 

about 9 = 84.50 . The angles of these knife-edges were checked firstly by 

Physical measurement of the instrument and secondly by using a sample of 

pure rock salt as a standard. The wavelengths of the radiation used were 

taken to be 1.54-05 and. 1.5443 R for Cu K and K respectively. The 

cell parameter of the rock salt was calculated to be 5.639 ., compared 

to the accepted value of 5.64.0 5. (International Tables, vol III), the 

difference being within the errors of measurement of the film. The film 

used for measurement was of recent origin, since it was found that films 

tended to become distorted over a period of time. All equivalent spots 

on the film were measured separately and then an average value was taken. 

Only spots close to the knife-edges were used to obtain values of 8. 

In the calculations an extrapolation to sin 29 = 1 was used in order 

to minimise the errors due to absorption by the crystal, eccentricity of 

the specimen, et cetera (A. J. Bradley and. A. H. Jay, 1932 a and b). It 

also has the effect of reducing any error due to incorrect values for the 

angles of the knife-edges. A value for one of the reciprocal cell dimen-

sions, say a, was assumed and substituted into the expression: 
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4. sin 	h.a 2  + 

)/ where 	= 	a, etc. 

Thus a series of values of b*  were calculated, the more accurate being 

for those reflections with low li. This value of b*  was now used to gener-

ate a value of a*,  and then the process was repeated. The values thus 

obtained were much more accurate than the starting ones, which depended 

on measurements of oscillation photographs. The value of a*/b* was now 

used to plot a graph of b*  against sin 
2
8. The points on this graph were 

examined to see how closely they fitted a straight line, and to see if 

there were a correlation between deviations from the line and the indices 

of the reflections concerned. Any such correlation indicated that the 

value of a*/b was inaccurate. This ratio was varied to get the best 

simultaneous fit of graphs of a*  and b*  against sin 28. Finally, the values 

obtained by the extrapolation of these tvo graphs were found to yield the 

seine ratio of a'/b*  as that used to generate them, indicating that this 

refinement process had terminated. 

Estimates of the accuracy of the results were made by considering the 

spread of the points on the graph, and, where there were more than ten 

independent reflections used, calculating values and a standard deviation 

from the simplified least squares formula: 

Y 	In .X + 0 ; 	where 5i = gradient of the best straight line, 

- 	
mean value of the variables, 

M 	T 2 	' 	 intercept of the best straight line, 

X ,Y1  = difference between each value of a 

variable and its mean. 
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This formula assumes that the relative accuracy of one of the variables 

is much greater than that of the other. Here, the relative accuracy of the 

reoiprooal dimensions is very poor, despite the fair absolute accuracy; 

the sin 28 values are relatively more accurate, though absolutely less so. 

The results obtained, and three times their estimated standard 

deviations, are: 

a 	12.233 ± 0.009 

b w 17.889 ± 0.013 

= 7,596 ± 0.006 

An attempt was made to check these results using the powder diffract-

ometer, but the intensities obtained were too weak for accurate measure-

ment. It was noted that the powder samples were not stable, the traces 

obtained changed after even as short a time as a few minutes. This was 

clearly due to a change in the state of hydration of the material, presum-

ably caused by the crystals absorbing atmospheric water vapour. For 

single crystal samples it appeared that only a very thin outer layer 

was affected in this way, but this did suggest that very small single 

crystals might be unreliable.. 

From the above cell parameters, assuming that there were two mole-

cules of water of crystallisation per c , -trehalose molecule, and that 

Z = J, the density was calculated to be 1.511 g.cm' 3. This was in fort-

uitously good agreement with the observed value of 1.512 g.cm 3, since 

the combined errors of observation amounted to far more than 1 in 1,500. 
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2. THE INTENSITY DATA 

(a) The Collection of the Intensity Data. 

Accurate absorption corrections can easily be made for crystals which 

are either spherical or cylindrical, with the restriction that in the 

latter case the axis of the cylinder must coincide with the axis of rotat-

ion of the crystal. Since it was intended that one specimen be used to 

obtain photographs with the crystal rotating about all three orystallo-

graphio axes. it was decided to use a spherical specimen, ground to shape 

on emery paper (w. L. Bond, 1951). The process of grinding a sphere may 

break up the internal order of the crystal and thus reduce the effects 

of secondary extinction. 

Although there is no "optimum size" for a spherical crystal, several 

factors must be considered in deciding the size of the specimen. If the 

crystal is large the range of absorption corrections will also be large, 

a source of error, and the crystal may not be totally "immersed" in the 

X-ray beam. On the other hand, if the crystal is small then longer times 

will be required for its exposure, and it will be relatively more 

affected by the thin layer of atypical material on the outside which is 

due to hydration effects. The linear absorption coefficient of the 

crystals was found using the equation (M. J. Buerger, 1942, p.181): 

+-J 	P, )C + 

where IAt,= linear absorption coefficient, 
= density (g.cm 3) 
= proportion of oxygen, etc., 

= atomic absorption coefficient of oxygen, etc.. 
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Hence it was found, that p=  12.2 cm-1. If r = the ratio between the 

values of the absorption correction at e = 900 and.  0,  then: 

R 

2 2.6 1.64 mm 

1 1.37 0.82 

0.5 1.09 0.41 

A crystal of radius about 0.4 mm was felt to be a good compromise, as it 

was small enough to be totally immersed in the X-ray beam and any error 

in the absorption correction would be small. 

As the crystals have a pronounced cleavage plane, the application of 

thermal shook treatment to break up their internal order and so reduce the 

secondary extinction errors did not seeM wise. Past experience of sacohar-

ide structures suggosted that these errors were likely to be very small, 

so it was hoped that the shook necessarily experienced by the crystal in 

the grinding process would prove adequate for this purpose. 

Grinding a suitable specimen was made difficult by the cleavage plane. 

Prolonged gentle grinding of roughly cubical segments yielded products 

which were pronouncedly elliptical. It was found that grinding for only 

five minutes at a faster rate gave either a good approximation to a 

sphere, or, more frequently, a fine powder. When a suitable crystal was 

obtained it had to be mounted at random and then adjusted to the desired 

orientation by means of oscillation photographs. The first sphere to be 

photographed broke in half overnight, when the X-ray generator and the 

camera were both switched off! This happened when the crystal was being 

orientated. A second sphere fractured at a similar stage. 



A third sphere, very slightly elongated, had mean radius = 0.3 mm. 

It was successfully mounted on the oqui-inolination camera and aligned to 

rotate about its z axis. qui-inclination Weissenberg photographs were 

taken of the layers t = 0 to 2 = 5, then the crystal was re-oriented about 

the crystallographic y axis and photographs were obtained of the layers 

Ic a 0 and k = 1. At this point this crystal cracked so a fourth sphere 

was now ground. It had a moan radius of 0,37  mm and was closely spherical. 

It was used for photographs up the y axis, for Ic = 0 to k = 14, and the 

x axis, for h = 0 to h = 9. The maxswn equi-inolinstion angle attained 

was about 360 , the practical limit on the camera used. The equl-inclination 

angles were calculated from the expression- 

sin 
7 	where v 	equi-inclination angle1  

	

p 	- 	, 	 /0 

	

0 	
- 	 3 = reciprocal lattice height. 

They were checked from a chart (M. J. Buerger, 1942, p.294) and the 

Weissenberg screen settings were found from a graph (ibid., p.295). For 

each layer a test strip was exposed., to ensure that no spots would be out 

off accidentally by the screens. 

Photographs were taken using multiple packs of three films. Fresh 

developer was made up fairly frequently. For each layer two exposures 

were made, one of seven hours and the other of twenty-five minutes, which 

corresponded to two complete oscillations through the 197°  range used. 

The X-ray generator was run continuously for the shorter exposure and 

the shutter was opened and closed manually as the camera reversed at 

the end of a traverse. 
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An intensity strip was prepared for both the crystals used. This 

was done by using the Weiasenborg screens to expose only a very small 

portion of film at a time, and recording a 5 oscillation photograph. 

Successive portions of the film received increasing exposures of from 1 

up to 60 oscillations. For all except the lower end of the scale the 

increase in exposure from one strip to the next was between 7 and. 10.. 

A low angle reflection, forming a circular spot, which was barely disc-

ernible on the weakest strip was chosen as the foundation of the scale, 

and the rest of the film was masked off. The object of the intensity 

strip was to allow for any non-linearity in the response of the film. 

The intensities of those spots on each film which fell within the 

range of the intensity strip were now measured. As the eye is an effic-

ient integrator, allowance for spot shape variation was incorporated 

into the measurements as they were made. The large spot size, and the 

approximately circular spot shape facilitated this. Indeed, trials sugg-

ested that it would be very difficult to avoid making some correction to 

the intensities in this fashion, so that the application of a theoretical 

spot shape correction would probably have produced. inferior results. The 

only serious errors arose for spots close to the middle of films taken 

at high Pe angles. In these oases both the extended and contracted forms 

of the reflection were measured and their harmonic mean taken to be 

correct. In the case of the highest order reflections complete separation 

of the reflection into its 	and 2 components occurred and it was found 

that the most accurate procedure was to measure only the o component 

and then add 5Q to the measured value. 
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In some zero layer photographs very weak spots were noticed in 

positions forbidden by the space group extinctions. These were identified 

as Renninger reflections, due to multiple diffraction. (They were almost 

certainly due to double diffraction, otherwise they would have been too 

weak to observe.) This identification was based on (a) the spots were very 

small because of the extremely demanding geometry of multiple diffraction; 

(b) they varied in intensity when photographs were taken about different 

axes; (c) they disappeared when the crystal was set very slightly off 

the axis. Since all these spots were very week, it was assumed that double 

diffraction would not have a significant effect on any of the measured 

intensities. It could only be important in the case of a weak spot, and 

then the peculiar intensity profile of the spot would be sure to attract 

attention. 

(b) The Correction and Sealing of the Intensity Data. 

The data collected were readily scaled in individual layers. The 

ratio of intensities between two adjacent films from a pack lay in the 

range 2.9 to 3.0. The precise value of this factor was always found exper-

imentally, for which purpose it was necessary to weight down the values 

at both the top and the bottom of the scale of the intensity strip. 

Lorents, polarisation and absorption corrections were applied simultan-

eously using a program written by Or. Harding for the KDF9 computer. 

The sets of intensity data from the two different spheres were now 

treated separately. Both sets of data were scaled in the usual way, using 

those spots which were measured twice, about two different axes. The very 

weak, the very strong. the very low angle and the high angle reflections 
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were weighted down as they were likely to be less accurate. Investigation 

revealed that this weighting had little effect on the ratios obtained, 

which was just as well since for some of the higher layer films these 

conditions had to be relaxed in order to obtain a reasonable number of 

common reflections. The two sets of data were scaled together in the 

same way. The final value of each intensity was taken to be the arith-

metic mean of all the separate scaled. values. 

In all there were approximately 5,500 measurements which gave a 

total of 2,097  observed reflections and 52 non-systematic absences, i.e. 

2,349 independent reflections. The number of reflections, excluding 

systematic absences, which were accessible with copper radiation was 

calculated to be approximately 2,172.  Thus intensities were measured for 

98.9% of the theoretically accessible reflections, although some of these 

were estimated to be zero. 

The standard deviation of an observed structure factor which has 

been measured twice can be estimated. (3. A. Ibers, 1956) according to 

the equation: 	
0.89 )II 1?  21 

where 	and 2I are the two observed values. 

Values calculated from this equation give an idea of the accuracy of 

the observed data. It was found that the bulk of the observed IO1 data 

had a standard deviation of about 55,  but that the very weakest and 

strongest intensities led to considerably worse values (Table 1). These 

results also indicate the accuracy to be expected in the final refine-

ment of the correct structure. 
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TABLE I 

The Accuracy of the 	-treha1ose Intensity Data. 

Range of I ND T(F) 

1- 	9 305 30.4 

10- 	29 934 15.4 

30- 	59 809 9.0 

6o - 	.99 694 7.2 

100 - 	199 868 5.6 

200 - 	299 440 5.2 

300 - 	399 254. 5,4 

400 - 499 16o 5.2 

500 - 	599 143 4.6 

600 - 	799 183 5.6 

800 - 	999 121 4.8 

1000 - 1999 185 5.2 

2000 - 2999 126 5.2 

3000 - 4999 4-8 8.4. 

>1 5000 9.4 

52) 9.1+ 

NI) represents the nuniber of duplicated measurements. 
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(o) Intensity Statistics. 

We can express the observed intensity, 1QL)8' in terms of the unknown 

atomic positions, x, y and z, where f is the atomic scattering factor 

of the n th atom, as follows: 

'obs = K f>.ex 2i(hx+ky~z 	.oxp(-2B. sin2e/-) 

The summation is over all the IN atoms in the unit cell, and ô represents 

the mean temperature factor for all the atoms. The corresponding structure 

factor, robs' is given by the expression: 

= J'obs 	 21ri(hX~ky4z) . exp(_B.sin2e/) 

In order to find, the mean temperature factor, B. for all the atoms in the 

unit cell and the scale factor required to convert the data to the absol-

ute scale, the usual method was employed (A. J. C. Wilson, 1942). A 

program was available to perform this calculation on the Atlas computer. 

iUl the intensities, excluding only those which were systematically 

absent, were used.. The program resolved the data into twenty equal ranges 

of sin 2 
9 and worked out the mean IF obs 2 and the mean Yf n 2 for each 

range. Only the oxygen and carbon atoms were considered, as the hydrogen 

atoms make little contribution to the intensities of low order reflections 

and almost none to those of high orders. 

( , 	2\ 
in I obs 	1 - in K 

2 ) 
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Gonerally, 	in obs 
 2 ) 	

In K - 2B, sin 

"once if a graph of in 	ob 
	

is lotted against sin 9, K may be 

evaluated from the intercept and B from the slope. 

The graph obtained for .c-trehaiose was not a straight line but was 

perturbed, presumably clue to the fact that instead of the assumed random 

distribution of atoms, they are instead very frequently 1.5 or 2.5 

removed from other atome. The results obtained were K = 087 and 

= 2.3 	The mean thermal parameter was thus comparable in magnitude 

to the corresponding values for other sugar structures. 

The program also plotted the N(Z) distribution (s. R. Howells, 

D. C Phillips and D. Rogers, 1950) for all the data and separately for 

the (ok..). (hat) and. (hko) sets of projection data. The results are shown 

below (Table 2), comparing the fractions, N(Z), of reflections whose 

intensities are equal to, or less than, a fraction Z of the average 

intensity. These results show that the three projections are all centre- 

symmetric, whereas the data as a whole belong to a non-.centrosymmetrio 

space group. This was a confirmation that the space group was assigned 

correctly. 
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TABLE 2 

The N( z) Test for ° -trehalose. 

Theoretical Obaex'veti N(Z) 

Z Centro Non (h1c,) (CUcL) (h0) (hko) 

0.1 0.25 0.10 0.08 0.18 0.17 0.18 

0.2 0.34 0.18 0.17 0.26 0.28 0.28 

0.3 0.42 0.26 0.26 0.32 0.38 0.38 

0.4 0.47 0.33 033 0.37 0.44 0.4.5 

0.5 0.52 0.39 0.4.0 0.4.3 0.49 0.52 

0.6 0.6 045 0.47 0.49 0.53 0.58 

0.7 o.6o 0.50 0.52 0.58 0.58 0.62 

0.8 0.63 0.55 0.56 0.63 o.6o 0.67 

0.9 0.66 0.59 0.61 0.67 0.62 0.69 

1.0 0.68 0.63 0.65 0.69 0.69 0.71 
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3. THE PATTRSUN \PPRoyi 

(a) Preliminary Oisouasion. 

Before any Patterson summation is calculated, consideration must be 

given to the possibility of modifying the Fourier coefficients. There is 
The 

nothing eacrocanot about the observed intensities, dnoe thaAobserved  mean 
to some ext 

temperature fctor, opends on the precise conditions of crystal growth, 

while the form factors depend on the distances between electrons and the 

nucleus. Both these factors are, as far as the would-be solver of a 

structure is concerned, quite arbitrary. The observed, data without any 

modification will be dominated by the low angle reflections, so that a 

map will suffer from poor resolution, but on the other hand the effect of 

any sharpening must be considered carefully. 

It is not always helpful to sharpen a Patterson map to such an extent 

as the "point atom at rests' approximation, in which the fall-off due to 

thermal vibration and the form factor contribution are both eliminated. 

The very high order reflections, which are measured loss accurately, 

would then be weighted as heavily as all the other data. The use of a 

small portion of the infinite reciprocal lattice, with a sharp cut-off 

limit, would give rise to serious series termination effects. This effect 

could, of course, be reduced by using radiation of shorter wavelength 

to sample a larger volume of reciprocal space, at the cost of much extra 

labour. In short, the sharper a Patterson map becomes the more detail 

it contains, but the extra detail 'flay be spurious. 

As a compromise, a modest amount of sharpening was utilised for 

o,o&_trehalose. The peaks initially sought were of multiple weight. 
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Those peaks were unlikely to be lost in spurious background due to 

sharpening and it was thought that in the absence of any sharpening they 

might be too diffuse for accurate measurement. In any case the worst 

'diffraction ripples" were expected close to the origin of the map, so 

since the peaks closest to the origin are multiple weight peaks 1.5 and. 

2 .5 1 distant from it no such difficulties were anticipated. 

In applying sharpening to the observed intensities full allowance 

was made for the thermal motion of the atoms using B a 2.3 R2 as found 

from the Wilson plot. For the form factor contribution the hydrogen atoms 

were ignored and the nitrogen curve was taken as a reasonable approxim-

ation to the appropriate function of the carbon and oxygen curves. 

The function 	7 + f) / 2} 
2 
 was used instead of fff2S  This had the 

effect of reducing the weight of intensities as 6 -+ 90o. Close to 90 

an intensity was weighted down by a factor of six compared to the effect 

of point atom at rest sharpening. 

The sharpening of the coefficients and the summation were carried 

out by the Atlas computer, using a program made available by Dr. Harding. 

The Patterson map corresponding to space group P21212.1  has symmetry Pmmm, 

so that the asymmetric unit is one eighth of the unit cell. The summation 

was therefore from 0 to up each cell edge. The intervals between sect-

ions were chosen to be less than 0.3 R in order not to miss any important 

detail. At a later time a second three-dimensional Patterson synthesis 

was computed with less sharpening; only a part of the thermal vibration 

was allowed for. This map was naturally of much lower resolution than 

the original one. The three Harker sections from the original map are 

shown (figs 4. 5 and. 6) along with one from the second map (fig 7). 
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A composite map, obtained by projecting the original three-dimensional 

synthesis on to (001) is also shown (fig 8). 

It was obvious that in projection there would be a considerable 

amount of overlap of vectors so it was ãeoidod to compute several maps 

for each projection. One map for each projection was computed with very 

little sharpening using the Beevers-Lipson strips (H. Lipson and C. A. 

Beavers, 1936). Two further maps were computed for each projection using 

a program written by Dr. Gould; one of these employed point atom at rest 

sharpening and the other contained only the thermal vibration contribution. 

The maps calculated by hand were of too low resolution to be of any use, 

and the projections down the 17.9 t axis suffered from very considerable 

overlap. Some of the maps obtained are shown (figs 9 - 13). 

(b) The Orientations of the Pyranoid Rings. 

The characteristic set of six 1.5 11 vectors, between atoms bonded 

together, and six 2.5 R vectors, between next nearest neighbours, has 

been used to determine the orientation of a pyranoid ring in a sugar 

structure on many previous occasions (c. A. Beevers and T. R. R. McDonald, 

1950, at seq.). The method used is a very powerful one, as the region of 

Patterson space which contains the peaks corresponding to these vectors 

contains very few other peaks, which should be of much lower heights 

than those sought. In the ,-treha1ose molecule forty out of forty-

eight 1.5 . vectors and fifty-six out or seventy 2.5 R vectors belong to 

these sets. 
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The region of the three-dimensional Patterson map within 3 a of the 

origin was now scrutinised. A model was made on a cork board, using wire 

spokes to support the pieces of plastic which represented the peaks found. 

All the symmetry-related peaks were included in the model. It was now com-

pared to the projection Patterson maps, confirming that they were consist-

ent with the three-dimensional synthesis. A search was now made for sets 

of six coplanar peaks centred on the origin, with 600  between adjacent 

peaks. For any set of 2.5 1 vectors there are two possible arrangements 

of the 1.5 R vectors, so this ambiguity was resolved. 

The orientation of one ring was readily determined. One of its 2.5 

vectors lay parallel to .1, so there was a mirror plane through the ring 

parallel to the (100) plane. Some peaks were therefore accidentally 

superimposed on each other. Omitting the aentrosymmetrically related 

vectors, those obtained were: 

X 	 y 	a 

	

2.5 	24/120 	0 	0 

12/120 8/120 30/120 

	

1.5 	0 	5/120 18/120 

12/120 	0 	12/120 

This accidental symmetry or near-symmetry had two consequences. Firstly, 

it made the orientation of this ring very obvious, since the peaks were 

weighted up even above the expected levels. Secondly, it made the deter-

mination of the exact orientation of the ring impossible, although it was 

suspected that the deviation from the symmetrical position was a small 

one since the peaks in the Patterson map were quite symmetrical. It could 
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be argued, however, that this roundness of the peaks was merely an arte-

fact of the sharpening process, so little weight was given to this 

consideration. 

It proved to be more difficult to establish the orientation of the 

second ring. It was clear, from packing considerations, that since the 

first ring lay roughly perpendicular to b, the longest axis of the unit 

cell, the second ring must be extended in this direction. An appropriate 

orientation was deduced, which was later found to be correct. The fit of 

the 2.5 . vectors was less than convincing, so use was made of the 3 

vectors which join opposite vortices of the ring in order to obtain more 

precise values. The vectors obtained were: 

X y 

2.5 	7/120 11./120 16/120 

16/120 9/120 18/120 

10/120 5/120 33/120 

1.5 	5/120 9/120 0 

0 5/120 20/120 

12/120 0 14/120 

A model of the molecule was now used to confirm that the two ring orient-

ations were compatible. Several ways of joining rings in these orientat-

ions yield satisfactory geometry at the ginoosidic linkage. 

(c) The Harker Sections.. 

Although the correct structure was almost certain to fit the three 

Harker sections of the three-dimensional Patterson map very well, the 
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utilisation of the Harker sections in order to solve the structure pre-

sented a very difficult problem. This was because the image contained 

in each Harker section is on twice the scale of the unit cell, whereas 

the asymmetric unit of the Harker section covers one quarter of the unit 

cell, so that four images are superimposed on one another. There is also 

the problem of non-Harker peaks which accidentally appear in the section. 

The true Harker vectors are those between atoms related by the screw axes, 

which therefore appear in the sections P(1,y,z), P(x,4,z) and P(x,y,-) 

of the Patterson map. 

An attempt was made to make better use of the Harker sections by the 

expedient of subtracting the values of, e.e. P(29/60,y,$) from (r,y,z). 

This procedure (T. IL IL McDonald, 1950) is based on the assumption that 

whereas a true Harker peak ought to have its maximum value at x = 	a 

peak which is accidentally close to the Harker section may have its max-

imum value at, say, x = 29/60. The difference map thus obtained should 

be rid of many of the background peaks, but some of the true Harker peaks 

may be removed by accident. In the event, attempts to locate rings in the 

known orientations failed to provide any useful information. 

A much more powerful way of utilising the three Harker sections is to 

generate a symmetry minimum function (p. G. Simpson, R. D. Dobrott and 

W. N. Lipscomb, 1965).  A three-dimensional map is produced by taking each 

point (x, y, z), comparing the projection of that point on to the three 

Harker sections and selecting the lowest value. Care must be exercised 

in displacing the origin of each of the three sections, since in space 

group P212121  none of the screw axes passes through the origin, whereas 

for each Marker section the projection of the screw axis does. This nap 
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was generated by hand, a simple but tedious process. The resultant map 

contained too many peaks to be interpretable. Overall, the Harker 

sections were of no use in solving the structure, although they did 

find use later, in order to check the plausibility of trial structures. 

(d) The Projection Patterson Maps. 

The Patterson summation in one, two or three dimensions may be 

expressed as: 

I F 
2.exp(-2wihu) 

where h represents the Miller index or indices of a reflection 

and u a point In real space. 

It was pointed out (A. L. Patterson, 199) that there exists a related 

series: 

Z 2 	exp(-2-niyh 

This series measures the extent of symmetry about any point Uj. It can 

only be calculated when the h values used all belong to a centrosyinmetrie 

zone of reflections, in which case the two series are identical. The 

Patterson map may then be regarded as a map of the extent of oentrosymm-

etry about each point in the unit cell. A peak at the point 2u in the 

Patterson map corresponds to a high measure of centrosymmetry about the 

point u in real space. 

In space group P2 1212.1  there are three centrosyinmetric projections, 

i.e. the projections down the screw axes. If there is a group of atoms 

centrosynimetrioally disposed about the point (x,y,z) in the unit cell, 

then a peak is expected in each of the Patterson projections, at the 
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following positions: 

Projection 	 Co-ordinates 

(100) 	 - 	 -2y 	2z 

(oio) 	 2x 	- 	 -2z 

(001) 	 -2x 	2y - 

The reason for the presence of such terms as (• - 2x) is that if the 

conventional choice of origin is made for P212121, then none of the screw 

axes passes through the origin. In the case of -D-gluooso (C. A. Beevers 

and. P. R. R, McDonald, 1950 and. P. R. R. McDonald, 1950) the identification 

of these vectors established the position of the ring in the unit cell, so 

this method is a powerful one. 

The ey_treha1ose molecule was expected to consist of two chemically 

identical but crystallographically unrelated glucose rings. It can be 

seen (fig 1) that there are equatorial substituents on atoms C(2), C(3), 

and C(5) if the molecule is in the expected conformation. There are 

therefore eight atoms centroe3numetrically disposed about the centre of 

the ring. Similarly, about the centres of the G(2) - CO), C(3) - c(4) 

and c(4.) - C(5) bonds there are six atoms approximately related by a 

centre of symmetry. The corresponding numbers for the c(i) - C(2), 

- 0(5) and. c(i) - 0(5) bonds are four, four and two respectiv-

ely. These satellite peaks might be expected to assist in the identific-

ation of the peak corresponding to the centre of the ring. If the ring 

orientation is known, then the distribution of these satellite peaks 

about the central peak may be calculated. 
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The moderately sharpened projection maps (figs 9, U and 13) were 

not well resolved and the highly sharpened maps (figs 10 and 12) possibly 

contained spurious resolution, so pairs of maps were considered together. 

The (010) projection Patterson maps were very poorly resolved and so 

they were neglected except as a chock on possible interpretations of the 

other maps. 

From the (001) map the correct location of the first ring was readily 

obtained, i.e. the ring with a 2.5 vector parallel to a. All of the 

satellite peaks were found. An examination of the Harker section at 

(x,y,i) confirmed this result. Although packing considerations did dictate 

the position of the gluoosidio linkage and the approate position of the 

second ring, it was not possible to identify the centre-centre peak due 

to this ring. This was partly because this peak did not show up at all 

well and partly because the expected position of the peak was close to 

the intersection of two mirror planes in the (001) projection Patterson 

map. Thus if any peak were selected, then four possible positions of the 

centre of the ring in real space had to be considered. 

Several possible locations of the ring were tried. For each of them 

there were four possible orientations of the ring, some more likely than 

others. There was also an ambiguity of labelling the atoms in the rings, 

for two ways were possible. Thus there were no fewer than thirty-two 

possible trial structures based on each assignation of the centre-centre 

vector! Structure factors were calculated for the more plausible trial 

structures and refinement by Fourier and difference i'ourier syntheses 

was begun for the more promising ones. These attempts always failed, the 

refinement usually terminated with the conventional residual, R (defined. 



- 35 - 

as 	- 	/)' 	) red iced to about 40 - 1+9. The ato 	the obs 	cab 	caic 

second ring tended to have lower peak heights than those of the first ring 

in the electron density syntheses and to lie on negative ground in the 

difference Fourier maps. Calculating structure factors and. a Fourier syn-

thesis from only the atoms of the first ring indicated that the remaining 

atoms my in the expected region, but the peaks obtained were very low 

and of poor resolution so that no further atoms were located. The failure 

to find, the atoms of the second ring was the reason why a complete 

structure was not obtained by these methods. 

The (lao) projection Patterson map was now used to attempt to overcome 

this difficulty. This projection is down the 12.2 R axis but is favoured 

by the accidental symmetry of the first ring. The 2.5 . vector parallel 

to a causes four atoms to be projected almost on top of four others, as 

is shown in a drawing of the final structure (fig 18, following p.69). 

These four double atoms were expected to have a greater influence on the 

phases of the (aid,) reflections than eight single atoms would have had. A 

further advantage of working in this projection was that the four possible 

orientations of the unlocated second ring were very similar when viewed 

down the x axis. 

Locating the centre of the first ring in the (100) projection led to 

an error. The value of (± - 2y) for the centre-centre peak was known so 

only the value of 2z had to be found. There was only one large peak lying 

on the appropriate line in the (100) projection Patterson map and this 

interpretation did not agree well with the Harker section. This peak was 

utilised, however, and a trial structure was obtained which was refined 

to a residual, R = 3. It then became clear that this structure was 
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incorrect, for the atoms tended to refine towards positions which did 

not make chemical sense. As the low value of the residual suggests, this 

structure was closely related to the correct solution. The molecule was 

in the correct orientation but was displaced along the z axis from its 

true position. 

It was apparent that the error lay in the value of z for the rings 

and that the first ring had not been positioned correctly in the (100) 

projection. The two projection maps (figs 11 and 12) and the (-,y,z) 

Harker section (fig) were now examined together to obtain a new posit-

ion for the ring centre. There was considerable uncertainty about the 

precise value of z for the centre of the first ring. The agreement between 

the Harker section and the projection maps was poor. A compromise value 

was obtained, which was later shown to be correct, approximately. Trial 

and error methods were used in an effort to obtain a more exact value, 

but since the atoms concerned did not constitute a very large proportion 

of the scattering matter, they were unsuccessful. 

The positions where the centre-centre vectors should give rise to 

large peaks are marked on the maps shown (figs 9 - 13). It appears that 

this two-dimensional approach to the solution of the structure of 

trehalose was almost doomed to failure from the outset, for the only 

really convincing centre-centre peak is that due to the first ring in 

the (001) projection. The three-dimensional Patterson map projected on to 

(001) also fails to show the position of the centre-centre peak for the 

second ring clearly, despite the fact that this map was based on all the 

intensity data. In the end, the very good results for the first ring in 

the (001) projection were more of a hindrance than a help, for they 
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encouraged the belief that the second ring could also be located easily 

by this method, which led to many fruitless efforts to obtain a suitable 

fit of the (aol) projection Patterson maps. 

(e) Image Seeking Functions. 

The sum function was applied to this problem, but it failed to yield 

any useful information. This was probably because the Patterson map did 

include a very large number of peaks which caused the background of the 

sum function to swamp the genuine information which it doubtless contained. 

An accumulation of single weight vectors is not likely to give rise to 

a large clear peek for a moderately complex structure such as this. The 

minimum function, which was tried next, is superior to the sum function 

in this respect. 

It has been recommended that unsharpened Patterson syntheses be used 

for the generation of minimum function maps, by one authority (Li. J. 

Buerger, 1959).  For ceflobiose, the only sugar structure to be solved 

by this method (R. A. Jacobson, J. A. Wunderlich and W. N. Lipscomb, 

1961), sharpening was found to be essential. The usual exponential 

sharpening process failed to produce adequate resolution and so the 

gradient sharpening function was used instead, with success. It was in 

view of these conflicting opinions that it was decided to compute the 

second, less sharp. three-dimensional Patterson summation which was 

mentioned above (p.27).  This new map, which was written on to magnetic 

tape by the KDF9 computer, was used for most of the minimum function 

calculations described, though some of the work was duplicated using the 

earlier, sharper, map. 
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The Input Positions for the Minimum Function. 

Set x y a 

A -12/120 -4/120 -10/120 

B 0 -2/120 -20/120 

A 12/120 -4/120 -10/120 

A 12/120 4/120 10/120 

B 0 2/120 20/120 

A -12/120 4/120 10/120 

The minimum function was first employed, to try to discover the exaot 

orientation of the rings. The relative positions of the six atoms of the 

first ring (Table 3) were now used as input positions in an attempt to 

discover the orientation of the whole molecule. Since a graphical super-

position based on six atoms would have been very time-consuming, a 

numerical minimisation was undertaken instead.. There was a mirror piano, 

perpendicular to a, and a centre of symmetry in both the Patterson map and 

the set of input positions. Consequently, the output map contained four 

related images superimposed on one another and the input atoms could be 

divided into two sets, A and B, of equivalent atoms. It was expected that 

a peak corresponding to an equatorial substituont atom would appear for 

both sets of input atoms, but that an axial aubstituent would appear for 

only one set. This was because the only axial substituent to the ring is 

atom 0(1), bonded to C(i). Unfortunately, both axial and equatorial 

substituents appeared on both sets of atoms. 
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In an attempt to overcome this difficulty, it was argued that the 

axial subatituent could be assigned to either an A or a B type atom. 

This defined, the position of atom C( 1) in the ring, and opposite to it 

was c(4.), bonded to 0(3) and. 0(5). The latter three atoms all bear 

equatorial substituonts, so that ten atoms could be located. There were 

now two possible arrangements to consider. It was anticipated that one of 

them would give a markedly better fit with the three-dimensional Patterson 

map than the ether. The two alternatives, however, gave equally good fits, 

although in both oases some slight rotation of the ring from its symmet-

rical position improved the peak heights at the atomic positions. 

Lastly, an attempt was made to locate the ring in the unit cell. A 

computer program written by )r. Candlin for the KD9 computer was used to 

carry out a minimisation based on twelve atoms which constituted one ring 

and another related to it by the screw symmetry parallel to q. This 

approach also failed, probably due to three factors: firstly, the input 

positions were somewhat inaccurate; secondly, elsewhere in the unit cell 

there were other, smaller, groups of atoms in approximately the same 

orientation as those of the starting set; thirdly, the background of 

the Patterson map was too high. Thus the only achievements of the work 

done with the minimum function were to confirm the known ring orientat-

ions and to suggest that the glucose residues were in the expected 

conformation. 
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4. DIRECT MiTHJDS OF PFtA31 1)TllMINX1'I0i 

(a) The Centrosymmetric Projections. 

A new and different approach to the problem had much to roe commend. 

it, so the triple product sign relationship (B. M. Sayre, 1952) was 

applied to the three centrosymmetric zones of reflections.'Following 

roughly the terminology used by Professor Woolf son (in H. Lipson and 

W. Cochran, 1966) the relationship states that for three reflections of 

Miller indices h, k and h-k. with unitary structure factors u( h), u(k) 

and U(h-k) and signs 5(h). 5(k) and s(h-k) respectively, then: 

3(h).S(ic).S(h-k) 	' 	+1 

where 	signifies "is probably equal to". 

The probability, P, that a particular relation is correct has been shown 

(/. Cochran and. L. M. Woolf son, 1955) to be given by: 

P 	+ .tanh {4 	.kJ(h).u(k).u(h_k )1} 

where =in.3 	 f/f 

(flj  is the unitary scattering factor) 

The structures of c-D-glucose monohydrate, which crystallises in space 

group P2. (R. C. G. Killean, W. G. Ferrier and B. W. Young, 1962) and 

13-D-g].ucoae, which crystallises in space group P212121 (w. G. Ferrier, 

1963) have been solved by the use of sign relationships, utilising the 

method of coincidences (B. F. Grant, R. G. Howells and B. Rogers, 1957). 



The average temperature factor and the scale factor obtained from 

the Wilson plot were now used to calculate unitary structure factors. 

The values for the (hoo), (oko) and (oot) reflections were then divided 

by .,Th1  in order to take account of the systematic absences which occur 

in these groups of reflections. For one projection at a time, the U(h) 

greater than 0.1 were marked out on a grid. By graphical superposition 

all the sets of reflections h, k and h-k were obtained. The out-off value 

was chosen arbitrarily in order to restrict the list of relations to the 

more reliable ones. 

One sign was now set arbitrarily for the largest U(h) in two of the 

three parity sub-groups (evenodd), (odd,oven) and (odd,oeid). In plane 

group pgg there are four possible choices of origin so this fixing of 

signs determined the choice of origin. Two or three other reflections 

were assigned symbols to represent unknown signs, following the "symbolic 

addition" procedure (I. L. Kar].e and J. Carlo, 1963 inter alia). From 

these starting signs further signs were deduced using the triple product 

sign relationship. Since there were more relations than U(h) values, 

some confirmation of the correctness of the process was obtained and 

some of the unknown symbols rere determined. A Fourier map was then 

calculated using the U(h) values as coefficients and the signs evaluated. 

It appeared that the amount of reflection data available was inadequate 

for a structure of this complexity, for none of the maps obtained was 

capable of interpretation. 
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(b) Phase Relationships for Non-oentrosymmetric Reflections. 

The first structure to be solved using phase relationships between 

non-oentrosymmetric reflections (I. L. Kane and J. Kane, 1964) belonged 

to space group 	This work demonstrated the viability of the 

methods which were subsequently described in more detail (3. Kane and 

I. L. Kane, 1966). These de;entie1 mainly on the use of two particular 

relationships, the so-called Y2  relationship and the tangent formula. 

The derivation of these. and other, relationships is based on the assump-

tion that the electron density distribution is a non-negative function. 

Two further assumptions are made in order to simplify the mathematical 

calculations, firstly that the atoms, or more strictly squared atoms, are 

spherically symmetrical and consequently distinct, and secondly that all 

the atoms in the unit oe].l are of equal magnitude. The relaxation of 

these two conditions would not be expected to affect the validity of the 

relationships deduced, although it would alter the error, usually expressed 

as a variance, with which a phase would be deduced. 

It has been shown (w. Cochran, 1955) that for three structure factors 

of ilier indices h, k and h-Ic the expected value of the phase 	is: 

+ cphk 

A simple form of the 	re]ation3h:Lp averages all the pairs of large 

normalised structure factors, E which contribute to the right hand 

side of the above expression. The average is to be understood as the value 

which gives maximum clustering of the contributions of individual pairs, 

i.e. there should be the minimum possible deviations of these contributors 

from the average value. A more sophisticated variant includes a weighting 



term to allow for the fact that the larger the normalised structure 

factors 18kj and 	are, the smaller is the probable error in ph: 

IJkh_kI (P + 

r 

where ICr implies that k ranges only over those vectors 

associated with large kJ values. 

The normalised structure factors are not restricted to one octant of 

reciprocal space. but as they change octants their phases change. If the 

Miller indices of a reflection are (h1h,h3) then, using the conventional 

definition of the axes in space group P2.12121, the following changes occur: 

(h1+h2) (h2+h3) (h1hh3) (h2h3) (h12h3) (hh23) 

even even - -° 

even Ord &. 1-..& Ti 

odd. even 1TOS - 1i-d 

odd odd K - 

If the signs of all three indices change, then °k changes to -cc 

The tan{-ent formula (J. Kane and II. Hauptman, 19556 and. 1958) may be 

ecpresseL: 

tan 9h = 

The numerator and denominator of the right hand side of this expression 

are proportional to the probable values of 
'h 	Ph and JhI .008 Ph 

respectively. It was pointed out that it is thus possible to obtain an 
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unsealed value of j 2 When a set of phases has been calculated by 

means of the tangent formula, those I\ 	values may be summed and re- 

scaled toIkh obs A residual may he calculated in the usual way, as a 

measure of the self-consistency of the set of phases obtained (3. Kane 

and I. L. Kane, 1966). There is a close similarity between the tangent 

formula and the , relationship, for they both make use of the same 

pairs of k and h-k reflections. The convenience of the tangent formula 

is that it can readily be calculated by computer, whereas the averaging 

or clustering process is more suited to hand. calculation. 

(o) Partial Solution of the Structure by Phase Relationships. 

The first necessary step was to convert the list of observed inten-

sities into norraalised, structure factor magnitudes, J i. Squared 

structure factor magnitudes, I.Vi 1 
2, were readily obtained using the scale 

factor and average temperature factor which had been deduced from the 

Wilson plot. These were then converted into normalised structure factor 

magnitudes by moans of the equation: 

2 

= 	.f 2  (h) 

whore E is a factor to correct for space group extinctions, 

which was discussed above (p.41). 

A program to carry out this calculation was written in tlas Autocode 

for the KDF9 computer. There were found to be 238 klh l >,,  1.50 of which 

65 were greater than 2.00. A list of the largest J 11 values Is presented 

later in this thesis (Appendix I). 
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Two further programs were written in Atlas /tut000de for the KDF9 

computer. The first produced a 
-2  listing. For each h all the contributing 

pairs k. h-k were listed with the value of Eh.1k.hkI  on which the 

accuracy of the calculated phase angle depends. The listing was restricted 

to values of 	1.50, for the computer time required by the listing 

increased with the cube of the number of khl  values used. The second 

program could extend or refine a set of phases by means of the tangent 

formula. The program printed out the number of contributing pairs for 

each 	as well as the value. 	caic values were also printed out, 

with the residual mentioned above (p.44) and the scale factor used. 

Although one of the advantages of the tangent formula is that it allows 

several iterations to be performed during one entry to the computer, this 

could not be arranged due to the limited size of the store of the 

computer. 

The phase determining procedure was based closely on that derived by 

the Karles (. Kane and I. L. Kanle,1966). The 7 relationship was used 

first in order to determine, if possible, the signs of those structure 

factors in the centrosyrimetric zones whose Miller indices were all even. 

This formula may be expressed: 

h +k Y(-3-) 
i 	

h.kL1 - i) 
j 

The magnitude of the sum gives an indication of the accuracy of the sign 

determined. The results of the application of this rolt:onship vre shorn 

(Table 4); the phases determined did not enter into many 	relations, 

and so they were not used except as confirmations of correctness later. 
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TABLE 4. 

The Results of the &pplioation of the i: Relationship. 

h k t NC I IS CS 

10 	0 0 2.12{• :} - - 

0 18 6 1.64 14 31.7 + + 

0 14. 0 2.18 f15 5.2 + + 
l 	9 3.3J 

1080 1.50 10 7.3 + + 

4. 	6 0 2.28 10 -7.3. - - 

3.0 3.6 0 1.55 9 6.5 + 

0 	4. 8 2.35 15 5.9 + + 

016 2 1.86 15 -5.8 - - 

1014 0 1.77 9 -4.7 - - 

10 	2 0 2.61 3.0 2.9 + + 

0 	4. 4. 1.70 16 -2.7 - + 

0 	2 8 1.94 3.5 -2.0 - + 

6 	4. 0 1.52 10 -1.8 - 

618 0 1.55 9 1.8 + + 

2 	0 8 3.93 22 -.1.]. - + 

4.20 0 1.96 9 o.6 + - 

NC represents the number of terms contributing, 

and. IS and. CS the indicated and correct signs. 
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It has been noted (e.g. G. Germain, P. Main and. M. M. Woolf son, 1970) 

that it is very important that a phase determination should get off to a 

good start. There were no clear guides as to how this might be achieved, 

so some empirical rules were established to govern the choice of the 

starting sot of phases. It was clear that four centrosnmetric reflections 

could be used to fix the origin and specify the enantiomorph. Reflections 

were chosen from the appropriate parity sub-groups which had high 'h1 

values and took part in as many relations as possible. The choice of 

further reflections to be assigned unknown symbols to represent their 

phases was a very open one. Three main conditions were considered: 

all possible values of each of the Miller indices must be reached 

quickly; 

new phases must be generated by relations with the highest possible 

values of the productEb.Ek.hkI; 

as many phases as possible must be generated in the least possible 

number of iterations. 

It was therefore necessary to consider a number of possible additions 

to the starting set in turn, to discover which would best satisfy these 

conditions. eventually two non-centrosymmotrio reflections were added to 

the set (see Table 5, p.4.8). 

For the first application of the , relationship only the 65 I i 

values 	2.00 were considered. Of these, three were not involved in any 

relations, so 96 relations involving 62 JEhI were used. From the set of 

six phases 23 new phases were rapidly deduced. The approxi:4Rte value of 

the unknown symbol a was found to be 0. The use of the > 2 relationship 

was now extended, for one iteration only, to the II values down to 1.50. 
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TABLE 5 

The Starting Set of Phases for Symbolic .Addition. 

h 	c 0. 
h Nr 

4 3 0 2,58 9 

9 2 TE 2.4.5 6 

5 	0 2 0 3.44 9 

9 	5 C) 3.25 10 

6 	8 3 a 2.86 15 

413 4 b 2.53 8 

Nr represents the number of relations in which h appeared. 

In this calculation phases were only acoepted as correct when there were 

two or more consistent indications. The aim of this extension of the use 

of the Y 
2 relationship was to evaluate the unknown symbol, b, which was 

found to be 7. . There was now only one set of phases to be fed into the 

tangent formula program, rather than several sets. 

When the tangent formula was applied to the 93 	values established 

80 far, no refinement took place. The value of b was now changed by 1. 

radians, so that two new slightly different sets of phases were obtained. 

These two sets were equally self-consistent, so one of them was chosen 

arbitrarily for further work. If it had proved necessary then the other 

set would also have been used. Altogether seven cycles of tangent formula 

calculations were carried out, as described below. The criteria for 

rejecting a calculated phase were either that the value obtained varied 
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greatly from one cycle to the next or that 	calo < 
	os or, in the 

case of a new phaso, that there were less than three or four contributing 

Ic, h-k pairs. 

Cycle 1: The set of 93 phases was refined. The mean shift in the 73 

non-centroeymmetrio phases, MS(73) = 0.059 radian. 

Cycle 2: The 93 phases were again refined, MS(73) = 0.039 radian. 

Phases were calculated for 73  new reflections for which 

1.80, of which 36 were accepted. 

Cycle 3: 129 phases were refined, of which 4 were rejected. For the others 

MS(101) 0.128 radian. 

Cycle 4-: 125 phases were refined, 143(101) 0.069 radian. 

Cycle 5: 125 phases were used but not refined. The phases of the other 

113 reflections for which 1E h I >, 1.50 were calculated, of which 

52 were accepted. 

Cycle 6: 177 phases were refined, MS(137) = 0.098 radian. 

Cycle 7: The phases of the remaining 61 reflections for which 	- 1.50 

and. the 82 reflections for which 1.50 > 	1.38 were 

calculated. Of these, 114 phases were accepted, making a. total 

of 291 phases determined. 

It would have been preferable to have continued the refinement but 

the computing time required was now estimated to be very large, so 

instead the phases were used, with the khl  values as coefficients, to 

compute an E-map (I. L. Kane, H. Hauptman. J Kane and. A. B. Wing, 1958). 

The use of normalised structure factors in place of the square roots of 

the observed intensities as Fourier coefficients is analogous to the 

"point atom at rest" sharpening of a Patterson summation. It has the same 
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effect of increasing the apparent resolution of the map. The eighteen 

largest peaks in this map are shown (fig 14). There are very many smaller 

peaks in the map, for the out-off level is just above the height of the 

background. The most striking feature of this map is readily identified 

as the glucose ring which had already been located by Patterson methods. 

All the carbon atoms were shown, but 0(2). 0(3)  and 0(6) wore missing. 

Peaks only slightly below the out-off level were found at the expected 

positions of 0(2) and 0(3)  but the position of 0(6) could not be estab-

lished unoquivocably. Its tentatively chosen position was later found to 

be correct. 

If more confidence had been placed in this 1-nap then it would have 

been adequate to solve the structure completely. Instead, a wrong line of 

attack was followed. The main reason for distrusting the s-map was the 

wide variation in the peak heights of the correctly located atoms. 

Other such maps in the literature generally showed closely uniform peak 

heights. The second reason for failing to make full use of the map was 

that it proved conclusively that the earlier Patterson approach had led 

to correct conclusions. It thus seemed very unlikely that the second ring, 

which did not show up at all well in the L.map, would not give rise to a 

good centre-centre peak in the (001) projection Patterson map. In addition 

the 1-map had now removed many of the uncertainties which had beset the 

earlier Patterson work, for the geometry of the first ring was now 

clearly established. Attempts to interpret the remaining peaks in the 

E-map using ring centre positions erroneously deduced from the (001) 

projection Patterson map failed. A Fourier synthesis using phases from 

the atoms of the first ring only was computed. This showed diffuse peaks 



'Pil l
,  FIRST E-MAP 	 PROJECTED ON TO (0 

It 

/ 

RJNG(2)/ 

(0,0) 

II 	RING(1) 

(fig 14) 



- 51 - 

in approximately the correct positions, but the resolution was too poor 

to allow the correct solution to be obtained.. 

An analysis of the accuracy of the phases determined in this way 

appears later (Table 8, p.57) and a full list of all the phases is given 

(Appendix I). Summarising the results, of the sixty phases of centroaymm-

etrio reflections determined only three were wrong. For the non-centro-

symmetric reflections the average error was 0.62 radian, i.e. 35.60 . 
The most disturbing feature of this analysis is that the errors are no 

smaller than average for the largest 1 hl. A graph of the distribution 

of errors for the non-oentrosymmetrio reflections is shown (fig 15). 

(ci) The Mtiltan System. 

This system of three programs, written in Fortran IV, was developed 

by G. Germain, P. Main and M. M. Woolf son to carry out automatic phase 

determinations for non-centrosymmetrie crystal structures. The first of 

the programs, designated SI(MA2, reads in JJh1  values and space group 

information. It produces a list, which is stored in the computer, of all 

possible 1 2  phase relations. Since this list may be very long, it is 

possible to restrict it. One limitation is that the user may specify 

that the value of the product 
1 'h'k 'I -k1 must be greater than a given 

figure, and another that only a specified number of relations, starting 

with the most reliable and working downwards, be kept. These restrictions 

may be used to eliminate many of the lees reliable relations, which are 

unimportant, with a consequent saving of computing time and store space. 

The second program, CONViRGE, makes use of the output from the first 

and determines the types of reflection necessary to specify the origin. 

r; , OHE1ISTRYL1B'0 



20 

10 

11 

30 

Graph of Distribution of Errors 

in Calculated Phases of 

N(E) 
	Non-centrosymmetnic 

0 	1 	 2 	 3 
E 

(fig 15) 	
(radians) 



- 52 - 

It works out any restrictions on phase values due to space group symmetry 

and selects the appropriate 	formula. It applies the 1I formula and 

works out the probability that each phase calculated thus is correct. 

The Ti formula for apace group P212.121  has been given above (p.5) and 

the probability of a sign so evaluated being positive is given by: 

P(0,c,2L) 	+ tanh 	
JO 2I' 	.(IiL,LJ 

where W and. M are as above (p.40). 

The program now proceeds to find, a good set of starting phases. The 

quantity °'h' which Is related to the variance of Ph (3. Kane and 

I. L. Kane, 1966)  is estimated for each reflection in the list 

(G. Germain, P. Main and. M. M. Woolf eon, 1970). The reflection with the 

smallest h  is eliminated and the values for the remaining reflections 

are adjusted if necessary. This procedure is re-iterated until only the 

starting phases are left. As each reflection is eliminated, those which 

remain a e checked to ensure that they contain all the reflections necess-

ary for origin definition. If not, the reflection just eliminated is 

restored as one of the origin-defining reflections. c)t}ier reflections 

may be added to the starting set if their value of 	when they are elim- 

inated exceeds a specified limit. These additional reflections have 

unknown phases, so they are given all possible combinations of the values 

and LL, except for centric reflections for which there are only two 

possible phase angles. 

The tangent formula program, FASTAN, makes use of the output from 

the two earlier programs and by several successive cycles of refinement 
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and extension developea each set of starting phases into a set of phases 

for all the reflections. Each phase is given a weight. The starting set 

are given weights of unity, phases from the 1 calculation are given 

the weight of 2.1P - j, and undetermined phases have zero weight. The 

phases in the starting set are kept constant until the last two cycles of 

the refinement but the others derive their values and weights from the 

weighted tangent formula: 

kh-z 
h 	 Co(p1+ 9h-k)  

= 	tarth(--) 	 l h 1 .(Th2 + B2) 

The effect of weighting the tangent formula is to lead to a much faster 

convergence on the final result than with an unweighted. calculation. 

As a measure of the internal consistency of the set of phases a 

"figure of merit is calculated as: 

- 

where Io is the sum. of the o values iced in 

and 	is the value of >c assuming random phases. 

Fb should htve the value zero for a purely random set of phases and 

unity if YIX is equal to its expectation value. The tangent formula, 

however, tends to maximise the internal agreement, so that although it 

is to be expected that the correct set of phases will have 



or 1.2, the converse does not hold. On the other hand, a set of phases 

with F abs  much less than unity is very unlikely to be correct, so the 

figure of merit does have some use 

(a) The Complete Solution of the Structure. 

A program written by Dr. Scott converted the full set of intensity 

data into normalised structure factors. Rather than using a Wilson plot, 

the program utilised a K-curve, a method which is generally likely to 

lead to a superior phase determination (3. Kane, 1970). The Is h  I values 

calculated in this way were only slightly altered from the earlier ones, 

and it is the later list which is recorded herein (Appendix I). The 

output from this program included an analysis of the distributions of 

the 'h' values, which is shown below (Table 6). 

TABLE 6 

Normalised Structure Factor Distributions. 

Theoretical 	Observed 

Centric Non-centric 

1.000 	1.000 	0.993 

0.968 	0.736 	0.771 
J. 	 0.798 	0.886 	0.868 

E'l 	32.Q 	36.Q'7 

5.0% 	1. W 	2. 

E ' 3 	0. Y 0.01% 	0.14% 
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The 282 11411 hl > 1.4.0 were fed into SIGJA2 and 2530 relations were found 

of which the 1500 with the largest IF, h*h_kl  were selected for the 

phase determination procedure in order to avoid overflowing the store of 

the computer. One reflection, (2,3,1), was involved in lii relations, 

whereas at the other extreme (0,16,0) was involved in none; altogether 

30 reflections were involved in less than four relations. 

The CONVERGE program now found P(io, 0,0) = iT viith 98 probability 

and 	(0186) = 0 with 810/f, probability, using the 	relationship. The 

minimum level for acceptance of such phases had been set at 8(Y/,probability. 

The usefulness of the > formula was very much restricted by limiting the 

data used to the 	> 1.4.0; the earlier results (Table 4., p.4.6) were 

more encouraging than this. 

The complete sot of starting phases is shown below (Table 7). It 

includes the two signs determined by the El1  relationship, four phases of 

centrosyrsmetrio reflections which were used to fix the origin and specify 

the enantiomorph and two unknown phases of"good" starting reflections. 

There were thus eight sets of starting phases, which differed in the 

values assigned to the unknown phases. It might be noted that only three 

of the six reflections in the previous starting set (Table 5, p.4.8) were 

included in the new list, so that the two phase determinations were quite 

independent. 

Phase determinations using the eight different starting sets were 

carried out simultaneously using FASTAN. Instead of eight different sets 

of phases. four pairs were obtained. This was because the two unknown 

phases, (P(04.3)  and P(L81) were somehow related to each other. 
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U3LL 7 

The Starting Set of Phases in the Multan Method. 

h k £ 1P Weight 

10 	0 C) r 097 

018 6 0 0.61 

9 	5 0 1 	Used before 

0 1 

017 1 1 

5 	0 2 0 1 	Used before 

1 	8 1 1 

o 	4 0,7r 1 	Used before 

The tour pairs of sets of refined phases yielded figures of merit of 

0.8389, 0.84.09, 0.8816 and 0.9750. The best value of the figure of merit 

was thus rather lower than was expected for a correct set of phases. 

An attempt could have been made to attain a higher figure of merit by 

selecting another reflection to replace, say, (1,8,1), or by using a 

larger number of unknown phases. Before this was tried, it was decided 

to compute an s-map using the best set of phases, i.e. that with figure 

of merit of 0.9750. The accuracy of the set of phases used was comparable 

to that of the phases deduced earlier. An analysis of both sets is shown 

(Table 8). The limits for the acceptance of a phase were less rigorous 

for the later set of phases, which is consequently at a slight disadvan-

tage in the comparison. 
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TABLE 8 

Analysis of the Accuracy of both Phase determinations. 

A. Centrosyimaetrio: 

First Set 

ND NW 

60 	3 

B. Non-centro symmetric: 

First Set 
E Ni) 	Error 

)2.5 6 42.50 

2.2 15 31.5 

2.0 16 36.9 

1.9 7 52.1~ 

1.8 20 27.6 

1.7 32 32.1~ 

1.6 21 31.7 

1.5 4.0 30.3 

1.4 44 38.0 

1.3 30 4.6.7 

Multan NI) First Mu3.tan 

ND NW Common NW NW 

65 u 50 3 6 

Multan ND First Multan 

ND Error Common Error Error 

6 3330 6 1~2.5 33.3° 

17 37.8 15 31.5 .35.9 

16 36.2 16 56.9 36.2 

7 554 7 52.4. 55.4. 

21 40.4. 20 27.6 40.6 

31~ 45.7 32 32.4. Ii.?.]. 

21~ 324 .2 21 31.7 33.7 

38 44.6 37 27.6 4.5.2 

37 38.7 34. 36.1 374 

TOTAL: 231 35.6 200 4.0.8 188 32.9 4.0.8 

ND = number of phases determined, of which NW are wrong. 
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The calculated phases were accepted for all but 17 of the 282 

the exceptions being those phases with the largest estimated errors, 

i.e.  the lowest ' h values. The s-map computed with these 265 norniali se d 

structure factors as coefficients contained peaks which were readily 

ascribed to the first ring of the &_trehalose molecule, The nineteen 

largest peaks in the E-map are shown in a diagram (fig 16). This inform- 

ation, in conjunction with a model of the molecule, was sufficient to 

locate the second glucose ring. Two of the weakest peaks in this map 

did not correspond to any atom in the correct structure. Further atoms 

were located by examining the map at expected atomic positions and 

finding lesser peaks there. Although 0(61 ) had been tentatively identified., 

the peak corresponding to c(6 1 ) was absent, so both these atoms were 

omitted. Twenty atoms were located, the exceptions being 0(6), C(61 ), 

o(6t), O(M) and 0(w2). 

Structure factor calculations for all the intensity data were based 
Z2.  on these twenty atom 	 a2 s, all assigned thermal vibration parameters B = 2.3  

The residual was R = 42. W,. An electron density synthesis calculated 

from these structure factors contained five peaks in addition to the 

input information. These peaks were identified as the remaining five 

atoms of the asrmetrio  unit of the structure. The indicated shifts in 

the positional parameters of the other atoms generally led to closer 

agreement with the expected molecular geometry, with the solitary 

exception of 0(1) and. c(i). Thus the complete structure was elucidated. 
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5. TM3 RFIN1MET OF ME ST1rLJCTUR 

The atomic scattering factors which were used to calculate structure 

factors during the refinement were obtained from the literature (Oxygen: 

A. J. Freeman, 1959 Carbon: J. Berghuis et al., 1955; Hydrogen: 

R. MoWeeny, 1951). In the collection of the data it was assumed that 

there would be no significant differences between the intensities of 

the Friedel pairs L and. I(  ; this assumption was followed by the 

arbitrary specification of the enantiomorph in the phase determining 

process. It was found that the co-ordinates obtained described the 

"correct" enantiomorpb. The structure deduced by the Multan method was 

modified so that the new origin was that used in the earlier work. 

The twenty-five carbon and oxygen atoms in the asymmetric unit were 

now used to calculate structure factors and hence a three dimensional 

electron density synthesis. All the atoms were assigned the isotropic 

temperature factor B = 2.3 t2. The residual fell to R = 25.6%, clearly 

indicating the correctness of the structure. There were many indications 

of shifts in the fractional co-ordinates of the atoms, especially for 

C(l) and. 0(1) which required quite substantial shifts. A further round 

of structure factor and Fourier computation was now effected, which 

reduced the residual to R a 20.4.;. It was thought that the positional 

parameters were sufficiently close to their correct values for refinement 

by the method of least squares (L W. Hughes, 191) to be successful. 

Various weighting schemes for the refinement of structure factors 

by the method of least squares have been suggested (e.g. D. W. J. 
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Cruickshank et al., 1961). In the present case the method followed was 

very simple. The standard deviations of different ranges of structure 

factor magnitudes had already been estimated (Table 1, p.22). It is 

appropriate to weight each lFhI according to the square of the reciprocal 

of its estimated standard deviation. The weight for each (1'h  I Was ealoul-. 

ated and stored in the computer. The effect of this scheme was to reduce 

the weights of the very weak and very strong reflections. It failed to 

take into account any variation of the accuracy of the intensities with 

e. 

Three cycles of refinement using a full matrix least squares calcul-

ation were carried out, which may be summarised: 

Cycle Input R Output 	R 	Iw 2 	NP 

1 	20.4% 	13.1% 	20180 	77 

2 	13.1% 	10.0% 	9053 	101 

3 	10.0% 	9.7%, 	7638 	101 

where NP = the number of parameters varied. 

In the first cycle only the positional parameters, the overall isotropic 

temperature factor and the scale factor were allowed to vary. No damping 

factor was applied to the calculated shifts. Some large positional shifts 

were made, the largest being one of fourteen times the estimated standard 

deviation for the fractional co-ordinate, z, of C(.) up the short axis. 

This shift moved c(i) towards its expected position. 

In the second cycle the isotropic temperature factors of individual 

atoms were allowed to vary. The position of c(.) again altered more than 



- 61 - 

that of any other atom. moving it close to its final position. This was 

reflected in its temperature factor, which was significantly larger than 

those of the other ring atoms. The two water molecules eppeared to be 

vibrating most vigorously of all the atoms. 

In the third cycle the indicated shift in z for C(].) was three 

estimated standard deviations. The latter quantity had, as is usual, 

decreased considerably during the refinement • None of the other shifts 

in positional parameters was much greater than one standard. deviation. 

The thermal vibration parameter for C(i) fell by five estimated standard 

deviations to attain a value comparable to those for similar atoms. It 

appeared that this stage of the refinement had almost oonvei'ged. 

A three dimensional difference Fourier synthesis was now computed 

in order to locate the hydrogen atoms before extending the refinement 

of the other atoms to anisotropic thermal parameters. In fact two such 

syntheses were needed to locate all 26 hydrogen atoms in the asymmetric 

unit of the structure. In the first map, the biggest peaks were rather 

diffuse with heights of about 06 to 0.7 electrons 	These occurred 

in the positions where hydrogen atoms were expected. The fourteen 

hydrogen atoms bonded to carbon atoms all showed up clearly. Thirteen 

of these had C - II bond lengths in the range 0.89 to 1.08 1 and the 

exception was 1.31 long. This was clearly too long, so the bond length 

was reduced to 1.1 without changing the bond direction by shifting the 

hydrogen atom. This new position still fitted the Fourier map well. Ten 

of the hydrogen atoms bonded to oxygen atoms were located in hydrogen 

bonds, at a mean 0 - H bond length of 0.98 St. As some of these atomic 
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positions were rather uncertain, probably duo to the effect of the 

thermal vibrations of the oxygen atoms, all these hydrogen atoms were 

located on the line between the two oxygen atoms of the hydrogen bond, 

with a bond length of 0.98 R to the nearer oxygen atom. 

It was necessary to compute a second round of structure factor cal-

culation and. difference Fourier synthesis in order to locate the other 

two hydrogen atoms. Their positions were dictated by the hydrogen bond 

pattern but it was thought that it would be more satisfactory to obtain 

experimental confirmation of their correctness. The twenty-four hydrogen 

atoms located so far were included in the calculations with isotropic 

temperature factors of 2.5 
12 

The residual fell to 8.1+% for all the 

reflections and. to 916ol, 9% and l% for the (hko), (h02) and. (OkI) reflect-

ions respectively. The analysis of agreement showed that the residual 

ranged from about 6 for the low angle reflections to IYI  at the highest 

angles. The major systematic error remaining in the data was the lack 

of any allowance for anisotropic thermal vibration by the atoms, which 

would have most effect on the higher angle reflections. The largest peaks 

in the second difference Fourier map had heights of the same magnitude 

as those attributed to hydrogen atoms in the first map. They were, 

however, identified as the consequence of anisotropic thermal vibration 

of the atoms 0(3), 0(4), 0(21), 0(3') and 0(1+'). The remaining hydrogen 

atoms were both located with peak heights of 0.1+ to 0.5 electrons 17 

In introducing anisotropic thermal vibration, the number of parameters 

used to describe each atom is increased from four to nine, if the atomic 

number is regarded as fixed. It was not possible to use the full matrix 

least squares calculation with the large number of parameters which it 
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was now desired to vary. A program which utilized the block diagonal 

approximation was employed instead. It was clear that the refinement 

was sufficiently advanced for the contributions of off-diagonal terms 

to be very small. Four cycles of refinement were performed, which may 

be summarised as follows: 

Cycle 

I 8. AO 6999 

2 5.99 34.28 

3 5.73. 3026 

4. 5.69 3024 

Three positional parameters and six thermal parameters were refined 

for each of the carbon and oxygen atoms during the first three cycles. 

The overall scale factor was also varied. In the third cycle the largest 

shift in a positional parameter was about three-quarters of an estimated 

standard deviation and that in a thermal parameter was about one estim-

ated standard deviation. 

In the final cycle the positional and isotropic thermal parameters 

of the hydrogen atoms were also refined. The largest positional change 

was about 0.25 t which indicated that the hydrogen atoms were roughly 

correctly placed. Several of the thermal parameters of the hydrogen atoms 

became negative but these had only been included in the refinement since 

in order to omit them it would have been necessary to alter the program. 

For the carbon and oxygen atoms the largest shifts in both the thermal and 

positional parameters were now about half an estimated standard deviation 

so that the refinement was now effectively terminated. 
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These final parameters, with the exception of the thermal parameters 

of the hydrogen atoms which were all reset to 2.5 2,  were used to calcul-

ate a final set of structure factors and hence final electron density 

and difference syntheses. The structure factors are shown later in this 

thesis (Appendix IV). The analysis of agreement for them is shown (Table 9) 

and the final atomic parameters are listed (Tables 10, 11 and 12). The 

final value of the residual was R 

Soon after this work was completed, two separate groups of oryst&Llo-

graphers in the United States solved the structure independently, also 

by direct methods. Dr. D. C. Rohrer, in Pittsburg, collected data using 

a diffraotometor with Cu K radiation to 28 = 1300. Dr. G. M. Brown, in 

Oak Ride, also employed a diffractorneter but used a Mo target. He thus 

collected well. over 3,000 independent reflections. Both obtained, final 

residuals rather better than the present figure (D. C. Rohrer, 1970; 

G. M. Brown, 1971). There is very good agreement between the three sets 

of parameters, which is indicated. later (Appendices II and. III). The 

discussion of the structure which follows was written before these other 

sets of parameters became available, but the later results did not affect 

the conclusions reached. 

The form of the anisotropic thermal parameters was: 

exp( -B11.h2  -B22.k2  _333 2  -B23.k. £ -Ba. t'.h 120  h.k) 

where B11  = 2..r2.a*2.U1  

B23  = 4-r, 	23 
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Analysis of Agreement for the Final Structure Factors. 

Against sin 2e: 

sine 	I 13 	toa1ol 	1i?o_3I 	R 

0.0 - 0.1 35621 36850 174.5 0.05 
0.1 - 0.2 44371 44022 1900 0.04. 
0.2 - 0.3 29594. 2904.8 14.07 0.05 
0.3 - 0.4. 33282 3.36% 1672 0,05 
0.4. - 0.5 313434 35273 1757 0.05 
0.5 - 0.6 28926 29209 1612 0.06 
0.6 - 0,7 23287 22996  1401 0.06 
0.7 - 0.8 21617 2104.5 14.57 0.07 
0.8 - 0.9 20476 19637 1477 0.07 
0.9 - 1.0 16987 16897 1362 0.08 

Against th 

Fraction ofhd obs\ ' 	IcaJcl R 

0.00 - 0.25 3675 3657 1162 0,32 
0.25 - 0.50 25905 23858 294.2 0.11 
0.50 - 0.75 36203 35360 2333 0.06 
0.75 - 1.00 354.51 35278 1667 0.05 
1.00 - 1.25 27937 28063 1035 0.04. 
1.25 - 1.50 28226 284.51 1033 0.04. 1.50 - 1.75 16052 16276 624. 0.04 
1.75 - 2.00 17025 17294. 687 0.04. 
2.00 - 2.25 15257 15338 649 0.04 

2.25 82863 85056 3660 0.04. 

Against the Miller Indices: 
h R k 	1z 711 

0 0.07 0 	0.07 0 	0.05 
1 0.05 1 	0.05 1 	0.05 
2 0.05 2 	0.05 2 	0.05 
3 0.04 3 	0.06 3 	0.05 
4 0.05 4 	0.05 Ii. 	0.06 
5 0,06 5 	0.05 s 	o.o6 
6 0.06 6 	0.05 6 	o.o6 
7 0.05 7 	0.05 7 	0.07 
8 0.06 8 	0.05 8 	0.06 
9 0.06 9 	0.05 9 	0.10 

io 0.06 >110 	o.o6 
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Oxygen and. Carbon Atoms: 

Final Fractional Co-ordinates and. Estimated Standard Deviations. 

Atom X 	ESD(x) Y 

C(l) 

 

 

 

C( 5) 

C(6) 

O(l) 

0(2) 

0(3) 

0(4.) 

0(5) 

0(6) 

0.04.59 0.00026 

0.13071 0.00027 

0.24.351 0.00026 

0.24-681 0.00026 

0.15017 0.00025 

0.14004- 0.00029 

0.0704-3 0.00017 

0.12701 0.00021 

0.32865 0.00021 

0.34.171 0.00020 

0.04.805 0.00018 

0.14786 0.00023 

0.16634. 0,00017 

0.19085 0.00017 

0.18347 0.00017 

0.22974. 0.00017 

0.21295 0.00017 

0.27063 0.00018 

0.09142 0.00012 

0.14-719 0.00014 

0.21091 0.00015 

0.21523 0.00016 

0.21424 0.00012 

0.34.549 0.00013 

0.35301 0.00045 

0.21988 0.00044 

0.304-07 0.0004.5 

0.47344 0.00043 

0.59563 0.0001+3 

0.74292 0.00045 

0.39735 0.00031 

0.06354 0.00033 

0.19510 0.00037 

0.57356 0.00036 

0.50227 0.00032 

0.684-14 0.00036 

c(i') 

C(21 ) 

c(3') 

0(4') 

C(61 ) 

0(2') 

0(3# ) 

0(4') 

0(5') 

o( 6') 

o(wi) 

o(w2) 

0.48614. 0.00025 
0.4-6520 0.00026 

0.44233 0.00027 

0.04.158 0.00026 

0.4.0993 0.00025 

0.29910 0.00028 

0.36878 0.00021 
0.40781 0.00025 

0.01238 0.00021 

0.39239 0.00017 

0.26215 0.00021 

0.42803 0.00025 

0.33461 0.00022 

0.44866 0.00018 

0,02565 0.00018 

0.06813 0.00018 

0.43097 0.00017 

0.49127 0.00017 

0.494-68 0.00019 

0,01918 0.00015 

0.14-190 0.00014. 

0.40134 0.00014. 

0.45513 0.00013 

0.42261 0.00014 

0.34.580 0.00017 

o.00066 0.00015 

0.51576 0.00042 

0.02730 0.0001+1 
0.85652 0.0004.3 

0.2624.9 0.00045 

0.784-88 0.0004.3 

0.87503 0.00052 

0.13075 0.00031 

0.898n- 0.00035 

0.43089 0.00034-

0.61814.6 0.00032 

0.92920 0.00035 

0.09884. 0.00047 

0.4-7906 0.00034. 
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Oxygen and. Carbon Atoms: 

Final Anisotropie Thermal Vibration Parameters. 

Atom B11  B22  B33  B93 B
31 

 B12  

C(l) 0.00296 0.00121 0.00919 -0.00117 .-0.00118 0.00009 
0(2) 0.00370 0.00133 0.00711 0.00003 -0.00059 0.00022 

0(3) 0.00305 0.00123 0.00787 -0.00024 0.00188 -0.00013 

C(4) 0.00259 0.00138 0.00817 -0.00065 0.00025 -0.0004.5 

c(5) 0.00292 0.00125 0.00786 -0.00017 0.00055 -0.00038 
C(6) 0.00403 0.00145 0.00815 -0.00085 0.00000 -0.0001+8 

0(1) 0.0024.2 o..00116 0.00823 -0.00039 0.00058 -0.00051 
0(2) 0.00421 0.002014  0.00825 -0.00112 -0.00137 0.00069 

0(3) 0.00424. 0.00210 0.01147 -0.00244 0,00559 -0.00182 

0(4.) 0.00260 0.00296 0.00955 0.00085 -0.00124 -0.00028 

0(5) 0.00266 0.00137 0.00866 -0.00158 -0.00053 0.00031 
0(6) 0.00525 0.00133 0.01101 -0.00145  -0.001+20 0.00016 

c(i') 0.00270 0.00165 0.00589 -0.00144 -0.00152 0.00016 
0(21 ) 0.00296 0.00178 0.00604. -0.0004.2 -0.00031 -0.00052 

0(3') 0.00331 0.00162 0.00613 -0.00113 -0.00010 0.00073 
0(4') 0.00320 0.00136 0.00808 0.00052 -0.00088 -0.00029 

0.00240 0.00143 0.00755 -0,00068 0.00054 0.00001+ 
C(6-) 0.00325 0.00171 0.01154. -0.00051 0.00316 -0.0004.0 

0(21 ) 0.00383 0.00285 0.00531+ -0.00035 0.00238 -0.00004. 

0(3') 0.00649 0.00179 0.00921 -0.0004.2 0.00372 0.00255 

0(4.') 0.00434 0.00193 0.00952 0.00339 -0.001+25 -0.00099 

0(5') 0.00201+ 0.00165 0.00878 -0.00151 0.00001 0.00022 
0(6') 0.00413 0.00196 0.00988 -0.00003 0.00179 -0.00164 

o(wi) 0.00518 0.00280 0.01790 0.00537 0.00150 -0.00031+ 
O(W2) 0.001+55 0.0021+7 0.00829 0.00143 -0.00206 0.00043 



TABLE 1.2 

Final fractional Co-ordinates of the Hydrogen Atoms. 

Atom Bonded to x y z 

11(1) c(i) 0.475 0.330 0.686 
11(2)  0.108 0.21+2 0.184. 
11(3)  0.261 0.130 0.333 
11(14.) c() 0.250 0.283 0.1449 
H(s)  o.i6o 0.163 o.656 
11(6)  0.201+ 0.261 0.837 

C(6) 0.070 0.252 0.807 

11(8) 0(2) 0.058 0.158 0.994 
11(9) 0(3) 0.31+8 0.181 0.120 
11(10) 0(4) 0.405 0.235 0.538 
11(11) 0(6) 0.094. 0.356 0.60]. 

11(12) c(11 ) 0.4.64 0.432 0.415 
11(13) 0(2') 0.020 0.449 0.904- 
11(14) 0(3') 0.386 0.04.3 0.798 
11(15) C(41

) 0.092 0.397 0,196 
11(16)  0.455 0.455 0.81+8 
11(17) C(6') 0.199 0.480 0.486 
11(18)  0.21+1 0.478 0.276 

11(19) 0(2 0 ) 0.301+ 0.009 0.051 
11(20) 0(3') 0.392 0.160 0.795 
11(21) 0(4') 0.453 0.069 0.536 
R( 22) 0(6') 0.223 0.401 0.830 

11(23) o(SV1) 0.402 0.302 0.131+ 
11(24.) 0(wi) 0.378 0.368 0.04.3 
11(25) 0(W2) 0.152 0.01+5 0.996 
H( 26) o(w2) 0.336 0.003 0.374 
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6. DISCUSSION OF THE STRUCTURE 

The final structure is shown projected on to the (001) plane and the 

oL,c&....trehalose molecule alone is shown projected on to the (100) plane 

(figs 17 and. 18) The molecules are held together by van der Waal's 

forces and by a complex network of hydrogen bonds which are listed. below 

(Table 13) and represented diagramaticafly (fig 19).  These twelve bonds 

utilise all the hydrogen atoms which are available for hydrogen bonding, 

i.e. all the hydrol groups in the structure. 

TABLE 13 

The Hydrogen Bonds. 

0 H - - - 	0 Bond Length E.S.D. 

0(2) 11(8) o(wi) 2.732 0.0041 

0(3) 11(9) 0(3') 2.74.7 0.0038 

0(4) 11(10) 0(5) 2.880 0.0034. 

0(6) 11(11) 0(4') 2.729 0.0037 

0(21 ) 11(19) 0(w2) 2.765 0.0037 

0(31 ) 11(20) 0(4.) 2.908 0.0038 

0(4.1 ) 11(21) o(w2) 2.876 0.0037 

0(61 ) 11(22) 0(6) 2.706 0.0037 

o(wi) 11(23) 0(3) 2.799 0.00.1 

o(w.) 11(24) 0(61 ) 2.769 0.004.1 

0(v:2) 11(25) 0(2) 2.762 0.0037 

O(W2) 11(26) 0(21 ) 2.699 0.0035 



Fig (17) 

The Final Structure Projected on to (001). 
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The Hydrogen Bonds. 

o = hydrogen 

Q =oxygen 

(fig 19) 
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The only remaining short contact is one of 2.951  R between atoms 

0(4) and. o('). This is considerably longer than the longest of the 

hydrogen bonds. Nine of the hydrogen bonds are between 2.7 and 2.8 

long and the three longer ones all involve either 0(4) or 0(41). 0(n) 

is trigonally co-ordinate and. 0(w2) tetrahedrally, the latter being the 

acceptor in one of the longer hydrogen bonds. The observed thermal 

vibration is greater for O(W].) than for 0(W2), as would be expected. 

There is no inter-residue bond joining, e.g. 0(2) to 0(5').  This 

was also found in the case of raffinose (H. M. Berman, 1970) which again 

has about one molecule of water of crystallisation per sugar residue. 

Other oligosacoharide structures have always included such a bond. The 

glucosidic oxygen atom does not function as an acceptor in a hydrogen 

bond; this appears to be a general rule (M. Sundralingam, 1968) although 

no clear reason why this should be so has emerged. The aoetal oxygen 

atom in one residue, 0(5),  participates in the hydrogen bonding whereas 

the other, 0(5'), does not. The hydrogen bond. concerned, 0(4) - 11(10) - 

- - 0(5),  is rather long at 2.88 ; this effect has been noted before 

(e.g. P. R. R. McDonald, 1950). 

The bond lengths and their estimated standard deviations (Table 14.) 

and bond angles and their estimated standard deviations (Table 15) are 

shown below. A comparison of the bond lengths calculated in this study 

with those obtained in the independent structure determinations is 

given later (Appendix III). The molecule was found to be in the expected 

conformation, with the pyranoid rings in the "chair" form and all the 

substituents to the rings, except 0(i), in equatorial positions. 
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TA13L 14. 

Final Bond Lengths and their Estimated standard Deviations. 

Atoms Length E.S.D. Atoms LengthE.S.D. 

C(l) - c(2) 1.516 0.0047 c(i') - 0(2') 1.536 . 0.004-5 
0(2) - 0(3) 1.527 0.004-6 0(21 ) - 0(3') 1.529 0.004-5 

0(3) - c(+) 1.530 0.0046 c(3') - c(4.') 1.514 0.004-6 
0(4) - c(s) 1.533 0.0C45 c(') - 0(5') 1.522 0.004-3 
0(5) - c(6) 1.527 0.0046 c(s') - c(6') 1.520 0.004-7 

C(l) - 0(i) 1.4-15 0.0038 c(i') - o(i) 1.419 0.0030 

C(l) - o(5) 1.4-21 0.001+0 c(i') - 0(5') 1.392 0.0038 

 - 0(5) 1.437 0.0038 c(s') - o(s') 1.4-36 0.0040 

0(2) - 0(2) 1.4-22 0.004.1 0(21 ) - 8(21 ) 1.4-22 0.0040 
0(3) - 0(3) 1.418 0.0042 0(31) - 0(31 ) 1.4.21 0.0041 
0(4.) - 0(4.) 1.4.12 0.004-1 c(') - 0(4-1 ) 1.430 0.004-2 

 - 0(6) 1.4.15 0.0(40 c(61 ) - 0(61 ) 1.427 0.0043 

C(l) - H(i) 0.919 0.057 c(i') - 11(12) 0.867 0.064. 
0(2) - H(2) 0.989 0.057 c(2') - 11(13) 0.961  0.060 
C(3) - a(3) 0.997 0.057 0(31) - fI(14) 0.933 0.059 
0(4) - H(4) 0.976 0.057 0(41 ) - H(15) 0.999 0.059 
C(s) - u(5) 1.005 0.08 c(s') - ii(iG) 0.975 0.059 
0(6) - n(6) 1.074- 0.061 0(6') - 07) 0.956 0.058 
c(6) - ri(7) 1.036 0.062 c(61 ) - i1(18) 1.022 0.059 

0(2) - H(8) 1.012 0.059 0(21) - H(19) 1.012 0.059 
0(3) - 11(9) 0.819 0.062 0(3') - 11(20) 0.865 0.064 
0(4) - u(10) o.s4 0.061 0(41) - 11(21) 0.935 0.057 
8(6) - ii(n) 0.931 0.061 0(61 ) - 11(22) 0.975 0.058 

o(va) - 11(23) 0.079 0.059 o(w2) - 11(25) 0.837 0.058 
0(w2) - 11(24-) 0.84.2 0.059 0(W2) - H( 26) 0.802 0.061 
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TAME 15 

Final Bond Angles and their Estimated Standard Deviations. 

Angle E.S.D. Angle E.S.D. 

0(5) c(i) 0(1) 11242°  0.2500  1 ') o(i') o(i) 112.34-° 0.2500 
0(5) c(i) 0(2) 110.07 0.256 0(5') c(i') 0(2') 111.36 0.2514. 
o(i) 0(1) c(2) 106.57 0.252 0(1) c(1') 0(21 ) 105.70 0.24-5 
C(l) 0(2) 0(2) 112.10 0.263 c(i') 0(21 ) 0(21 ) 111.4-8 0.256 
C(l) 0(2) 0(3) 108.44 0.261 c(i') 0(2') 0(3') 109.63 0.258 
0(2) 0(2) 0(3) 109.34- 0.259 0(21 ) 0(2') 0(31 ) 110.94 0.258 
0(2) C(3) 0(3) 112.92 0.265 0(21 ) 0(3') 0(3') 109.05 0.263 
0(2) 0(3) 0(4-) 109.22 0.260 0(21 ) 0(3') 0(41 ) 111.4-2 0.265 

0(3) 0(3) C(4.) 106e51 0.257 0(3') 0(3') 0(41 ) 111.20 0.267 

0(3) C(4) 0(4.) 112.03 0.261 0(3') 0(4-') o(4') 109.74 0.260 

C(3) c(i+)  c(5) 112.50  0.259 0(31 ) 0(4-') 0(5') 111.69 0.264 
0(4) c(4.) C(s) 105.78 0.253 0(41 ) c(41 ) 0(5') 109.65 0.257 
0(4-) c(5) c(6) 111.95  0.260 c(') c(s')  c(6') 11148 0.266 

C(4) c(s) 0(5) 111.63 0,24.9 c(L,.') 0(51 ) 0(51 ) 111.80 0.251 
C(6) C(s) 0(5) 106.27 0.249 c(61 ) 0(5') o(s') 106.34- 0.29+ 

C(5) 0(5) c(i) 113.73 0.235 0(5') 0(5') G(V)  114.06 0.238 
C(5) c(6) 0(6) 113.76 0.273 c(s') c(61) 0(61) 112.10 0.280 

C(l) 0(1) c(1') 115.68 0.236 

Bonds involving hydrogen atoms: 

Bonds 	Ntmiber R.S.D. 	Range 

X - XE 	46 '35° 	97-121°  

H-X-H 	4 	101-116° 
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The angle at the g:Lyoosidio linkage was round to be 115.7°  (three 

estimated standard deviations = 0.7°). This is siailar to other results 

quoted in the literature (Table 16). Since this angle is greater than the 

tetrahedral value of 1o °28' it appears that the mutual repulsion of the 

two groups on either side of the glycosidic oxygen atom is a larger effect 

than the repulsion between the two lane pairs of electrons attached to it. 

TABLE 16 

Bond Angles at Glycosidic Linkages. 

Sugar Angle Ret' erenoe 

3uorose 114°  G. M. Brown and H. A. Levy, 1963. 

Ceflobiose 117.50   A. Jacobson, J. A. Wunderlioh 
and. V. N. Lipscomb, 1961. 

116.70  C. J. Brown, 1966. 

116.1°   S. C. Chu and. 
G. A. Jeffrey, 1968. 

Lactose 118.39  H. N. Hansen, 1970. 

Raffinose 	- sucrose 122 H. M. Berman, 1970. 

melibjose 111°  

Mathy1--D-mermopyranoside 113.4°  B. M. Gatehouse and 
B. J. Poppleton, 1970. 

Methyl-o-D-glucopyranoside 113.0°  H. M. Berman and S. H. Kim, 1968. 
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The exo-anonterlo effect (A. J. de Hoog, H. R. Buys, C. Altona and 

L Havinga, 1969)  often dominates the conformation about c(l) - 0(1), 

and does so here for both linkages. The rotations about the c(i) - 0(1) 

and c(i') - 0(1) bonds are described by the two dihedral angles: 

C(l) - 0(1) - C(V) - c(4.1) 120.70 

- o(i) - c(i) - c(4.) = 

Newman projections down these two bonds are shown (fig 20), from 'chich 

it may be seen that the above dihedral angles must be roughly 1200 in 

order to minimise the interactions between the atoms bonded to c(i) or 

C(i') and the atom and two lone pairs of electrons on 0(1). 

The bond lengths and angles involving hydrogen atoms were calculated 

from the refined hydrogen atom positions. Their values are not reliable 

but are significant in so far as they agree reasonably well with the 

expected geometry. This suggested that the other refined parameters were 

likely to be accurately determined. It is with the oxygen and carbon 

atoms that the remainder of this discussion is concerned. 

For an o&-linkage in a gluoopyranose ring, the 0(1) - 0(5) bond is 

usually shorter than average whereas the c( 1) - 0(1) bond is of more 

nearly normal length; the opposite is true for !&-linkages  (M. Sundralingam, 

1968). In this respect it is clear that an unsubstituted or methylated 

o(i) atom behaves differently from one linked to another sugar ring. 

Few structures of glucosidic sugars have been determined accurately so 

an existing summary (H. M. Berman and S. H. Kim, 1968) may now be 

usefully extended (Table 17). 



Newman Projections.  

(I) Down C() - 0(1) 

c  

(ii) Down C(i)-0(1) 

H2) 	

0(5') 

c(') 

(fig 20) 



C - C Range 

1.523 (24) 

1.519 (25) 

1.524 (19) 

1.525 (i) 

1.519 (18) 

C - 011 Range 

1.417 (12) 

1.424 (13) 

1.428 (12) 

1.418 (io) 

1.4.24 (II) 
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TABLE 17 

Bond Length Variations in GluoosIdi.o Sugars. 

Bond Length Variation 

1.525 (22) 	1.421 (18) 

30- 05-05-C1 -01-R Rot 

9 +10 +9 -28 H 1 

12 +10 -10 -13 CH  2 

22 +12 -20 -12 glu 3 

9 +18 -10 +2 true 4. 

12 +13 +9 -41 11 5 

[+16 0 -6 glu 6 
13 

±15 -29 -2 glu 7 

The values of the ranges, 3a -and the variations are in ioi 

* 
The two independent sets of bond lengths have this figure about -13; 

none of the other figures quoted are much different in the three sets 

of results. 

Ref 1: o.-D-glucose (G. M. Brown and. H. A. Levy, 1965) 

!ethy1-o-D-g1uoopyranoside (H. M. Berman and S. H. Kim, 1968) 

(3-methy1-f3-)--ma1topyranoside (S. S. C. Chu and G. A. Jeffrey, 1967) 

Sucrose (G. U. Brown and U. A. Levy, 1963) 

3D-.g1uoose (s. S. C. Chu and C. A. Jeffrey, 1968) 

6 and. 7  refer to rings one and two of the present work. 
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The two compounds which contain axial c(i) - 0(1) bonds, i.e. 

f3-methyl--U-aa1topyranosi8.e and sucrose, both closely resemble the 

present set of results. Overall, 'the c(5) - 0(5) bond is considerably 

longer than average, the C(i) - 0(5) bond is shorter than average and 

the c(l) - 0(1) bond is very slightly shorter than average. 

The most striking feature in the list of bond lengths (Table 14) is 

perhaps the large difference, of about 7.4 estimated standard deviations, 

between the c( 1) - ON and C(1') - 0(5') bonds. Although the results 

of the two independent structure determinations do reduce the absolute 

difference, its significance remains very high at about six standard 

deviations for the most accurate set of data. The explanation of this 

effect would appear to be that ON takes part in a hydrogen bond whereas 

0(3t) does not. Crystal packing has been responsible for a change of bond 

length comparable in magnitude to the changes brought about by internal 

effects in the molecule. 

Examination of the bond angles in each ring (Table 15)  reveals 

several significant differences, including one of no less than eighteen 

estimated standard deviations. These large differences relate to the 

geometry about atoms C(3) and c() compared to C(3')  and c(') and in 

both oases are largest for the bond angles involving the aubstituent 

oxygen atoms. These differences must also be explained in terms of the 

different packing of the two sets of atoms causing different distortions 

from the positions the atoms would adopt in an isolated molecule. In this 

context it should be remembered that there was a short contact between 

atoms o() and 0(41) which may have contributed to these distortions. 
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The two pyranoid rings have closely similar internal bond angles. 

The average internal bond angles in the two rings are 110.9°  and 111.70  

respectively, which are rather greater than the corresponding values 

for other accurately determined glucose rings. The largest angle in 

both rings is about 114°  at the acetal oxygen atom and the smallest 

angles are about 109°  at c(2) and C(20). These values follow a similar 

pattern to those in other glucose rings (Table 18, p.78). The rings are 

rather flatter than they would have been had the bond angles been 

exactly tetrahedral. 

In conclusion, the two crystallographically unrelated glucose rings 

in thec,-trehaloae structure were shown to be closely similar. The 

effect of the different crystal packing of the two rings was chiefly 

evidenced by distortion of the bond angles to some of the substituent 

atoms, although one bond length in the ring was significantly altered. 

The approximate molecular shape of glucose, obtained by averaging the 

two rings in this structure, could be applied to studies of polysacohar-

idea with little error. The exact geometry of any glucose residue does, 

however, depend on its environment. It is hoped that one of the uses of 

the present work may be to indicate the limits of this approximation. 



TABLE 18 

The Bond Angles in Various Glucose Rings. 

C(I) C(2) C(3) C(4.) c(s) 0(5) Moan Ref 

106.9°  109.8°  109.1°  110e8 110.20  1)4.09  110.1°  1 

108.5 112.1 110.5 109.8 107.6 112.7 110.2 2 

108.3 108.3 109.5 111.0 110.5 112.4. 110.0 3a 

109.3 110.0 111.8 112.3 109.2 113.5 111.0 3b 

107.8 111.1 106.1 109,1  108.8 114.7 109.6 4a 

110.3 109.8 110.7 111.0 108.2 111.5 110.3 4-b 

110.1 108.4 109.2 1125 111.6 113.7 110.9 5a. 

111.4 109.6 111.4 111.7 111.8 114.1 111.7 Sb 

109.1 109.9 109.8 111.0 109.8 113.3 110.5 (Mean) 

Ref 1: Methyl- D-glucopyi'anoside (H. L Berman and. S. H. Kim, 1968). 

2: (-.D-glucose (S. S. C. Chu and. G. A. Jeffrey, 1968). 

3a and b: Ceilobiose (ibid.); a and b refer to the rings with 

linkages at C(.) and C(4-1 ) respectively. 

4a and b: j3-.methyl-.(-D-maltopyranoside (S. S. C. Chu and G. A. 

Jeffrey, 1967); a and b refer to the rings with 

linkages at c(l) and C(41 ) respectively. 

5a and b: (,-troha1oae, rings one and two respectively. 
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SECTION TWO: DIETHYLIDEM TREHALOSE MONONfl)RAPE 

1. PRiLIMINARy INVrJSIG.ATION 

(a) Physical Examination. 

Crystals were again kindly supplied by Dr. Birch. They were in the 

form of colourless needles and showed clear extinctions when viewed 

between crossed polarisers. They were too small for any piezo-electrie 

effect to be detected. Solutions of the material, however, do exhibit 

optical rotation (C. C. Birch, 1966) so that only one stereo-isomer must 

be present. The crystals must therefore belong to a non-centroaymrnetrjo 

Space group. 

A smallish, apparently perfect, crystal was now selected with the 

aid of the microscope. When this crystal was broken into fragments it 

was found to be very much softer than 	 &Lhydrate. This was 

assumed to be due to the fact that only six hydrogen bonds are possible 

per molecule of diethylidene trehalose compared to twelve in the case of 
0 ..treha1ose The density was measured by flotation in a mixture of 

iodoniethane and benzene. It was found to be 1.452 g.om 3, in reasonable 
agreement with an earlier value of 1.42 g.om 3  (a. G. Birch, 1965b). 

(b) Space Group Determination. 

One of the crystals was now mounted so that it rotated about an axis 

parallel to its elongated direction. Photographs were taken using the 

10 cm diameter normal beam Weissenberg camera. An oscillation photograph 

showed that this direction corresponded to some kind of two-fold symmetry. 
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A zero-layer Weissonberg photograph showed that there Wore two possible 

axes perpendicular to this direction, mutually inclined at about 82.8 0 

Thus it appeared that the symmetry was monoclinic. 

Further photographs were obtained with the crystal rotating about 

the other two axes. These confirmed that the crystal was of iuonoclinio 

symmetry and showed that the only systematically absent reflections were 

I(oko) when Ic was odd, with b defined as the unique axis. This information 

was consistent with only one space group, P21, number 4, second setting 

(International Tables, vol I). An approximate set of cell dimensions was 

obtained from the oscillation photographs: 

a = ill 

b = 83 

0 = 9.9 

From these results it was calculated that the number of molecules of 

diethylidene trehalose in the unit eell was two, i.e. the asymmetric 

unit of the structure contained one molecule. 

(c) Accurate Cell Dimensions. 

Only two of the three zero-layer Weissenberg photographs, i.e. those 

showing I(hlcO) and I(hot), contained sufficient strong high angle reflec-

tions to allow accurate calculation of the cell dimensions involved. The 

(hko) reflections were treated first. For them the reciprocal lattice 

was orthogonal, so that a graphical treatment like that described above 

(p. 13) was possible. From the photograph the sin 28 values were obtind 

for both the K and K components of each reflection, in accurate value 
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of the (a*/*) ratio was deduced and hence, by extrapolation to sin 2O = 1, 

it was found that: 

b 	8.435k 

a. sin = 11.176 

For the (ho 2) reflections the reciprocal lattice is not orthogonal 

and the spacing is given by: 

d.2  = h2.(a*)2  + t2(*)2  + 2..i.a*.o*.cos/3'  

A value of c*  may be obtained from the reflections with low Ii if the other 

two unknowns, a and oosg are given approximate values. A value of a* 

may be obtained in a similar way. The remaining reflections may be used 

to obtain a better value of oosf3 using the values of a*  and  ca  deduced. 

A program was written in the Atlas Autocode language for the KDF9 

computer to refine the approximate cell parameters obtained above. The 

input data consisted of the reflections with their sin 20 values, a range 

of values of oos$and a range of values of the ratio (o*/a*). For each 

pair of values of oos3Vand  (c*/a*), a* and o* were plotted against sin 20 

The approximate form of the method of least squares (pi4, above) was 

used to extrapolate the best straight line to sin 20 = 1 for both and to 

calculate estimated standard deviations in both extrapolated values. The 

best values of cos$ and (c*/a*)  were those which yielded the lowest 

standard deviations. The use of reasonably accurate starting values 

ensured that only one minimum appeared during the refinement. For the 

correct (o*/a*)  ratio the minimum estimated standard deviations in a* 

and o*,  i.e. cr(a*) and cr(o*),  should occur at the same value of cos/3 



If the ratio is incorrect then, in general, these two minima occur at 

different cos/3 values. 

The refinement was completed in three cycles, using progressively finer 

increments in the variables and reducing their ranges. The results obtained. 

for Cu K radiation (A = 1.505 ) were; 

0.13782 cr(a*) = 	0.000023 

0* = 	0.15535 o(o*) 0.000026 

COS P* 	0.13192 

There was no easy way of calculating a standard deviation of oosj so 

instead it was noted that when oos increased to 0.130, cr(a*)  and (c*) 

increased three times. This was used to fix the estimated error in j3". The 

value of a. sin/was thus found to be 11.177 which was in excellent 

agreement with the previous value of 11.176 L 

The final values of the cell parameters and three times the estimated 

standard deviation in each were as follows: 

a = 11.276 (o.00s) 

b = 8435 (o.00i-) 

o 	10.004 (0.007) 

[3 	97.580  (0.12°) 

Assuming that the material investigated was a monohydrate, in accordance 

with the results of micro-analysis (G-. C. Birch. 1966), then the density 

was calculated to be 1.445 g.om 3; observed density = 1452 g.cin3. 



2. THE I 	SITY DXrA 

(a) The Collection of the Intensity Data. 

Only two or three of the crystals available were large enough to 

permit an attempt to be made to grind spheres from them. The crystal 

fragment was generally reduced to powder during the grinding process. Two 

spheres which were ground successfully both broke up whilst they were 

being aligned. It was therefore decided to use cylindrical specimens. A 

crystal of approximately the desired shape was rolled between two moist 

shoots of filter paper in order to round off its corners. The resulting 

specimen was slightly elliptical in cross-section. A separate cylinder 

was needed in order to take photographs with the crystal rotating about 

a different axis. Accordingly, the largest remaining single crystal was 

out with a razor blade in order to obtain, after rounding it off, a 

cylinder with its axis parallel to the second longest edge of the original 

crystal. It was correctly anticipated that this would be parallel to e. 

The 5.73 cm diameter camera was now used to obtain equi-inclination 

Weissenberg photographs of the layers k = 0 to k = 6 using the first 

crystal and. 2 = 0 to 	5 with the second Multiple film packs were 

used. For the higher layers packs of five films were used with only one 

exposure instead of two. An intensity strip was prepared with each crystal. 

The intensities of those spots on each film which fell within the range 

of the appropriate intensity strip were now measured. 

It was found that the observed, effect of spot shape variation was 

much more severe with these cylindrical crystals than it had been with 

the spherical crystals of ,o-trehalose. This was presumed to be because 
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the shape which the eye had to integrate was much less regular'. In conse-

quence, fmqttent checks were made to ensure that the recorded value of an 

intensity did not depend on whether the extended or contracted form of the 

spot had been measured. When there was a difference between the two forms 

Of a spot then for all the intensities measured on that portion of the 

film the harmonic mean of the two values ras taken to be correct. For the 

Photographs taken of the second crystal, only those intensities for which 

Ii was positive could be measured accurately. This was probably due to 

irregularities in the crystal shape. The data with h negative were rejected 

and some doubt was east on the accuracy of the rest of the data. 

(b) The Correction and Scaling of the Intensity A)ata. 

The ratio of intensities between two adjacent films from the same 

pack lay in the range 2.8 to 3.0. Lorentz, polarisation and absorption 

corrections for cylindrical crystals (International Tables, vol II) were 

now applied to the separate layers of data. These layers of data, corresp-

onding to the film packs, were now sealed together. For this purpose the 

weakest and strongest intensities and those at high angles were all 

weighted down. 

Altogether there were 1,818 observed reflections and 164 non-system-

atic absences, making a total of 1,982 reflections in the intensity data 

list. The increased number of non-systematic absences compared to the 

data for c'tre}iaioae was due partly to the smaller crystal size and 

partly to the fact that there was less duplication of measurement. There 

were some 2,300 reflections theoretically accessible with Cu K <  radiation, 

so that about 86 of the accessible reflections were measured, although 

some of them were estimated to be of zero intensity. 
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An estimation of the accuracy of the data was obtained from those 

intensities which had been measured twice. The results shown (Table 19) 

appear to be about as good as those for;x-trehalose (Table 1). It was, 

however, known that this assessment of the diothylidene trehelose data 

was considerably over-optimistic. In the first place, most of the data 

for ,o-.trehaloae had been measured at least twice, whereas in the present 

case only some of the intensities had been measured twice, and those same 

intensities had been used for scaling purposes. In the second place, the 

fact that some of the observed data were rejected must obviously cast some 

doubt on the remainder. A further drawback of this set of data is that 

many of the high angle reflections were missed. There was, therefore, a 

lower value of the root mean square reciprocal radius for diethylidene 

trehalose than for ,oc_treha1ose, so that even if refinement proceeded 

to the same final residual in both oases, the accuracy of the final 

parameters would be less for diethylidene trohalose. 

(o) Intensity Statistics. 

A Wilson plot was again used in order to find the mean temperature 

factor for all the carbon and oxygen atoms in the unit cell and the scale 

factor needed to reduce the intensities to an absolute scale. The contrib-

utions of the hydrogen atoms were ignored.. The mean temperature was found 

to be 212 r, rather less than the corresponding value of 2.3 	found 

for <,-trebalose. This was rather surprising, since it was known that 

the hydrogen bonding between molecules would be weaker in the present case. 

It was therefore expected that the thermal vibration would be greater, 

not less. It was noted, however, that this could be due, in part at least, 
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Aoouracy of the Diethylidene Trehalose Intensity Data. 

Range of I ND c(F) 

1- 9 114 

10 - 29 192 13.8 

30 - 59 170 6.8 

6o- 99 106 6.7 

100 - 299 230 5.1 

300- 599 104 43 

600 - 999 6o 5.1~ 

1000 - 1999 22 3.5 

20O0 22 70 

ND represents the number of d.uplioated measurements. 

to secondary extinction effects. The crystals were so soft that thermal 

shock treatment would have been disastrous, so nothing at all was done 

to minimise any such effects. Since the program which was used divided 

the data into twenty equal ranges of ain20 (rather than the more correct 

sin3e) the three or four lowest points in the Wilson plot were dominated 

by the few largest intensities. If these suffered badly from extinction 

then the effect would be to reduce the calculated temperature factor 

significantly. The scale factor, which was found to be 0.76, required to 

convert the data to an absolute scale would be too low. 
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N(Z) distributions were calculated for all the intensity data and 

separately for the (0k), (hoQ.) and (h1o) sets of projection data. 

These results, which are shown immediately below (Table 20), clearly 

indicated that only the (hoQ) data constituted a centrosymnotric zone, 

in accordance with the known space group, P21. 

TABLE 20 

The N(Z) Test for Diethylidane Trehalose. 

Theoretical Observed N(Z) 

Z Centre Non (hk2.) (Okt) (hot) (i*o) 

0.1 0.248 0.095 0.13 0.12 0.29 0.18 

0.2 0.31.5 0.181 0.22 0.20 0.35 0.2 

0.3 0.419 0.259 0.31 0.33 0.44 0.30 

0.4 0.474 0.330 0.39 0.37 0.48 0.33 

0.5 0.520 0.393 0.46 047 0.52 0.38 

0.6 0.561 0.451 0.51 0.51 0.56 0.42 

0.7 0.597 0.503 0.56 0.59 0.59 045 

0.8 0.629 0.551 0.60 0.64 0.62 0.51 

0.9 0.657 0.593 0.64 0.65 0.65 0.56 

1.0 0.683 0.632 0.67 0.68 0.67 0.59 



3-TH8 PAP.ERSON APPROACH 

(a) The Orientations of the Rings. 

A three-dimensional Patterson summation was computed with very modest 

sharpening of the coefficients used. Allowance was made for part of the 

thermal vibration by means of a temperature factor of B = 1 V, i.e. 
2B = 2 12, 

but the reduction of intensities due to the atomic formfactor 

contribution was ignored. Intensities at very high values of sin 28 were 

thus weighted up by a factor of about 3. The spacings between grid points 

on the map were, in each direction, about 0.3 1. The map generated was 

not only printed out in the usual way, but was also written on to mag-

netio tape by the computer, so that it would be available for the product-

ion of minimum function maps. This possible use of the Patterson map was 

the reason for applying such modest sharpening. 

This first map was, of course, of very low resolution, so it was 

later decided to compute a second, sharper map. For this purpose the 

observed intensities were divided by the square of the atomic formfactor 

of nitrogen. This gave a close approximation to the appropriate average 

of the formfactore of carbon and oxygen The hydrogen atoms were ignored. 

A temperature factor contribution of 2B = 3 12 
was used. This degree of 

sharpening was almost, but not quite, equivalent to the point atom at 

rest approximation. The slight safety margin ensured that the highest 

angle intensities, which were not measured as accurately as the rest of 

the data, would not be able to produce large spurious features in the 

map. 



It seemed probable, on atereoohemioal grounds, that for both halves 

of the molecule the ring closed by the ethylidene group would be of the 

ohair" form, parallel to the glucopyranoid ring, and that the methyl 

group would constitute an equatorial aubatituont to this new ring. For 

each double ring, i.e. ,6-0-ethy1i&eno glucosyl group, all of the bonds 

must then lie parallel to c(i) - C(2) , C(2) - C(3) or C(3) - C(4) 

with the sole exception of the giuoosidio linkage. If only twenty-four 

largo peeks lay at about 1.5 . from the origin of the Patterson map then 

the suggested conformation would be confirmed., and the ring orientations 

deduced. These twenty-four peeks correspond to six peaks in the asymmetric 

unit of the Patterson map. 

The three-dimensional Patterson summations yielded some rather disturb-

mug information, for only twelve 1.5 R vectors could be located, corres-

ponding to only one ring orientation. A ball and spoke model of the peaks 

1.5 and. 2.5 9 removed from the origin of the Patterson maps was made. 

Comparison of this with a model of the molecule suggested that the explan-

ation of this dearth of peeks was that the orientations of the two halves 

of the molecule were approximately related by a mirror plane parallel to 

(010). Thus the vectors from the two halves of the molecule were accident-

ally superimposed. It would have been straightforward to identify two 

separate sets of vectors in a Patterson synthesis with symmetry P2/m; 

the accidental superimposition of the two sets was unfortunate, since it 

made the task of obtaining more exact orientations very difficult. 

More accurate orientations were deduced by selecting a set of three 

2.5 1 vectors, say 2, and r with the condition that £ + + = 



which fitted the observed peaks. These vectors were chosen so that the 

two sets were as different as possible, consistent with obtaining a good 

fit with the appropriate peaks in the map. The 1.5 a vectors served to 

eliminate the ambiguity whereby two different ring orientations give the 

same set of 2.5 a vectors, but they were of no use in refining the approx-

imate orientations. This was done by considering all the vectors in each 

half of the molecule. 

The long direction of each double ring was established by considering 

that the 2.5 R vector parallel to it should be weighted eight times, 

compared to the others which should be weighted six tines. The 2.5 

vector corresponding to the largest peak was therefore the logical first 

choice. Parallel to that vector lies a 5 1 vector joining atoms on oppos-

ite aides of the double ring, and this should be weighted four tines. 

The identification of this peak established the long direction of both 

halves of the molecule. It was now possible to work out positions for 

other peaks in the Patterson map and to use the accumulated results to 

refine the orientations further. The relative positions of ten atoms in 

each double ring are shown below (Table 21). 

It was found that these orientations were quite accurate, the largest 

departures from the corresponding values calculated from the final 

refined atomic co-ordinates being about 0.2 (. These errors were generally 

due to the inadequate resolution of the Patterson maps. The orientations 

A and B were consequently more nearly exact mirror images than in the 

final structure; this error was not unexpected. The double ring which is 

subsequently referred to as the first half of the molecule was found to 

lie in orientation A and the second half in orientation B. 
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The Orientations of the Double Rings. 

Atom 

1 .000 .000 .000 .000 .000 .000 

2 .000 .000 .143 .000 .017 .138 

3 .100 .060 .218 .108 .00 .213 

4. .100 .060 .358 .108 .037 .350 

5 .200 .117 .4.33 .213 .077 .425 

6 .250 .250 .383 .288 -.04.0 .4-00 

7 .250 .250 .243 .288 -.057 .263 

8 .150 .193 .168 .183 -.077 .188 

9 .160 .193 .025 .183 -.093 .050 

10 .050 .133 -.050 .075 -.117 -.025 

(b) The Approximate Solution of the Structure. 

Consideration of a model showed that the only way in which the two 

halves of the molecule could adopt the orientations established above 

was in an arrangement which, projected on to (010), was closely linear. 

The projection of the molecule had to be inclined at about 300  to .,  and 

700  to j. It was thought that a molecule extended in this fashion could 

only be fitted into the unit cell if the glucosidlo linkage were located 

at roughly the position (x,z4), or its equivalent, so that it lay halt' 

way between two screw axes. In that case the two etb,lidene groups would 
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lie close to screw axes, so that strong van der Wasi' S forces would 

exist between each ethylidene group and the two others related to it 

by the screw symmetry. Since in three dimensions there were considerable 

ambiguities concerning the orientations which would have to be resolved, 

it was decided to attempt to obtain a two-dimensional solution of the 

structure in the (010) projection first. 

Since the ring orientations were known, it was possible to superimp-

ose a plan of each double ring, on a scale twice that of the map, on the 

Marker sections Despite knowing the approximate position of the molecule 

in the unit cell, this procedure failed to establish the location of the 

double rings. The Marker section maps from both the three-dimensional 

Patterson summations were too complex to be interpreted, due to the very 

large number of vectors which accidentally fell close to y = . The 

resolution of the maps, one of which is shown (fig 21), was in any case 

inadequate. A comparison of the final atomic positions with the Marker 

section peaks is shown. 

Two Patterson syntheses were computed for the projection on to (010). 

The only sharpening applied to the coefficients for the first summation 

(fig 22) consisted of a temperature factor of B = 1 12  (i.e. 213 = 2 12). 

For the second summation (fig 23) the point atom at rest approximation 

was assumed. Bach double ring contains three principal centres of symmetry, 

for eight atoms are approximately oentrosymmetrioally disposed about the 

centre of each ring, and ten about the mid-point of the c() - C(5) 

bond. These three points are equally spaced, 1.25 1 apart, along a 

straight line parallel to the 5 1 vector of the double ring. In the 
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Patterson map projected on to (010), the only oentrosymzuetric projection 

in space group P21, each double ring should give rise to a characteristic 

line of three strong peaks. In addition to these principal peaks, 

several satellite peaks should also be present, as was the case for 

d,c(-trehalose. 

The orientations of the two double rings were known to be related by 

a mirror plane lying almost parallel to the (010) plane. It was therefore 

expected that centre-centre peaks would be present due to the fact that 

the point half way between two orystaflographicafl.y unrelated rings would 

be surrounded by a considerable number of atoms approximately related 

by oentroaynmetry. These peaks must also lie in lines parallel to the 

5 1 vector across the double ring. Many such peaks were known to be 

present. Some of these peaks relate the two double rings of one molecule, 

so it was correctly predicted that a long line of peaks, 2.5 1 apart, 

should extend from the origin of the projection Patterson map in the 

known direction of the molecule • It was unfortunate that some of the true 

centre-centre vectors also fell on this line. In consequence the maps 

contained peaks which were extended roughly along the x direction, so 

that considerable ambiguities existed as to the interpretation of these 

peaks. Although this difficulty was never resolved satisfactorily by 

Patterson methods, it was encouraging to obtain confirmation that the 

general lie of the molecule was as expected.. 

The next stage was to search for a set of centre -centre peaks for 

both double rings. The two sets of three peaks had to be almost collinear, 

and when a possible set of peaks had been selected it was possible to 

seek other large peaks due to the vectors between unrelated rings as a 
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check. The restriction that the centre of the molecule must lie near 

the point (x4,z4),  discussed. above (p.91), was now very useful in 

limiting the selection of sets of peaks. The four points (*4) (1,0), 

(L--) and (4,0) were equivalent, so one of them was chosen at random. 

The list of final atomic parameters presented later (Tables 26 and 28, 

p.114. and p.116) located the centre of the molecule at roughly (1,0). 

A peak was expected to appear in the (010) projection Patterson maps 

to correspond to the approximate centre-centre vector for the whole 

molecule and its symmetry-related molecule. This peak was expected to 

be diffuse but high. There was only one peak in both maps which fitted 

this description and lay close to the expected position of (r,O). It 

was centred on the point (.4.75, .088) in the modestly sharpened map 

and (.4.62, .075) in the sharp map. It was calculated, from the final 

refined parameters, that the peak should have been oentred on the point 

04.52, .056). The very sharp thus yielded the better value, corresponding 

to an error of 0.1 1, compared to 0.2 1 for the less sharp map, in the 

position of the molecule in the unit cell. 

It was, however, considerably more difficult to determine the position 

of the double rings. Although they obviously lay on either side of the 

central position in approximately a straight line, the exact displacement 

of one with respect to the other was unknown. The correct positions of 

the true centre-centre vectors concerning each double ring are marked on 

the two maps shown (figs 22 and 23). It can be seen that the fit of these 

vectors is rather poor, particularly for the less sharp map. The exact 

location of the first half of the molecule was not found by Patterson 

methods, although several possible positions were tried. Amongst the 
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various possible positions of the second half of the molecule which 

were tried was included the correct one. 

Two further ambiguities arose, for it was not known which half of 

the molecule was in which orientation, nor was it known which way the 

twenty atoms of the two double rings should be labelled, for there were 

two possibilities. These two difficulties could be overcome either by 

omitting the aubstituonts to the rings and making the two ring orientat-

ions exact mirror images, or else by calculating large numbers of altern-

ative Fourier syntheses. After many failures, the final position reached 

was that the trial structure had the double rings in the correct orient-

ations, with the atoms labelled correctly, but displaced from the correct 

positions by as much as 0.5 1. Refinement of this structure terminated 

with the residual, R 	The agreement of the low angle structure 

factors was considerably better than this, suggesting that some small 

shift of the whole molecule, or half of it, might be the only large error. 

A program was now written, in Atlas Autocode for the KDF9 computer, 

which produced a residual map, using only about half of the structure 

factors to save computing time. The higher angle structure factors were 

those omitted. The calculation allowed some atoms to remain stationary 

while the remainder were moved simultaneously over a grid of points. 

na11 shifts of both halves of the molecule were indicated, but it 

appeared that the trial structure was in a substantial "false minimum". 

The residual was thus reduced to rather less than 4.0j. 

Use was now made of the minimum residual method of refinement 

(A. K. Bhuiya and L Stanley, 1963). All of the (ho ) structure factors 
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were calculated. The contribution of the first atom in the list was now 

subtracted from all the structure factors. Its contribution was computed 

at each point on a 5 x 5 grid of points, with specified equal intervals. 

Structure factors were thus obtained, and a residual was calculated, for 

all the grid. points. The atom was now moved to the grid point with the 

lowest, residual, or, if the atom had moved to the edge of the grid., one 

interval further. New structure factors were then stored and the refinement 

process was repeated with the next atom in the list. The residual was thus 

reduced to R = 33%, but some of the bond lengths became unacceptably long 

at over 1.8 1. It was therefore felt that although the trial structure 

was basically correct it was not close enough to the solution for a 

successful refinement to commence. 

(a) Three-dimensional Methods. 

It was realised that the most probable error in the co-ordinates 

obtained above was a small overall displacement, although the magnitude 

of this shift was greater than that imagined. The most useful structure 

factors were likely to be those at intermediate values of sine. The low 

angle reflections are generally insensitive to snail errors in atomic 

parameters, whereas the high angle reflections are too sensitive. The 

expected error might have had a drastic effect on the phase angles of 

high angle reflections. Accordingly, a three-dimensional electron density 

synthesis was computed using just under half of the observed data, 

eliminating the high angle reflections. The heights up the y axis were 

deduced with the aid of a model of the molecule. The peaks in the map 

produced were quite spherically symmetrical and there was no evidence 

of a general shift of many atoms. 
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If the accurate geometry of one molecule were known, then this 

information could be fitted into the approximate solution, either by 

model building or by further examination of the (010) projection Patter-

son maps, and a complete solution could be obtained. A three-dimensional 

minimum function was computed, using the atoms of one double ring as 

the starting positions. The map obtained was of hopelessly poor resolution, 

so a esoond superposition was carried out, including the ring substituent 

atoms in the starting set. This map was also of very poor resolution, 

so the geometry of the molecule was not established.. 

By pretending that the space group was triclinlo rather than mono-

clinic a sum function was readily computed by i'ourier methods. It was 

necessary to use reflections covering half, and not a quarter, of the 

reciprocal sphere. Since this included a very large number of reflections 

the smallest intensities were omitted from the list, since their contrib-

utions would have been negligible. The double ring and its substituents 

provided the input atomic positions. The sum function map produced in 

this way was no more informative than the minimum function had been. 
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4.. D=T ?THQP$ OF, ?tAS DPERMINAION 

(a) The Application of the 	Relationship. 

The observed intensities were converted into normalized structure 

factors, although due to the fact that the scale factor deduced from the 

Wilson plot was erroneous, the resultant list of Rh  values was on average 

about 	too high. The list contained 268 values 	1.50. Of these, 101 

were greater than 2.0, which was a clear indication that the values Were 

too high. It was not planned that any use be made of the absolute IE 
h i 

values, so this min-scaling was ignored. A second list was later prepared 

using the K-curve program written by Dr. Scott. The two lists agree quite 

well, the largest discrepancies being of about ro when the effect of the 

scaling error is discounted. The lists are tabulated later in this thesis 

(Appendix V). 

A progrsri was written, in Atlas Aut000de for the KDF9 computer, to 

carry out a r2  listing for all the 268 reflections with Ej 	1.50 
(where Rj is defined as the modulus of the mis-scaled normalised structure 

factor). This program was later modified to carry out tangent formula 

refinements one cycle at a time. The full listing consisted of rather an 

unwieldy amount of paper, so a second listing was abstracted from it, 

restricted to those 	> 2.0. Since three of the Rh values greater than 

2.0 were not accessible at this level, the shorter listing contained 

24.9 relations involving 98 different reflections. 

The desiderata in starting a phase determination have been discussed 

above (p.47). The method outlined here was based on the earlier work 
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described above • For space group P2 it was found to be necessary to 

resist the temptation to include too many reflections from the aentro-

symmetric zone in the starting Bet of phases. A list of all the reflect-

ions which were thought to be possible members of the starting set is 

shown below (Table 22). 

TABLE 22 

Possible Starting Reflections. 

NR p 

-12 0 6 3.4.0 9 

-10 0 3. 2.37 7 

-6 0 8 3.36 11 

-3. 0 5 4.97 18 

4 0 2 2.48 10 

4. 0 7 2.74. 8 

6 0 2 2.37 7 

i' k £ NJ: 	p 

-5 3 6 2.52 15 

-4 3 1 2.11 18 

-2 4. 2 2.27 15 

1 2 0 2.04. 25 

3 3. 7 2.4.2 12 	a 

4 1 7 3.71 16 	0 

5 1 2 2.13 15 

6 1 3. 2.12 16 

6 5 0 2.99 16 	b 

a 

0 

LJ 

NR is the number of relations in which the reflection takes 

part. p shows the reflections used in the starting set and 

their assigned phases in radians. 
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Two reflections were needed to fix the origin in the centre symmetric 

projection, one of which had to have indices (od.d,othi) whereas the other 

could have (even,od1) or (odd,even). The beet choices were clearly (-1,0,5) 

and. (4.,0,7), which were both given plus signs, i.e. phase angle zero. The 

two beet reflections from the non-centre symmetric list were (1+,1,7), 

which was given phase angle zero in order to fix the origin up the y 

axis, and (6,5,0), which was restricted to the range 0 	radians 

in order to specify the enantiomorph. 

It was decided to use two further starting phases, one reflection 

each from the centrosymmetric and non-oentroeyninetric lists. The choice 

of these two extra starting reflections was the first difficult decision, 

for different reflections or a different number of further reflections 

could equally well have been used. Since there were only a limited number 

of reflections to choose from, and since a preliminary examination of 

each choice required very little time compared to the later stages of 

the phase determination procedure, each possibility was scrutinised in 

turn. It is the opinion of the oandiai.te that this was a very worthwhile 

operation. 

Using the four starting reflections already established, each of 

'.he remaining centrosymmetric reflections was examined. With the shorter 

II2 listing, it was found that the selection of (-6,0,8) would lead to 

most new phases being determined in one cycle of extension of the set. 

The more difficult decision was the choice of a third non-centrosymmetric 

reflection, for it was necessary to obtain a good spread of k values 

early in the phase determination process, as well as establishing as 

many new phases as possible. (3,1,7)  fitted these conditions best, 
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although it was necessary to work through more than one cycle of phase 

extension in order to ensure that the phases determined did cover the 

range of k values adequately. 

Successive cycles of application of the , relationship soon led to 

the determination of the phases of 83 of the reflections for which EL ? 2. 

This part of the calculation was very simple and was easily performed in 

one day. As there was a considerable excess of relations over unknown 

phases, there were many cheeks that the progress was satisfactory. There 

were also strong indications that c = 0 and that b = ; those values were 

accepted.. The reflections used were not restricted to one quarter of the 

reciprocal sphere, but on changing from one quarter to another, the 

following changes of phase occurred.: 

(hkL) (iii) (hid) (iL) 

keven 	c4 	—o& 

k Odd. 	C91 	 _O( 	1i-.o 	1T-c( 

It would obviously have been easy to use the tangent formula to 

extend and refine these 83 phases, but the candidate was handicapped 

by the fact that he was in Nigeria at the time, so that only the two 2 

listings were available to him. The 2 relationship was therefore used 

to extend the phase determination downwards to those reflections for 

which 1.5 	Lj1  < 2.0. 129 further phases were thus obtained.. As the 

new values were usually unweighted averages from several contributing 

	

Tr 	3-m relations the new values were not restricted to 0, T, 7. or 7 radians 

unlike the initial 83 phases. Weak indications that a = i were accepted. 

It the work done subsequently had been unsuccessful, then the alternative 
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substitution a = 0 would have been made and a fresh start would have 

been made at this point. 

A few phases were calculated by three different methods, (i) an 

unweighted T 2  relationship, (ii) a form of the Z 2  relationship in 

which each contributing relation was weighted according to the product 

1.E 	and (iii) a tangent formula calculation. The values obtained 

were closely similar, lying within about 01 radian. It therefore seemed 

pointless to expend a lot of effort to obtain weighted averages and so 

the simplest method was used again. Since there were generally about 15 

contributors to each average, it would only be in a case where the 

individual contributors were widely spread that a significant change 

would occur on changing the method of calculation. Such a phase would be 

known to be inaccurate in any case. 

All the 212 phases so far determined were now used in a refinement 

and extension process. 36 new phases were established, and two of the 

old list, (-4,4,6) and. (-1,4,7), were rejected as their values were very 

uncertain. The phases of 246 reflections were thus determined. A second 

refinement process was now commenced. It was considerably more time 

consuming because now almost all the possible relations were contributing 

to each phase. The changes in phase between this cycle and the previous 

one were very small, averaging less than 0.1 radian for the non-centre-

symmetric reflections. When about a quarter of the phases had been 

refined it was decided to abandon the process. No new phases had been 

added to the list, but one, (-13,4,2), was rejected, so that the final 

list was of 245 phases. 
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A list of the phases obtained compared to the corresponding values 

calculated from the final refined parameters is presented (Appendix V). 

Of the 44 phases of centrosyminetrie reflections, 30 were correctly 

determined and 14 were wrong. The distribution of errors in the calcul-

ated phases of non-centrosytmnetrio reflections compared to the corres-

ponding values for the final refined structure are shown in a graph 

(fig 21.). One reflection, (10, 0,7),  was included in the phase determination 

but omitted from the refinement, since it was too near the edge of the 

film to be measured accurately. 

This was a much less accurate phase determination than the two 

described for o<,o<-trehalose. This was no doubt partly due to the fact 

that the 	data used were interior. The errors in the data for diethyl- 

idene trehalose were larger and included extinction effects, which 

caused some very useful reflections to be weighted down below their 

true level. More important, however, was the fact that space group P21  

is less suited to the direct method approach than P2.2121, for the latter 

contains much more useful centrosymmetrio reflections. 

(b) The Solution of the Structure. 

During the candidate's absence overseas, the language used for 

computing was changed to Fortran IV. Although it had been planned to 

refine the 215 phases using the tangent formula program written previously, 

it was decided to use the successful Multan system instead. Two attempts 

were made to obtain a solution of the structure by this method, but 

although both times the figure of merit was greater than 1.1, in neither 

case was the resultant 3-map interpretable. 
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It was now possible to refine the 24.5 phases using the FA$TAN 

program, but an 1-map was computed from them before this was tried 

and the refinement found to be unnecessary. This map (fig 25) clearly 

revealed half of the molecule. All the substituent atoms to this double 

ring were present, although 0(1) did not appear in quite the expected 

position. Two atoms from the other half of the molecule also showed up 

in this map, but they were not close enough to the first double ring to 

be identified positively. All the intensity data could now be used to 

calculate structure factors and phases, followed by either an electron 

density synthesis or by a tangent formula refinement. 

In calculating the structure factors all the 13 atoms located were 

assigned equal isotropic temperature factors B = 2.15 12. The scaling 

was such that the sums of the observed and calculated structure factors 

were equal. The residual was R = 53.6%. An electron density synthesis 

was computed which contained 13 large peaks corresponding to the input 

atomic positions and numerous lesser peaks whose height was about one 

sixth as great. The second half of the molecule was now located, each of 

the new atomic positions coinciding with one of the smaller peaks in the 

Fourier map. 

A second cycle of structure factor calculation and electron density 

synthesis was now computed using these 27 atoms as input positions. Again 

all the atoms were assigned equal isotropic temperature factors B = 2.15 

The residual fell to R = 38.0, with significantly better agreement for 

the low angle reflections, clearly indicating that the structure was 

substantially correct. One extra peak was found in this map, apart from 

those due to the input atoms. It was interpreted as the oxygen atom, 0(w), 
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of the water molecule. It was located so that the nearest atoms to it 

were three other oxygen atoms, 0(21), 0(3*)  and 0(61), at suitable 

separations for hydrogen bonding. 

The structure was thus solved by direct methods, but it should be 

noted that the interpretation of the E-map and of the electron density 

synthesis which followed it was greatly facilitated by the knowledge of 

the orientation and position of the molecule which was obtained by 

Patterson methods. In retrospect it seems that had work been continued 

with the earlier trial structure then the solution would eventually 

have been obtained. It might be suggested that the effect of using a 

poor set of intensity data was more prejudicial to the chance of success 

by direct methods than by Patterson methods, as is evidenced by the 

failure of the two attempts to employ the Multan system. On the other 

hand, it does appear that carbohydrate structures are well suited to 

direct methods of solution, especially since a trisacoharide structure 

has now been determined in this way (H. M. Berman, 1970). 



5. THE EFirwr OF TH STR1JCTtJR 

The atomic scattering factors used in the refinement were as before 

(Oxygen: A. J. Freeman, 1959; Carbon: J. Berghuis, et a).., 1955; Hydrogen: 

R. MoWeeny, 1951). The enaritiomorph had been specified at random and the 

choice made was the wrong one. The entire refinement was carried out with 

the mirror image of the correct structure. The parameters quoted (Tables 

26, 27 and. 28) therefore apply to the L-sugar, but the diagram (fig 26) 

shows the correct D-sugar, obtained by a mirror operation about the plane 

(010). 

The positions of the 28 carbon and oxygen atoms in the asymmetric 

unit of the structure were now subjected to two cycles of refinement by 

electron density synthesis. The bond lengths and angles were so modified 

by this refinement that they became closer to the expected values. The 

residual fell to R a 22.9. The low angle structure factors showed 

considerably better agreement than this whereas those at high angles 

were worse. 

The refinement was continued by the method of least squares. The 

program which was used to perform the calculations used the block diagonal 

simplification. The three positional parameters and an isotropic thermal 

vibration parameter for each atom were varied, each atom being treated 

separately. This meant that although there was no restraint to fix the 

origin up the y axis, each atom was moved up or down it with respect to 

the other twenty-sevens  so that the origin was not really free to float. 

The weighting scheme employed gave each structure factor a weight equal 

to the reciprocal of its estimated standard deviation (Table 19). 
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Two cycles of refinement reduced the residual to less than 16%, 

excluding the non-systematically absent reflections. The thermal para-

meters assumed reasonable values. For the atoms in the glucose rings 

1.7 < B K 2.1 V, whereas those in the rings closed by the ethylidene 

groups and the other eubstituents to the glucose rings had somewhat 

higher values. The carbon atoms of the methyl groups had B = 3.0 and 
o 2 3.4 a and for the oxygen atom of the water molecule B = 4.7 12. The 

shifts in the thermal and positional parameters of the atoms had become 

quite small, so it was decided to try to locate the hydrogen atoms. 

Structure factors and a difference Fourier synthesis were computed. 

The residual, which now included the non-systematioally absent reflections, 

rose to It a 16.9%.  The best agreement was in the middle of the range of 

sine values. This was because the contribution of the hydrogen atoms to 

the low angle structure factors was now significant. It was possible to 

locate 22 of the 28 hydrogen atoms in the asymmetric unit from this map. 

No attempt was ever made to refine these positions since the observed 

intensity data were not sufficiently accurate. 

The only hydrogen atoms which were not located were the six in the 

two methyl groups. They were either free to rotate about the c(7) - C(8) 

bond, or, more -probably, to oscillate over quite a large are. The carbon 

atoms of the methyl groups were subject to much greater thermal vibrat-

ions than the other atoms of the molecule, and it appeared that their 

vibrations were distinctly enisotropic. It was therefore thought that 

it would not be possible to locate these atoms with the available data. 

It should be pointed out that the thermal vibration parameters of atoms 



C(8) and. C(81 ) are not valid. They are compensating for the missing 

hydrogen atoms as well as representing the thermal vibrations of the 

carbon atoms. 

One further cycle of refinement by the method of least squares was 

carried out with isotropic thermal parameters. In this and subsequent 

calculations the hydrogen atoms were assigned equal isotropic thermal 

parameters B = 2.5 V. Four parameters for each of the 28 oxygen and 

carbon atoms and the overall scale factor were refined.. The residual fell 

to 13.4$, the final value for the isotropic refinement. The shifts in the 

positional parameters were now snail, the two biggest being of three-

quarters of an estimated standard deviation. It transpired that some of 

the low order reflections suffered badly from secondary extinction, the 

final evidence for which is given below (Table 23). 

Anisotropic thormel vibration parameters were introduced, so that 

the parameters refined consisted of one overall scale factor together 

with three positional and six thermal parameters for each of the 28 

oxygen and carbon atoms, making 253  in all. Some quite large positional 

shifts were indicated, although several parameters wobbled to and fro in 

the five cycles of refinement which were performed. The magnitude of the 

shifts fell as the refinement proceeded, as did 	the quantity 

minimised.. The residual, however, only fall slightly, as can be seen in 

the summary of the progress of the refinement (Table 24). Although 

structure factors were calculated for the reflections which were badly 

affected by secondary extinction, they were not allowed to contribute 

to the shifts applied to the parameters. 



These calculations revealed the disturbing fact that the intensity 

data were badly mis-scaled. The structure factor list from the eighth 

cycle of the least squares refinement was used to calculate new scale 

factors to relate together the various layers of crude intensity data. 

The resoaling process was thus analogous to the original coaling except 

that it was performed backwards. When the amended scale factors had been 

calculated it was a simple matter to produce a complete set of resealed 

data. It is probable that the mis-scaling was due to absorption errors. 

These would arise because the crystal specimens employed did not have 

exactly circular cross-sections. 

The weighting scheme for the refinement was amended to the more 

proper form in which the weight given to a structure factor is proport-

ional to the reciprocal of the square of its estimated standard deviation. 

This alteration changed the value of WAcon enly but otherwise 

had very little effect. Two ±'urthcr c-P--les ,V refinertent of the same 

253 parameters served to converge the refinement. ilthough the residual 

fell considerably in the last cycle, the value of 
ZwA2  fell only 

slightly (Table 24.). The final indicated shifts were small, the largest 

shifts in the positional parameters being about one third of an estimated 

standard deviation. 

The final stage of the refinement was to calculate a difference 

Fourier synthesis. Structure factors were calculated for all the intensity 

data, for which the residual was R = 12.2%. The analysis of agreement of 

these structure factors is reproduced below (Table 25). The relatively 

poor agreement of the lowest angle structure factors was due, in part, 

to the extinction errors. The most prominent features in the difference 
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Fourier synthesis were diffuse peaks close to atoms 0(8) and 0(81 ).. 

These were attributed to the missing hydrogen atoms and, possibly, to 

the inadequate thermal vibration parameters of the two carbon atoms. 

It was not possible to locate the hydrogen atoms satisfactorily from 

the map, so it was felt that any attempt to include them in further 

calculations would not bring about a significant extension of the 

refinement. 

Lists of the final atomic parameters, i.e. those used to calculate 

the final difference Fourier synthesis, are given below (Tables 26, 

27 and 28). 



TABLE 23 

The Evidence of Secondary Extinction. 

h k sin2 
\LOb31 Ii'oa1o1 

IF calol 
IF obsl 

-2 0 1 0.02 664 963 1.450 

-2 3. 3. 0.03 587 889 1.514. 
-2 1 2 0.05 4.62 436 0.944. 

-2 3. 3 0.07 4.69 4.20 0.896 
-1 0 3 0.05 626 505 0.807 

-3. 2 3. 0.04 573 706 1,232 

0 0 1 001 4.64 4.89 1.054 

0 0 2 0.02 518 4.34. 0.838 

0 1 1 0.01 633 839 1.325 

0 2 0 003 495 541 1.093 

1 2 0 0.04 725 1003 1.383 

2 0 3. 0.03 582 650 1.116 

2 1 0 0.03 491 557 1.134 

2 2 0 0.05 518 573 1.106 

4. 0 0 0.08 582 619 1.064 



0,0 isotropie 20.46,,,"i" 6171+3 

" 16.04 1+291+2 

11F.II.1 33802 

0,0 ani sotropie 13.82 3111+1 

to  13.38 26950 

ft  11.97 21+486 

12.21+ 19892 

11.1+2 16959 

1 

2 

3 

14  

5 
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8 

ft 

ft 
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TABLE 21 

A Summary of the Refinement by the Method of Least Squares, 

Cycle 	Atoms 
	

Thermal Parameters Rinput 	input 

Data Re-scaled. and Re-weighted 

	

9 
	to 	 ft 	 10.71+ 	4,6079 

	

10 
	 to 	 10.22 	1+3552 
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TABLE 25 

Analysis of Agreement for the Final Structure Factors. 

Against sin 4e: 

>oa1ol R 
obs 

0.0 - 0.1 22668 23442 55 0.15 
0.1 - 0.2 27,193 27068 2780 0.10 
0.2 - 0.3 22855 22054 2271 0.10 
0,3 - 04 2324.5 23001 2090 0.09 
0.4 - 0.5 2254.7 22844 2033 0.09 
0.5 - o.6 18884. 19236 1931 010 
0.6 - 0.7 14456 14,951 2075 0.14. 
0.7 - 0.8 104.25 10669 2017 0.19 
0.8 - 0.9 9971 10099 2109 0.21 
0.9 - 1.0 8222 7872 1323 o.16 

Against I? 

Fraction of IF] 	obe 	a1oI 	1 I:- I 	it 

0.00 - 0.25 1396 4219 3185 2.28 
0.25 - 0.50 14114. 134.80 2450 0.17 
0.50 - 0.75 22575 21917 2883 0.13 
0.75 - 1.00 22706 22157 2279 0.10 
1.00 - 1.25 16217 16100 1415 0.09 
1.25 - 1.50 1491+9 14725 134.7 0.09 
1.50 - 1.75 12278 12154. 964. 0.08 
1.75 - 2,00 9088 8566 858 0.09 
2.00 - 2.25 10338 10152 788 0.08 

),2.25 57507 57719 5968 0.10 

Against the Miller Indices: 

h R k R 

0 0.13 0 0.18 0 0.10 
1 0.13 1 0.13 1 0.11 
2 0.13 2 0.10 2 0.10 
3 0.12 3 0.10 3 0.14 
4 0.10 4. 0.10 14. 0.13 
5 0.11 5 0.12 5 0.11 
6 0.09 6 0.10 6 0.12 
7 0.12 7 0.12 7 0.12 
8 0.13 8 0.14 8 0.13 
9 0.16 9 0.19 9 0.16 

>11 10 0.15 >1 10 0.20 10 0.21 



TABLE 26 

Carbon and Oxygen Atoms 

Final Fractional Co-ordinates and Estimated Standard Deviations. 

Atom x E.S.D. y E.S.D. z }.S.D. 

C(l) 0.14.067 0.00065 0.23890 0.00127 0.03167 0.00077 

0(2) 0.18998 0.00070 0,39123 0.00117 0.98766  0.00078 

0(3) 0.21078 0.00072 0.381+75 0.00111 0.83618 0.00082 

C(4) 0.09216 0.00067 0.33214.3 0.00117 0.75873 0.00077 

C(s) 0.04-921 0.00065 0.18107 0.00118 0.81346 0.00080 

c(6) 0.07078 0.00071 0.631+80 0.00133 0.26675 0.00086 

0(7) 0.00920 0.00079 0.76461 0.00128 0.4.5254 0.00087 

0(8) 0.01190 0.00107 0.23451 0.00145 0.1+0115 0.00090 

0(1) 0.23097 0.00046 0.1226 0.00076 0.02660 0.00053 

0(2) 0.29563 0.00055 0.44090 0.00090 0.07202 0.00058 

0(3) 0.24755 0.00050 0.534-01 0.00082 0.79598 0.00059 

0(4.) 0.1054.9 0.00049 0.30516 0.00083 0.61972 0.00052 

0(5) 0.03203 0.00045 0.19584 0.00077 0.95346 0.00051 

0(6) 0.05233 0.00053 0.624-84 0.00091 0.40536 0.00058 

c(11 ) 0.20856 0.00070 0.97696 0.00114. 0.084-92 0.00083 

0(21 ) 0.29659 0.00068 0.85636 0.00118 0.04330 0.00074 

0(3') 0.1+2646 0.00070 0.90455 0.00106 0.09587 0.00080 

c(41) 0.42833 0.00068 0.91278 0.00113 0.25018 0.00079 

 0.33718 0.00071 0.02756 0.00112 0.28823 0.00080 

 0.33767 0.00071 0,02659 0.00139 0.44085 0.00085 

C(T) 0.4.5641 0.00075 0.4.5058 0.00131 0.53944 0.00075 

0(8') 0.33222 0.00087 0.50141 0.00179 0.47293 0.00091 

0(2') 0.28021 0.00054 0.84714. 0.00087 0.89773 0.00054 

0(3') 0.4.8943 0.00053 0.30101 0.00094. 0.94698 0.00056 

0(4') 0.4.5802 0.00049 0.46031 0.00086 0.68364 0.00052 

OW) 0.21807 0.0004-6 0.98602 0.00080 0.22750 0.00050 

0(61 ) 0.45805 0.00051 0.05899 0.00089 0.50262 0.00057 

0.43670 0.00091 0.04717 0.00142 0.78579 0.00072 

.4- k'c., 	t0.5 	*.OW.Or) 	Or ko 
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TABLS 27 

Carbon and Oxygen Atoms: 

Final Anisotropic Thermal Vibration Parameters. 

Atom B11  B22  B33 1323 B31 12 
C(l) 0.00350 0.01319 0.00499 -0.00105 0.00162 0.00171 

 0.00453 0.01056 0.00537 -0.00015 0.00325 -0.00005 

 0.00487 0.00769 0.00622 -0.00068 0.00132 -0.00023 

 0.00420 0.00898 0.00503 -0.00023 0.00278 -0.00031 

c(5) 0.00352 0.00992 0.00584 0.00033 0,00324. 0.00024 
 0.00485 0.01232 0.00651 -0.00014 0.00288 0.00472 

 0.00583 0.01097 0.00625 -0,00035 -0.00311 0.00397 
0(8) 0.0124-9 0.01207 0.00529 -0.00470 -0.00021 -0.00316 

0(i) 0.00463. 0.00673 0.00563 0.00037 0.00145 -0.00183 
0(2) 0.00657 0.01120 0.00593 -0.00401 0.0004-5 -0.00152 

ON 0.00523 0.00759 0.00720 -0.00026 0.0014.2 -0.00276 

0(4) 0.00490 0.01167 0.00399 -0.00010 0.00073 -0.00135 

0(5) 0.00398 0.01038 0.00401 -0.00010 0.00306 0.00009 
0(6) 0.00636 0.01188 0.00582 0.00240 -0.00028 0.00392 

c(3-') 0.00449 0.00823 0.00719 0.00157 0.00510 -0.00370 
0(21 ) 0.00452 0.01047 0.004-34 0.00072 0.00238 -0.00100 
0(31 ) 0.00450 0.00652 0.00577 0.00038 0.00233 0.00157 
c(41 ) 0.00414 0.00846 .00591. 0.00165 0.00180 -0.00020 

C(5') 0.00532 0.0054.3 0.00646 0.00073 0.00364. 0.00145 
c(61 ) 0.00440 0.01495 0.00623 -0.00207 0.00212 0.00198 
0(71 ) 0.00585 0.0124-7 0.00390 0.00078 0.00282 -0.00281 

c(89 0.00620 0.02770 0.00576 0.00821 -0.00308 -0.00150 

0(21 ) 0.00631 0.01174 0.004-05 -0.00154 0.00059 -0.00024. 

0(3') 0.00551 0.01601 0.00486 0.00210 0.00171 -0.001+43 
0(4') 0.004-73 0.01260 0.004-18 0.00208 0.00083 0.00086 

0(5') 0.00391 0.01183 0.001.22 0.00176 0.00206 0.00077 
0(69 o.006u 0.01233 0.00515 -0.00206 0.00185 0.00098 
0(w) 0.01877 0.03238 0.00596 -0.00805 0.00986 -0.02755 
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TABLE 28 

Approximate Fractional Co-ordinates of the Hydrogen Atoms. 

Atom Bonded to x y z 

11(1) c(i) 0.125 0.250 0.138 
11(2) 0(2) 0.125 0.467 0.010 
11(3) 0(3) 0.260 0.307 0.820 
11(14.) c(4) 0.04.3 0.14.23 0.768 
11(5) 0(5) 0.100 0.083 0.780 
11(6) c(6) 0.038 0.733 0.275 

11(7) 0(6) 0.093 0.523 0.250 

11(8) 0(7) 0.025 0.383 0.545 
11(9) 0(2) 0.350 0.393 0.030 

11(10) 0(3) 0.318 0.317 0.775 

11(11) G(II) 0.120 0.907 0.050 
11(12) 0(21 ) 0.288 0.733 0.050 
11(13) 0(3') 0.4.30 0.025 0.090 
11(1)+) c(4.') 0.4.15 0.800 0.24.5 
11(15) 0(5') 0.34.0 0.150 0.288 
11(16) c(6') 0.330 0.917 0.450 

11(17)  0.285 0.117 0.460 

11(18)  0.4.65 0.317 0.525 

11(19) 0(21 ) 0.275 0.733 0.885 

11(20) 0(3') 0.4.70 0.207 0.905 

11(21) o(w) 0.375 0.983 0.813 

11(22) 0(w) 0.440 0.067 0.693 
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6. 1S8SI0N OF THE STRUCTUR 

The final structure is shown projected on to the (010) plane (fig 26); 

the list of atomic co-ordinates (Table 26) has been operated on by a 

mirror plane coincident with the (010) plane, so that the correct enantio-

morph has been reproduced. The molecules are held together partly by a 

network of hydrogen bonds and partly by van der Waal ' a forces. 

The six hydrogen bonds (fig 27 and. Table 29)  make use of all the six 

hydrorl groups which are available. The lengths of the hydrogen bonds 

lie in the usual range of 2.7 to 2.9 t, although the average length is 

rather greater than was the ease for ,-trehalose dihydrate. The 

hydrogen bonding is therefore much weaker for diethylidene trehalose. 

* ** * *** * 

TABLE 29 

The Hydrogen Bonds. 

0-H- - - -o Length E.S.D. 

0(2) 11(9) 0(31 ) 2.908 0.009 

0(3) 11(10) 0(1) 2.826 0.008 

0(21 ) 11(19) 0(3) 2.837 0.010 

0(3') 11(20) 0(w) 2.699 0.013 

0(w) 11(21) 0(21 ) 2.781 0.012 

0(w) 11(22) 0(61 ) 2.876 0.009 



Diethylidene Trehalose. 

x 

carbon 	 0 = oXe 

= dro9er bond 	 cm 

(fig 26) 



The Hydrogen Bonds. 

(fig 27) 
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As was found in the case of c,o&-trehaloee dihydrate, there is no 

hydrogen bond in which 0(1), the g1uootdio oxygen atom, participates 

as an acceptor, nor is there an inter-residue bond of the type 

0(2) - H - - 0(5'). Two of the oxygen atoms in the rings, 0(4') and 

0(61 ), function as acceptors in hydrogen bonds, which are 2.83 and 2.88 

long respectively. Thus the three such bond.s in the two structures which 

have been determined are all longer than average. The water molecule is 

trigonally co-ordinate. 

There are some quite strong van der Waal' a forces between molecules. 

The ethylidene groups on both sugar residues lie close to screw axes 

(fig 26), consequently there are rather short contact distances between 

each ethylidene group and the two other ethylidene groups related to it 

by the screw axis. The shortest separations of the carbon atoms are 

about 4.0 1, but since the hydrogen atoms of the two methyl groups were 
not located., it is not possible to work out the shortest separations 

between atoms. 

The conformation of the double rings is the expected one and the 

methyl groups attached to the double rings are in equatorial positions. 

This has the effect of minimising repulsions between the methyl groups 

and the lone pairs of electrons on the nearby oxygen atoms 0(4) and 0(6) 

or 0(41) and 0(61). The bond angle at the glucosidic linkage was found 

to be 115.00  (three standard deviations = 1.90) which is closely similar 

to the value of 115.7°  obtained for çc'-trehalose, and in good agreement 

with the results for other glycosides (Table 16, p.73). Newman projections 

down the c(l) - 0(i) and. c(l') - 0(1) bonds are shown (fig 28). 
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The rotations about the c(i) - o(i) and. C(II) - 0(1) bonds are 

defined by the two dihedral angles: 

C(l) - 0(i) - c(i') - c(i) 1321°  

c(l') - 0(i) - c(i) - c(4.) = 	127.4 

The corresponding angles for the ''< -trehaloao molecule were 120.70  and 

1314..7, so the conformation at the glucosidie linkage is closely similar 

for both molecules. 

The positional parameters of the hydrogen atoms were not refined, 

so estimated standard deviations were not calculated for these parameters. 

It was, therefore, impossible to calculate errors in the appropriate 

bond lengths and angles. The bond lengths and angles were themselves 

calculated in order to confirm that the hydrogen atoms were occupying 

reasonable positions. The rest of this discussion is concerned solely 

with the carbon and oxygen atoms. 

Lists of bond lengths and their estimated standard deviations 

(Table 30) and bond angles and their estimated standard deviations 

(Table 31) are shown for the carbon and oxygen atoms. The estimated 

standard deviations in both bond lengths and angles are on average 

about 2.5 times as large as the corresponding values for ,o<-trehalose 

dihyd.rate. The mean C - C and. C - OH bond lengths for diethylidene 

trehalose were found to be 1.524 and. 1.19 . respectively, in good 

agreement with the results obtained in various accurate determinations 

of sugar structures (Table 17, p.75). The mean bond angle in the pyranose 

rings is 110.30, in excellent agreement with previous results (Table 18, 

P-78). 



Newman Projections. 

(I) Down C(1) - O(1) 

(ii) Down C(') - 0(1) 

(fig 25) 
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TABLE 30 

Final Bond Lengths and their Estimated. Standard Deviations. 

Length E.S.D. 	 Length E.B.D. 

0(1) - 0(2) 1.489 R 0.0137 c(1') - 0(2') 1.517 	0.0123 	. 

0(2) - c(3) 1.565 0.0114. 0(2') - 0(3') 1.544 0.0111 

0(3) - c(4) 1.520  00112 C(3') - 0(4 0 ) 1.54.3 0.0113 

 - 0(5) 1.4.95 0.0132 0(4') - 0(5') 1.4.97 0.0121 

 - c(6) 1.530 0.0113 0(5') - c(6') 1.526 0.0118 

0(7) - c(8) 1.535 0.0128 0(7') c(81 ) 1.530 0.0133 

0(2) - 0(2) 1.429 0.0102 c(21 ) - 0(2') 1.446 0.0093 

0(3) - 0(3) 1.4.01 0.0113 0(3') - 0(39 1.398 0.0107 

C(l) - 0(1) 1.419 0.0108 c(i-) - 0(1) 1.398 0.0112 

CM - 0(5) 1.411 0.0092 c(i') - 0(5') 1,418 0.0098 

C(5) - 0(5) 1.444 0.0096 0(5*) - 0(5') 1.442 0.0096 

C(4) - 0(4) 1.4.37 0.0095 c(') - 0(4.') 1.420 0.0096 

0(7) - o() 1.437 0.0105 c(7') - 0(4.') 1.443 0.0092 

 - 0(6) 1.432 0.0105 c(61 ) - 0(61 ) 1.441 0.0100 

0(7) - 0(6) 1.382 0.0126 c(7') - 0(61 ) 1.432 0.0115 
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TABLE 33. 

Final Bond Angles and their Estimated Standard Deviations. 

Angle E.S.D. 	 Angle E.S.D. 

0(5) c(l) 0(1) 

0(5) c(i) 0(2) 

0(1) c(i) c(2) 

C(l) 0(2) 0(2) 

C(l) c(2) c(3) 
0(2)  0(3) 

0(2) 0(3) 0(3) 

0(2)  c(4.) 
0(3) c(3) 0(4.) 

0(3) c() 0(4.) 

0(3) c(1+) 0(5) 

0(4.) c() c(s) 
C(4) c(s) c(6) 
0(4.) c(s) o(s) 
C(6) c(s) 0(5) 
0(5) 0(5) 0(1) 

112.130 0.670 
112.87 0.70 
106.73 0.68 
113.14 0.71 

111.4.5 0.70 

111.25 0.68 

109.54. 0.68 

105.64 0.68 

112.86 0.69 

110.03 0.67 

111.54. 0.70 
107.34 0.67 
109.4.3 0.71 
111.89 0.68 

107.95 0.67 
110.01 0.61 

o(s') c(i') o(i) 

o(s') c(i') c(2') 

0(1) c(i') 0(2') 
C(II) 0(2') 0(2') 
C(II) c(21 ) 0(31 ) 

0(2') 0(2') 0(31 ) 

c(21 ) 0(3') 0(31 ) 

0(2') 0(31 ) c(4.') 
0(31 ) 0(31 ) 0(41 ) 

0(31 ) c(') 0(4') 
c(31 ) c(41 ) 0(5') 
0(41 ) c(41 ) 0(51 ) 

0(41 ) c(51 ) c(6') 

0(41 ) c(5') o(s') 
c(6') 0(5') 0(51 ) 

0(5') o(s') c(i') 

112.25°  0.67°  
110.28 0.68 

108.31 0.68 

108.13 0.67 

110.82 0.69 

110.29 0.66 

112.49 0,68 

103.88 o.66 

114.51 0.69 

111.81 0.67 
111.36 0.69 

107.84 0.67 

109.81 0.72 
iu.6o 0.68 

107.48 0.68 

112.29 0.62 

C(4) 0(4) 0(7) 108.84 0.64. 0(4.') 0(4') 0(7') 109.98 o.6 

0(4.) c(7) 0(8) 106.06 0.76 0(4.') 0(7') 0(8') 108.00 0.76 

0(4.) c(7) 0(6) 111.41 0.73 0(4.') 0(7') 0(61 ) 109.72 0.69 

C(8) c(7) 0(6) 106.88 0.78 0(8') 0(7') o(61 ) 107.85 0,76 

C(7) 4(6) c(6) 112.55 0.70 c(7') 0(61 ) c(61 ) 112.68 0.68 

0(6) c(6) c(s)  106.95 0.72 0(61 ) c(61 ) c(') 107.87 0.72 

c(1) o(i) c(i') 114.99 0.63 
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The outstanding feature of the list of bond lengths is that the 

bonds parallel to c(i) - C(2) and 0(11) - C(21 ) are shorter than 

expected by about 1.8 estimated standard deviations on average. The 

other bonds are rather longer than expected, except those in the gluco-

sidic linkage. The short bonds are those which lie most closely parallel 

to .k. The bond angles which are most nearly perpendicular to b are 

smaller than expected, by almost 5 estimated standard deviations, and 

the others are too large. No other correlation between bond lengths or 

angles and their geometry was found. 

It is apparent that the observed intensity data contain some system-

atic error or errors. The rescaling and re-weighting effected towards 

the and of the refinement had not affected those anomalies significantly. 

They may have arisen due to absorption effects, caused by the crystal 

specimen not being exactly circular in cross-section. Since the bulk of 

the intensity data was collected with the crystal rotating about the y 

axis, any such absorption error would be serious. It was, however, 

possible that the error lay in the assumption, which was made in calcul-

ating the structure factors, that each atom was vibrating independently 

of all the other atoms. This was a crude approximation, since much of 

the molecule is clearly free to "waggle". Since it was known that the 

intensity data were not very accurate, it was decided that there was 

little point in investigating this possibility, which in any case lay 

far beyond the intended scope of this thesis. 

It would have been simple to apply an empirical correction to the 

bond lengths and. angles. Since the cause of the observed discrepancies 

was unknown it was felt that this would have been unjustified. Had. this 



- 123 - 

correction been applied., then the c(i) - 0(1) and. C(5) - 0(5) bonds 

in both rings would have been of roughly normal length, whereas the 

C(l) - 0(5) bonds would both have been significantly shorter than 

average. This agrees well with the results for the second ring of 	- 

trehalose, i.e. that in which 0( 5') did not participate in ft hydrogen 

bond. The remaining significant feature of the table of bond lengths 

is that the bonds to 0(61 ) are both longer than the corresponding bonds 

to 0(6). This may be due to the fact that 0(61 ) acts as an acceptor in 

a hydrogen bond. 

The large systematic errors in the list of bond angles precludes 

any meaningful discussion of variations round the pyranose ring, in 

order to investigate any strain due to the closure of the second. ring. 

The mean internal bond angles in the glucose rings were no.60  and 

110.10 respectively. The corresponding angles for the new rings were 

109.5°  and 109.7°.  The largest differences between corresponding bond 

angles in the two residues concerned atoms 0(2) and 0(3)  and their 

counterparts, so that it was concluded that the pattern of hydrogen 

bonding was responsible. 
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A NY1E ON DIDEOXY TBEHOS 

The sample sent by Dr. Birch contained, two distinct forms of crystals, 

long needles and compact polyhedra. Both showed clear extinctions when 

viewed between crossed polarisers. Their equivalence was demonstrated 

by photography using the 10 cm diameter normal beam Weissenborg camera. 

The s3lTmnetry of the diffraction pattern obtained showed that the crystals 

were of orthorho&nbio symmetry. The only systematically absent reflections 

were I(hOO) and. 1(01cC)) for odd values of h and k respectively. The space 

group was therefore P21212, number 18 (International Tables, vol I). 

The approximate lattice parameters were found to be: 

a = 7.80 

b 	18.96 

C 	U.Oli- 

It was not possible to measure the density accurately, the estimates 

ranged from 1.36 to 1.4.2 g.cm'3. This density corresponds to one or two 

molecules of water of crystallisation per 0,2112209  molecule. Chemical 

analysis was also ambiguous (a., G. Birch, 1966). 

An attempt was made to collect intensity data for this derivative 

but the small size of the crystals necessitated the use of very long 

exposure times. The crystals were so fragile that they fractured before 

any Weissenberg photographs were completed. This weakness of the crystals 

suggested that they were probably the monohydrate. It also prevented 

suitable photographs being obtained for the calculation of accurate 

cell dimensions. 
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NO'1 ON PUBLICATION 

Although none of the work described in this thesis has so far 

been repoz'ted in the literature, it is intended that there should 

be two publications. A paper is being prepared jointly with Dr. D. C. 

Rohrer and Dr. C. M. &own, on the three independent determinations 

of the crystal structure of c,o_trehalose &thydrate. A second paper 

will presently be written concerning diothylidene trehalose. It is 

hoped that both papers will be published in Aota Crystallographica. 



Trehelose Normalised Structure Factors and Phases Deduced by Direct Methods. 

h 1 2 P3 h E P, T2 3 
2 8 1.86 00  00 1 16 3 1.42 -133°  -1120 .° 

0 	i. 3 2.78 1800 180 180 1 16 6 1.37 -162 -.63 
0 	4. 4 1.76 0 0 0 1 17 2 1.56 159 168 173. 

4 6 1.4.2 0 0 1 17 6 1.70 105 134. 73 
4 7 1.55 0 0 0 1 18 0 1.38 -90 -90 
4 8 2.25 0 0 0 3. 18 s 1,63 -5 12 -29 

0 	3 1 1.43. -90 -90 3. 22 2 1.4.6 -15 -19 -27 
0 	5 3 1.88 -90 -90 -90 2 	0 3 2.15 -90 90 
0 	5 8 1.33 -90 -90 2 0 8 1.84 180 0 0 
0 	5 9 2.03 -90 90 -90 2 	0 9 1.62 -90 -90 -90 

0 6 6 1.314. 0 0 2 1 6 1.39 57 93 
0 	7 8 1.58 90 90 90 2 	1 9 1.60 86 53 -5 
0 9 1 1.70 90 -90 90 2 	3 1 2.54. -83 -.34 -27 
0 	9 2 2.54. 90 90 90 2 	3 3 1.74 -102 -110 -18 
0 	9 5 1.43 -90 -90 -90 2 	3 7 1.38 109 107 
0 11 3 1.51 -90 -90 2 	3 8 1.83 -78 -72 -5 
0 3.1 5 209 90 90 90 2 4 0 1.53 180 180 
0 12 7 2.02 0 0 0 2 	6 3 1.83 179 -171 124 
0 3.4. 0 2.18 0 0 0 2 	7 8 1.4.6 -79 -39 6 
0 16 0 1.45 180 2 	7 9 2.01 -61 -65 -11 

0 16 2 1.77 180 180 180 2 	8 4 1.48 -159 -93 -101 
0 17 1 3.3.4 90 90 90 2 	8 7 1.49 167 113 168 
0 3.7 6 2.34. -90 -90 2 	8 8 2.40 -175 -158 348 
0 18 5 1.47 180 180 2 	8 9 2.09 -165 -177 -136 
0 18 6 1.61 0 180 0 2 	9  1 1.84. 85 6o 55 
0 23. 2 1.69 -90 -90 -90 2 	9 7 1.43. -13.8 -113 -37 
1 1 7 2.33. -95 -3.09 -155 2 	9 8 2.57 92 125 32 
1 	3 0 1.4.9 -90 -90 2 12 2 1.83 70 -61 3.27 
1 	5 0 2.00 90 90 90 2 12 6 1.59 -3.54. -129 -125 
1 	6 3 1.54. -72 -31 -55 2 13 3 1.33 119 156 146 

1 	7 1 1.52 .37 -71 -19 2 13 5 2.27 89 116 80 
1 	7 8 1.43. -10 23 2 14 2 1.83 130 113 3.20 
1 	8 1 2.13 -172 -151i. -160 2 14. 3 1.714. -3.1 9 67 
3. 	8 9 2.38 -164. 68 -90 2 16 1 1.36 88 63 
1 	9 0 1.4.9 90 90 90 2 20 2 1.38 -18 45 
1 	9 3 1.4.9 -93 -.914. -99 3 	0 1 1.40 -90 90 
1 	9 8 1.42 91 126 -.8 3 	2 6 1.92 64. 6 4.3 
1 12 2 2.53 -6 -53 -50 3 	3 5 1.49 -50 -51 -105 
11322.214.4. 84. 50 3361.50 753.12 26 
1 16 2 1.56 6 .48 -3 3 4 0 1.75 90 90 -90 



h  t 14 ( 1  q73 
 h k t L P2 93 

3 	5 2 1.50 -69 169 5 1 5 1.81 -130 -124 -173 
3531.51 124 62159 5161.51 57 45 49 
3 	7 9 1.73 -83 .46 -71 5 	2 6 2.28 109 173 159 
3 	8 8 1.85 -151 149 176 5 	3 3 1.44 118 102 123 
3 	9 7 1.36 173 -1013. 5 	3 6 1.93 -89 -167 -68 
3 11 8 1.51 159 102 5 	4 5 2.60 -176 178 -167 
3 13 1 1.51 -100 -109 -14.5 5 	5 5 2.06 44. -126 -102 
3 13 3 2.00 -92 -121 -73 5 	5 7 1.81 26 .39 23 
3 13 4. 1.76 -88 -77 -91 5 	6 4. 1.80 174 -176 169 
3 14. 2 1.44. -97 -46 -87 5 	6 5 2.12 -7 -12 -52 

3 3.4 3 1.68 345 .463 -132 5 	7 6 1.65 -87 -61 -49 
3 34 4. 1.35 1513. .150 5 	7 7 1.77 -52 89 -38 
3 15 3 1.60 -26 -113 5 	7 8 2.20 -42 -103 -.89 
3 16 5 1.52 -.16 -21 4.2 5 	8 3 1.63 -175 -163 176 
3 17 0 2.08 -90 -90 -90 5 	8 5 1.89 -171 -171 -14-7 
3 18 1 1.4.9 169 132 144 5 	9 4. 1.72 813. 63 67 
3 20 1 1.42 2 -22 5 10 3 1.38 9 34 81,. 
3 22 1 1.84. 176 .164 -131 5 10 7 1.91 -13 4 -26 
4. 	0 1 1.78 -90 -90 -90 5 10 8 2.31 -179 161 156 
£. 	0 2 1.41 0 0 5 11 3 1.95 -89 -75 -63 

4. 	1 3 1.69 -131 1313. -172 5 11 4 1.57 -88 -120 .90 
4. 	2 6 1.48 180 160 -170 5 12 3 1.53 168 -179 154 
4 3 6 1.76 5 88 34. 5:13 7 1.60 -91 -13.0 -66 
4. 	4. 3 1.76 -13 10 -57 5 15 0 2.37 -90 -90 -90 
4. 	4. 5 2.13 -80 -26 -114. 5 16 4- 2.14 -3.68 -162 -121 
4. 	5 2 1.82 -88 -95 -88 5 17 1 1.57 116 90 97 
2*. 	3 3 1.79 -80 -87 -79 5 17 3 1.82 95 102 92 
4. 	5 8 2.00 93 90 69 5 18 0 1.39 90 90 
4 6 0 2.43 180 3.80 180 5 18 4. 1.70 -32 -15 -.102 
. 	6 7 1.73 .144 158 173 6 	0 1 2.20 -90 -90 -90 

4 B 6 1.49 0 93 6 1 2 1.70 102 155 117 
4881.40 68 88 6152.41 89 78 4.2 
4 9 0 2.14. 0 180 0 6 1 6 1.71 173 32 -116 
4.951.64. 89 86 90 6181.48-71 -137 
4. 11 3 1.45 137 13)4. 134. 6 	2 2 1.79 32 37 23. 
4. U 2. 2.10 89 78 73 6 	2 6 1.61 -2 35 -2 
4. 12 2 1.37 32 94 6 	3  2 2.01 -97 -60 -47 
412 3 1.63 10 2 37 6 	3 6 1.83 -19 -80 -40 
4.1261.38178130176 6401.59 0 0 
4.13 3 2.29 58 150 6 	8 3 2.82 -178 -140 -159 

4 13 4. 2.41 -30 -78 -23 6 13 4 1.69 50 87 34. 
4. 14. 0 1.31,. 180 180 6 13 5 1.52 -95 -85 -73. 
4. 3.7 3 2.20 66 91 92 6 15 4. 1.70 -16 -70 -125 
4. 17 6 1.37 .62 .42 6 3.6 2 1.36 18 -13 
419 4. 1.44 -104- 489 6 16 3 1.79 92 1014. 
4. 20 0 1.88 180 180 180 6 17 2 1.4.0 -80 -51 
4. 22 1 1.48 -19 -20 8 6 18 0 1.48 180 0 
3 0 2 3.65 0 0 0 6 18 3 1.71 -176 .136 148 
5 	0 8 1.99 3.80 180 180 6 19 4 1.33 101 82 136 
5 	1 1 1.57 .69 1513. -46 6 20 2 1.36 -22 .42 



h k Q'P3. P2 
9 	5 6 1.70 -.910  -.1510  1490  

h k2 

621 1 1.4.3 -64°  
-90 
180 
-4 

-347 
-53 
136 

90 
26 

-25 

iao 
-18 

-163 

-163 
-90 

9 
7 

9 	6 0 1.71 90 90 90 
9 	7 3. 1.51 -124. -77 -134 
9 	8 1 1.40 -3.77 -176 169 
9 	8 2 1.50 123 -1111. 131 
9 	9 3 2.16 -82 -97  -96 
9 11 2 1.85 -73 -91 -87 
9 11 5 1.57 136 14.3 -177 
9 12 1 1.50 -174. -169 -148 
912 5 1.60 -10 109 511. 

7 	0 1 1.82 -90 
7 0 6 2.06 0 
7 	2 2 1.54. -11 
7 	3 i 1.4.8 -97 
7 	3 3 1.42 -84 
7 4 6 2.14. 3.13 
7 	5 0 1.50 
7 	5 2 1.50 37 
7 	5 5 1.78 10 

7 	6 7 1.33 -174 
7741.78 83 
7 	8 2 1. 4.0 47 
7 	8 3 1.44. 42 88 
7 8 6 1.43 -112 
7 9 3 1.70 1 33 
7 9 4. 1.95 -83 173 
7 11 7 1.4.7 -123 -136 
7 14. 0 2.93 -90 -90 
715 3 1.44 88 128 

913 2 1.14.1 1314. 95 100 
9 13 2 1.66 -95 -112 -14.1. 
9 17 1 2.36 -14.0 -103 -125 
917 3 1.71 -133 117 1414. 

10 0 0 2.07 180 180 180 
10 1 0 1.84. 180 180 
10 1 1 1.78 78 111 62 
10 3. 3 1.78 40 73 -3 
IC) 2 0 2.53 0 0 0 
10 3 0 1.48 0 0 0 

.43 
91 
87 

168 
-63 

2 
102 
-85 
-90 
65 

4.3 

7 16 3 1.34. 40 -26 10 	3 1 2.33 -87 -65 -69 
7 3.7 2 1.40 -32 175 -15 10 	4. 1 1.89 -91 -159 -136 
7 17 5 1.68 -98 -85 10 4 2 1.43. -170 -176 -176 
7 18 1 1.61 -171 -130 -156 10 	4. 3 1.39 -5 -19 
7 3.9 0 1.80 90 90 90 10 	5 0 1.50 0 0 0 
7 19 2 1.47 63 -29 -32 10 	5 1 1.51 137 145 -152 
7 19 3 1.54 93 76 73 10 	5 3 1.35 143 76 
8 0 8 1.42 180 10 	6 3 1.36 178 -176 173 
8 	2 5 1.37 -.511. 113 10 6 6 1.61f -175 -161 
8372,21 -20 -33 10672.66 3 -1 44 

8381.59 93135 34. 10801.44 0 0 
8 4 5 1.42 54. 44. 37 10 8 2 1.69 130 160 127 
8481.84. -38 -17 11 10961.54 79 64 28 
8 	5 7 1.68 -90 -44 -31 10 10 1. 1.59 -164 -170 -105 
8 	7 3 1.47 122 9 10 11 2 1.87 77 6 78 
8 8 2 1.52 66 6 92 10 13 3 1.50 -111 -88 
8 8 3 1.60 177 103 -159 10 14. 0 1.70 180 180 180 
8 11 7 1.4.1 88 66 914. 10 14 3 1.311. -17 -33 
8 12 3 1.62 -18 26 8 10 15 1 1.74 93 113 105 
8 12 5 1.36 -.59 3 10 i6 0 1.50 0 0 0 

8 13 3 1.35 -100 -71 10 17 2 3.39 78 61 
8 14 0 1.42 180 180 U 1 0 1.77 -90 -90 -90 
8 34 5 1.43 154. -109 U 2 1 2.26 -169 129 159 
8 16 1 1.34 96 97 13. 	2 2 1.73 180 19 -151 
8 16 3 1.36 69 81 31. 	2 5 1.44 -8 41 -39 
8 17 2 1.49 -91 -53 -71 U 	14. 0 2.32 90 90 
8 17 4.  1.53. -100 -92 -125 11 	5 1 1.35 -52 -3 
9 	2 8 1.58 178 159 -161 11 	6 1 1.32 -177 160 
9303.20 90 90 90 11661.77-131-67-247 
9 	5 5 1.45 -30 5 23 11 	7 0 2.37 90 90 90 



hk, E Tl 92 3 

13. 8 0 1.34. 90 90 90 
11 8 1 2.03 7 51 69 
U 8 2 1.33 316 414. 
11 8 6 1.39 ..131 138 
U 9 0 1.59 -90 -90 -90 
13. 9 1 1.44 -27 32 -2 
31 9 2 1.65 -310 -146 -135 
3.]. 9 3 1.38 76 314. 
13. 11 3 1.34 -96 -136 
11 12 2 1.73 171 123. 107 

1112 3 1.78 -44 -52 .46 
11 34 2 1.67 -13 -75 -53. 
12 0 1 1.53 90 90 
12 3. 0 1.4.9 0 0 0 
12 1 3. 1.55 -69 -38 -22 
3.2 2 3 1.39 -17 -19 
12 2 4. 1.73. -40 -30 -20 
1244.1.89 -4.6 33. -48 
12 7 2 1.73 -13.5 -135 -83 
12 7 4 1.30 -73 -.82 

h t 2 P1  T2 
q:)3 

12 8 1 3.78 -3.8 -53 
12831.40 -1 18 
12 8 4. 1.90 27 62 53 
13 1 0 1.60 -90 -90 -90 
13 4. 0 1.69 ..90 90 
13441.35 89 115 
13 6 3 2.314.  -92 -141 -112 
13 7 2 1.85 167 129 
13 8 4 2.10 61 ..4 73 
1.3 9 3 1.77 76 114. 30 

3.4.101.81 0 0 0 
124. 3 3 1.44. -121 -37 -.105 
34 4 1 1.97 -169 -21i. 106 
14 5 2 1.4.5 99 95 81,. 
14 5 3 2.08 99 153 -170 
14541.41 91 -44 8 
14631.61 5 7 16 
14. 7 3 1.89 -138 -90 -110 
15 1 1 1.53 116 -17 90 
15 2 2 1.50 7 -8 6 

E values were obtained using the X-.ourva program; 
phase obtained in the original determination; 
)h&$O obtained by the Multan system; 

P3  a phase computed in the final refinement of the atomia parameters. 



Independently Measured Cell Dimensions of freha1oso. 

a 	 b 	 o 

	

12.233 i 	17.889 9. 	7.596  

	

12.230 	17.902 	7.598 	(b) 

	

12.230 	17.890 	7.5946 	(0) 

The present results are indicated. by (a). They were deduced from 

measurements of Weisaenberg photographs which had been exposed at about 

180C. (b) and (c) show the results of Dr. G. M. Brown and Dr. D. C. Rohrer 

respectively. These were obtained by diffraotometric techniques at 

temperatures between 20 and. 250C. 



Comparison of Both Lengths and Angles Obtained in the 

Independent Studies of Trehalose. 

Edinburgh 	Oak Ridge 	Pittsburgh 
Atoms 

Length B.S.D. Length 3.3D. Length B.S.D. 

C(l) - 0(2) 	1.5159 0.0046 1 1.5214. 0.0027 1 1.5236 0.004.0 t 
0(2) - 0(3) 1.5262 o.0046 1.5238 0.0028 1.524-2 0.0038 

0(3) -. c(4) 1.5300 0.0046 1.5214. 0.0027 1,5365 0,004-0 

 - c(5) 1.5323 0.0044 1.5265 0.0026 1.5283 0.0036 

 - c(6) 1.5268 0.0045 1.5183 0.0027 1.5235 0.0039 

C(l) - 3(1) 1.4149 0.0037 1.4155 0.0022 1.4154. 0.0031 

0(1) - ON 1.4212 0.0040 1.4196 0,0023 1.4224. 0.0035 
c(5) - 0(5) 1.4363 0.0038 1.4342 0.0022 1.4.283 0.0031 

0(2) - 0(2) 1.4.218 0.004-1 1.4.234 0.0024- 1.4123 0,0036 
0(3) - 0(3) 1.4177 0004-2 1.4191 0.0026 1.4.118 0.0034 
0(4) .- 0(4) 1.4.115 0.0040 1.4.213 0.0025 1.4207 0.0032 

 - 0(6) 1.414.9 0.0040 1.4.163 0.0024. 1.4.226 0.0035 

- 0(21 ) 1.5356 0.0045 1.5343 0.0026 1.5277 0.0039 
0(2') - 0(3') 1.5289 0.004-5 1.5165 0.0026 1.5188 0.004-0 

0(3') -0(4') 1.5134. 0.0046 1.5173 0.0027 1,5260 0.0039 
0(4') - 0(5') 1.5217 0.004-3 1.5259 0.0025 1.5306 o.0036 

- c(6 1 ) 1.5197 0.0047 1.5126 0.0028 1.5196 0.0040 

0(1') - o(1) 1.4185 0.0038 1.4205 0.0022 1.4.266 0.0032 
- 0(3') 1.3914 0.0038 1.4061 0.0022 1.4085 0.0031 

0(5') - 3(5') 1.4356 0.0040 1.4.325 0.0023 1.4255 0.0035 

0(2') - 0(21 ) 1.4216 0.004-0 1.4.202 0.0024. 1.4.262 0.0033 
0(39 - 	0(3') 1.4.214 0.0041 1.4265 0.0023 1.4164. 0.0034 
0(4') - 0(4.') 1.4296 0.0042 1.4327 0.0025 1.4191 o.0o36 
c(61 ) - 0(61 ) 1.4.268 0.0042 1.4.231 o.0026 1.4290 0.0035 



Edinburgh Oak Ridge Pittsburgh 
Atoms Length LS,D. Length E.S.D. Length E.S.D. 

C(l) H(1) 0.919 2. 0.057 9 0.990 2. 0.022 2. 0.960 2. 0.031 2. 
C(2) - 11(2) 0.989 0.057 0.991 0.022 0.888 0.035 
0(3) - 11(3) 0.997 0.057 0.965 0.023. 1.053 0.036 

G(4) - 11(4) 0.976 0.057 0.972 0.024 0.987 0.033 

 - 11(5) 1.005 0.058 0.929 0.024. i.106 0.032 
0(6) - u(6) 1.073 o.o61 0.995 0.026 1. 04.2 0.036 

 - n(7) 1.036 0.062 0.952 0.027 1.058 0.035 

0(2) -. 11(8) 1.012 0.059 0.754. 0.034. 0.688 0.037 
0(3) - 11(9) 0.819 0.062 0.744 0.026 0.827 0.04.2 
0(4) - u(10) 0.894 0.061 0.652 0.032 0.910 0.035 
0(6) - ii(11) 0.931 0.061 0.783 0.035 0.800 0.036 

0(3.1 ) - 11(12) 0.867 0.064 0.934. 0.025 1.007 0.037 
0(21 ) - 11(13) 0.961 0.060 0.905 0.025 0.990 0.035 
0(3') -11(14) 0.932 0.059 0.94.0 0.023 1.025 0.033 
0(4') -11(13) 0.999 0.059 0.976 0.024. 0.960 0.035 
G(5') - 11(16) 0.974. 0.059 0.962 0.021 0.987 0.033 
c(61 ) - 11(17) 0.955 0.058 0.980 0.025 0.84.5 0.036 
c(61 ) - 11(18) 1.022 0.059 1.005 0.027 1.073 0.033 

0(21 ) - 11(19) 1.012 0.059 0.815 0,036 1.013 0.036 
0(3') -11(20) 0.865 0.064 0.780 0.028 0.787 0.04.0 
0(4.') - 11(21) 0.935 0.057 0.702 0.040 0.849 0.033 
0(61 ) - 11(22) 0.975 0.058 0.744. 0.02 1.033 0.036 
o(vi) - 11(23) 0.879 0.059 0.742 0.034 0.741 0.045 
o(wi) - 11(24.) 0.84.2 0.039 0.820 0.035 0.824. 0.04.3 
O(W2) - 11(25) 0.837 0.058 0.775 0.030 0.913 0.04.0 
O(W2) - 11(26) 0.802 0.061 0.733 0.035 0.860 0.04.3 
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APPINDIX V 

Diethylidene Trahalose: Table of Normalised Structure Factors and. Phases. 

h Ic £ h Ic 1 Eyj  0? 

-1 0 5 4.60 4.97 00 0 U 6 2 2,29 2.24 050 133° 
-.13 1 6 4.06 4.00 177 177 7 5 0 2.29 2.55 89 132 

if 1 7 3.32 3.71 4 4.6 6 0 7 2.28 2.53 0 0 
-12 0 6 330 3.40 180 180 -.5 3 6 2.26 2.52 87 47 
3 7 0 3.26 3,65 -178 -.14.7 4 10 1 2.26 2.22 .6 -1 
-3 0 6 3,25 3.57 180 180 8 3 0 2.24 2.50 -77 -.61 

-.11 2 6 3.22 3.40 .4 -3 -2 3. 5 2.24 2.43 12 -2 
3 8 1 3.15 3.45 -179 -340 3 0 7 2.23 2.49 0 0 
6 0 2 3,3.4. 3,42 0 0 12 5 2 2.23 2.16 85 70 
5 0 7 3.11 3.4.8 0 0 -.9 1 8 2.22 2.37 170 -3.58 

-6 0 8 3.03. 3,36 180 180 2 3 8 2.22 2.4.8 94. 107 
-13 0 5 2.97 3.00 180 180 .4 3 7 2.21 2.57 -.169 -114 
10 0 7 2.96  2,97 180 -5 3 12 2.18 2.10 
-.9 0 9 2.92 3,06 0 0 3 4 9 2.18 2.31 90 105 
-.7 0 7 2.89 3.23 180 180 3 1 7 2.17 2.42 0 -28 

4. 2 7 2.83 3.16 178 132 3 1 3 2.16 2.30 -.96 .93. 
2 10 1 2.77 2.80 -2 14. 5 5 5 2.15 2.40 89 10 

-3 4 7 2,73 3.05 91 4.8 -3-1 1 7 2.13 2.23 176 91 
.5 1 8 2.72 3,04 168 -.127 -.9 0 1 2.13 2.37 180 180 
6 5 0 2.68 2.99 88 46 -10 0 1 2.13 2.37 180 0 

5 10 0 256 2.49 -115 .43 -.5 0 7 2.10 2.34 
-4 2 7 2.54. 2.83 -83 -80 .,3.o 0 6 2.10 2.28 180 180 
13 0 4. 2.51 2.42 0 0 -2 4 2 2.09 2.27 93 4.0 
-.6 0 12 2.51 2.45 -.7 5 5 2.09 2.31 ..92 -97 
2 8 3. 2,4.7 2.72 177 138 -1 1 6 2.08 2.27 -.3 62 
4. 0 7 2.46 2.74. 0 180 5 2 2 2.07 2.26 173 146 
6 6 7 2,45 2.50 3 67 8 2 1 2.02 2.25 81 71 
3 1 12 2.4.2 2.33 ..2 37 -9 0 8 2.01 2.16 0 o 
1 0 4 2.4.2 2,56 180 180 2 1 8 1.99 2.23 -.76 -120 

-10 2 1 2.4.0 2.68 5 -.38 -13 0 6 1.99 1,96 180 180 

-11 3 7 2.39 2,4.3 -12 57 3 10 1 1.98 1.97 12 -115 
10 2 0 2,38 2.65 -94 -.117 .4 5 6 1.98 2.22 ..90 173 

-U 0 1 2.37 2,61 180 180 -.3. 5 7 1.98 2.20 ..95 -77 
14 0 1 2,36 2,29 180 0 1 2 0 1.97 2.04  172 16 
3 0 12 2.36 2.28 0 180 5 1 2 1.97 2.13 6 74. 
4 0 8 2.36 2.63 180 180 ..4 3 3. 1.96 2.11 88 77 

-10 3. 6 2.35 2.55 57 69 -.5 4. 7 1.96 2.18 94. 3.30 
4. 0 2 2,33 2.4-8 0 0 7 5 7 1.95 2.00 -42 99 
-2 1 6 2.33 2.55 -15 -80 8 7 3 1.95 2.0]. -.2 -46 
...6 1 8 2.32 2.59 167 105 2 7 1 1.95 2.17 3 -44 



Ii Ic I 	iL 	E 	IPS  Tp 	h k ?. 	ER 	Ei 

6 1 3. 1.94 2.3.2 1780 17? 9 3. 1 1.71 1.92 
-3. 0 3 1.94. 2.01 -8 0 U 1.71 1.70 0 

0 
0 180 

-6 1 7 1.92 215 27 21 -13 0 1 1.71 1.77 
-12 1 6 1.92 1.97 3.59 128 9 2 0 1.71 1.91 -94 -12 
-5 0 9 1,92 2.12 0 0 -7 3 10 1.70 1.74 99 -33 
0 5 8 1.92 2.09 -92 169 8 5 1 1.69 1.88 72 167 
3 3 8 1.93. 2.11 99 60 5 5 9 1.69 1.70 -94. 58 
9 0 4- 1.90 2.].]. 180 0 8 4 0 1.69 1.89 89 48 
3 8 5 1.90 2.00 -.53 99 -2 1 4 1.67 1.78 -169 68 

-2 2 6 1.89 2.08 44 14 .1 3 6 1.67 1.84. 153 53 
2 5 7 1.88 2.3.0 -.93. 17 2 8 0 1,66 1.83 173 172 
5 1 6 1.87 2.09 179 177 -.12 6 1 1.66 1.59 163 -178 

..4 3 6 1.87 2.08 98 163. 2 0 10 1.65 1.78 180 180 
-13 4. 2 1.87 1.83 6 5 8 1.65 1,69 -178 164 

-.6 6 1 1.87 2.09 .93 .,59 ..13 4 4 1,65 1.60 91 103 
7 6 7 1.86 1.84 10 -68 11 4. 1 1.6 1.75 92 173 
7 6 0 1.86 2,06 -89 152 0 2 4 1.65 1.76 73 33 

...7 1 8 1.86 2.05 -179 162 7 3 4. 1.65 1.80 -88 -157 
-1 3 2 1.84 1.95 86 74 1 2 8 1.64. 1.83 -71 -63 

4. 1 6 1.84. 2.05 -170 78 1 6 1 1.64. 1.81 45 79 

4 5 9 1.83 1.88 -86 -44 7 0 2 1.64 1.80 0 C, 
9 1 1 1.83 2.05 95 110 4 6 1 1.64. 1.82 3.9 .4 

-.2 0 9 1.83 2.05 180 180 -6 2 8 1.64. 1.81 18 88 
.9 6 6 1.82 1.86 -107 ...333 7 7 0 1.63 1.76 -92  -167 
13 1 3 1.81 1.78 -177 159 -6 0 9 1.63 1.79 0 180 
-8 1 8 1.80 1.96 3.75 172 4. 3. 8 1,63 1,81 -32 -72 
7 5 6 1.79 1.90 80 -161 2 9  2 1.63 1.72 -168 -164 

-6 2 7 1.79 2.00 -50 -7 3 9 5 1.63 1.62 2 ..26 
7 6 6 1,79 183 114 -1]. 2 2 12 1.62 1.57 166 33 

12 0 4. 1.79 3.81 0 0 3. 4. 2 1.62 1.75 87 ..62 

-3.1 2 8 1.79 179 160 -152 4 9 0 1.61 1.70 -5 -12 
-9 1 7 1.78 1.95 176 -140 8 2 5 1.61 1.78 -110 27 
12 4. 0 1.77 1.81 81 78 0 9 2 1.61 1.71 115 110 
1 7 1 1.77 1.98 .6 27 -11 0 6 1.61 1.71 180 0 
3 7 5 1.77 1.92 378 154. 6 6 8 1.60 1.58 
5 1 7 1.76 1.97 -12 -62 -10 4. 6 1.60 1.69 131 179 
5 5 1 1.75 1.95 -.75 -31 6 6 3 1.60 1.77 123 94. 

-11 0 5 1.75 1.89 -7 4. 7 1.59 1.74 46 3.9 
-12 4 5 1,75 1.75 81 53 3. 0 9 1.59 1.78 

8 2 9 1.75 1.72 68 62 -1 4. 7 1.59 1.78 

8 4. 6 1.75 1.86 -87 -109 4. 5 8 1.59 1.69 -120 -98 
-3 3 12  1.75 1.71 76 133 6 3 5 1.59 1.77 -.87 -147 
8 6 6 1,74. 1.74. 135 -117 8 3 3. 1.58 1.77 -.84. -3.27 

12 5 1 1.74. 1,72 87 136 -2 1 1 1.58 1.62 -48 -27 
-8 5 1 1.74. 1.94. 96 22 -7 6 6 1.58 1,69 -93 -67 
-.2 3 7 1.74 1.94 87 100 -1 2 1 1.58 1.63 71 29 
-5 2 12 1,73 1.70 -73 -69 -11 2 2 1.58 1.73 -154. 1 

3 6 6 1.73 1.90 3 ..23 1 6 8 3.57 1.67 -108 -75 
-2 0 1 1.73 1.76 180 180 6 0 1 1.57 1.72 0 180 
-44.6 1,731,93 0111.571.59 -3 43 



h  2, iKw q23 c 	 h  t 1'KW 

-2 3. 3 1.57 1.614. 510  320 6 4 0 1.4.5 1.61 
8 6 2 1.56 1.69 14. -.82 -.2 6 7 1.14.5 3.59 -.95°  .105°  

.2 4. 6 1.56 1.74 -87 3. 5 1 1 1.45 1.56 178 103 
-5 2 7  1,56 1.75 -70 -.142 6 2 1 1.4.5 1.58 119 -.164 

2 0 1 1.56 1.59 0 180 6 0 6 1.44 1.61 180 0 
2 5 8 1,56 1.69 -87 136 -5 3 8 1.44 1.60 -.52 -.97 
3 5 8 1.56 1,62 -.151. -.112 5 2 6 1.44. i.61 103 -173 

-.1 4 8 1.55 1.73 87 101 -1 4. 1 1.44 1.55 -.85 
10 2. 0 1.55 1.74 178 108 10 3 3. 1.43 1.58 -90 -89 

-12 1 7 1,54. 1.55 168 -152 -.5 4. 1 1.43 1.58 87 .346 

6 2 5 1.54. 3,72 -10 1 7 1.42 3.52 174 .49 
3. 3 8 1.54. 1.72 89 30 -.6 3 4. 1.14.2 1.59 122 133 
9 7 2 1.34. 156 172 ...143 0 3. 5 1.42 1.54- 
8 2 0 1.53 171 -.96 168 0 2 5 1.43. 1.54. 180 133 

-3 3 6  1.53 1.70 104. 44 1 8 3. 1.43. 1,56 179 -159 
2 0 11 1.53 1.59 0 180 5 6 1 1.4.0 1.57 47 53 
8051.531.70 0 0 2501.401.54. .18 33 
7 2 6 1.52  1.69 84. 93 -9 1 6 1,40 1.56 50 -.138 
0 3 9 1.52 1.67 .92 -.83 8 2 2 1.1+0 1.57 158 159 

42 0 1 1.52 1.63 180 180 -.3 6  3 1.40 1,56 140 83 

-.3 3 7 1.52 1.70 95 168 7 3. 1 1.39 1.54. 178 -150 
8 5 2 1.52 1.67 -22 103 -.9 3 5 1.39 1.54. 99 136 

-.9 6 7 1.51 1.50 163 167 -1 5 1 1.39 1.52 -111 -179 
6 6 5 1,51 1,62 -80 145 .4 5 3. 1.38 1.53 -.89 2 
1 6 2 1,51 167 122 97 2 2 9 1.38 1.52 -81 -67 
2 2 0 1.51 1.57 147 153 .4 3 7 1.38 1.55 -p102 -.27 

-1 6 2 1,50 1.66 ..95 -135 .7 4. 6 1.38 1.514. 91 4.8 
6 8 1 1.50 1.59 0 2 9 1.37 1.53 ..50 ...27 
8 1 6 1.50 1.63 93 116 3 7 1 1.37 1.53 

.2 2 5 1.50 1.63 -.178 158 7 4. 1 1.37 1.53 44. -103 

6 7 4 1.49 1.58 138 69 3. 6 6 1.36 1.50 14. 96 
.4 1 7 1.4.9 1.65 -31 -.36 9 14. 0 1.36 1.50 93 11 
9 4. 1 1.49 1.64. -83 -120 4 3 8 1.35 1,52 -85 -.98 
7 1 2 1.48 1.63 -152 -117 -9 2 4. 1.35 1.52 67 42 

-10 2 5 1.4.8 1.61 .97 .67 5 6 0 1.35 1.30 1014. 151 
6 7 0 1,46 1.60 -.104 -28 9 3 1 1.35 1.50 -84. -17 
5 8 0 1.46 1.57 15 18 9 2 1 1.34. 1.50 87 39 
5 2 1 1,46 158 155 25 -7 0 14. 1.82 0 180 
3 0 8 1.46 1.63 180 180 2 3 7 1.60 16o 134. 

-1 5 2 1.4.6 1.60 .95 -27 0 0 4. 2.28 2.42 180 0 

3 9 1 1.46 1.54. 0 0 7 2.00 2.20 180 180 
.3 5 6 146 1.63 .96 .67 4 0 0 1.97 2.06 
-.3 5 1 1.4.5 1.60 -.95 -173 0 0 6 1.87 2.04 
1 7 2 1.4.5 1.62 34. 57 9 0 0 1.75 1.95 

EK  = value obtained from K-curve; L from Wilson plot. 
value from E 2  refinement; () = final refined value. 



Dieth.ylidene Prehalose Structure Factor Data. 

(Scale is ten times absolute.) 

kQ, h F h F h 
. 

p hF F 
0 0 0 0 0 C 0 0 

0 1 23 36 -180° 2 225 223. 0 1) 3 80 52 00 14. 582 619 0° 
5 180 127 -1.80 6 133 124. -180 7 42 4.1 -180 8 170 178 -180 
9 209 210 0 10 37 37 -180 11 4.0 38 -180 12 78 68 -180 

13 0 16 -180 1L. 41 32 0 
0 	3. -14 55 61 0 -13 96 88 -180 -12 105 103 -180 -11 199 188 -180 

-10 216 222 0 -.9 260 280 -180 -8 57 56 0 -7 107 106 0 
-6 118 108 0 -5 189 175 -180 -4 403 4.02 0 -3 368 4.06 -180 
-2 664 963 -180 -1 78 65 0 0 4.64 489 0 3. 37 8 0 

2 582 60 -180 3 265 203 -180 4. 202 191 0 5 317 270 0 
6 317 296 -180 7 39 45 -180 8 25 3 0 9 60 61 -180 

10 0 13 0 11 57 58 -180 12 33 22 -180 13 23 12 0 
114. 99 88 0 

0 	2 -14 56 49 0 -13 0 43 -180 -12 1+9 62 -180 -11 45 41 0 
-10 70 63 0 -9 142 11+3 -180 -8 80 62 -180 -7 0 10 0 
-6 109 112 0 -5 229 225 -180 -4. 131 14.1 -180 -3 145 145 0 
-.2 0 3 -180 -1 143 120 -180 0 518 4.34. 0 1 27 15 0 

2 25 16 -180 3 83 39 0 1+ 597 574 0 5 0 19 0 
6 576 625 0 7 251 246 0 8 134- 3.34. 0 9 63 69 0 

10 0 10 0 3.1 56 59 -180 12 58 50 -180 13 34- 30 0 
0 	3 -34 23 13 0 -13 0 20 -180 -12 4.0 39 -180 -11 76 58 -180 

-10 94. 103 0 -9 68 80 -180 -8 86 92 0 -7 0 23 0 
-6 97 98 0 -5 63 101 -180 -4. 21 12 -180 -3 102 118 -180 
-2 58 85 -180 -1 626 505 0 0 50 24. .-180 1 4.8 21.1 -3.80 

2 201 123 0 3 93. 67 -180 4. 263 205 -180 5 112 108 -180 
6 85 72 0 7 24.7 34 -180 8 27 10 -180 9 27 36 -180 

10 0 1 -180 11 27 17 0 12 0 15 0 13 0 5 0 
0 	4 -14 0 17 0 -13 23 18 -180 -12 0 12 -180 -11 61 56 -180 

-10 31 4.6 -180 -9 0 7 0 -8 59 68 -180 -7 2k6 249 -180 
-6 85 75 -180 -5 117 119 0 -4 4.5 18 -180 -3 319 293 -180 
-2 0 32 0 -1 137 131 0 0 620 509 0 1 630 518 -180 

2 21 21 0 3 0 7 -180 4. 166 123 0 5 57 42 0 
6 111 89 0 7 74. 64. 0 8 37 44 -180 9 168 175 0 

10 78 76 -180 11 0 U 0 12 89 75 0 13 101 100 0 
0 	5 -14 42 39 -180 -13 14.8 109 -180 -12 51+ 4.5 -180 -11 127 125 -180 

-10 110 109 0 -9 85 104 -180 -8 33 43 0 -7 157 161 -180 
-6 105 103 --180 -5 139 139 0 -4. 89 83 0 -3 21~4 205 -180 
-2 79 95 -180 -1 1053 970 0 0 168 125 0 1 86 54 0 

2 25 4. -130 3 132 104 0 4. 71 59 -180 5 193 174 0 
6 93 85 -180 7 120 115 -180 8 143 1314. 0 9 61 51 0 

10 92 87 -180 U 1+0 52 -180 12 4.2 .36 0 
6 -13 90 76 -180 -12 180 135 -180 -11 105 83 0 -10 162 11+5 -180 

-9 0 6 0 -8 77 74. 0 -7 62 54 -180 -6 29 20 -180 
-5 119 101 0 -4 175 156 -180 -3 562 460 -180 -2 72 37 -180 
-1 177 133 -180 0 338 249 -180 1 132 106 -180 2 0 20 -180 

3 0 15 0 4. 154. 128 0 5 0 12 0 6 151+ 161 0 
7 0 22 -180 8 0 10 -180 9 0 45 0 10 0 29 -180 



& 	Q. h F F Co h P 2 h F i? p h P if (p 
0 C 0 C I Q (3 0 C 

07-13 63  39 0-12 68 55 0-U 0 22 0-10 71 60 --180 
-9 0 37 -180 -8 0 9 -180 -7 302 258 -180 -6 55 52 -180 
-5 267 233. -180 -4. 94. 82 0 -3 342 87 -180 -2 0 3 0 
-1 205 3.87 0 0 298 214. -180 3. 117 87 0 2 0 8 -180 
3 282 24.7 0 4. 283 274. -180 5 322 33.3 0 6 208 202 0 
7 104. 95 0 8 0 13 -180 9 0 20 0 

8 -11 0 16 -180 -10 0 10 -180 -9 343 115 0 -8 0 3.6 0 
-7 0 29 -180 -6 299  280 -180 -5 112 99 0 -4. 78 65 -180 
-3 55 4.0 -180 -2 63 52 -180 -3. 165 147 0 0 71 73 -180 
1 0 14. 0 2 0 13 -180 3 152 14.2 -180 4 226 196  -3.80 
5 64. 62 -3.80 6 0 3.6 -180 7 0 21 0 8 0 4.7 -180 
9 21 22-180 

9 -11 25 10 -180 -10 0 3 0 -9 176 124. 0 -8 0 18 0 
-7 0 1 -180 6 135 105 -180 -5 173. 146 0 -4 46 36 -3.80 
-3 108 105 -180 -2 184. 159 -180 -3. 4.6 38 -180 0 56 4.1 -180 

3. 152 137 -180 2 56 57 -180 3 46 23 0 4. 0 34 0 
5 52 58 0 6 0 5 -180 7 4.8 54 0 

0 10 -9 4.5 53 0 -8 74. 52 -180 -7 50 37 -180 -6 0 26 -180 
-5 0 37 0 -4. 33 5 -180 -3 66 45 -180 -2 80 63 0 
-1 0 7 -180 0 33 22 0 1 0 29 -180 2 127 3.34 -3.80 
3 0 8 0 4. 4.0 4.5 0 5 0 9 0 6 68 78-180 
7 61 56 0 

0 U -9 33 29 0 -8 86 60 -180 -7 0 18 -180 -6 53 4.2 0 
-5 48 47 -3.80 -4 58 4.7 -180 -3 4.2 24. 0 -2 53 4.2 -180 
-3. 0 20 -180 0 4.2 4.9 -180 3. 58 44 0 2 96 89 -180 
3 52 51 0 4. 65 55 -3.80 5 60 54. 0 

0 12 -7 39 32 -180 -6 13.7 94. -180 -5 57 54 0 -4. 58 60 -3.80 
-3 50 59 0 -2 0 16 -180 -3. 0 19 -180 0 0 44 -180 

3. 0 U 0 2 0 0 0 3 iO6 110 -180 

3. 	0 3. 316 34.7 349 2 4.91 557 _].34. 3 286 276 -175 4. 329 306 -63 
5 33 9 135 6 109 98 9/  7 78 71 -179 8 151 3.50 4. 
9 119 120 -3.69 10 152 166 108 11 88 81 -166 12 0 15 81 

13 61 57 -130 14 23 9 -79 
3. 	1 -34 0 18 -14.0 -13 39 39 112 -12 71 72 152 -11 0 8 -120 

-10 99 98 -44 -9 207 237 63. -8 60 58 165 -7 77 74. -82 
-6 175 171 -43 -5 58 72 -70 -4 169 170 112 -3 354. 388 -100 
-2 587 889 -27 -1 44.1 4.64 -54. 0 633 839 43 3. 129 179 -4.0 

2 279 254. -62 3  233. 180 -14.5 4. 154. 134. 108 5 343. 350 3.03 
6 384. 398 177 7 229 24.1 -150 8 132 343. 163 9 210 215 110 

10 62 60 120 U 36 3.9 -151 12 44 4.5 1 13 36 38 -123 
14 31 26 54. 

3. 	2 -14. 0 4. 38 -13 39 33 -136 -12 27 38 127 -11 92 94. -130 
-10 72 82 63 -9 99 112 -44 -8 76 71 340 -7 69 58 -3.03 
-6349167-23-524726315-4.65723.54-3102108-74 
-2 462 46 -52 -3. 268 202 93 0 39 4.7 -162 1 307 325 14.2 
2 127 93 13 3 251 269 -93 4 34.1 318 25 5 4.21 4.01 74- 
6 173 3.71 -6 7 224. 240 -117 8 314. 27 -122 9 114 121 139 

10 29 25 -139 U 80 81 -118 12 39 33 4. 13 33 29 161 
1 	3 -14. 23 26 -171 -13 39 31 -87 -12 37 30 73 -U 49 52 99 

-10 83 89 -37 -9 57 72  7 -8 4.7 50 -32 -7 141 345 137 
-6 153. 154. -4.0 -5 166 180 102 -4 285 306 -82 -3 128 1314. 134. 
-2 469 420 32 -1 212 197 -53 0 129 92 -83 1 193 165 -16 

2 282 272 61  3 541 488 -91 4 142 118 20 5 71 52 42 



	

k t h 	F 	p 	h 	1 	q' 	h 	F 	h 	2
0 	C 	 0 	0 	 0 	C 	 0 	0 

1 3 6 178 180 4.9 7 137 127 -98 8 	0 23 19 9 79 69 242 

	

10 	87 90 102 11 4.8 4.8 -156 12 34. 32 -160 13 80 70 159 
1 4. -34 4.7 30 -138 -3.3 29 33 150 -3.2 	0 24 4.3 -11 4.0 32 -96 

	

-10 93 103 -78 -9 	0 34. -44 -8 55 52 -26 -7  69 68 -52 
-6 103 104. 17 -5 89 92 -63 -4 36 44 63. -3 228 214. -114. 
-2 4.30 374 68 -1 292 2144 -100 0 13.9 89 138 1 314 290 -164. 
2 280 267 51 3 77 65  -95 4. 231 206 -60 5 183 164 3.27 

	

6 	65 70 33 7 75 65 -179 8 105 102 -100 9 78 72 247 
10 60 57 39 33. 31 19 30 12 )]. 4-5 -43 13 4-2 39 -110 

1 5 -24 21 21 -127 -13 27 26 164 -12 85 94. 54 -11 	55 57 -44. 
-3.0 89 87 -5 -9 99 103 145 -8 	0 25 96 -7 97 3.09 -123 
-6 64. 72 25 -5 78 78 89 -4 3.97 181 20 -3 188 158 -47 
-2 4.90 443 -2 -1 263 188 	5 0 315 260 314. 1. 255 236 -139 

2 253 212 -47 3 90 83 -34. 4. 124. 112 22 5  63 44 117 

	

6 	53 53 -55 7 70 68 -3. 8 53 44 -164 9 58 60 102 
10 27 22 26 11 23 24 -4 12 29 24. -84- 

1 6 -13 182 3.44 177 -12 105 85 128 -11 53 44 -149 -3.0 3.80 175 69 
-9 125 114. -138 -8 72 51 103 -7 71 54. -82 -6 62 54. -314. 

	

-5 	65 38 -127 -4 168 14.8 -118 -3 3.89 163 -74. -2 4.13 372 -79 
-1 375 321 62 0 164 14-9 	0 1 241 130 178 2 177 174. -80 

	

3 	27 24- 31 4 248 256 78 5 225 235 177 6 117 114- -115 
7 94 109 -14.0 8 118 124. 116 9 54. 58 156 10 33 33 -26 

	

U 	0 24. -4.8 
1 7 -13 52 48 -151 -12 76 68 -152 -13. 126 99 91 -10 98 69 -4.9 

-9 14.3 122 -140 -8 31 22 -137 -7 74. 61 71 -6 221 190 2]. 
-.5 104. 87 116 -4 201 185 -36 -3 95 89 108 -2 6o 41 60 

	

-1 	71 47 -98 0 137 125 59 1 82 69 -144 2 14.0 133 -4.8 
3 270 269 -28 4. 378 394. 46 5 100 190 -62 6 104. 114. -20 

	

7 	82 81 -40 8 	0 21 63 9 	0 30 -166 10 	0 21 -52 
11 34 36 -12 

1 8 -12 40 4-1 99 -11 21 29 	2 -10 61 47 60 -9 156 14.8 -158 
-8 144. 116 172 -7 165 137 162 -6 228 195 3.05 -5 290 267 -127 
-4 1214. Ui 72 -3 126 101 66 -2 4.1 32 18 -3. 106 110 -74 

	

0 	0 32 	6 1 4.2 43 -76 2 221 199 -120 3 61 50 27 
4. 155 159 -72 5 52 62 111 6 41 21 -66 7 27 38 59 

	

8 	0 10 179 9 61 58 119 10 21 21 56 
3. 9 -13. 27 22 	4. -10 4.2 35 -15 -9 65 54. 153. -8 46 39 143 

	

-7 	99 87 84. -6 107 93 -84. -5 100 87 -167 -4 31 	5 	8 

	

-3 	61 4.8 23 -2 31 17 -103 -1 42 4-6 -136 0 86 77 36 
1105104.5824-2362537972-4.24-645758 

	

5 0 14 -58 6 	0 4. 68 
1 10 -9 69 54. 167 -8 68 52 143 .7 64 57 -.59 -6  55 52 75 

	

-5 	59 51 -108 -4 90 86 98 -3 61 50 -28 -2 42 39 -125 
-1 92 72 178 0 101 99 128 1 	0 17 176 2 88 88 -81 
36955604. 0 26 12 5 029-1664-733-55 

1 U -9 48 4-2 -162 -8 61 43 163 -7 	0 	5 60 -6 4.1 20 -42. 

	

-5 	52 47 163 -4. 	0 24 -143 -3 27 36 -14-0 -2 4.0 34. -64 
-1 4.8 51 101 0 55 4.9 -178 1 	0 	4 -42 2 50 4.9 -78 
3 4.1 39 21 4. 73 69 136 5  25 22 -46 

1 12 -7 314. 33 89 -6 	55 	54. 84. -.5 53 35 -25 .4 41 37 96 
-3 29 34- 138 -2 21 12 -66 -1 	0 2]. 18 0 41 4.8 167 
1 47 43 -44 2 56 58 -4-5 3 108 103 37 



k 	£ h F p } 0  
F h F I p . F p 

20 0495541-35 17251003156 25185731533302308119 
4. 67 60 33 5 1.97 190 57 6 104 105 -3.57 7 206 197 -118 
8 212 211 168 9 199 206 -12 10 230 238 -117 11 104 105 -80 

12 41. 28 123 13 40 4-0 56 124. 56 14.6 -102 
2 	1 -14 56 47 -91 -13 50 43 3.00 -12 37 30 34 -ii 61 67 -2 

-10 238 259 -38 -9 no n6 1214. -8 29 22 157 -7 63 55 -55 
-6 89 83 -115 -5 151 165 55 -4 253 240 32 -3 25 11 33 
-2 380 4214. 101 -1 573 706 29 0 4.714. 4-75 -120 3. 261 215 32 

2 315 335 -3.55 3 137 133 -37 4 294 289 -1214. 5  327 331 25 
6 274. 266 -164 7 72 56 -514. 8 272 277 72. 9 151 148 39 

3.0 82 74 9 11 57 55 -76 12 34- 28 82 13 36 32 41 
2 	2 -14. 23 20 -14.1 -13 55 53 151 -12 29 17 -148 -11 128 132 1 

-10 90 95 -100 -9 115 127 98 -8 66 72 167 -7 142 3.61 -47 
-6 78 93 -69 -5 117 132 5 -4 330 34.3 -157 -3 380 454. -81 
-2 135 127 348 -1 71 73. -142 0 380 359 -3.65 1 213 203 115 

2 139 107 in 3 283 277 70 4 228 224 126 5 423 4-30 14.6 
6 109 88 -114 7 3.69 3.73 166 8 175 189 159 9 108 99 100 

10 33. 28 -23 U 46 45 -3.12 12 21 3 180 13 314. 31 10 
2 	3 -14. 31 23 -175 -13 23 26 22 -12 23 25 20 -11 82 88 -4.8 

-10 0 8 -25 -9 95 3.21 3.14 -8 49 55 137 -7 97 98 -67 
-.6 59 81 -151 -5 214.1 276 66 -4 78 81 -61 -3 109 122 36 
-2 170 181 -138 -1 380 369 4.3 0 378 34-7 -171 3. 162 130 1514. 

2 209 200 -42 3 160 14.3 43 4. 219 3.94. 121 5 4.0 32 168 
6 120 110 -37 7 27 23 -91 8 63 59 132 9 55 56 -3.47 

10 40 39 -20 U 37 36 -52 12 31 28 150 13 15 27 136 
2 	14. -14. 21 15 -148 -13 63 53 63 -12 4.9 55 -46 -1]. 80 93 -4-5 

-10 58 70 -107 -9 143 168 42 -8 50 4.3 -22  -7 50 43 -100 
-6 105 112 -109 -5 122 343 -5 -4. 60 56 -47 -3 84. 86 -148 
-2 150 159 -133 -1 99 86 -108 0 2+12 359 33 1 216 210 -166 

2 14-5 108 -82 3 61 53 35 4. 162 165 80 5 176 167 -16 
6 90 86 -124. 7 69 66 1.08 8 109 118 128 9 75 73 -13 

10 31 26 147 1]. 45 36 126 3.2 27 29 162 
2 	5 -13 39 35 52 -12 77 77 -49 -13. 94. 123 -90 -10 124. 156 -67 

-9 68 83 -174 -8 86 111 -93 -7 56 66 4.9 -6 58 58 -92 
-5 90 924. 7 -.4 211 222 56 -3 182 178 120 -2 33.3 312 158 
-1 170 164 -35 0 299 279 133 1 14.2 139 16 2 146 134. -131 
3 80 87 68 4. 131 124- 78 5 36 244 13 6 3.89 183 -136 
7 124. 126 342 8 148 14.0 27 9 88 86 -112 10 29 19 -165 

1]. 23 16 -177 12 23 34- 33 
2 	6 -3.3 33 35 59 -12 33 32 26 -11 207 191 -3 -10 49 44- 137 

-9 18 23 84. -8 59 57 -64. -7 69 63 3.8 -6 69 74. -36 
--5 3.52 167 -64. -4 62 67 -67 -3 94 81 10 -2 324 344 14 
-1 229 24.4. -1.16 0 107 114. 70 1 61 74 -61 2 151 157 -75 

3 129 118 -170 4. 122 134- 53 5 3.70 180 -173 6 99 100 -85 
7 139 153 93 8 63 86 56 9 33 27 81 10 0 10 -25 

11 10 29 173 
2 	7 -12 37 35 30 -13. 56 56 -114. -10 90 90 94 -9 0 15 -]4]. 

-8 3.00 115 -48 -7 34. 26 -53 -6 202 213 -7 -5 192 206 -14.2 
-4 336 344 -80 -3 44. 35 22 -2 155 156 -76 -1 92 107 166 
0 115 117 148 1 133 131 20 2 130 138 37 3 131 127 66 
4 317 338 132 5 74 77 -96 6 42 51 -159 7 70 86 -1.70 
8 64 77 113 9 39 36 -153 10 31 29 -114 



k 	t h F h F p h F CD h? F 
0 C 0 0 0 0 I 0 0 

28-1263 62 -74 -11 93 88 -152 -10 58 56112-9 41 36-78 
-8 60 58 -87 -7 39 28 -43 -6 158 157 88 -5 133 14.5 4. 
-4 78 72 -6 -3 68 78 -8 --2 68 66 60 -' 50 4.8 -.163 
0 46 46 -158 1 189 213 -63 2 123 134. -19 3 67 86 -147 
4. 105 135 63 5 65 80 -81 6 64. 73 -43 7 0 15 166 
8 4.0 4.1 88 9 71 74. 173 

2 	9 -1]. 57 57 -144 -10 66 59 95 -9 46 46 -5 -8 15 24 -168 
-7 87 86 -148 -6 53 4.2 105 -5 73 70 0 -4 71 75 -56 
-3 57 53. -126 -2 18 40 -3.7 -1 25 18 100 0 133 159 -27 
1 90 95 -84 2 123 134. -67 3 70 76 -174 4 29 29 11 
5 39 )1  -130 6 0 16 -179 7 23 34 128 8 82 96 62 

2 10 -9 31 25 77 -8 18 8 -52 -7 31 32 -.172 -6 67 73 7 
-5 25 214. -40 -4 4.1 34 23 -3 87 102 -3.52 -2 68 79 45 
-17482-175087104-3616258-532556458 

3 0 3.9 98 4 50 69 19 5 29 4.0 -113 6 33 40 -3.60 
7 37 39 -63 

2 11 -8 31 27 87 -7 41 39 -115 -6 79  81 -6 -5 75 79 -131 
-4 36 4.1 -37 -3 23 34 -37 -2 3.5 20 -64. -3. 48 45 119 

0 54 62 -75 3. 48 56 -52 2 o 6 -173 3 25 28 43 
4. 55 6o -161 5 52 51 -68 

2 12 -6 39 32 92 -5 84. 82 -69 -4 0 8 39 -3 53 62 -81. 
-2 34. 32 120 -1 39 4-0 78 0 52 44 -33 3. 55 70 -36 

2 76 81 33 

3 	0 1 84. 71 -178 2 382 389 41 3 292 292 57 4 253 24-6 -40 
5 145 137 -85 6 138 144 56 7 120 128 -167 8 292 308 -61 
9 109 116 -89 10 55 56 -16 11 52 47 174. 3.2 0 15 174- 

13 0 20 343 
3 	3. -14 37 42 23 -13 0 121. -40 -12 49 44 -16-1 -11 60 59 -78 

-10 78 136 -107 -9 62 63 177 -8 135 139 155 -7 119 138 -134 
-6 77 81 -.43 -5 206 221 66 -4 4.73 532 77 -3 34.1 4.11 160 
-2 336 397 -12 -1 234- 291 98 0 359 326 49 1 215 224 -127 

2 230 214- -66 3 137 121 57 4- 195 192 -343 5 217 23.0 -9 
6 232 226 176 7 127 128 -18 8 200 194 -127 9 144 144 -17 

10 128 134. -89 11 4-1 37 -115 12 45 36 -3.25 13 18 16 88 
3 	2 -14. 55 66 37 -13 55 50 -112 -12 44 4.2 -34. -13. 44 6-2 132 

-10 94 103 74 -9 87 92 -45 -8 87 85 349 -7 23. 34 3.29 
-6 39 4.8 -108 -5 231 232 16 4 314 34-8 151 -3 24-3 260 175 
-2 155 185 -154 -3. 527 541 74 0 124 103 175 3. 3.62 148 167 

2 178 177 -114 3 123 3.19 80 4. 204. 186- -121.0 5 56 50 343 
6 104. 103 -100 7 52 56 78 8 100 104 50 9 116 3.16 28 

10 70 73 -31 11 29 214. -35 12 (3 16 -4.3. 13 46 33 -347 
3 	3 -13 68 71 -71 -12 39 4.0 -106 -11 100 112 13.6 -10 57 63 3.67 

-9 46 6-2 -16-7 -8 82 91 -105 -7 97 13.5 127 -6 78 91 -18 
-5 126 348 41 -4 205 237 -101 -.3 194. 233 169 -2 82 84. 136 
-1 184. 173 25 0 197 190 -134. 1 74. 68 44 2 172 144 77 

3 185 196 33 4 120 103 108 5 76 81 -21 6 4.7 46 -170 
7 1+0 35 3.8 8 33 28 -60 9 53 50 -72 10 66 66 -3.29 

11  31 24- -11 12 18 13 179 13 15 15 167 



P P hi? F (P hi? I? cp hi? F 
0 0 0 C I 0 0 C 

36 32 -15-12 72 65 -19-11 86 99 61-10 80 93 us 
91 Ui 69 -8 33 37 -174. -7 79 100 13 -6 77 81 112 
92 122 19 -4 152 167 -171 -3 47 50 1.1 -2 192 174 103. 

3.16 3.02 15 0 109 107 -157 1 65 62 159 2 53 4.9 89 
149 135 171 4 In 104. -3.10 5 87 96 120 6 2]. 16 172 

65 60 75 8 70 66 -27 9 29 23 53 10 55 4.8 -3.16 
4.6 )9 79 
21 18 -97 -12 68 58 -80 -11 59 57 -95 -10 0 12 -128 

130 153 136 -8 58 58 -169 -7 56 74 -92 -6 58 86 92 
3.3.9 343 116 -4 218 267 -173 -3 163 178 -172 -2 4.0 33 -27 
82 82 126 0 4.5 43 -3.56 1 198 192 83 2 73 60 -38 
87 84 106 4. 57 53 -157 5 3.29 119 65 6 184. 185 -347 

3.11 106 -25 8 66 65 -159 9 68 6 -3 10 67 63 -3.32 
27 26 52 
39 39 -147 -12 63 62 -59 -11 81 85 -86 -10 61 51 -34- 
40 17 -127 -8 129 130 -127 -7 122 117 -9 -6 143 144 28 

301 337 47 -4 270 274 163. -3 234 251 44 -2 101 96 92 
268 285 53 0 14.3 159 -108 1 77 80 106 2 87 98 -110 
21 3.2 -131 4. 91 82 10 5 139 343 3.30 6 85 86 _51. 
40 32 -89 8 93 in 64 9 0 25 -62 10 49 57 -87 
2]. 21 -66 
53 14.1 172 -11 1314. 116 57 -10 78 81 -47 -9 31 37 77 

100 97 -128 -7 0 13 -24. -6 147 349 -27 -5 134 130 164. 
275 288 -114 3 199 210 168 -2 2314. 24.0 100 -1 21 6 52 
93 102 -147 1 3.39 156 144 2 156 177 134. 3 71 61 -146 
76 78 128 5 83 80 -155 6 4.7 44 -179 7 55 62 64 
66 70 62 9 25 26 110 10 45 46 -3.31 
4.5 37 -.36 -10 50 44 -91 -9 34. 36 -143 -8 63 52 -61 
33 30 4. -6 115 116 214. -5 143 144 -97 -4 143 152 -98 
0 22 84. -2 72 81 89 ..-1 102 108 -16 0 76 74 -80 

167 187 30 2 230 246 107 3 184- 194. 60 4. 79 75 -58 
6163101623168172725-183643-74 
64. 6o -i6 
4.9 54. -109 --9 0 9 -173. -8 18 22 -99 -7 73. 70 34 
6o 6o -55 -5 80 77 118 -4. 33 27 -97 -3 63  77 28 
514- 53 109 -1 34. 35 -153 0 340 150 -83 1 47 44 -345 

108 U2 150 3 79 96 -157 4. 58 69 180 5 41 50 168 
61 68 96 7 44 51 100 8 44 45 137 9 0 53 -114.2 
4.0 33. 3.28 -8 0 7 139 -7 1014. 97 -33 -6 0 9 169 
54. 47 -174 -4 68 72 167 -3 45 4.3 -4.8 -2 0 10 -78 
0 15 -128 0 50 54- 28 1 40 35 -70 2 31 33 -33 
364313642110-3452331-1266636123 
59 69 -8 -6 83 92 -14 -5 52 52 3.60 4 39 45 18 
2936145-2577]. -5--]. 2115-53.0 0 13 16 
21 25 -173 2 0 6 -67 3 31 314. 11 4. 53 63 136 

102 127 -107 -4 29 33 -132 -3 88 91 133 -2 40 40 -36 
46 43 -60 0 44 47 124 1 44 4.1 129 

3 4- -3.3 
-9 
-5 
-3- 
3 
7 

11 
5 -13 

-9 
-5 
-1 

3 
7 

U 
3 6 -13 

-9 
-5 
-1 
3 
7 

U 
3 7 -12 

-8 
-4 
0 
4 
8 

8 -11 
-7 
-3 
1 
5 
9 

Ii 9 -3.0 
-6 
-2 
2 
6 

310 -9 
-5 
-1 

3 
31]. -7 

-3 
3. 

312 -5 
-1 



k 	liP F 'p h 1? p h F D h  P 
0 0 0 0 0 C 0 C 

4 	0 	0 84. 82 21 3. 165 170 -124 2 98 95 -39 3 59 72 -91 
4. 56 63 -69 5 23.3 219 -86 6 223 220 -6 7 68 57 42 
8 193 193 48 9 132 3.35 U 10 61 55 137 11 4-5 4.8 89 
12 100 92 78 3.3 10 12 12 

4. 	1 -13 29 22 121 -12 18 23 154. -11 21 30 50 -10 21 15 -65 
-9 129 133. 170 -8 74. 81 112 -7 14.2 3.44 105 -6 86 105 52 
-5 253 233 -146 -4 3.37 153. 3.26 -3 270 297 -164. -2 181 3.99 -13 
-1 354. 431 -64 0 313 324. -139 3. 18 17 68 2 92 80 24. 
3 119 119 -64 4 84. 90 158 5 74 80 8 6 3.50 152 -142 
7 176 3.76 -3.03 8 79 83 26 9 340 153. -120 10 84. 84. 172 
11 3.09 103 3.73 3.2 64. 63 3.22 13 56 4-7 90 

4. 	2 -13 87 73 162 -12 23 17 -18 -11 64. 60 12 -10 39 36 169 
-9 4.5 43 -158 -8 0 18 150 -7 83 97 -46 -6 3.80 3.93 56 
-5 3.08 106 -84. -4 226 258 137 -3 72 71 8 -2 465 564. 40 
-1 373 361 -62 0 92 86 -155 1 27 21 -4.0 2 118 126 -43 
3 213. 222 -74 4 3.33 129 -163 5 112 110 163 6 87 85 -53 
7 42 36 18 8 39 37 -67 9 0 20 -13 3.0 59 57 -29 

11 42 37 -346 12 62 53 -24 
4. 	3 	..-3.3 23 3.7 3.57 -12 23 30 91 -1]. 87 88 -104- -10 82 85 3.15 

-9 0 13 -137 -8 21 38 12 -7 87 111 -47 -6 109 113 105 
-5 95 93 168 -1 153 176 -127 -3 114. 107 133 -2 23.7 79 -8 
-1 23 26 72 0 173 165 -132 1 U]. 122 100 2 172 163 -3.3 
3 52 43 -92 4. 67 69 -162 5 105 93 -92 6 117 119 -44 
7 76 70 -66 8 23 21 145 9 56 60 -138 10 33 27 10 
U 18 9 -12 12 55 52 -168 

4 	4. -.13 73 72 103 -12 50 47 96 -11 55 62 -170 -10 89 101 173 
-9 60 64. 60 -8 63 66 -26 -7 31 44 -80 -6 46 4.5 101 
-5 4.7 60 150 -4 18 35 20 -3 39 4.7 21 -2 61 58 82 
-1 166 3.71 -120 0 76 71 31 1 129 112 -101 2 71 66 167 
3 53 48 -32 4 81 83. 85 5 29 31 -85 6 78 73 -3.5 
7 4-5 4.6 14 8 4.5 4.3 172 9 25 24. -129 10 36 35 -82 
11 23 21 3.18 12 18 19 -175 

4 	5 -12 89 73 53 -11 33 32 66 -10 60 57 77 -9 96 116 87 
-8 61 64. 53 -7 116 14.7 29 -6 76 72 -138 -5 168 172 -155 
-4 46 44 73 -3 64 6]. -.56 -2 18 12 -13 -1 98 94 -90 
0 81 63 114 1 34. 23 132 2 56 53 -109 3 50 37 -85 
4. 92 92 -88 5 88 81 9  6 112 129 -108 7 79 77 5 
8 83 89 -8 9 40 38 -179 10 0 12 -3.66 

4 6 -12 23 20 -9 -11 34. 28 -18 -10 3.04- 94. 179 -9 100 95 171 
-8 100 105 104. -7 133 133 4.8 -6 124. 122 135 -5 143 159 3.58 
-4 217 232 151 -3 3.51 14.6 -7 -2 214. 217 1 -1 187 199 -133 
0 013851696938274-66-3934456114 
4 45 44 -4.3 5 88 105 3.58 6 101 134 -3.22 7 75 75 13 
8 117 3.28 -109 9 53 50 129 10 27 26 3.78 

4 	7 -11 46 48 -347 -10 31 28 87 -9 46 39 -.119 -8 62 59 -30 
-7 136 143 19 -6 100 94 21 -5  201 212 130 -4 76 68 170 
-3 313 333 4.8 -2 123 121 -34. -1 189 196 13.3 0 98 111 -347 
1 68 61 -95 2 88 92 -68 3  23 25 -177 4. 83 95 -158 
5 71 72 -72 6 53 60 76 7 45 52 -41 8 0 19 -107 
9 29 23 27 



k Z h F p hF F Q hF F p hP F
a  p 

0 0 0 C I 0 0 0 

4. 	8 -U 57 64. 150 -10 44 35 55 -9 27 24 -4-6 -8 34. 39 -10 
-7 37 31 37 -6  55 61 -177 -5 69 63 -169 -4 107 115 169 
-3 70 71 -35 -2 62 65 3.50 -1 156 161 101 0 134- 3.52 3.37 
1 87 92 -28 2 81 83 94 3 64. 64. 126 4. 63 63. -18 
5 79 99 -60 6 73. 68 -45 7 0 15 95 8 44 4.9 -96 

4 9 -.10 25 22 -175 -9 69 65 -37 -8 46 44 110 -7 62 56 135 
-6 36 43 -157 -5 64 68 90 -4. 0 17 -2 -3 49 4.6 27 
-2 68 75 -83 -1 107 122 82 0 39 39 -29 1 55 57 72 

2 31 34 -158 3 154. 176 105 4. 45 40 15 5 36 38 14 
6 15 18-106 7 54 55 3.68 
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o 36 4-1 94. 1 36 38 -96 2 48 56 -3.70 3 45 4-7 164. 

4. 3.1 ...7 z. 50 6 -6 23 23 96 -5 66 74. 161 -4. 0 8 50 
-3 84. 87 37 -2 44 4.1 -110 -1 52 61 99 0 29 36 -127 

3. 50 60 73 2 0 10 -5 3 39 4.0 52 
4. 12 -2 36 57 121 -1 27 33 118 

5 	0 3. 86 84 3.49 2 253 250 33 3 202 3.97 -155 4. 135 14-3 3.32 
5 0 16 -114 6 331 365 4-6 7 24-8 214.7 132 8 66 70 139 
9 31 21 138 10 73 78 16 11 58 57 79 12 25 18 -68 

5 	3. -12 55 4.3 -150 -U 82 70 .42 -10 31 27 115 -9 72 63 109 
-8 167 154. 22 -7 135 125 -83 -6 117 106 -170 -5 85 70 -152 
-4 215 200 2 -3 24.6 226 -173 -2 3.92 169 -72 -1 260 209 -179 
0 161 16 119 1 202 208 14.7 2 56 69 25 3  36 28 3.63 
4 114 112 180 5 239 24.9 -31 6 115 120 7 7 139 345 _9 
8 155 166 167 9 85 84. 1 3.0 44 31 39 U 70 70 3.00 

12 80 63 136 
5 	2 -12 69 61 -71 -1]. 0 4 -23 -10 31 33 95 -9 23 25 -69 

-8 63 61 -62 -7 72 65 -155 ..6 136  121 157 -5 65 67 -15 
-4. 34. 21 8 -3 188 163 -76 -.2 179 161 -94. -1 256 216 -27 
0 203 190 -91 1 184- 177 -108 2 85 82 -99 3 74 74 8 
4. 77 81 144- 5 49 40 -107 6 82 87 24- 7 55 47 178 
8 130 135 103 9 50 41 -105 10 27 22 51 11 31 26 135 

12 95 83 70 
5 	3 -12 55 48 -78 -11 63 4.9 51 -10 36 38 73. -9 23 28 -44 

-8 96 93 -37 -7 66 81 -152 -6 92 79 124 -5 52 29 -136 
-4. 3.55 135 -25 -3 119 89 -3.34- -2 212 176 94. -3. 3.14. 96 34 
0 18 15 178 1 36 4-3 -150 2 111 118 345 3 0 14. -144 
4. 31 39 3.4.9 5 102 109 -84. 6 84. 86 14.8 7 77 76 139 
8 74 69 75 9 21 24. -68 10 21 17 14.2 3.1 49 1+6 -35 

3 	4. -12 46 44. -104. -11 18 32 -137 -10 54- 52 166 -9  0 27 -39 
-8 23 22 -112 -7 59 77 -119 -4 153 14-5 153 -5 58 32 -70 
-.4 34 25 -92 -.3 170 136 -64 -2 79 75 -144. -1 114 113 -3.02 
063 54-441147144-62 84-8077 3 126 136 -158 
4 109 122 -3.3 5 3.26 147 -57 6 58 68 103 7 137 141 -157 
8 45 4.8 -26 9  25 26 -97 10 33 43. 158 

5 	5 -U 0 20 -125 -10 55 4-3 35 -9 23. 27 -19 -8 88 87 -14. 
-7 188 200 -97 -6 50 4.2 -14. -5 88 89 -63 -4 122 115 46 
-3 113 122 -92 -2 82 91 -5 -3. 151 152 -175 0 59 50 144. 

3. 128 126 -13 2 39  36 -113 3 122 1214. 165 4. 64. 62 -24. 
5 205 222 10 6 102 107 132 7 27 27 112 8 37 39 118 
9 68 63 -5 10 47 39 129 



k 	t h F cp hF 
o 

F c h F h 
0 

F 
C o T 0 0 

5 	6 -11 0 22 138 -10 4.0 56 78 -9 60 82 1+8 -8 65 81 163 
-7 87 108 168 -6 55 57 -167 -5 68 72 -36 -4 202i. 223 173 
-3 158 3.70 -67 -2 31 38 -160 -1 77 88 -172 0 126 137 171+ 

3. 72 59 -63. 2 31 34. -156 3 87 93 -173 4 116 108 -64 
5 85 75 -60 6 79 76 -53 7 116 98 -161 8 80 62 51 
9 50 34. -88 10 37 30 108 

5 	7 -U 33 4.8 74 -10 0 11 -214. -9 55 71 6 -8 55 66 3.44 
-7 82 106 121,. -6 60 72 4.0 -5 0 U 147 -4 74. 82 -4.0 
-3 83 89 -97 -2 184. 205 17 -1 194. 207 -77 0 112 120 -82 
3. 120 121 -90 2 101 3.00 18 3 33 30 153 4 0 16 -150 
554.45_4967665-176710985998 66 14.1  1 
9 47 29 -32 

5 	8 -10 15 3.8 101 -9 31 36 -4.8 -8 66 75 -3 -7 61,. 67 3.33 
-6 21 35 51 -5 67  73  -61 -4 23 37 -150 -3 106 119 103 
-2 101 112 92 -1 4-0 16 -166 0 159 156 -169 1 98 80 -75 

2 120 120 136 3 4.5 35 -90 4. 106 103 -98 5 94. 80 -112 
6 89 73 164. 7 56 33 119 

5 	9 -9 15 28 -22 -8 71 71 81 -7 29 26 110 -6 18 22 131 
-5 27 31 -13 -4 21 17 -49 -3 61 61 34 -2 4.2 43 129 
-1 31 24- 170 0 57 60 -76 1 36 29 4.2 2 61 55 60 
3 61 62 -49 4 101 97 -44 5 81,. 69 -58 6 61,. 51 -75 

5 10 -7 18 13 -119 -6 34. 36 3.78 -5 37 144 39 -4 0 17 7 
-3 4.2 57 34 -2 18 3.7 163 -1 27 25 -135 0 27 26 4 
1 18 15 -139 2 0 9 14.6 3 21 30 152 4. 34. 30 23 

5 11 -5 314. 50 167 -4 4.2 44. -26 -3 33. 29 141 -2 25 24. 123 
-3. 21 25 -179 0 23 23 -12 1 39 33 134. 

6 	0 0 75 614. -6 3. 76 76 -18 2 131 341 -14-6 3 117 3.28 66 
4 37 31 -70 5 153 346 151 6 62 58 116 7 167 167 152 
8 29 22 -102 9 27 17 -173 10 39 39 -71 U 0 4 151+ 
12 18 25 119 

6 	3. -12 68 68 -178 -11 56 49 34. -10 33 31 -32 -9 36 35 -14.2 
-8 86 88 -119 -.7 98 93 76 -6 192 177 -59 -5 114- 116 _flJ,. 
-4 120 111,. -25 -3 3.59 154. 112 -2 76 82 0 -3. 27 32 68 
0 95 88 60 1 237 234- 79 2 186 192 62 3 152 154. -26 
1 199 191 -4 5 156 1614. 53 6 103 93 125 7 46 41 93 
8 82 85 -12 9 37 44 -102 10 23. 8 -49 U 33 27 57 

6 	2 -12 63 50 -85 -11 15 19 22 -10 36 29 -52 -9 63 60 -134- 
-8 73 67 169 -7 31 38 75 -6 76 78 35 -5 65  53  -112 
-4 108 88 -14.9 -3 95 83 73 -2 105 106 14-7 -1 208 185 -135 
0 137 130 -158 1 206 202 97 2 108 110 131 3 86 80 41 
1+10198-73562575065358152764.584-0 
8 113 119 -82 9 0 12 -1314. 10 37 37 96 U 3.01 83 133 

6 	3 -11 0 18 -73 -10 0 17 72 -9 29 4.2 -88 -8 81 71 -126 
-7 42 20 -19 -6 41  32 59 -5 44. 34. 14.7 4 133 3.33 -95 
-3 168 146 83 -2 87 78 -1 -1 127 Uk 156 0 157 14.9 -95 
179758027168 83573812914.46 34.-36 
5444474-63.3814394.78290828 604-736  
9 55 55 -26 10 61 57 39 U 55 54. 38 



1h F F p h F F p hE F
0 	C. 

 h F F p 

6 4. -10 0 16 -3.01 -9 34 31 66 -8 58 4.2 -103. -7 67 64 150 
-6 47 44 6 -5 0 3.3 179 -4 108 98 -65 -3 68 72 32 
24.034401393292063568417975-10 
2 73 70 126 3 60 59 -31 4 0 23 -146 5 73. 79 -97 
6494.9129754.14.91738 0 5-12292329-34. 

10 27 28 -17 
6 5 -3.0 27 32 -14.9 -9 27 21 -116 -8 54. 63 -3.52 -7 37 26 59 

-6 33. 47 -125 -5 68 64. -343 -4 37 4.5 55 -3 71 84 -154. 
-2 78 86 -6o -3. 63 51 -102 0 29 26 51 1 4.8 49 152 

2 76 82 39 344 35-49470 71104.595 94 89 
6 109 102 145 7 21 14 -178 8 18 19 8 9 2]. 21 -5 

6 6 -10 37 4.0 -154 -9 97 100 -133 -8 18 3.7 -18 -7 107 133 .-67 
-6 63 63 -88 -5 88 91 -61 -4 85 91 133 -3 31 18 -56 
-.2 52 4.8 39 -1 50 6o -159 0 78 84- 116 1 123 127 96 
2 110 112 -33 3 3.4.3. 131 -23 4. 41 50 -24  5 74. 69 82 
6 50 49 91 7 98 80 -11 8 83 70 -117 9 33 31 23 

6 7 -3.0 23 26 163 -9 73 70 167 -8 25 28 -153 -7 0 16 -17 
-6 63 64 -3.79 -5 29 33 -160 -4 37 39 -139 -3 42 51 20 
-2 13.8 130 -.105 -3. .31 30 -153 0 2]. 38 180 1 98 106 1714. 

2 80 80 -13 3 36 32 -79 4. 67 63. -139 3 37 36  -172 
6 132  129 67 7 89 75 -68 

6 8 	-9 29 32 -169 -.8 58 56 -17 -7 0 23 163 -6 61 65 -164 
-5 53 61 -113 -4 57 63 78 -3 90 110 -95 -2 72 76 -177 
-3. 78 92 -53 0 29 29 179 1 107 110 -75 2 67 64 91 
31816_274.54.4.816256857340 6 7478 75 

6 9 	-8 34. 44 4.5 -7 25 27 -56 -6 56 62 -98 -5 40 4.5 -59 
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o 0 7 -50 1 18 22 -156 2 23 25 -103 3 23 23 -14. 
1. 4.2 52 -91 5 49 51-115 

6 10 	-5 34. 32 -24 4 42 43 81 -3 15 3.6 -120 -2 21 30 -3.73 
-1 57 63 -87 0 33 37 100 3. 39 35 -107 2 25 26 133 

7 0 	3. 105 100 66 2 106 107 -20 3 339 354. -347 4 117 104. 174 
5 89 80 -14.6 6 119 112 -28 7 13.8 117 -167 8 0 14-2 -96 
9 0 19-121 10 0 15 -62 

7 3. 	3. 198 197 27 2 211 193 -44. 3 340 135 -147 1.  83 82 14.2 
5 87 83 107 6 03.5417 012-15987879176 
9 0 22 9 10 33 30 -8 

7203.03963.001154.1595728460-93 88 84 4. 
4 4.0 37 103 5 55 4.2 118 6 80 75 -40 7 79 80 -133 
8 23 26 -3.34- 9 78 65 -143 10 36 32 -i6o 

7 3 	0 63 55 -69 1 40 34- 126 2 74. 72 -92 3 27 17 107 
4. 019-1215 0238262529-647 0 13 100 
8 106 93 -46 9 25 23 _57 

7 4. 	0 79 78 4.2 1 59 59 22 2 42 28 -12 3 66 71 173 
4-4.14.83.352726-2695946977668 160  
8 71 69 -25 9 46 35 31 

7504.2375919087 2294-106-3.3133.343.26154 
4- 70 70 -145 5 27 37 -18 6 36 37 -156 7 33. 36 -153 
8 58 53-104. 
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6 0 3.6 -16 
2 96 96-164. 
6 0 U -54 
2 37 32 -141 

2 4.2 36-177 

2 29 26-146 

h F F0  p 

3 	0 18 36 
7 	54 50-159 

3 	251 251 -14.0 
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ethylidene_c,o_trehalose monohydmte have been determined by X-ray diffraction 

techniques In both oases three-dimensional. X-ray intensity data were collected 

using an equi-inclination Weiaaenber'g camera with Cu K radiation. The intensity 

measurements were made visually. 

c,c..trehalose dihydrate was found to be orthorhombie, space group P212121, 

with a = 12.233 , b 17.889 1, a = 7.596 R and Z = 4.. The observed and 

calculated densities were 1.512 and. 1.51.1 g.am respectively. The structure 

was solved by direct methods using the tangent formula. The atomic parameters 

were refined by the mthod of least squares to a final residual, R = 5. 9). 

It was found that the molecules are held together by van der Wasi' a forces 

and by a complex network of twelve hydrogen bonds. One water molecule in trig-

onally and one tetrahedrally co-ordinate. The acetal oxygen atom in one residue 

only acts as an acceptor in a hydrogen bond, which is rather long at 2.88 1. 

The molecule is in the expected conformation with the two glucopyranose rings 

in the "chair" form. The bond angle at the glucosidic linkage is 115-?. The 

two orystallographioally unrelated but chemically identical glucose residues 

are closely similar. The main effect of the different crystal packing of the 

two rings is to cause slight distortions of the atoms ON and 0(4.). 

4., 6 ;4.' , 6 '..di..O-ethylidene...cço< -trehaloso monohydrate was found to be mono-

clinic, space group P21, with a = 11.276 R, b 8.4.35 R, a = 10.004. R, [3 = 97.580  

and Z = 2. The observed and calculated densities were 1.4.52 and. 1.445 g.cnt 

respectively. The structure was solved by direct methods using the I2 

Use other side if necessary. 



relationship. The atomic parameters were refined by the method of least squares 

to a final residual, R = 12.2. 

It was found that the molecules are held together by a network of six 

hydrogen bonds and by van der Waal' a forces which are particularly strong between 

the methyl groups. The water molecule is trigonally 00-ordinate. Two ethereal 

oxygen atoms act as acceptors in hydrogen bonds, which are both rather long at 

2.83 and 288 L The six-membered rings closed by the ethylidene groups are parallel 

to the glucopyranoid rings and in the "chair" form. The methyl groups are in the 

equatorial position. The bond angle at the glucosidic linkage is 115.00. The 

stereochemistry of this linkage is very similar to that in the , -trehalose 

molecule. 


