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ABSTRACT 

Previous studies on the b i o l o g i c a l a c t i v i t y of the a n t i b i o t i c 

novobiocin have i n d i c a t e d that t h i s unique molecule i s r e q u i r e d i n t a c t 

f o r f u l l a n t i b a c t e r i a l a c t i v i t y . S t r u c t u r e - a c t i v i t y i n v e s t i g a t i o n s 

performed by other v^orkers have not fceen able t o ascribe i t s a n t i 

b a c t e r i a l a c t i v i t y t o any one f e a t u r e of the chemical s t r u c t u r e . 

S i n g l e c r y s t a l X-ray techniques have t h e r e f o r e been used t o determine 

the s t r u c t u r e i n the s o l i d s t a t e i n the hope th a t t h i s w i l l c o n t r i b u t e * 

to a b e t t e r understanding o f the mode of a c t i o n o f the drug. 

The t h e s i s i s d i v i d e d i n t o four chapters. 

The known chemistry of the a n t i b i o t i c i s presented i n d e t a i l i n 

the f i r s t s e c t i o n . The syntheses o f novobiocin and i t s analogues and 

i t s r e l a t i o n s h i p t o other a n t i b i o t i c s are then discussed and the s e c t i o n 

concludes v^ith a revievf of s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s i n 

novobiocins and the mode o f a c t i o n o f the drug. 

The s i n g l e c r y s t a l X-ray technique i s then described V i t h s p e c i a l 

emphasis on the d i r e c t methods of phase determination used i n t h i s study. 

The determination of the c r y s t a l s t r u c t u r e from photographic data 

i s presented i n chapter 3. The method of phase determination i s 

discussed i n d e t a i l and a m p l i f i e d i n appendix B, The gross s t r u c t u r a l 

f e a t u r e s and the hydrogen bonding scheme are also described. 

Further refinement o f the c r y s t a l s t r u c t u r e from d i f f r a c t o m e t e r 

data i s presented i n the f i n a l s e c t i o n together w i t h the treatment o f 

d i s o r d e r w i t h i n the s t r u c t u r e . The molecular parameters obtained are 

discussed i n terms of t h e i r r e l a t i o n s h i p s t o those found i n analogous 

chemical compounds. 



The f i n a l p a r t o f t h i s s e c t i o n concentrates on p a r t i c u l a r f e a t u r e s 

i n the molecule w i t h reference t o previous s t r u c t u r a l s tudies made 

using other s p e c t r a l techniques. 

Computer programs v r r i t t e n f o r the i n i t i a l s t r u c t u r e d e t e r m i n a t i o n 

are l i s t e d i n appendix A and the paper published i n Acta C r y s t a l l o -

graphica i s included i n appendix D, 



CHAPTER 1 

THE ANTIBIOTIC NOVOBIOCIN 

1.1 Discovery and Use 

I n the mid 1950*s a number of research groups ^"^ independently 

discovered an a n t i b i o t i c produced by the organisms Streptomyces 

niveus ^ and Streptomyces spheroides ^ which were i s o l a t e d from s o i l 

samples. The a n t i b i o t i c was described as having a wide range of 

a n t i b a c t e r i a l a c t i v i t y mainly against Gram-positive b a c t e r i a ^. 

Most s t r a i n s of Staphylococcus aureus are p a r t i c u l a r l y s u s c e p t i b l e 

having a minimum i n h i b i t o r y c o n c e n t r a t i o n of 0.1-5.0 yg/ml ^. I t was 

soon recognised t h a t these independent research e f f o r t s had produced 

the same compound The a n t i b i o t i c was given the name novobiocin ®°, 

Novobiocin i s not c r o s s - r e s i s t a n t w i t h commonly used 

a n t i b i o t i c s ^. I t i s normally reserved f o r use against p e n i c i l l i n -

r e s i s t a n t staphylococal i n f e c t i o n s A complete account of the range 

of a n t i b a c t e r i a l a c t i v i t y and the c l i n i c a l a p p l i c a t i o n s o f novobiocin 

has been presented i n the review a r t i c l e s by Fi n l a n d and Nichols 

and by Macey and Spooner 

Recent s t u d i e s by Brand and Toribara 1 3 , 1 4 have shown t h a t 

novobiocin forms complexes w i t h serum albumins. They have also shown 

t h a t the c i r c u l a r d i c h r o i c spectra of these complexes are unique to 

the serum albumin of a p a r t i c u l a r species. Novobiocin may t h e r e f o r e 

be used as a reagent t o d i s t i n g u i s h serum albumins from d i f f e r e n t 

species. 



1.2 The Chemical S t r u c t u r e of Novobiocin 

The chemical name of novobiocin (1) as i l l u s t r a t e d below i s 

7 - [ 3 - 0 - carbamyl - 5, 5 - dimethyl - 4 - 0 - methyl - a - L -

l y x o s y l ] - 4 - hydroxy - 3 - C4 - hydroxy - 3 - (3 - methylbut - 2 

e n y l ) benzamido] - 8 - methylcoumarin 

NH2C0 

1 NOVOBIOCIN 

Independent s t u d i e s i n two l a b o r a t o r i e s 17^23,25-29^32 have 

e l u c i d a t e d the s t r u c t u r e of novobiocin and i t s dihydro d e r i v a t i v e . 

The molecule c o n s i s t s of t h r e e d i s t i n c t m o i e t i e s ; namely : a 

s u b s t i t u t e d benzoic a c i d ( A ) , an aminohydroxy coumarin ( B ) , and a 

branched c h a i n sugar (C) c o n t a i n i n g the r a r e l y , o c c u r r i n g carbamate. 

(A) i s j o i n e d to (B) by an amide bond and (B) i s j o i n e d to (C) v i a 

a g l y c o s i d e l i n k . These a r e the p o i n t s a t which c l e a v a g e r e a c t i o n s 

can occur f r e e i n g the i n d i v i d u a l m o i e t i e s f o r s t r u c t u r e d e t e r m i n a t i o n 

The a p p l i c a t i o n of the c l e a v a g e r e a c t i o n s may be summarised by the 



use of the ABC nomenclature ^. (See below and i n Figure 1.1) 

A B C (1) 

BO (4) AB (3) 

C (2) A (5a) 

C (2) A (5b) 

B (6b) B (6a) 
+ 

. I H 

B (7) 

F u l l d e t a i l s of the chemical c h a r a c t e r i s a t i o n o f A, B and C are 

given i n the review a r t i c l e by Hoeksema and Smith ^ and the 

references c i t e d t h e r e i n . 

The stereochemistry of the sugar r i n g (C) has been the sub j e c t 

of several i n v e s t i g a t i o n s . The e a r l y s t u d i e s suggested t h a t 

3 - carbamyl - 4 - 0 - methyl noviose (8) had the L - lyxose 

c o n f i g u r a t i o n . 

o 
0CNH2 



•CNH2 

HO 

4. 

CYCLONOVOBIOCIC ACID 

HOOC 

5a. 
OAc I CH 

HOOC 

O R 
6 a. R=CH3-C-
6 b.R=H 

HO 

Figure 1.1 Chemical s t r u c t u r e s of the A B C moieties 
produced by the cleavage r e a c t i o n s . 



t h i s arrangement was confirmed by s y n t h e t i c studies 30 I t was 

found t h a t the compound 5, 5 - dimethyl - 4 , 5 - d i - O - methyl -

2, 3 - isopropylidene - L - l y x o n i c a c i d (9) could be derived from 

the novobiocin sugar 

COOH GOOH 

H C 
" > ( C H 3 ) 2 

H C — o r 

HQ 

C H 3 O - C H 

C H 3 O C - C H 3 

H C 

H C - O C H 3 

C H 3 - C - O C H 3 

(CH3)2 

C H 3 C H 3 

9 10 

This compound was then synthesised i n s t e r e o s p e c i f i c f a s h i o n from 

methyl 2, 3 i s o p r o p y l i d e n e - L - rhamno furanoside which has the 

L - lyxose c o n f i g u r a t i o n . The i d e n t i t y of the c r y s t a l l i n e 

benzhydryl ammonium s a l t s of the acids produced by the two routes 

confirmed the assignment of c o n f i g u r a t i o n . A second s t e r e o s p e c i f i c 

synthesis from a D - ribo s e d e r i v a t i v e gave (10) which was shown to 

be markedly d i f f e r e n t from ( 9 ) . 

The conformation of the sugar r i n g and the c o n f i g u r a t i o n 

of the anomeric carbon remained to be determined. Walton e t a l 

a l l o c a t e d to the two anomeric methyl 3 - 0 - carbamyl noviosides 

[a ] 2 5 = - 28° and Ca]26 = + 130° (c = 1.0 i n methanol) 

the a and B c o n f i g u r a t i o n s r e s p e c t i v e l y at Cj 



9^3 

C H 3 0 

\A RCH3 

0 C N H 2 ° " 

Q O C H 3 

1 1 

C H 3 

C H 3 O 

O8NH2 

> O C H ' 

O H 

12 

Using the values of molecular r o t a t i o n f o r ( 1 1 ) , (12) and 

novobiocin ( 1 ) , they a p p l i e d Hudson's r u l e s o f i s o r o t a t i o n and 

showed t h a t the gl y c o s i d e l i n k i n novobiocin i s of the a - L -

c o n f i g u r a t i o n . 

Proton magnetic resonance studies were made on the 

conformation of the sugar r i n g by two groups of workers. Barker e t 

a l and Golding and Rickards Both sets of workers drew on the 

conclusions of Lemieux e t a l t h a t the chemical s h i f t s f o r acetoxy 

and methoxy groups i n s i x membered r i n g s are c h a r a c t e r i s t i c of 

t h e i r a x i a l or e q u a t o r i a l o r i e n t a t i o n s . 

Barker et a l showed t h a t the chemical s h i f t s a t t r i b u t e d t o 

the protons i n the 1 and 4 methoxy groups i n d i c a t e d t h a t f o r the a 

anomer the CI conformation was favoured and f o r the 3 anomer the IC 

conformation (Figure 1.2). 

Golding and Rickards however showed t h a t the assignments of 

these chemical s h i f t s were i n c o r r e c t and should be interchanged. 

Further they found t h a t the magnitudes of the c o u p l i n g constants 

between the hydrogens attached t o the r i n g carbons provided 
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Figure 1.2 The anomers and conformers of L-methyl noviosides 



unequivocal evidence t h a t a and B noviosides and novobiocin e x i s t 

i n the IC conformation. The diamagnetic s h i f t of the Hj pr o t o n i n 

going from the a to the 6 methyl noviosides agreed w i t h i t s 

e q u a t o r i a l and a x i a l o r i e n t a t i o n s i n the alC and BIC conformations. 

These s t u d i e s completed the stereochemistry of the sugar 

r i n g and o f novobiocin. The molecule t h e r e f o r e has the chemical 

s t r u c t u r e (1) as shown a t the beginning of t h i s s e c t i o n . 

1.3 S a l t s and D e r i v a t i v e s 

The annual p r o d u c t i o n of novobiocin i n the U.S.A. alone i n 

1961 was about 15,000 kg ̂ , The s a l t of the g r e a t e s t commercial 

importance a t t h a t time was the a c i d sodium s a l t which has been 

i s o l a t e d i n a t l e a s t three polymorphic forms ^. The mono calcium 

a c i d s a l t was also of considerable commercial s i g n i f i c a n c e . Many 

other Group I and Group I I metal s a l t s of novobiocin i n v o l v i n g one 

or both a c i d i c f u n c t i o n s have also been prepared 1^,20^ 

Amine a c i d s a l t s of primary, secondary and t e r t i a r y amines are 

e a s i l y made, though they are f r e q u e n t l y d i f f i c u l t t o c r y s t a l l i s e 

Esters of novobiocin have been made f i r s t l y on the sugar then on the 

phenolic hydroxyl and l a s t l y w i t h d i f f i c u l t y , on the e n o l i c h y d r o x y l . 

A l l of these m a t e r i a l s are reported to be a c t i v e i n v i t r o and i n v i v o 

21>22^ Ethers have a l s o been prepared by r e a c t i o n w i t h 

diazomethane ^ ̂ »^ ̂. 

Hydrogenation o f novobiocin i n e t h a n o l i c s o l u t i o n using a 

Pt or Ni c a t a l y s t r e s u l t s i n the uptake of one mole of H2 i n the side 

chain attached to r i n g (A) and the f o r m a t i o n o f dihydronovobiocin. 

C31H38N2O11 w i t h a n t i b a c t e r i a l p r o p e r t i e s n e a r l y i d e n t i c a l w i t h 

the parent compound. C r y s t a l l i n e s a l t s of dihydronovobiocin are 



formed when reacted w i t h a l k a l i Novobiocin and i t s dihydro 

d e r i v a t i v e may be separated from each other by a paper 

chromatographic technique devised by Wolf and Nescot . 

1.4 The Chemistry o f Novobiocin 

Novobiocin i s a d i b a s i c a c i d w i t h a molecular formula of 

C31H35N2O11. I t has been c r y s t a l l i s e d i n two polymorphic forms 

the l e ss common form r e f e r r e d t o as 'form I ' melts a t 174-178*^C 

w h i l e the more pr e v a l e n t 'form 2* melts at 152-156°C. The two 

polymorphs are i n t e r c o n v e r t i b l e v i a an amorphous form. Form 2 

c r y s t a l l i s e s from such s o l v e n t systems as acetone and water, e t h a n o l 

or e t h y l a c e t a t e . Form 1 may be obtained from a s o l v e n t m i x t u r e of 

acetone and hexane ^. The two polymorphs e x h i b i t d i s t i n c t i n f r a - r e d 

spectra 

U l t r a v i o l e t spectra of novobiocin i n s o l u t i o n show a 

bathochromic s h i f t of the p r i n c i p a l a b s o r p t i o n from 308 my to 333 mp 

when the solvent i s changed from an a l k a l i n e e t h a n o l i c s o l u t i o n t o an 

a c i d i c one ^5,17^ Brand and Toribara have r e l a t e d t h i s s h i f t t o a 

change i n the conformation of the molecule. This s h i f t w i l l be 

examined more c l o s e l y i n Chapter 4 i n the l i g h t o f the determined 

c r y s t a l s t r u c t u r e . Novobiocin i s l e v o r o t a t o r y , the r o t a t i o n v a r y i n g 

w i t h the pH o f the so l v e n t . 

e.g. [ a ] 2 3 - 2 8 0 ^ _ ^3^0 ^ e t h a n o l , 2 decimetres 15,18) 
D 

Novobiocin i s s t a b l e i n e i t h e r a c i d c r y s t a l form a t 24°C i n 

the absence of l i g h t , to which i t i s s l i g h t l y s e n s i t i v e 

The a c i d forms are s o l u b l e i n aqueous s o l u t i o n above pH 7-5 

and i n s o l u b l e i n more a c i d s o l u t i o n s . Novobiocin i s also s o l u b l e i n 



acetone, e t h y l or amyl a c e t a t e , methanol, ethanol and p y r i d i n e 

The pKa values of the two a c i d f u n c t i o n s i n water are 4-3 

f o r the e n o l i c and 9.1 f o r the phenolic group The s t a b i l i t y of 

the a n t i b i o t i c under a c i d i c and basic c o n d i t i o n s i s very d i f f e r e n t . 

M i l d l y a c i d i c c o n d i t i o n s , pH 3-6, cause l i t t l e rundowTi. Vigorous 

a c i d treatment degrades the a n t i b i o t i c r a p i d l y but t h i s i s not 

important i n f e r m e n t a t i o n or e x t r a c t i o n processes. M i l d l y a l k a l i n e 

c o n d i t i o n s produce considerable degradation which i s a serious 

problem i n novobiocin processing. I n a b u f f e r s o l u t i o n at pH 10 a 

r a p i d decrease i n a n t i b a c t e r i a l a c t i v i t y i s observed which l e v e l s 

o f f a f t e r about two hours when 65-70% of the i n i t i a l a c t i v i t y 

remains ^. 

Hinman et a l showed t h a t the above loss of a c t i v i t y was due 

to the f o r m a t i o n of an e q u i l i b r i u m between novobiocin and a n i n a c t i v e 

m a t e r i a l . On s e p a r a t i o n by c o u n t e r c u r r e n t d i s t r i b u t i o n the i n a c t i v e 

substance, named is o n o v o b i o c i n , was shown to have i d e n t i c a l p h y s i c a l 

p r o p e r t i e s to novobiocin. I f i s o n o v o b i o c i n was subjected t o the basic 

e q u i l i b r a t i n g c o n d i t i o n s 55-60% re-conversion to novobiocin occurred. 

The r a t e of i s o n o v o b i o c i n f o r m a t i o n increases w i t h temperature and 

decreases w i t h a drop i n pH. More vigorous a l k a l i n e treatment o f 

i s o n o v o b i o c i n leads to a second degrad. a t i o n product C31H35NO10 

c a l l e d descarbamyl novobiocin having n e g l i g i b l e a n t i b a c t e r i a l 

a c t i v i t y . 

Hinman et a l showed t h a t i s o novobiocin has the same 

s t r u c t u r e as novobiocin except f o r a m i g r a t i o n of the carbamyl 

group from carbon 3 to carbon 2 i n the noviose r i n g (C). Descarbamyl-

novobiocin has hydroxyl groups on both carbons 2 and 3 o f t h i s 



S u g a r r i n g . 

1.5 Synthetic and B i o s y n t h e t i c Studies of Novobiocin and 
Novobiocin Analogues 

1.5. i Syn t h e t i c Studies 

Novobiocin has been m o d i f i e d i n an e f f o r t t o o b t a i n analogues 

which would be chemotherapeutically s u p e r i o r to the parent compound. 

To date none has been found but several have been detected i n the same 

range of a n t i b a c t e r i a l a c t i v i t y as novobiocin i t s e l f 

Although the t o t a l s ynthesis of novobiocin and analogues by 

chemical means has been achieved i t i s a long and d i f f i c u l t process ^® 

The complete synthesis o f the aglycon p o r t i o n s of various novobiocins, 

e.g. cyclonovobiocic a c i d (3) was r e p o r t e d i n 1958 

Transformation of descarbamyl novobiocins t o mixtures of novobiocins 

and isonovobiocins using carbamyl c h l o r i d e appeared i n the patent 

l i t e r a t u r e i n 1959 

Synthesis o f the sugar moiety i s the most d i f f i c u l t stage 

and the sugar was o f t e n obtained i n e a r l y studies from novobiocin 

i t s e l f f o r use i n the p r e p a r a t i o n of analogues Condensation of 

the v a r i o u s novobiocic acids w i t h n o v i o s y l c h l o r i d e s has produced 

analogues w i t h a n t i m i c r o b i a l p r o p e r t i e s , e.g. desmethyl novobiocin 

and cy c l o n o v o b i o c i n 

1.5- i i Biochemically Produced Analogues 

Several groups of workers have made analogues of novobiocin 

by biochemical methods. Walton e t a l fed va r i o u s s u b s t i t u t e d 

benzoic a c i d s , ( r i n g ( A ) ) , to the novobiocin producing organism 

Streptomyces spheroides and obtained 19 novobiocin analogues. Their 

s t u d i e s i n d i c a t e d t h a t : 



1. New analogues w i t h p a r a - s u b s t i t u e n t s on r i n g (A) may be obtained 

b i o s y n t h e t i c a l l y ; a l l acceptable precursors had an oxygen or 

n i t r o g e n atom atCached to the benzene r i n g . 

2, New analogues w i t h meta-substituents on r i n g (A) were obtained; a l l 

acceptable precursors contained v a r i o u s a l k y l , a r y l , or s u b s t i t u t e d 

a l k y l groups and r e q u i r e d a carbon atom a.tta.ched to the benzene r i n g 

Kominek e t a l considered s u b s t i t u t i o n of r i n g (A) by 

h y d r o l y s i n g the amide bond between r i n g s (A) and ( B ) , i s o l a t i n g the BC 

p o r t i o n and a c y l a t i n g i t w i t h various acids. The c e l l f r e e e x t r a c t i o n s 

of a bacterium were i s o l a t e d and found to cause h y d r o l y s i s of the amide 

bond to y i e l d the desired noviosylaminocoumarin. This compound, 

named novenamine was c r y s t a l l i s e d pure as the h y d r o c h l o r i d e . I t has 

very weak a n t i b a c t e r i a l p r o p e r t i e s . Chemical N - a c y l a t i o n of 

novenamine produced analogues of v a r y i n g a n t i b a c t e r i a l a c t i v i t y , none as 

a c t i v e as novobiocin i n v i v o against Staphylococcus aureus. 

M o d i f i c a t i o n of the aminocoumarin moiety was achieved by 

B i r c h and Lemaux and Sebek A c h l o r o analogue of the coumarin 

(CI replaces CH3) was prepared chemically and incubated w i t h mutants 

of Streptomyces niveus which do not synthesise the coumarin p o r t i o n of 

the a n t i b i o t i c . A new c h l o r i n a t e d novobiocin analogue was produced 

w i t h a spectrum of a c t i v i t y s i m i l a r to t h a t of novobiocin. 

1.5. i i i The Biosynthesis of Novobiocin 

The recent paper by Kominek and Sebek provides a 

comprehensive survey of previous b i o s y n t h e t i c s t u d i e s and discusses 

the biochemical i m p l i c a t i o n s o f t h e i r recent research. Their 

conclusions are best summarised i n the form of the two charts shown i n 

Figures 1.3 and 1.4. 
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Figure 1.3 T e n t a t i v e pathway f o r the synthesis of the i n d i v i d u a l 
r i n g systems of novobiocin and t h e i r l i n k a g e 
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Figure 1.4 Carbamylation and m e t h y l a t i o n i n the formation of 
novobiocin 



1.6 Re l a t i o n s h i p to Other A n t i b i o t i c s 

Novobiocin does not belong t o any p a r t i c u l a r chemically 

d e f i n e d group of a n t i b i o t i c s There are, however, some 

groupings i n the molecule t h a t are s i m i l a r to those i n other a n t i 

b i o t i c s . The coumarin nucleus, r i n g ( B ) , occurs i n many a n t i b a c t e r i a l 

substances 53,54 ^^^^^ p a r t i c u l a r i n s y n t h e t i c 3 - acylamino - 4 -

hydroxycoumarins . I t also occurs i n drugs such as w a r f a r i n (13) 

13 WARFARIN SODIUM 

Ring (A) has a phenolic group and phenols are known to i n t e r f e r e w i t h 

membrane i n t e g r i t y 56,57_ However the behaviour of novobiocin i s not 

s i m i l a r to th a t of phenols 5Q>59^ 

Novobiocin has marked chemical s i m i l a r i t i e s to the a n t i b i o t i c s 

of the coumermycin f a m i l y . The s t r u c t u r e of these a n t i b i o t i c s are 

compared i n Figure 1.5. K e i l e t a l w ^ i l e searching f o r a more 

soluble coumermycin d e r i v a t i v e , produced a number of close analogues 

of novobiocin. 

e.g. [PNB] - NH - CO - C6H5-3-(Ri)-4-0H 

w i t h Ri = CH3, n - C^H^, C(CH3) = C(CH3)2. CH(CH3) CH(CH3)2 or n - C6H13 

A l l these showed high a n t i b a c t e r i a l a c t i v i t y p a r t i c u l a r l y n - Ci^h^ and 

11 



n - C6H13, but s u f f e r e d from high serum b i n d i n g i n v i v o . 

Recently the new a n t i b i o t i c c h l o r o b i o c i n (see Figure 1.5) has 

been i s o l a t e d by Mancy et a l and Ninet e t a l This i s 

produced by three species of Streptomyces. I t contains a c h l o r i n e 

atom i n the 8 p o s i t i o n of the aminocoumarin i n place of the methyl 

group and the carbamyl group of the noviose sugar i s replaced by a 

methyl p y r r o l e . 

M o r r i s and Russell comment on r e p o r t s concerning cross 

r e s i s t a n c e w i t h other a n t i b i o t i c s 2,63-65^ These r e p o r t s i n d i c a t e t h a t 

an organism r e s i s t a n t to novobiocin i s u s u a l l y s e n s i t i v e to other 

commonly used a n t i b i o t i c s and t h a t organisms r e s i s t a n t to p a r t i c u l a r 

a n t i b i o t i c s are s e n s i t i v e to novobiocin. These studies involved the 

use of b a c i t r a c i n , chloramphenicol, p e n i c i l l i n , t e t r a c y c l i n e , polymyxin 
10 

and streptomycin and suggest t h a t the e f f e c t s produced by novobiocin 

are d i f f e r e n t from those produced by these other a n t i b i o t i c s . 

1.7 S t r u c t u r e A c t i v i t y R e l a t i o n s h i p s i n Novobiocins 

The p r e p a r a t i o n of d e r i v a t i v e s and analogues of novobiocin has 

been d e a l t w i t h i n previous sections of t h i s chapter. This s e c t i o n 

c o l l a t e s t h i s data from the v i e w p o i n t of the c o r r e l a t i o n s between 

s t r u c t u r e and a c t i v i t y i n novobiocin and i t s analogues (see Figure 1.6). 

A l t e r a t i o n of the a c y l moiety, . r i n g ( A ) , does give r i s e to 

analogues w i t h a n t i b a c t e r i a l a c t i v i t y but none were as a c t i v e as 

novobiocin i n v i v o 37,43,M4_ Figure 1.6 and s e c t i o n 1.5. i i i n d i c a t e 

the r e s t r i c t i o n s on the s u b s t i t u e n t s of r i n g (A) t h a t r e t a i n 

s i g n i f i c a n t a c t i v i t y . 

The aminocoumarin moiety, r i n g ( B ) , was modified by Birch et a l 

to g i v e a c h l o r o d e r i v a t i v e , X = CI (see also 1.5. i i ) . Desmethyl-

12 
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Figure 1.6 S t r u c t u r e a c t i v i t y r e l a t i o n s h i p s i n novobiocins 



novobiocins are also known (see also 1.5. i ) . Both of these 

analogues are a c t i v e substances. 

The most s e n s i t i v e moiety i s the noviose r i n g (C). Any 

movement of the carbamyl group ( i s o n o v o b i o c i n ) or i t s removal 

(descarbamylnovobiocin) r e s u l t s i n a complete loss of a c t i v i t y . 

This i n d i c a t e s t h a t the presence and p o s i t i o n i n g of t h i s group are 

of major importance i n c o n f e r r i n g a c t i v i t y on the molecule. 

Replacement of t h i s group w i t h 5 - methyl - p y r r o l y l - 2-carbonyl 

produces a c t i v e substances of the coumermycin f a m i l y w i t h a wide 

v a r i e t y of a c y l moieties ( r i n g s ( A ) ) . C h l o r o b i o c i n (see 1.6) also 

i n d i c a t e s the a c t i v e nature of the p y r r o l e group. The spectra of 

a c t i v i t y of these p y r r o l e 'analogues* do d i f f e r however from those 

of the novobiocin s e r i e s . 

Many simple d e r i v a t i v e s of novobiocin have been made (see 1.3). 

The s a l t s , e s ters and ethers are a l l a c t i v e substances s i m i l a r i n 

a c t i v i t y to the f r e e a c i d . Dihydronovobiocin i s almost i d e n t i c a l i n 

a c t i v i t y to the parent compound. 

The f r e e a c i d e x i s t s i n two c r y s t a l l i n e polymorphs and an 

amorphous form ( 1 . 4 ) . Both Form 1 and the amorphous form show a n t i 

b a c t e r i a l a c t i v i t y i n v i t r o and i n v i v o . Form 2 shows comparable i n 

v i t r o a c t i v i t y i n s o l u t i o n . However when taken o r a l l y t h i s form does 

not p r o t e c t mice i n f e c t e d w i t h Staphylococcus aureus nor does i t 

produce s i g n i f i c a n t blood l e v e l s i n humans ^>^^. The a l k a l i s a l t s do 

not s u f f e r from these anomalies. These observations suggest t h a t 

small changes i n conformation have marked e f f e c t s on the a n t i b a c t e r i a l 

a c t i v i t y . 

I t has been demonstrated t h a t the a c t i v i t y of novobiocin i s very 

dependent on the presence and p o s i t i o n of the carbamyl group i n r i n g (C) 
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This suggests, t h e r e f o r e , t h a t the a c t i v i t y of novobiocin i s not 

d i r e c t l y r e l a t e d to the presence of the coumarin moiety ( r e f e r r e d 

to i n s e c t i o n 1.6). Morris and Russell (1971) concluded t h a t i t i s 

not p o s s i b l e to a t t r i b u t e the major e f f e c t s of novobiocin to any 

p a r t i c u l a r p a r t of i t s unique chemical s t r u c t u r e , the i n t a c t molecule 

being necessary f o r f u l l a n t i b a c t e r i a l a c t i v i t y . 

1.8 The Mode of A c t i o n of Novobiocin 

I n the i n t e g r a t e d c e l l , i n h i b i t i o n of one process may lead to 

the i n h i b i t i o n (or s t i m u l a t i o n ) of other processes through the 

a l t e r a t i o n of feedback systems or other c o n t r o l mechanisms. Firm 

conclusions cannot t h e r e f o r e be drawn from a study of the e f f e c t of a 

drug on a s i n g l e process. I t i s t h e r e f o r e necessary to study the 

temporal changes i n a wide v a r i e t y of processes f o l l o w i n g the 

a d m i n i s t r a t i o n of the drug to i d e n t i f y the e a r l i e s t processes t h a t are 

a f f e c t e d . The t a r g e t of an a n t i b i o t i c i s t h a t element or elements 

w i t h i n the c e l l w i t h which the a n t i b i o t i c combines so as to a l t e r the 

f u n c t i o n i n g o f the c e l l . This t a r g e t may be a s p e c i f i c substance such 

as a p r o t e i n , enzyme or n u c l e i c acid or a less s p e c i f i c element such 

as a pho s p h o l i p i d or a d i v a l e n t c a t i o n 

Studies by Brock (1962)^"^ i n d i c a t e d t h a t novobiocin forms a 

charge t r a n s f e r complex w i t h Mĝ "*" ions. He also showed i n a l a t e r 

p u b l i c a t i o n (1967) t h a t many of the e f f e c t s upon b a c t e r i a induced 

by novobiocin are s i m i l a r t o those induced by a magnesium d e f i c i e n c y : 

Other workers ^1»^2 have shown th a t such a complex i s not formed but 

the c o n d i t i o n s of these experiments are not i d e n t i c a l w i t h those used 

by Brock. I n p a r t i c u l a r the concentrations of drug and Mĝ **" ions are 
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d i f f e r e n t and Brock's experiments were conducted on the f r e e a c i d 

whereas the l a t e r workers used monosodium novobiocin. Brock also 

showed th a t no complex formed between descarbamylnovobiocin and Mĝ "*" 

which suggests t h a t the carbamyl group may i n t e r a c t w i t h the e n o l i c 

or some other e l e c t r o n - d o n a t i n g p a r t of the molecule. (This w i l l be 

discussed l a t e r i n Chapter 3 ) . I n a d d i t i o n to the c o n f l i c t i n g 

evidence of complex formation Morris and Russell l i s t e d the 

r e s u l t s of more recent b i o l o g i c a l studies which i n d i c a t e d t h a t 

i n d u c t i o n of a magnesium d e f i c i e n c y does not provide a complete 

e x p l a n a t i o n of the mode of a c t i o n . 

A f t e r c o n s i d e r i n g the evidence a v a i l a b l e a t the time (1971), 

M o r r i s and Russell a r r i v e d a t the f o l l o w i n g conclusions concerning 

the mode of a c t i o n of novobiocin, 

a) The e f f e c t s of novobiocin on c e l l w a l l , RNA and p r o t e i n 

syntheses and on enzyme systems may be considered to be secondary 

e f f e c t s of the a n t i b i o t i c . 

b) The theory t h a t novobiocin induces an i n t r a c e l l u l a r 

d e f i c i e n c y of Mĝ "*" ions i s f a r from convincing. 

c) Recent f i n d i n g s 73-75 ghow t h a t novobiocin has an immediate 

and pronounced e f f e c t on DNA synthesis which may be of primary 

importance. 

d) Novobiocin i n t e r f e r e s a t an e a r l y stage w i t h membrane 

i n t e g r i t y "73,78^ 

e) Membrane and chromosome i n the b a c t e r i a l c e l l are c l o s e l y 

associated and t h e r e f o r e conclusions (c) and (d) need f u r t h e r research 

to c l a r i f y the s i t u a t i o n 76-77_ 

This study was i n i t i a t e d i n the a n t i c i p a t i o n t h a t a f u l l t h r e e -

dimensional s t r u c t u r e d e t e r m i n a t i o n w i l l c o n t r i b u t e to a b e t t e r 
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understanding of the mode of a c t i o n of novobiocin and to the 

reasons why t h i s unique molecule appears to be required i n t a c t f o r 

f u l l a n t i b a c t e r i a l a c t i v i t y . 
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CHAPTER 2 

SINGLE CRYSTAL X~RAY TECHNIQUES 

2.1 X-Ray D i f f r a c t i o n and the Reciprocal L a t t i c e 

A c r y s t a l i s a three-dimensional p e r i o d i c array o f atoms. I t i s 

ch a r a c t e r i s e d by a parallelepiped-shaped s t r u c t u r a l sub-unit, the 

u n i t c e l l , which i s repeated i n three dimensions to form the complete 

c r y s t a l . The u n i t c e l l i s defined by three vectors a, b and c, the 

u n i t c e l l edges, and the arrangement of atoms w i t h i n t h i s defines the 

complete c r y s t a l s t r u c t u r e . 

The atoms w i t h i n the u n i t c e l l may be replaced by a 

re p r e s e n t a t i v e * l a t t i c e * p o i n t and the c o l l e c t i o n of p o i n t s so formed 

i s termed the d i r e c t l a t t i c e of the c r y s t a l . A c r y s t a l acts as a 

three-dimensional d i f f r a c t i o n g r a t i n g f o r X-rays and the angles of 

d i f f r a c t i o n depend upon the dimensions of the l a t t i c e and the wave

le n g t h of the X-rays. The l a t t i c e p o i n t s may be arranged a r b i t r a r i l y 

i n a number of ways i n p a r a l l e l , e q u i d i s t a n t l a t t i c e planes. The set 

of planes i n t e r s e c t i n g the axes at ̂ , ̂ , j i s denoted by the M i l l e r 

i n d i c e s h k l . 

X-ray d i f f r a c t i o n from a c r y s t a l was described by Bragg (1913) 

i n terms of specular r e f l e c t i o n from a "set of l a t t i c e planes 

c o n t a i n i n g s c a t t e r e r s . He showed t h a t f o r a d i f f r a c t i o n maximum to 

be obtained: 

X = 2d^^^ Sine . (2.1) 

where \ i s the wavelength of the i n c i d e n t X-rays. 

8 i s the angle of incidence of the beam to the plane and d^^^^ i s 

the i n t e r p l a n a r spacing. 

For d i f f r a c t i o n from a three-dimensional g r a t i n g , described by 
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the v e c t o r s and £, the M i l l e r i n d i c e s , h k l , can be associated 

w i t h each d i f f r a c t e d beam and i n d i c a t e t h a t s c a t t e r e r s separated by a 

s c a t t e r w i t h a phase d i f f e r e n c e of 2-nh, b w i t h a phase d i f f e r e n c e of 

2Trk and £ w i t h a phase d i f f e r e n c e of 27T1. The inverse r e l a t i o n s h i p 

between2sine and d^^^ leads to the i n t r o d u c t i o n of the concept of a 

r e c i p r o c a l l a t t i c e . This i s de f i n e d by the v e c t o r s a*, b*, £*, 

r e l a t e d to the d i r e c t l a t t i c e by the equations: 

£.a* = 1 = 0 a_,c* = 0 
b. a* = a b.b* = 1 b.£* = 0 

c. a* = a c.b* = 0 £.£* = 1 (2.2) 

i . e . £* i s perpendicular to the plane defined by b and £ (100) and has 

magnitude such t h a t i t s scalar product w i t h a_ i s u n i t y . ^ 

e.g. l£*l = l/d^„„ 

The reciprocal-space vector ^^^^ i s associated w i t h the h k l r e f l e c t i o n 

by the,equation: 

^ k l " "*" (2.3) 
where ] Ŝ ^̂ ^ | = 2sine/A = l/d^^^ 

The q u a n t i t y hx + ky + I z appears i n many l a t e r formulae. I f 

we represent a p o i n t i n the u n i t c e l l by the v e c t o r : 

r = xa + yb + z£ (2.4) 

and a p o i n t i n r e c i p r o c a l space by the ve c t o r : 

h = ha* + kb* + l£* (2.5) 

Then from the d e f i n i t i o n of the r e c i p r o c a l l a t t i c e : 

hx + ky + I z = h.r (2.6) 

X-rays are sc a t t e r e d coherently w i t h a phase change of TT by the 

e l e c t r o n clouds of the atoms. I f the e l e c t r o n d i s t r i b u t i o n i s 

assumed to be s p h e r i c a l l y symmetric then the r a t i o of the amplitude 
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of coherent s c a t t e r i n g from the atom to t h a t from a p o i n t e l e c t r o n 

s i t u a t e d a t the atomic centre i s given by: 
CO 

f (h) = 4TT p(£)r^ sin2TTh._r dr 

r=0 2TTh.r ( 2 . 7 ) 

where p ( O i s the e l e c t r o n d e n s i t y a t a distance |£| from the atomic 

centre. f ( h ) i s the s c a t t e r i n g f a c t o r f o r the atom at r e s t . The 
- s i n 2 T r h . r , , . . _ 
f a c t o r shows t h a t d e s t r u c t i v e i n t e r f e r e n c e between 

27Th.r_ 

d i f f e r e n t regions of the e l e c t r o n cloud increases w i t h i n c r e a s i n g 0 

so reducing the magnitude of f (h.). 

For a s c a t t e r i n g process the s c a t t e r i n g p a t t e r n i s the 

Fo u r i e r t r a n s f o r m (F.T.) of the s c a t t e r i n g o b j e c t . An X-ray 

d i f f r a c t i o n p a t t e r n i s t h e r e f o r e the F.T. of the e l e c t r o n d e n s i t y . 

Therefore: 

F ( t ) = 

P ( r ) = 

p(Oexp(2TTi_t.£)dV ( 2 . 8 ) 
u n i t 
c e l l 

F ( t , ) e x p ( - 2 T r i t . r ) d V * (2 9) 

Where F ( ^ ) i s the d i f f r a c t i o n p a t t e r n of a s i n g l e u n i t c e l l of the 

c r y s t a l . The c r y s t a l i t s e l f i s the c o n v o l u t i o n of a s i n g l e u n i t c e l l 

w i t h the c r y s t a l l a t t i c e . The c o n v o l u t i o n theorem leads t h e r e f o r e 

to the f o l l o w i n g t a b l e of i n t e r - r e l a t i o n s h i p s 

u n i t c e l l c r y s t a l l a t t i c e = c r y s t a l 

Jc.T. |F.T. |F.T. 

¥{t) X r e c i p r o c a l l a t t i c e = X-ray d i f f r a c t i o n 
p a t t e r n 

Since F(h) i s observed only a t r e c i p r o c a l l a t t i c e p o i n t s , equations 
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2.8 and 2.9 become the familiar equations 2.10 and 2.11 f o r s t r u c t u r e 

f a c t o r s and e l e c t r o n d e n s i t y : 

p ( r ) exp (27T i h .£) dV (2.10) 
u n i t 
c e l l 

P<£) = V I f ' h ^ 5 c p ( - 2 T i i h . r ) (2.11) 

The bonding between atoms i n a molecule changes the e l e c t r o n 

c o n f i g u r a t i o n s around them o n l y s l i g h t l y . The i n t e g r a l i n equation 

2.10 may t h e r e f o r e be s p l i t up i n t o a sum of i n t e g r a l s , one f o r each 

atom and over a volume i n c l u d i n g the complete e l e c t r o n content of the 

atom. Therefore from 2.7 and 2.10 we o b t a i n equation 2.12: 

N 
F = 7 f e x p ( 2 7 i i h . r . ) (2.12) 
- j = l 

Where N i s the number of atoms i n the u n i t c e l l , i s the v e c t o r 

p o s i t i o n and f j i s the s c a t t e r i n g f a c t o r f o r the j t h atom. 

The s t r u c t u r e f a c t o r F^ i s i n general complex and may be 

w r i t t e n as i n equation 2.13: 

Fh = i ^ h l V (2.13) 

The amplitude, i s the r a t i o of the s c a t t e r i n g of the u n i t 

c e l l to t h a t from a s i n g l e p o i n t e l e c t r o n and 0^ gives the phase 

r e l a t i v e t o t h a t of a p o i n t e l e c t r o n at the o r i g i n of the u n i t c e l l . 

The i n t e n s i t y of an X-ray r e f l e c t i o n from a c r y s t a l . i s 

proportionalto l ^ ^ ^ l ^ which i m p l i e s t h a t only the moduli of the 

s t r u c t u r e f a c t o r s may be deduced from the d i f f r a c t i o n data. To solve 

a s t r u c t u r e i t i s necessary to determine the phases of a large number 

of X-ray r e f l e c t i o n s and then compute the e l e c t r o n d e n s i t y f u n c t i o n 

from equation 2.11. Some of the methods used f o r phase d e t e r m i n a t i o n 
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are described i n sections 2.6 and 2.7. 

2.2 Space Groups 

I f the space l a t t i c e f o r a c r y s t a l i s chosen so t h a t i t 

r e f l e c t s the fundamental symmetry then i t w i l l conform to one of the 

lA Bravais l a t t i c e s . I t may also be placed i n t o one of the 32 

'point groups' which represent the unique combinations of 

c r y s t a l l o g r a p h i c symmetry elements. When l a t t i c e and p o i n t group are 
, ̂ r\i t rQ .ns la . t'Lon o p e - r a t o - r s a T e -i^ncludeA 

combined/there r e s u l t 230 space groups which describe the only ways i n 

which i d e n t i c a l o bjects may be arranged i n an i n f i n i t e l a t t i c e . A 

space group i s defined by the symmetry elements present i n the u n i t 

c e l l or by the arrangement of p o i n t s w i t h i n the c e l l t h a t possess 

these symmetry elements. The c o l l e c t i o n of a r b i t r a r y p o i n t s such 

t h a t the o p e r a t i o n of any of the symmetry elements present upon any of 

the p o i n t s does not generate a new p o i n t i s termed a set of general 

e q u i v a l e n t p o s i t i o n s . 

The presence of t r a n s l a t i o n a l symmetry elements i n a space group 

gives r i s e to systematic absences i n the X-ray d i f f r a c t i o n p a t t e r n . 

Thus i t i s o f t e n possible to i n f e r the space group of a c r y s t a l from 

the systematic absences observed. Two othe r r e s u l t s u s u a l l y f i x 

the space group uniquely. 

F i r s t l y , the number of molecules, N, i n the u n i t c e l l i s 

given by: 
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N = P-fT <2.14) 

where p = de n s i t y of c r y s t a l 

V = volume o f u n i t c e l l 

= Avogadro*s Number 

M = molecular weight 

N may then be compared w i t h values p e r m i t t e d by the space group. 

Secondly, examination of the i n t e n s i t y s t a t i s t i c s w i l l o f t e n 

i n d i c a t e the presence or absence of a centre of syimnetry i n the 
93 

S t r u c t u r e , o r . n o n - t r a n s l a t i o n a l 

(Howell, P h i l l i p s and Rogers 

93 
S t r u c t u r e , o r . n o n - t r a n s l a t i o n a l symmetry elements e.g. m i r r o r - p l a n e s 

2.3 Measurement of I n t e n s i t i e s 

The methods f o r r e c o r d i n g and measuring i n t e n s i t i e s f a l l i n t o 

two main c a t e g o r i e s . 

Film Techniques 

An X-ray photon has s u f f i c i e n t energy to s e n s i t i z e a s i l v e r 

h a l i d e g r a i n i n a photographic emulsion to development. The o p t i c a l 

d e n s i t y o f a developed f i l m l o g ( l / l ^ ) i s t h e r e f o r e a l i n e a r 

f u n c t i o n of the exposure provided t h a t no g r a i n receives more than 

one quantum. I n p r a c t i c e only a l i m i t e d range o f i n t e n s i t i e s may be 

recorded. The range provided by a c r y s t a l i s much l a r g e r and t h i s i s 

overcome by the use of the m u l t i p l e f i l m technique of Robertson , 

I n t h i s method several f i l m s are exposed simultaneously, each f i l m 

a c t i n g as a f i l t e r to reduce the i n t e n s i t y t h a t f a l l s on the one 

beneath. 

Estimation of the blackening produced may be made v i s u a l l y 
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or p h o t o m e t r i c a l l y . As a r e s u l t of the n a t u r a l i n t e g r a t i n g 

p r o p e r t i e s of the human eye i t i s possi b l e to o b t a i n i n t e g r a t e d 

i n t e n s i t i e s by v i s u a l comparison w i t h a c a l i b r a t e d o p t i c a l d e n s i t y 

scale prepared by c o n t r o l l e d d i f f r a c t i o n of a s u i t a b l e r e f l e c t i o n 

from the c r y s t a l s t u d i e d . More accurate i n t e g r a t e d i n t e n s i t i e s may 

be obtained p h o t o m e t r i c a l l y using o p t i c a l densitometers. The 

in s t r u m e n t a l i n t e g r a t i o n may be performed by the d i f f r a c t i o n camera, 

the densitometer or both. 

Counter Techniques 

I n t e n s i t i e s may be measured by d i r e c t counting of the d i f f r a c t e d 

photons using p r o p o r t i o n a l or s c i n t i l l a t i o n counters. Automated 

instruments, 'diffTactometers * i n c o r p o r a t i n g these d e t e c t o r s have 

g r e a t l y improved the speed and accuracy of data c o l l e c t i o n . A *fou r 

c i r c l e ' d i f f r a c t o m e t e r , a common type, has f o u r arcs which are adjusted 

a u t o m a t i c a l l y to b r i n g any desired plane from the c r y s t a l i n t o the 

r e f l e c t i n g p o s i t i o n w i t h z e r o - l e v e l Weissenberg geometry of 

measurement. The photons are counted as the c r y s t a l i s r o t a t e d 

through the d i f f r a c t i n g p o s i t i o n , a measured background count i s 

subtracted and the remaining counts are then p r o p o r t i o n a l to the 

i n t e g r a t e d i n t e n s i t y . Since o ^ = /count, weak i n t e n s i t i e s 
count 

p r o v i d i n g a small number of counts are d i f f i c u l t to measure 

a c c u r a t e l y . The f i l m technique i s more a p p l i c a b l e i n t h i s i n t e n s i t y 

range. 

Two p r i n c i p l e scanning procedures may be adopted. I n a 'to' scan 

the c r y s t a l moves w h i l e the counter i s s t a t i o n a r y . I t i s e q u i v a l e n t 

to a trace p a r a l l e l to the centre l i n e of a z e r o - l e v e l 

Weissenberg photograph. For a '20* scan the counter also moves such 
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t h a t A28 = 2Aa). This corresponds to a diagonal trace through 

r e f l e c t i o n s on a common l a t t i c e row i . e . along the Laue streaks. 

A 26 scan i s p r e f e r r e d as high i r r e g u l a r backgrounds are r e a d i l y 

detected. 

2.4 Factors a f f e c t i n g Observed I n t e n s i t i e s 

P o l a r i s a t i o n 

The X-ray beam from a tube i s unpolarised. R e f l e c t i o n from 

a c r y s t a l plane i s more e f f i c i e n t p a r a l l e l to the plane than 

perpendicular to i t . The d i f f r a c t e d beam i s the r e f o r e p a r t i a l l y 

p o l a r i s e d . For an unpolarised i n c i d e n t beam the p o l a r i s a t i o n 

f a c t o r , p, i s given by: 

P = 1 ^ 4 £ £ 2 e ^^^^^ 

The Lorentz-Factor 

This f a c t o r a r i s e s because the time taken f o r a r e c i p r o c a l 

l a t t i c e p o i n t to pass through the sphere of r e f l e c t i o n v a r i e s w i t h 

i t s p o s i t i o n i n r e c i p r o c a l space and the d i r e c t i o n i n which i t 

approaches the sphere. For the e q u i - i n c l i n a t i o n Weissenberg 

technique used i n t h i s work the f a c t o r needed i s : 

sine 
sin2e /sin^e - sin^y 

where p i s the e q u i - i n c l i n a t i o n s e t t i n g angle. 

Spot Shape Corrections 

I t i s observed t h a t on upper l e v e l e q u i - i n c l i n a t i o n 

Weissenberg photographs, r e f l e c t i o n s close to the centre l i n e are 

(2.16) 
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extended on one h a l f of the f i l m and co n t r a c t e d on the o t h e r . 

Buerger ^as shown t h a t the e f f e c t i s due to the divergence o f t h e 

X-ray beam. P h i l l i p s has demonstrated t h a t a c o r r e c t i o n may be made 

f o r the extended upper l e v e l r e f l e c t i o n s 87_ j j . convenient t o 

combine t h i s c o r r e c t i o n w i t h the Lorentz and p o l a r i s a t i o n f a c t o r s t o 

give a f a c t o r W/2Lp88 t h a t v a r i e s more s l o w l y w i t h 8 and y than 

e i t h e r of i t s p a r t s and i s t h e r e f o r e less s e n s i t i v e to e r r o r s i n c e l l 

parameters. 

A b s o r p t i o n 

When a beam of X-rays passes through a c r y s t a l i t i s 

at t e n u a t e d such t h a t the emergent beam has i n t e n s i t y , I , r e l a t e d t o 

the o r i g i n a l i n t e n s i t y , I ^ , by the equation: 

o 1 e A (2.17a) 

where t i s the thickness of the c r y s t a l and i s the l i n e a r 

a b s o r p t i o n c o e f f i c i e n t . i s g i v e n by the equation: 

= Too * (2.17b) X 100 p 

where p i s the d e n s i t y , (—) i s the mass a b s o r p t i o n c o e f f i c i e n t 
^ X,E 

n 

f o r a g i v e n X and E^, and the compound i s composed of o f element 

E^. Systematic e r r o r s are t h e r e f o r e i n t r o d u c e d i n t o t h e observed 

i n t e n s i t i e s by the d i f f e r e n t average path lengths of X-ray beams i n 

the c r y s t a l f o r d i f f e r e n t r e f l e c t i o n s . C o r r e c t i o n f a c t o r s may be 

c a l c u l a t e d i f the c r y s t a l shape i s known e x a c t l y but a r e very 

d i f f i c u l t t o compute except f o r the s i m p l e s t shapes. 
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E x t i n c t i o n 

A d d i t i o n a l a t t e n u a t i o n of the d i f f r a c t e d beam occurs when the 

c r y s t a l i s set at the Bragg angle f o r a r e f l e c t i o n . Darwin termed 

i t e x t i n c t i o n and found two types. 

Primary E x t i n c t i o n 

When a c r y s t a l i s i n the d i f f r a c t i n g p o s i t i o n the r e f l e c t e d rays 

are a t the proper angle f o r a second r e f l e c t i o n . There i s a phase 

change o f 1 1 / 2 on r e f l e c t i o n t h e r e f o r e any ray m u l t i p l y r e f l e c t e d 

n times w i l l i n t e r f e r e d e s t r u c t i v e l y w i t h one r e f l e c t e d (n-2) times. 

This causes the i n t e n s i t y to be p r o p o r t i o n a l to |F| and such a 

c r y s t a l i s termed i d e a l l y p e r f e c t . Most r e a l c r y s t a l s are composed 

of small mosaic blocks so primary e x t i n c t i o n may be neglected 

and I « |F|2. 

Secondary E x t i n c t i o n 

For intense r e f l e c t i o n s a s i z a b l e f r a c t i o n of the i n c i d e n t 

r a d i a t i o n i s r e f l e c t e d by the f i r s t planes encountered by the beam. 

Deeper planes thus receive less r a d i a t i o n and c o n t r i b u t e w i t h 

reduced power to the d i f f r a c t e d beam. The e f f e c t i s most pronounced 

f o r l a r g e c r y s t a l s of small mosaic spread a t low sin9/x. A c r y s t a l 

where secondary e x t i n c t i o n i s n e g l i g i b l e i s termed i d e a l l y i m p e r f e c t . 

Temperature Factors 

Atoms i r y ' c r y s t a l v i b r a t e about t h e i r r e s t p o s i t i o n s - the 

v i b r a t i o n i n c r e a s i n g w i t h temperature. The e l e c t r o n cloud i s 

t h e r e f o r e spread over a l a r g e r volume and the s c a t t e r i n g power 

decreases w i t h Bragg angle f a s t e r than f o r the i d e a l s t a t i o n a r y model 

D e l j y e + W a l l e r showed t h a t f o r an atom v i b r a t i n g i s o t r o p i c a l l y the change 
, -Bsin^e/A^ _ . , . i n s c a t t e r i n g power i s given by e . B i s termed the 
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temperature f a c t o r and i s r e l a t e d to the mean square displacement, 

U^, of the atoms i n a d i r e c t i o n normal to the r e f l e c t i n g plane by 

the equation: 

B = 8 71.2 u2 (2.18) 

B t h e r e f o r e has u n i t s of 

The proper s c a t t e r i n g f a c t o r f o r an i s o t r o p i c a l l y v i b r a t i n g atom 

i s t h e r e f o r e : 
^ ^ J ^-B sin2e/A2 (2.19) 

o 

I f the atom i s assumed to v i b r a t e a n i s o t r o p i c a l l y then s i x parameters 

are used to de f i n e the v i b r a t i o n . 

The general expression i s : 

exp [- 1/4 (Biih2a*2 + ^22^^^*^ + Bggl^c*^ 

+ 2Bi2^tta*b* + 2Bi3hla*c* + 2B23klb*c*)] 

where B.. have the same u n i t s as B 

or exp [- 27T.2 {U^h^a*^ + U22k^b*2 + ij^^l^c*^ 

+ 2Ui2hka*b* + 2Ui3hla*c* + 2U23klb*c*)] 

where U^j are mean-square amplitudes of v i b r a t i o n i n S.̂ . 

(2.20) 

(2.21) 

2.5 The Wilson P l o t 

The r e l a t i v e i n t e n s i t y , °̂ ŷ w r i t t e n as: 

^ h k l " K |(F^j^^)j^|2 exp(-2Bsin2e/x2) (2.22) 

where (F., t ) _ i s the s t r u c t u r e f a c t o r f o r the atoms a t r e s t and B i s n k l R 

assumed to be the same f o r each. I t was shown by A. J. C. Wilson 

t h a t K and B may be obtained from the r e l a t i v e i n t e n s i t i e s . Since 
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N 
^I^dI^^ ^ I ^ ̂ * where the f . are s c a t t e r i n g f a c t o r s ^ j = l O.J o>J 

f o r atoms a t r e s t , i t f o l l o w s t h a t i f a small number of i n t e n s i t i e s 

w i t h i n a narrow range of sinS are considered then: 

N 
I ^ ( r e l ) =Kl fo?o exp (- 2Bsin26/A2) 

J= l J 

(2.23) 

where I ( r e l ) i s the mean i n t e n s i t y f o r the range and f ^ . are the .8 
at r e s t s c a t t e r i n g f a c t o r s f o r the mean value o f 9. 

Re-arranging and t a k i n g n a t u r a l logarithms of both sides gives 

m 
2Bsin26 

I n lC - (2.24) 

Thus i f the data i s d i v i d e d i n t o zones of equal sin^e/X^ and 

I n C^Q^l ^o^g) i s p l o t t e d against sin^e/A^ a s t r a i g h t l i n e I S 

obtained of slope - 2B and i n t e r c e p t InK. The graph i s termed a 

Wilson p l o t and though the accuracy i s not high the r e s u l t s are 

adequate f o r p r e l i m i n a r y working values of K and the o v e r a l l 

temperature f a c t o r B. 

2.6 The Patterson Function - Heavy Atom Technique 

A, L. Patterson d e f i n e d the f u n c t i o n : 

P ( r ) = P ( - r ) = V P(u)p(u + r ) d v 

and showed t h a t i t may be r e - w r i t t e n as: 

P ( r ) = i I|F^|2 exp (- 2^ i h.r) 

This f u n c t i o n has peaks of weight at where i , j take 

a l l values from 1 to N the number of atoms i n the u n i t c e l l , and 

(2.25) 

(2.26) 
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may be computed w i t h o u t knowledge of the phases of F̂ .̂ A 

Patterson map of a u n i t c e l l contains N(N-l) non o r i g i n peaks. The 

map i s t h e r e f o r e very crowded and only vectors between heavy atoms 

or repeated vectors are commonly resolved. I n p r a c t i c e a Patterson 

map i s o f t e n used to l o c a t e the co-ordinates of a small number of 

heavy atoms i n the s t r u c t u r e . 

I f a c r y s t a l contains an atom of high atomic number then 

equation 2.12 f o r a s t r u c t u r e f a c t o r may be r e - w r i t t e n as: 

Nf-1 

^h " "̂"P ' ^-V ^L- "̂"P ^ ^il-^i.) (2.27) 

where f f 
H* L j are the s c a t t e r i n g f a c t o r s f o r heavy and l i g h t atoms 

r e s p e c t i v e l y . I f the p o s i t i o n of the heavy atom i s known then a 
Fo u r i e r synthesis computed w i t h phases derived from the heavy atom 

usually 
alone w i l l ^ r e v e a l new atomic p o s i t i o n s . 

2.7 D i r e c t Methods 

I n these techniques the phases of s t r u c t u r e f a c t o r s are 

der i v e d d i r e c t l y by mathematical means from the measured i n t e n s i t i e s . 

I n a c r y s t a l i t may be assumed t h a t : 

a) The e l e c t r o n d e n s i t y i s everywhere p o s i t i v e . 

b) The e l e c t r o n d e n s i t y c o n s i s t s of d i s c r e t e s p h e r i c a l l y 

symmetric atoms. 

When p r o p e r l y used t h i s i n f o r m a t i o n contains enough power to solve 

c r y s t a l s t r u c t u r e s and i s the p h y s i c a l basis of d i r e c t methods. 

2.7. i Un i t a r y and Normalized S t r u c t u r e Factors 

For d i s c r e t e atoms, observed s t r u c t u r e f a c t o r s may be converted 

to u n i t a r y or normalized s t r u c t u r e f a c t o r s t h a t take account of the 

29 



d e c l i n e i n | F | w i t h sine. The u n i t a r y s t r u c t u r e f a c t o r U . i s _ n 
defined by: 

F k 

N 

I f . 

(2.28) 

where f . = f .e J o,j 
-Bsin2e/X2 

Since J f . i s the maximum possi b l e value of F ^ , I ranges from 
j = l J h h' ^ 

1 to +1. By analogy w i t h equation 2.12 may be w r i t t e n as 

I n. exp 27Tih.x. 
j = l J ^ 

(2.29) 

where n^, the u n i t a r y s c a t t e r i n g f a c t o r i s d e f i n e d as 

(2.30) 

The normalized s t r u c t u r e f a c t o r i s given by 

(2.31) 

Since from Wilson*s s t a t i s t i c s f . ^ i s the expected i n t e n s i t y 
j = i J 

of a r e f l e c t i o n , E, i s a s t r u c t u r e f a c t o r expressed as a f r a c t i o n of 
ri 

i t s expected amplitude. Corresponding to 2.12 we have: 

N 

l)=lJ ̂  

J f . exp2TTih. 5c (2.32) 

I n p r a c t i c e the general form of equation 2.3J i s 
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| E J 2 = l ^ l ^ / ^ I (2.33) 
_ J = l J 

where e i s a f a c t o r which takes account of the e f f e c t of space group 

symmetry on the values of l ^ ^ l ^ -

The d i s t r i b u t i o n of |E| values i s , i n p r i n c i p l e , independent of 

the s i z e and content of the u n i t c e l l . I t i s however a f f e c t e d by the 

presence or absence of a centre of symmetry. Both d i s t r i b u t i o n s . 

however, have | E | ^ = 1.000 and t h i s may be used to place 

r e f l e c t i o n s on an absolute scale when an estimate of B i s a v a i l a b l e 

from a Wilson p l o t . A l l formulae i n d i r e c t methods are more powerful 

when expressed i n terms of E's r a t h e r than F*s. 

2.7. i i I n e q u a l i t i e s and P r o b a b i l i t y R e l a t i o n s h i p s 

Marker and Kasper "̂ ^ made use of the p o s i t i v i t y of e l e c t r o n 

d e n s i t y , Cauchy's i n e q u a l i t y and the presence of symmetry elements to 

d e r i v e i n e q u a l i t y r e l a t i o n s h i p s between s t r u c t u r e f a c t o r s t h a t 

o c c a s i o n a l l y y i e l d e d d e f i n i t e phase i n f o r m a t i o n . I n e q u a l i t i e s were 

f u r t h e r developed by Karle and Hauptman who expressed the c o n d i t i o n 

t h a t the sum o f a F o u r i e r s e r i e s should be everywhere non-negative 

i n the i n e q u a l i t y : 
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u 
o "h 

U 
o l l l " l l 2 " h - h 

-1 -n 
U . . . 
o " h - h 

—2 —n 

—n -n — 1 \-^, • • • 
—n —2 

U 
o 

> 0 (2.34) 

which may be of any order. Harker-Kasper i n e q u a l i t i e s may be derived 

from p a r t i c u l a r Karle-Hauptman determinant i n e q u a l i t i e s . These 

formulae r e q u i r e r e f l e c t i o n s of large j u ^ l to i n d i c a t e signs 

unequivocally. Since U 1 / /N i n e q u a l i t i e s are r a r e l y a p p l i c a b l e 
L ills 

to complex s t r u c t u r e s . For such s t r u c t u r e s r e l a t i o n s h i p s t h a t are 

probably t r u e have been devised and are i n c u r r e n t use. 

Karle and Hauptman introduced the formula, a r e l a t i o n s h i p 

t h a t can i n d i c a t e a p o s i t i v e or negative s i g n f o r Ê ^̂  I n non-

centrosymmetric space groups the formula may be a p p l i e d to r e s t r i c t e d 

phases e.g. f o r P2j 2j 2) the r e l e v a n t formulae are: 

1+h S(E 2h 2k 0' ^ " ^ ' " h k l 

S(E 0 2k 21 h 

k 

1) 

(2.35a) 

(2.35b) 

(2.35c) 
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The p r o b a b i l i t y of the li formula was given by Karle and Hauptman 

and Cochran and Woolfson as: 

P,(E,,) = i M tanh o |E^jE^/2a (2.36) 

N 

where o = J Z. n J j = l 
(2.37) 

I t was shown by Sayre t h a t f o r a s t r u c t u r e c o n t a i n i n g equal, 

resolved atoms the s t r u c t u r e f a c t o r s , F̂ ,̂ are connected by p r e c i s e 

equations. Since the squared s t r u c t u r e P^(£) contains equal, squared 

atoms of known shape a t atomic s i t e s w i t h s t r u c t u r e f a c t o r Ĝ ,̂ he 

obtained from the c o n v o l u t i o n theorem: 

V^h ^h» V ^h-h' (2.38) 

As and are r e l a t e d by the equation: 

1^ 
8u (2.39) 

i t f o l l o w s t h a t : 

f. 
V I ̂ h' V h -'h ' h 

(2.40) 

which i s known as Sayre's equation. This r e l a t i o n s h i p a p p l i e s 

g e n e r a l l y and f o r non-centrosymmetric s t r u c t u r e f a c t o r s may be 

r e - w r i t t e n as: 

or 
8, 

(2.41) 
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For U*s or E*s the summations must be over an i n f i n i t e number of terms f 
because there i s no f a l l ^ o f s c a t t e r i n g f a c t o r w i t h s i n 9. However, i f 

only a few terms, even one, are known on the R.H.S., then the most 

probable value of 0^, ̂ ^^^» i s t h a t given by those terms i . e . , 

<0,> = 0,, . (2.A2) 

I f a number of terms are known then <tan0^> i s given by the r a t i o 

of imaginary to r e a l components of the R.H.S. i . e . , 

I |Ej^.||E^_j^,|sin((3^, . 
<tan0^> = ^ I — I — ( 2 - " ) 

This equation i s known as the tangent formula and i s used e x t e n s i v e l y 

i n phase development procedures. The l a r g e r the magnitude of the 

R.H.S. the b e t t e r the estimate of 0. . The p r o b a b i l i t y d i s t r i b u t i o n of 
n 

0^ was i n v e s t i g a t e d by Cochran who showed t h a t the variance of 0^ 

decreases w i t h i n c r e a s i n g : 
•J 

^h I ^h«Vh» (2.44) ^ h- - -

For centrosymmetric s t r u c t u r e Sayre*s equation y i e l d s by analogous 

reasoning f o r s ( h ) , the s i g n of a s t r u c t u r e f a c t o r : 

s(h) s(h') s ( h - h») (2.45) 

and s(h) ̂  s ( [ E^'Vh'^ (2.46) 
h' 

The l a r g e s t E, 's i n the s t r u c t u r e are t h e r e f o r e used i n methods h 

employing the above r e l a t i o n s h i p s to maximise the p r o b a b i l i t i e s 

i n v o l v e d . 
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2.7. i i i O r i g i n and Enantiomorph D e f i n i t i o n 

I n general f o r every space group there w i l l be a choice of 

p e r m i s s i b l e o r i g i n s t h a t have i d e n t i c a l p o i n t group symmetry and f u l l y 

r e f l e c t the fundamental symmetry of the space group. I t i s necessary 

t o assign signs to a small number of r e f l e c t i o n s to s e l e c t one 

p a r t i c u l a r o r i g i n . A s u i t a b l e set of r e f l e c t i o n s may be chosen by 

the f o l l o w i n g procedure due to Main 

a) The r e f l e c t i o n s are separated i n t o categories according to 

the e f f e c t upon t h e i r phases of moving the o r i g i n to a l l the space 

group allowed o r i g i n s . 

b) These categories are p l o t t e d on a 'reduced r e c i p r o c a l 

l a t t i c e * (Figure 2.1). 

c) A set of l i n e a r l y independent vectors i s chosen th a t d e f i n e 

a p r i m i t i v e u n i t c e l l i n the reduced r e c i p r o c a l l a t t i c e . 

d) These vectors i n d i c a t e combinations of r e f l e c t i o n s that may 

be used to d e f i n e the o r i g i n . 

e.g. f o r P 2 i 2 i 2 i There are e i g h t p e r m i s s i b l e o r i g i n s : 

(0 0 0, 0 0 J, 0 i 0, J 0 0, 0 i J, i 0 J, i 1 0, i i 1) 

Applying (a) to the r e f l e c t i o n s y i e l d s e i g h t c a t e g o r i e s corresponding 

t o the e i g h t p a r i t y groups: 

(e e e, e e o, e o e, o e e, e o o, o e o, o o e, o o o) 

The corresponding reduced r e c i p r o c a l l a t t i c e i s shown i n Figure 2.1. 

I t i s c l e a r t h a t three r e f l e c t i o n s from the p a r i t y group e o e, e e o, 

and o e o f i x the o r i g i n by d e f i n i n g a p r i m i t i v e u n i t c e l l . 
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Figure 2.1 The vecto r s OA,OF,PC de f i n e the p a r a l l e l e p i p e d OABCDEFG 

For non-centrosymmetric space groups the enantioraorph must al s o be 

s p e c i f i e d . Changing the enantiomorph reverses the signs of a l l phases. 

This i n t u r n w i l l reverse the signs of the phases of a l l s t r u c t u r e 

i n v a r i a n t s . The enantiomorph may t h e r e f o r e be defined by s p e c i f y i n g 

the s i g n of the phase of a p a r t i c u l a r s t r u c t u r e i n v a r i a n t to l i e 

between 0 and TT r a t h e r than n and 2TT. For some space groups 

e.g. P 2 i 2 i 2 i i t i s advantageous to use s p e c i a l r e f l e c t i o n s , whose phase 

values are r e s t r i c t e d to s p e c i f y o r i g i n and enantiomorph. 

R e f l e c t i o n s selected to d e f i n e o r i g i n and enantiomorph 

together w i t h those i n d i c a t e d to have high p r o b a b i l i t y by the 

formulae, (equations 2.35) are used as a s t a r t i n g set f o r phase 

development procedures based on equations 2.42 and 2.43. 

As a r e s u l t of the assumptions made i n t h e i r d e r i v a t i o n s d i r e c t 

methods are most r e a d i l y a p p l i e d to organic s t r u c t u r e s c o n t a i n i n g 
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carbon, n i t r o g e n and oxygen atoms which may be assumed to be of equal 

s i z e . 

2.8 S t r u c t u r e Completion 

Completion of the s t r u c t u r e i s achieved by the use of two 

types of F o u r i e r syntheses (equation 2.11). 

F^ Synthesis 

I n t h i s procedure the observed s t r u c t u r e amplitudes are 

combined w i t h c a l c u l a t e d phases and used as Fo u r i e r c o e f f i c i e n t s i n 

equation 2.11. Atoms included i n the model w i l l reappear w i t h 

increased peak h e i g h t s ; new atoms, not in c l u d e d , w i l l appear as 

smaller peaks. 

I f the c a l c u l a t e d phases i n p u t to the synthesis have been 

computed by d i r e c t methods the c o e f f i c i e n t s E^ are o f t e n used to 

produce an 'E map*. The peaks are sharp and some spurious peaks 

w i l l be observed p a r t i c u l a r l y f o r aromatic systems. 

A disadvantage of F^ syntheses i s t h a t s e r i e s t e r m i n a t i o n 

e f f e c t s can cause bad r i p p l e s i n the map and p e r t u r b atom p o s i t i o n s 

e s p e c i a l l y i f a r e s t r i c t e d set of amplitudes i s used. 

D i f f e r e n c e Synthesis 

This synthesis i s given by: 

Ap = i [ (|F^|-|F^|)exp(ia^)exp(-27Tih.r.) (2.47) 
h 

where a i s the phase of F I. c c 

D i f f e r e n c e syntheses are v i r t u a l l y f r e e of s e r i e s t e r m i n a t i o n e f f e c t s 

101-103^ C o r r e c t l y placed atoms do not appear, but missing atoms appear 

as d i s t i n c t , p o s i t i v e peaks. Spurious atoms w i l l appear as 'holes' 
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(negative peaks) but care must be taken when r e j e c t i n g an atom as the 

use of p a r t i a l data, inaccurate temperature f a c t o r s or m i s - i d e n t i f i c a t i o n 

of atom types can produce s i g n i f i c a n t holes. 

I t i s p o s s i b l e to optimize the i n f o r m a t i o n obtained from 

the s y n t h e s i s , p a r t i c u l a r l y by s e l e c t i n g those r e f l e c t i o n s where 

F >> I F c ' o 

When a l l non-hydrogen atoms have been located the p o s i t i o n s and 

temperature f a c t o r s may be r e f i n e d by two methods. 

2.9 F o u r i e r Refinement 

E r r o r s i n atomic co-ordinates used i n the model r e s u l t i n 
IT 

g r a d i e n t s i n the d i f f e r e n c e s y n t h e s i s , the c o r r e c t i o n being to a more 

p o s i t i v e r e g i o n . Errors i n thermal parameters may also be detected 

but accurate s c a l i n g of F^*s to F^'s i s e s s e n t i a l f o r meaningful 

inferences to be drawn. The presence of thermal anisotropy may a l s o 

be detected. Q u a n t i t a t i v e c o r r e c t i o n s may be obtained but the second 

technique i s more s u i t e d f o r t h i s purpose. 

2.10 Least-Squares Refinement 

I t i s impossible to f i n d an exact f i t between the observed and 

c a l c u l a t e d s t r u c t u r e amplitudes since the observed amplitudes are 

s u b j e c t to considerable e r r o r . The p r i n c i p l e of l e a s t squares s t a t e s 

t h a t the best values f o r the parameters are those which minimize the 

sums of the squares of the p r o p e r l y weighted d i f f e r e n c e s between the 

observed and c a l c u l a t e d values of a f u n c t i o n f o r a l l o b s e r v a t i o n a l 

p o i n t s . I n t h i s case the q u a n t i t y normally minimized i s : 
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D. = I w ( | F ^ | - | k F j ) 2 (2.48) 

M i n i m i z a t i o n i s achieved by t a k i n g the d e r i v a t i v e w i t h respect to 

each of the parameters i n t u r n and equating to zero. Since a 

s t r u c t u r e f a c t o r i s a transcendental f u n c t i o n i t i s represented by a 

truncated Taylor Series. S o l u t i o n of the 'normal equations' i n 

m a t r i x form y i e l d b e t t e r , though s t i l l approximate values f o r the 

v a r i o u s parameters. Convergence to the best set of values i s 

i n d i c a t e d by the s t a t i c nature of the r e s i d u a l , R, through successive 

cycles of refinement where: 

y w. I F I - kF I 

^ h I o 

(2.49) 

2.11 Accuracy of Bond Lengths and Angles 

The standard d e v i a t i o n s , o , i n the values of the parameters, 
i 

p^, v a r i e d i n a least-squares refinement are given by the general 

equation: 

m 
^p • l^ii \ AF^2)/(m-n) (2.50) 

i >/ r = l 

where b^^ i s the i t h diagonal element of the inverse m a t r i x , ŵ  the 

weight of the r t h AF, m the number of observations and n the number 

of parameters 88.101,104^ 

Bond lengths and angles are f u n c t i o n s of the atomic co-ordinates 

which are parameters, p^, of the least-squares refinement. The 

general equation f o r the e r r o r i n a f u n c t i o n f r e l a t e d to n u n c o r r e l a t e d 
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v a r i a b l e s X2 . . . x^ and derived by c a l c u l a t i o n from them i s 

f ,1 H : <2-3i) 

where o. i s the standard d e v i a t i o n i n x. 101»105^ 
J J 

For orthogonal axes the le n g t h of a bond between two atoms i s 

given by: 

1 = y(Axa)2 + (Ayb)2 + (Azc)2 (2.52) 

When the atoms are un c o r r e l a t e d the standard d e v i a t i o n i n 1 i s given 

by: 

a, = [(a2 + a2 ) ( A x a / l ) 2 + ( o ^ + )(^yh/l)^ 1 X i x:2 yt 

+ (o2 + o2 ) ( A z c / l ) 2 ] ^ (2.53) z i Z2 

where a , a are the standard d e v i a t i o n s of atoms 1 and 2 i n the x 
X I X2 

d i r e c t i o n e t c . and. Ax = ( x 2 - x i ) . . . e t c . 

Bond angles may be computed from the cosine formula e.g. f o r 

the angle 9 below. 
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e° = cos-i (AB)2 + 
2 

(AC)2 - (BC)2 
AB AC 

I f the e r r o r s are i s o t r o p i c and the p o s i t i o n s of the atoms A, B and C 

are u n c o r r e l a t e d the standard d e v i a t i o n i n the bond angle, o., i s 
6 

given by: 

(2.54) 

o.(radians) o 
'B c2(BC)2 

-r — -r 
(AB)2 (AB)2(AC)2 (AC) 2 

(2.55) 

where a^, Og, are the standard d e v i a t i o n s i n the p o s i t i o n s of the 

atoms A, B, C 101 

These formulae do not make allowances f o r the e f f e c t of e r r o r s 

i n the c e l l parameters nor do they take account of systematic 

e r r o r s i n the data. Values f o r the standard d e v i a t i o n s of bond 

lengths and angles must t h e r e f o r e be t r e a t e d w i t h c a t i t i o n as they are 

probably under-estimated by the above formulae. 
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CHAPTER 3 
DETERMINATION OF THE CRYSTAL STRUCTURE 

FROM PHOTOGRAPHIC DATA 
3.1 Previous C r y s t a l l o g r a p h i c Studies 

Powder d i f f r a c t i o n s t u d i e s were performed by Hoeksema, Bergy 

et a l on both c r y s t a l l i n e forms of the f r e e a c i d of novobiocin ^5,18_ 

Ni f i l t e r e d CuKai r a d i a t i o n and a Picker-Waite d i f f r a c t i o n u n i t 

were used i n the study. 

The c h a r a c t e r i s t i c strongest peaks are l i s t e d i n Table I . 

Form 2 was shown to possess the c r y s t a l l o g r a p h i c p r o p e r t i e s 

l i s t e d i n Table I I . 

3.2 P r e p a r a t i o n and C r y s t a l l i s a t i o n of Novobiocin 

Possible * heavy-atom' d e r i v a t i v e s of novobiocin were considered 

but are i n general u n s u i t a b l e f o r an X-ray s t r u c t u r a l study. A l l 

the Group I and Group 11 n e u t r a l s a l t s are amorphous ^. The calcium 

a c i d s a l t i s i n s o l u b l e i n water; i t has been c r y s t a l l i s e d but the 

solvated c r y s t a l s e f f l o r e s c e making X-ray work impossible. One 

expects t h a t the other Group I I a c i d s a l t s might be s i m i l a r . The 

Group I a c i d s a l t s are more t r a c t a b l e but the sodium a c i d s a l t has a t 

l e a s t three polymorphic forms d i s t i n g u i s h e d by d i f f e r e n t s o l u b i l i t i e s 

and X-ray powder p a t t e r n s . The a c i d s a l t s of rubidium and caesium 

would be po s s i b l e heavy atom-derivatives but may w e l l be 

polymorphic ^ > ̂  5 _ 

I t was t h e r e f o r e decided t o c a r r y out the s t r u c t u r e d e t e r m i n a t i o n 

on novobiocin f r e e a c i d using D i r e c t methods to solve the Phase 

Problem. 

Novobiocin was obtained from the Boots Pure Drug Company as 
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TABLE 1 

FORM I 
26° 

6.16 
9.02 
11.52 
13.18 
14,33 
15.88 
23.10 
25,90 
42.28 
49.05 

INTERPLANAR 
SPACING (X) 

14.34 
9.79 
7.67 
6.71 
6.17 
5.58 
3.85 
3.44 
2.14 
1.86 

FORM 2 
26° 

7.27 
12.27 
14.63 
21,14 
23.65 
25.95 
28,21 

INTERPLANAR 
SPACING (8) 

12,16 
7,21 
6.05 
4.20 
3.76 
3.43 
3.16 

TABLE I I 

C r y s t a l System 
C r y s t a l Class 
Forms Present 

I n t e r f a c i a l Angles 
A x i a l Ratio 
U n i t C e l l Dimensions 
Optic Sign 
Di s p e r s i o n 
Common I n c l i n a t i o n 
R e f r a c t i v e Indices 
Optic A x i a l Angle 
Optic O r i e n t a t i o n 
Molar R e f r a c t i o n 
Density 
Molecular weight 

Orthorhombic 
Rhombic Dipyramidal 
Macro Prism {210} 
Brachy Dome {013} 
210 A 210 
0.514 : 1 

= 54.5' 
0.324 

013 A 013 144 

26.38A, c a = 13.56A, b 
Negative 
Extreme, r > v 
I n c l i n e d Acute B i s e c t r i x 
a = 1.608, B = 1.638, y = 
2V = 71° 
a = X, b = y 
3/a6Y = 1.633 
1.3448 
-618 

8.54A 

1.654 
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the calcium a c i d s a l t . This was converted to the f r e e a c i d by 

h y d r o l y s i s i n very d i l u t e h y d r o c h l o r i c a c i d , Hinman, Caron e t a l * 

suggest the formula C 3 1 H 3 5 N 2 O i j . C a ^ * , 2 H 2 O f o r calcium a c i d 

novobiocin g i v i n g a molecular weight of 687, Assuming a chemical 

r e a c t i o n of the form: 

C3iH35N20ii-Ca2'^.2H20 + 2HCI CaCl2 + C 3 1 H 3 6 N 2 O 1 j ,xH20 + H 2 O 

0.1 g of calcium a c i d novobiocin r e q u i r e s 2.91 ml of O . l M H C l f o r 

complete n e u t r a l i s a t i o n . I n i t i a l experiments were performed on small 

q u a n t i t i e s of the s t a r t i n g m a t e r i a l as the supply was l i m i t e d . 

I n a t y p i c a l experiment, 0.25 g o f calcium a c i d novobiocin 

were suspended i n 10 ml of d i s t i l l e d water to which was added 10 ml 

of O . l M H C l . The suspension was shaken i n a stoppered f l a s k f o r 

several hours to ensure good mixing of the reagents. An equal volume 

of e t h y l acetate was then added and the f l a s k again shaken f o r several 

hours, before being l e f t to stand. When the l i q u i d l a y e r s had 

separated the e t h y l acetate la y e r was t r a n s f e r r e d by p i p e t t e to a 

small c o n i c a l f l a s k . This was then placed i n a darkened cupboard and 

the s o l v e n t allowed to evaporate slowly. 

A f t e r several days c r y s t a l s were observed t o have formed on 

the sides of the f l a s k and l a t e r on the base and i n the body of the 

l i q u i d . When s u f f i c i e n t c r y s t a l s had formed the suspension of 

novobiocin c r y s t a l s i n e t h y l acetate was f i l t e r e d and the c r y s t a l s 

washed w i t h a l i t t l e cold s o l v e n t . 

Novobiocin f r e e a c i d c r y s t a l s prepared as above were examined 

under crossed p o l a r i s e d l i g h t . Very few fragments were observed 

to be s i n g l e c r y s t a l s and these were u s u a l l y very s m a l l . A common 

c r y s t a l h a b i t was a f l a t p l a t e w i t h two perpendicular e x t i n c t i o n 
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d i r e c t i o n s u n r e l a t e d to the sides of the p l a t e . X-ray powder 

and o s c i l l a t i o n photographs of small c r y s t a l s i n d i c a t e d the c e l l 

dimensions of form 2 of the f r e e a c i d . The m e l t i n g p o i n t s of 

c r y s t a l s were determined using a K o f l e r hot-stage microscope. They 

were several degrees lower than the range 152-156*^C given by Hoeksema 

i n d i c a t i n g an impure m a t e r i a l . 

R e - c r y s t a l l i s a t i o n s o f the a c i d c r y s t a l s from e t h y l acetate 

and s o l v e n t systems such as acetone - water d i d improve the o p t i c a l 

q u a l i t y of the c r y s t a l s . Eventually i r r e g u l a r , p l a t e - l i k e , s i n g l e 

c r y s t a l s were grown of s u f f i c i e n t s i z e f o r X-ray i n t e n s i t y 

measurements. M e l t i n g p o i n t s f o r these c r y s t a l s were higher than 

those measured f o r the e a r l y c r y s t a l l i s a t i o n s but never exceeded 

150°C. One notes, however, t h a t the l i t e r a t u r e values were only 

obtained a f t e r numerous r e - c r y s t a l l i s a t i o n s and were also described 

as 'decomposition p o i n t s ' 1^,16^ 

I t was r e p o r t e d i n the review by Hoeksema and Smith ^ t h a t the 

higher m e l t i n g p o i n t c r y s t a l s , form 1, could be obtained i f 

novobiocin were c r y s t a l l i s e d from a s o l v e n t m i x t u r e of acetone-hexane. 

A l l experiments w i t h d i f f e r e n t p r o p o r t i o n s of the two solvents have 

f a i l e d to produce c r y s t a l s of t h i s a l t e r n a t i v e polymorph. I t i s worth 

n o t i n g t h a t Kaczka e t a l reported t h a t form 1 was the r a r e r c r y s t a l 

form. 

3.3 Determination of Unit C e l l Parameters and Space Group 

A l l X-ray photographs were taken using a P h i l l i p s 1010 

generator run a t 36 kV, 20 mA. Ni f i l t e r e d CuKa r a d i a t i o n from a 

P h i l l i p s f i n e focus tube was used throughout. D i f f r a c t i o n p a t t e r n s 
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were recorded using a Stoe Weissenberg camera. C r y s t a l s were mounted 

on glass f i b r e s embedded i n p l a s t i c e n e , using a n a i l v a r n i s h as a 

convenient slow s e t t i n g glue. 

Approximate values f o r the c e l l dimensions of novobiocin were 

obtained from o s c i l l a t i o n and zero l e v e l Weissenberg photographs 

(Table I I I ) . 

Table I I I 

a = 8.62 ± 0.05 ft 
b = 13.65 + 0.10 a a = B = Y = 90° 
c = 26.65 ± 0.20 ft 

(th e convention a < b < c was adopted i n t h i s work). 

They were i n agreement w i t h the values found by Hoeksema, Bergy et a l 

f o r form 2 o f the f r e e a c i d (see Table I I ) . Zero l e v e l Weissenberg 

photographs about two axes showed the f o l l o w i n g systematic absences 

(Table I V ) . 

Table IV 

h 0 0 
0 k 0 
0 0 1 

hkO, hOl, Okl 

h k l 

h = 2n + 1 
k = 2n + 1 
1 = 2n + 1 
no absences 

no absences 

These absences together w i t h the orthorhombic c e l l showed t h a t the 

space group i s P 2 i 2 i 2 i . 

A small c r y s t a l of novobiocin was examined on a H i l g e r and 

Watts f o u r c i r c l e d i f f r a c t o m e t e r at Sussex U n i v e r s i t y using MoKa 

r a d i a t i o n . I n s u f f i c i e n t i n t e n s i t i e s were measurable f o r a s t r u c t u r e 

d e t e r m i n a t i o n to be attempted because of the poor c r y s t a l q u a l i t y . 

However, refinement of the c e l l parameters i n the o r i e n t a t i o n m a t r i x 
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gave Che f o l l o w i n g values (Table V). 

Table V 

a = 8.577 8 
b = 13.610 R a = 6 = Y = 90° 
c = 26.357 8 

These values were used f o r the photographic study o f novobiocin. 

The d e n s i t y of novobiocin c r y s t a l s was measured by f l o t a t i o n 

i n a mixt u r e of dichloromethane and chloroform. A value of 

p = 1.332 g cm~^ was obtained. Assuming one molecule of water 

per molecule of novobiocin the number of molecules per u n i t c e l l may 

be c a l c u l a t e d from equation 2.14. 

i . e . N = p V ^ = 3,92 

This agrees w e l l w i t h the value 4 p e r m i t t e d by the space group. 

The c a l c u l a t e d d e n s i t y f o r N = 4 i s 1.360 g cm"^ ( c . f . the value 

of 1,3448 quoted i n Table I I ) . 

3.4 Data C o l l e c t i o n and P r e l i m i n a r y Treatment 

The l i n e a r a b s o r p t i o n c o e f f i c i e n t f o r CuKa r a d i a t i o n 

computed using equation 2.17b was = 8.78 cm~^. I n view of the 

small value o f and the non standard shape of the c r y s t a l no 

a b s o r p t i o n c o r r e c t i o n was a p p l i e d to the i n t e n s i t y measurements. 

I n t e n s i t i e s were recorded p h o t o g r a p h i c a l l y using the equi-

i n c l i n a t i o n Weissenberg technique 85,107^ c r y s t a l used f o r 

these measurements was a l a r g e , i r r e g u l a r f l a t place approximately 

0.7 X 0.5 X 0.1 mm. The b a x i s of the c r y s t a l was about 20° from 

the plane of the p l a t e as i l l u s t r a t e d i n Figure 3.1. 
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.20° 

b <-

Figure 3.1 C r y s t a l O r i e n t a t i o n 

The data was t h e r e f o r e c o l l e c t e d w i t h the c r y s t a l r o t a t i n g around the 

b a x i s . 

For P 2 i 2 i 2 j there i s a unique o c t a n t of data and f o r novobiocin 

there are 3987 unique r e f l e c t i o n s w i t h i n the CuKa sphere. 3030 o f 

these were examined up to a k index of 10. A t o t a l of 2487 r e f l e c t i o n s 

were of measurable i n t e n s i t y . 

The i n t e n s i t i e s were recorded on I l f o r d I n d u s t r i a l G X-ray 

f i l m using the m u l t i p l e f i l m technique . Constant exposure 

c o n d i t i o n s were used f o r each laye r and the processing procedures 

were also standardised. 

The i n t e n s i t i e s were measured by v i s u a l comparison w i t h a 

p r e - c a l i b r a t e d d e n s i t y scale. The scale was prepared by a s e r i e s of 

4° Weissenberg exposures of the 2 0 5 r e f l e c t i o n on the zero l e v e l 

b a x i s f i l m . Steps of /2 times the previous exposure were found to 

produce a s u f f i c i e n t l y f i n e scale f o r r o u t i n e measurement. The 

scale was found to be l i n e a r up to 64 times the minimum exposure 

used. I n t e n s i t i e s were measured on a l i g h t box viewing each 

r e f l e c t i o n through any background on the scale s t r i p . At the same time 
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the scale spot was placed on top of r e p r e s e n t a t i v e background on 

the f i l m . Symmetry r e l a t e d appearances of a r e f l e c t i o n on a given 

f i l m were measured and an average recorded, i n t e r p o l a t e d between two 

scale values as necessary. 

Scaling of I n t e n s i t i e s 

The f i l m f a c t o r i s the amount by which the i n t e n s i t y of a 

d i f f r a c t e d beam i s reduced on passing through one f i l m and one sheet 

of black paper. I t s value was determined by c a l c u l a t i n g the r a t i o of 

the i n t e n s i t i e s of measurable spots on adjacent f i l m s on a zero l e v e l 

Weissenberg, The average value obtained was 2.8 ± 0.2. The f a c t o r 

was then used to b r i n g r e f l e c t i o n s on the lower f i l m s to a common scale 

R e l a t i v e i n t e n s i t i e s f o r each layer were then obtained by averaging 

these values. 

A zero l e v e l Weissenberg f o r the same c r y s t a l r o t a t i n g about the 

'a' a x i s was obtained and the r e f l e c t i o n s measured using a /2 d e n s i t y 

scale prepared from the 0 6 0 r e f l e c t i o n . The i n t e n s i t i e s measured on 

t h i s photograph were used t o scale together the i n t e n s i t i e s measured 

on the d i f f e r e n t layers about the b a x i s . 

3. 5 S t r u c t u r e Determination 

Some c a l c u l a t i o n s not r e q u i r i n g a l a r g e computer core s t o r e were 

performed on an IBM 1130 computer w i t h programs w r i t t e n by the 

author. The source code, i n FORTRAN, of these programs i s l i s t e d i n 

Appendix A. The major computations were c a r r i e d out using the X-ray 

70 system on the ICL 1906A a t the A t l a s Computer Laboratory, C h i l t o n . 

The s c a t t e r i n g f a c t o r tables given i n I n t e r n a t i o n a l Tables f o r 

C r y s t a l l o g r a p h y (1962) ®^ were used i n a l l the r e l e v a n t c a l c u l a t i o n s . 
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3- 5. i Determination of Absolute Scale and Temperature Factor 

The r e l a t i v e i n t e n s i t i e s were cor r e c t e d f o r the Lorentz f a c t o r 

p o l a r i s a t i o n and spot shape applying the f a c t o r W/2LP The 

c o r r e c t e d i n t e n s i t i e s were placed on an absolute scale, using a ten 

p o i n t Wilson p l o t (program WPLOT Appendix A . l ) . The f o l l o w i n g 

values were obtained: 

O v e r a l l temperature f a c t o r B = 4.3 8^ 

F , scale f a c t o r K = 4.2 r e l 
Normalised s t r u c t u r e f a c t o r s , E^, were then computed from 

equation 2.33. The i n t e r - l a y e r scale f a c t o r s were r e f i n e d by 

a o r n a l i s i n g to |E|2 = 1.000 f o r each k lay e r assuming the B value 

of 4.3 obtained from the Wilson p l o t . 

3.3. i i S e l e c t i o n of S t a r t i n g Set 

A l l i n t e r a c t i o n s of the form: 

i l l + 1L2 + ll3 = 0 (3.1) 

knovn as Z-i r e l a t i o n s h i p s , were computed f o r a l i s t of r e f l e c t i o n s w i t h 

;E_^i ^ 1.80 using the program SIGMA2 (Appendix A. 2 ) . Three o r i g i n 

d e f i n i n g r e f l e c t i o n s and one to f i x the enantiomorph are r e q u i r e d i n 

?2-,2i2i 1 1 0 . 1 1 1 , 1 1 2 ^ One r e f l e c t i o n , the 0 6 10, was phased from 

the Zi r e l a t i o n s h i p (equation 2.35b). Due regard was p a i d to the 

a b i l i t y of s t a r t i n g sets to i n t e r a c t to form li r e l a t i o n s h i p s w i t h 

other r e f l e c t i o n s w i t h i n the |E^| ? 1.80 l i s t . Possible s t a r t i n g sets 

vere also expanded by the sum of angles formula (equation 2.42) to 

check on the r a t e of phase d e t e r m i n a t i o n and to t e s t f o r 

i d c o n s i s t e n c i e s a t an e a r l y s t a t e i n the phase development process. 

D e t a i l s of the chosen s t a r t i n g set are given i n Table V I . The 

phase expansion process f o r t h i s set using equation 2.42 i s shown i n 
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d e t a i l i n Appendix B, 

Table VI 

The s t a r t i n g set f o r phase determination 

Number of Z 2 
i n t e r a c t i o n s 

R e f l e c t i o n 
h k l |E| Phase 

w i t h i n E 5 
1 . 8 0 l i s t 

O r i g i n - f i x i n g 6 5 0 2 . 1 4 0 1 1 

r e f l e c t i o n s 6 0 1 1 2 . 0 5 -n / 2 1 1 

1 0 29 2 . 1 9 -TT / 2 6 

Enantiomorph-

d e f i n i n g 

r e f l e c t i o n 0 3 6 3 . 6 1 -TT / 2 24 

Zl r e f l e c t i o n 0 6 1 0 2 . 2 1 1 5 

3 . 5 . i i i Phase Development 

Phase estimates f o r a l l |E. 1 ^ 
' n' 

1 . 4 0 ( 3 5 5 r e f l e c t i o n s ) were 

obtained using the weighted tangent formula 0 f Germain, Main and 

Woolfson 

tan0, 
'V ^ ^ ' ^ ( ^ ^ ^ - h ' ^ ^h 

J A ' l'h» ^h - h ' l ^°^<^h. K - h'^ \ 
( 3 . 2 ) 

where 

tu^, = 0 . 5 + 0 . 5 tanh [ 0 . 5 . EC(h) . EC(h*). EC(h - h*) 

X 037-2'* ( 3 . 3 ) 

EC(h) = (T2 + B2) ( 3 . 4 ) 
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and 
N 

o = I Z. (see 2 . 3 7 ) 
j = l J 

The program TANGEN, of the X-RAY 70 package, in c o r p o r a t e s t h i s formula 

and was used to develop phases from the s t a r t i n g s e t . Tangent 

refinement was c a r r i e d out i n a s e r i e s of seven c y c l e s , the |E^| l i m i t 

being lowered a f t e r each cyc l e . Each cy c l e was i t e r a t e d u n t i l s e l f 

consistency was obtained among the phases before the | E ^ | l i m i t was 

lowered. The stages of refinement are shown i n Table V I I . 

Table V I I Tangent Formula Refinement 

Cycle |E| l i m i t Number of |E | S Number of Unique Number of 
> l i m i t 1.2 r e l a t i o n s h i p s I t e r a t i o n s 

1 2 . 0 69 1 2 4 2 0 

2 1 . 8 1 1 2 3 4 7 2 0 

3 1 . 6 2 0 6 1 8 7 5 2 0 

4 1 . 5 5 2 4 7 3 0 3 4 2 0 

5 1 . 5 0 2 7 4 3 9 1 8 2 0 

6 1 . 4 5 3 1 2 5 6 8 7 2 0 

7 1 . 4 0 3 5 5 7 8 2 7 2 0 

A comparison of phases derived by the tangent formula w i t h those from 

the f i n a l s t r u c t u r e i s shown i n Figure . 3 . 2 . 

An E map was then prepared using the 3 5 5 | E J ^ | 5 1 . 4 0 and the 

phase values obtained from TANGEN (program EDENS Appendix A. 3 ) . 

The map showed c l e a r l y the 24 atoms of the coumarin and benzene r i n g 

systems j o i n e d by the peptide bond (see Figure 3 . 3 ) . Most of the 

remaining non-hydrogen atoms could have been l o c a t e d from t h i s map; 

however some atoms i n the i s o b u t e n y l side chain and i n the sugar 

system were not c l e a r l y d e fined. 
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Figure 3.3 D e t a i l from the E map (355 E»s) f o r novobiocin. The 
coumarin system has been o u t l i n e d w i t h the black l i n e s . 



3.5. i v S t r u c t u r e Completion 

A second E map using 534 r e f l e c t i o n s w i t h phases computed from 

the 24 known p o s i t i o n s y i e l d e d 13 more atoms i n the noviose moiety. 

An F^ F o u r i e r synthesis using a l l r e f l e c t i o n s f o r which 

^ c a l c ^ > 0.2 I^Q^jgU revealed the p o s i t i o n of the 7 remaining 

non-hydrogen atoms i n the molecule as w e l l as a f u r t h e r peak assumed 

to be the oxygen atom of a water molecule of c r y s t a l l i s a t i o n (program 

EDENS Appendix A.3.). 

E l e c t r o n d e n s i t y maps were i n t e r p r e t e d w i t h the help o f 

contours drawn on stacks of transparent perspex sheets. The 

approximate p o s i t i o n s o f atoms were determined by hand i n t e r p o l a t i o n 

from the r e l e v a n t s e c t i o n s . 

3. 6 S t r u c t u r e Refinement 

The l e a s t squares program CRYLSQ and F o u r i e r programs of the 

X-RAY 70 system were used i n the refinement process. 

The approximate co-ordinates of the 45 non-hydrogen atoms l o c a t e d 

on the e l e c t r o n d e n s i t y maps r e s u l t e d i n an R value of 0,26 where 

R = Z | F ^ l - k | F ^ | /EF^. Five cycles o f f u l l m a t r i x l e a s t squares 

refinement m i n i m i z i n g the f u n c t i o n I wL|F^|-k|F^ | ]2 w i t h i n d i v i d u a l 

i s o t r o p i c temperature f a c t o r s , u n i t weights and i n c l u d i n g refinement, 

of the i n t e r - l a y e r scale f a c t o r s r e s u l t e d i n an R value of 0.15. 

An synthesis (equation 2.47) showed an excess of 

e l e c t r o n d e n s i t y i n the re g i o n of the double bond C(28)-C(29) of 

the i s o b u t e n y l group corresponding t o approximately 2.0 eS"^. The 

p o s s i b i l i t y of di s o r d e r w i t h i n the c r y s t a l s t r u c t u r e w i t h the 

is o b u t e n y l side chain i n some other c o n f i g u r a t i o n was considered. I t 
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was not found p o s s i b l e , however, to f i t an a l t e r n a t i v e c o n f i g u r a t i o n 

to the observed excess e l e c t r o n density i n t h i s r e g i o n of the 

d i f f e r e n c e map (Refinement of the s t r u c t u r e using d i f f T a c t o m e t e r 

data has i n d i c a t e d q u i t e c l e a r l y t h a t d i s o r d e r i s present and t h i s 

w i l l be discussed i n d e t a i l i n Chapter 4.). 

Atomic absorption spectrophotometric a n a l y s i s of novobiocin 

c r y s t a l s i n t e t r a h y d r o f u r a n i n d i c a t e d t h a t the c r y s t a l s contained 

some calcium. I t was t h e r e f o r e erroneously assumed t h a t Câ "*" ions are 

held i n t h i s r e g i o n . Refinement was continued w i t h the excess d e n s i t y 

represented w i t h a f i x e d temperature f a c t o r of 5.0 a^d the s i t e 

occupancy allowed to r e f i n e . An occupancy corresponding to 1 Câ "*" ion 

per 35 novobiocin molecules was obtained. 

A weighting f u n c t i o n w = 1/|AF|2 was used i n the f i n a l refinement 

process where | | = 0.055 1^^^^! +1.17 obtained from the p l o t of 

AF vs F , f o r 15 ranges of F , (Figure 3.4). The f i n a l obs obs 
R value was 0.14 using only the observed r e f l e c t i o n s , i n d i v i d u a l 

i s o t r o p i c temperature f a c t o r s and o m i t t i n g a l l hydrogen atoms. The 

l a r g e s t s h i f t / e r r o r was 0.1009. 

An F^-F^ synthesis at t h i s p o i n t i n d i c a t e d s i g n i f i c a n t 

a n i s o t r o p i c thermal v i b r a t i o n s i n some atoms. Least squares 

refinement using a n i s o t r o p i c thermal parameters was not pursued because 

of the method of data c o l l e c t i o n and the large number of parameters 

invo l v e d . 

3.7 Discussion of the St r u c t u r e 

The f i n a l p o s i t i o n a l and thermal parameters are given i n 

Table V I I I . A l i s t of observed and c a l c u l a t e d s t r u c t u r e f a c t o r s and 

phase angles f o r a l l r e f l e c t i o n s i s given i n Appendix P. The bond 
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Figure 3.4 A p l o t of AF^| v F^ f o r 15 ranges of F^ 



TABLE V I I I 
FhotosraDhic data: P o s i t i o n a l and thermal parameters 

If 
P o s i t i o n a l parameters a r e given a s f r a c t i o n s of c e l l edges x 10 

Temnerature f a c t o r s a r e of the form exo ( -3 s i n ' /X'^ ) and a r e 
given i n ̂  . Standard d e v i a t i o n s i n parentheses a r e w i t h r e s p e c t to 
the l a s t f i g u r e s given . 

ATOM x/a y/b c B 

0(1) 6CC6 ( 17) i+830 (12) '3932 (5) ^•.93 (27) 
C (2) 7865 ( ^k) ^397 (11) 77^9 Ct) 3.68 (20) 

C (3 ) 3235 ( 16) 6578 (12) 7976 (5) '+.83 (26) 

i£3^ .16), 5^67 (12) 5578 (5) k.h6 (25) 

0(5) ^333 < : i3) ii858 (10) 8201 W 3.^0 (19) 

0(6) 5095 : i 2 ) if6l5 (10) 7711 W 3.17 (18) 

0(7) 3977 ; i2) ^085 (10) 7363 W 3.16 (18) 

0(8) 26i6 : i3 ) ^709 (10) 7262 W 3.76 (21) 

0(9) 2837 [13) 5^97 (10) 5l25 W 3.39 (19) 

0(10) 1x̂ 35 h 3 ) 6765 (10) 62if1 ih) 3.20 (18) 

0(11) 2091 [13) 6110 (10) 6708 W 3.31 (18) 

0(12) 2695 (12) 6707 (9) 63^7 (3) 2.87 (17) 

C(15) 1619 (11) 7237 (9) 6058 (3) 2 A 9 (15) 

C(li^) 1275 (12) 8328 (9) 5368 W 3.11 (18) 

c ( i 5 ) 9-91 (12) 837^ (9) 5-i^8 (3) 2.92 (17) 

C ( l 6 ) 903^ (12) 7813 (10) 5C31 (.k) . 3.11 (18) 

C(17) 0068 (12) 7233 (9) 6150 (3) 2.87 (17) 

c ( i 8 ) 9^70 (12) 6670 (9) 6551 W 3.08 (17) 

0(19) Oi^86 (15) 6083 (10) 6226 W 3M (20) 

0(20) 7^00 (12) 9156 (9) 5021 W 3.0k (18) 

0(21) 6936 (13) 9876 (10) ^641 W (20) 

0(22) 53^3 (12) 99^1 (9) ^̂ 526 (3) 2.81* (17) 

0(23) ^82^ (lif) 0653 (11) ^̂ 190 W h,o^ (22) 

0(2i|) 5B79 (13) 1221 (10) 3951 W 3.^3 (20) 

0(25) (16) 1229 (12) (5) (26) 

0(26) 7977 (1^) 0509 (11) W ^.03 (22) 

0(27) 29S9 (18) 062^ (12) î 0î 5 (5) 5.01 (28) 

0(28) 2122 (28) 155^ (19) ifl57 (8) 8.68 (53) 

0(29) 1610 (22) 1840 (15) ir6lU (6) 6.58 (38) 

0(30) 08if2 (23) 2818 (17) if6l5 (7) 7.57 (1*5) 

0(31) 1725 (30) 1377 (20) 5060 (9) 3M (60) 



ATOM x/a y/b z/c 

H(1) 895^^ ( l i t ) 3736 (10) 7853 ih) 5.01 (23) 

!:(2) 893 T (11) 9013 (8) 5120 (3) 3.^2 (17) 

2192 (tf5) 0867 (33) k38o (13) 5.00 • 

0(1) 533 B (9) 51*16 (7) 8522 (3) 3.55 (1^*) 

0(2) 8C59 (10) 5220 (8) 7603 (3) 't.57 (18) 

0(3) 6î E0 (9) 3987 (7) 7807 (3) t̂.OO (16) 

OW 35:1 (11) 3195 (8) 7597 (3) 4.66 ( i S ) 
0(5) 1S71 (8) 5028 (6) 7731 (3) 3.36 

0(6) 3135 (8) 5517 (6) 6973 (2) 3.16 (13) 

0(7) 75^S (9) 7835 (7) 5975 (3) 3.91 (15) 

0(8) 2226 (9) 780'* (6) 5676 (3) 3.3'* (13) 

0(9) 1955 (11) 8799 (7) 5019 (3) ^.37 (17) 

0(10) S3iZ (11) 8G2k (8) 523'^ (3) 5.01 (19) 

0(11) 5320 (13) 191*+ (9) 3587 5.68 (22) 

C(12) (12) 6861 (8) 815't 5.67 (22) 

Held c o n s t a n t 



distances and angles are l i s t e d w i t h t h e i r standard d e v i a t i o n s i n 

Tables IX and X and are shown i n context i n Figure 3.5. 

The coumarin and s u b s t i t u t e d benzene, w i t h the peptide bond, 

a l l l i e approximately i n one plane w i t h the i s o b u t e n y l side chain on 

the same side of the main plane as the sugar r i n g . The temperature 

f a c t o r s of the carbon atoms of the i s o b u t e n y l side chain are 

s i g n i f i c a n t l y higher than average and are c o n s i s t e n t w i t h a l a c k of 

r i g i d bonding of t h i s group. The bond distances of 1.620 S f o r C(23)-C(27) 

and 1.337 8 f o r C(29)-C(31) are s i g n i f i c a n t l y d i f f e r e n t from an 

expected value of 1.54 S f o r carbon - carbon s i n g l e bonds. These 

r e s u l t s were considered to be due to the p r o x i m i t y of the assumed 

Câ "*" i o n i n some molecules (This p o i n t i s discussed at l e n g t h i n 

Chapter 4 f o l l o w i n g f u r t h e r refinement of the s t r u c t u r e from 

d i f f T a c t o m e t e r d a t a . ) . The di s t a n c e of 2.446 k between 0(7) and 

0(10) suggests the presence of an i n t r a - m o l e c u l a r hydrogen bond 

between these atoms. 

Figure 3.6 shows the s t r u c t u r e viewed along the *a* axis 

i l l u s t r a t i n g the back-to-back arrangement of molecules r e l a t e d by the 

tw o f o l d screw a x i s (2^ a x i s ) along t h i s d i r e c t i o n . Figure 3.7 shows 

p a r t of the s t r u c t u r e viewed normal to the plane c o n t a i n i n g the 

coumarin and s u b s t i t u t e d benzene system ( i n the d i r e c t i o n of the 

arrow i n Figure 3.6). From t h i s i t can be seen t h a t the molecule 

extends '2a* i n the *x* d i r e c t i o n and molecules r e l a t e d by the 2^ a x i s 

p a r a l l e l to the 'x* axis (represented by f u l l and dashed l i n e s i n 

Figure 3.7) almost overlap i n c e r t a i n regions. I n p a r t i c u l a r the 

benzene r i n g of the coumarin system of molecule ( I ) n e a r l y overlaps 

w i t h the s u b s t i t u t e d benzene r i n g of molecule ( I I ) and the benzene 

r i n g of the coumarin system of molecule ( I I ) almost overlaps 
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TA3L5 IX 
Photographic data: 

Bond distances and t h e i r standard d e v i a t i o n s (K) a f t e r v/eighted 
least-scuares refinement 

ATO?-iS DISTANCE ATOiMS DISTANCE 

No\'lose moiety, r i n g ( C ) 

C(5) - c(6) ^A8k C(5) - 0 ( 1 ) ^.h27 (.Ik) 
c ( 6 ) - C(7) 1.511 (15) 0(1) - 0 ( 1 ) 1 .kS-] (16) 

C ( 7 ) - C(8) i.^+es (17) 

C ( 8 ) - 0(5) i .f i58 (13) 0(6) - 0(5) ^.kkh 

0(5) - C(9) 1 .kyh (13) 0(3) - 0(2) 1.368 (15) 
C(9 ) - C(5) 1.563 (17) 0(2) - N(T) 1.326 (18) 

0(2) - 0(2) 1.195 (17) 
C(8 ) - 0(6) 1 .^no (15) 

0(9) - 0(3) 1.560 (21) 

C ( 7 ) - o (^) 1 .^ti? (15) 0(9) - CW i.'t7'+ (16) 

Aminohydroxycourriarin, r i n g (3) 

C(19) - c ( i 8 ) 1.386 (16) 0(17) - C ( l 6 ) 1.1*56 (15) 
C ( l 8 ) - C(17) 1.̂ 0̂2 (15) C ( l 6 ) - 0(15) 1.385 (15) 

C(17) - C(13) 1.352 (13) 0(15) - 0 ( l i t ) 1.377 (15) 

C(13) - C(12) 1.398 ( I t ) C{-]h) - 0(8) l .35'» (13) 
C(12) - C ( 1 T ) 1.35^* (15) 0(8) - 0(13) 1.371 (12) 

C ( 1 1 ) - C(19) 1.1*12 (16) 
- 0(16) - 0(7) 1.329 (13) 

C(12) - C(10) 1.520 (15) 0(15) - N(2) 1.390 (15) 
C ( 1 1 ) - 0(6) 1.393 ( l i f ) O( l f t ) - 0(9) 1.264 ( I W 

S u b s t i t u t e d benzoic a c i d , ririR (A) 

C(21) - C(22) (15) 0(21) - 0(20) l.'t56 (16) 

C(22) - C(23) 1.388 (17) 0(20) - 0(10) 1.280 (15) 

0(23) - C(2U) 1.3'+6 (18) 0(20) - N(2) l.3't5 (l^*) 

C(2^) - C(25) 1.389 (18) 

C(25) - C(26) 1.^33 (20) C(2h) - 0 ( 1 1 ) 1.'t28 (16) 

C(26) - C(21) 1.390 (18) 



ATCI-tS DI5TANC: 

sobutenyl side-chain 

(23) - C(27) 
(27) - C(28) 
(23) - C(29) 
(29) - C(30) 
(29) - C(31) 

1.620 (19) 
1.̂ 98 (30) 
1.5^ (28) 
i.i^85 (30) 
1.337 (30) 

ATOMS DISTANCE 

•Ca^"' 

- C(27) 
- C(28) 
- C(29) 
- C(31) 

1.602 (38) 



TABLS X 
Photographic data: 

Bond angles and t h e i r standard deviations 

ATOMS ANGLE 
Noviose moiety, r i n g (C) 

C(9)—C(5)—C(6) 112.0 (0.9) 
C(9)—C(5)—0(1) 
C(6)—C(5)—0(1) 

C(5)—C(6)—C(7) 
C(5)—C(6)-.0(3) 
C (7)_c (6 ) -0 (3 ) 

C(6)—C(7)—0(8) 
C (6)-C (7) -0(4) 
C(8)-c(7)—0(4) 

C(7)—c(8)—0(5) 
C(7)—C(8)—0(6) 
0(5)—0(8)—0(6) 

106.0 (1.0) 
111.6 (0.9) 

110.9 (0.9) 
109.1 (0.8) 
108.9 (1.0) 

109.8 (1.0) 
108.8 (0.9) 
110.4 (0.9) 

111.5 (0.9) 
107.3 (0.9) 
111.4 (1.0) 

0(8)—0(5)—C(9) 118.7 (0.8) 

Aminohydroxycoumarin. r i n g (B) 
C(il)-C ( i 9)-C ( i 8 ) 118.9 (1.0) 

ATOMS 

0(5)—0(9)—0(5) 
0(5)-C (9)-C (4) 

0(5)—0(9)—C(3) 
0(5)—C(9)—C(3) 
C(if ) - 0 ( 9)-C ( 3 ) 
C(4)-C(9)-C(5) 

0(5)—0(1)—C(i) 

C(6)—0(3)—0(2) 

0(3)—0(2)—N(1) 
0(3)—C(2)—0(2) 
N(l)—0 ( 2 ) — 0 ( 2 ) 

ANGLE 

118.1 (0.9) 
103.3 (0.9) 
110.7 (0.9) 
112.2 (1.0) 
111.0 (1.1) 
111.2 (1.0) 

112.6 (1.0) 

116.9 (1.0) 

109.8 (1.2) 
113.0 (1.1) 
127.2 (1.2) 

C ( 8 ) — 0 ( 6)-^(ll) 121.2 (O.S) 

C(19)-C(18)-C(17) 118.6 (1.0) 

C(18)-C(17)-C(13) 
C(l8)-C(i7)-C(l6) 
C(16)-C(17)-C(13) 

0(17)-C(13)-C(12) 
C(l7)-C(i3)-0(8) 
0(8)—C(13)-C(12) 

119.9 (1.0) 
120.6 (0.9) 
119.5 (0.9) 

123.3 (0.9) 
120.6 (0.9) 
116.1 (0.8) 

C(13)-C(12)-C(11) 
C(13)-C(12)-C(10) 
C(10)-C(12)-C(11) 

C(12)-C(11)-C(19) 
C ( l 2)-C(ll ) - 0 ( 6 ) 
0(6)~C(11)-C(19) 

116.1 (0.9) 
121.4 (0.9) 
122.4 (1.0) 

122.9 (1.1) 
117.0 (0.9) 
120.2 (1.0) 



ANGLE ATO:-;S AKGLH: 

Aminc'r.'-droxycoumarin, r i n g (3) (ccr.tir.ued) 

C(i7)-C(i5)-C(i5) 118.1 
C(17)-C(16)-C(7) 115.7 
0(7)—C(16)-C(15) 125.7 

C(i6)-C(^3)-C(l^) 119.3 
C(16)-C(1=)-M(2) 127.^ 
N(2)—C(l5)-C(lt+) 113.3 

Substiruted benzoic acid. 

C(26)-C(21)-C(22) 119.^ 
C(26)-C(21)-C(20) 123.^ 
C(20)-C(21)-C(22) 117.2 

C(21}-C(22)-C(23) 119.6 

C(22)-C(23)-C(2^) 118.9 

C(23)-C(2^)-C(25) 125.9 
C(23)-C(2^)-C(11) 117.9 
0(ll)-C(2i-}-C(25) 116.2 

Isobuten"! side-chain 

C(22)-C(23)-C(27) 116.5 
C(2^)-C(23)-C(27) 123.9 

C(23)-C(27)-C(28) 11^.5 

C(27)-C(2£)-C(29) 125.9 

0.9) 
0.9) 
1.0) 

1.0) 

0.9) 
0.9) 

r i n g (A) 

1.1) 
1.0) 
1.0) 

1.0) 

1-.1) 

1.2) 
1.1) 
1.1) 

1.1) 
1.1) 

l . i f ) 

1.9) 

C ( i5)-C(lif ) -0(8) 
C( i5)-C(iii)-C(9) 
C ( 9 ) _ c(iir ) - 0 ( 8 ) 

C(2i+)-C(25)-C(26) 

C(25)-C(26)-C(21) 

C(15)-N(2)—C(20) 

::(2)—C(20)-G(1C) 
::(2)— c(20 ) - c(2i) 
C(21)-C(20)-0(10) 

C(23)-C(29)-C(30) 
C(28)-C(29)-C(31) 
C(30)-C(29)-C(31) 

121.7 (1.0) 
123.1 (1.C) 
115.2 (C.9) 

c(i^)-o(8)—0(13) 120.6 (C.5) 

I l i f . O (1.2) 

121.9 (--.1) 

131.8 (i.C) 

120.6 (1 .1) 

119.7 (1 .0) 
119.5 (-.0) 

11^«0 (1 . 8 ) 
129.0 (2.2) 
117.0 (1 .8) 



Figure 3.5 Interatomic distances and interbond angles i n the novobiocin 
molecule following refinement using the photographic data. 
(The molecule is shown in perspective except for the sugar ring which 
has been rotated through approximately 80 about C(8).) 



r 

Figure 3.6 The novobiocin c r y s t a l structure viewed along the x axis 
(hydrogen bonds to the water molecule are shown as dashed lines) 



Figure 3.7 Part of the novobiocin structure viewed normal to the main 
plane of the molecule ( i n d i r e c t i o n of the arrow i n Figure 3.6) showing 
the near overlapping of some rings i n symmetry-related molecules and 
the hydrogen bonds to the water molecule (dotted l i n e s ) . 



the substituted benzene ring of molecule ( I ) i n the next unit c e l l . 

The separation of these rings is approximately 3.A S and hence they 

are attracted by Van der Waals forces. Only molecules related by the 

2\ axis along the *x' d i r e c t i o n are affected by the a t t r a c t i o n of the 

overlapping rings. 

There is one water molecule per asymmetric unit shown as 0 (12) 

i n Figure 3.7. The water molecule i s i n a position where hydrogen 

bonding can be assumed to take place between i t s e l f and three 

novobiocin molecules. Figure 3.6 shows that two of these are related 

by the 2i axis along *x* ( e f f e c t i v e l y holding opposite ends of the 

molecules together). The remaining hydrogen bonds are to 0(1) and 

0(2) on a syinmetry related noviose r i n g , r e s u l t i n g i n a continuous 

linkage of the sugar rings i n the *y* d i r e c t i o n via hydrogen bonds. 

The separation of 3.083 ft between 0(5) and the carbamyl 

nitrogen N(l) on adjacent molecules (Figure 3.7) suggests the 

presence of an additional intermolecular hydrogen bond l i n k i n g the 

sugar rings of adjacent molecules i n the *x' d i r e c t i o n . The 

hydrogen bond distances involved between the donor and acceptor 

atoms are shown i n Table XI. 

Table- XI 

Distances and the i r standard deviations (ft) between donor and 

acceptor atoms involved i n hydrogen bonding 

Do nor Acceptor Type of Bond Distance 
0(4) 0(12) OH . .. H2O 2.814 (14) 
0(11) 0(12) OH . . . H2O 2.771 (14) 
0(12) 0(2) H2O . . . C=0 2.712 (15) 
0(12) 0(1) H2O . .. -0- 2.854 (14) 
0(7) 0(10) OH . .. C=0 2.446 (12) 
N(l) 0(5) NH2 . .. -0- 3.075 (15) 
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The distance of 4.481 R between N(l) and the enolic oxygen 0(7) 

on the coumarin system eliminates the p o s s i b i l i t y of interaction 

between these groups 

The results of t h i s photographic study were presented i n the 

paper bound i n Appendix D 

A more detailed discussion of the geometry of the molecule 

is given i n Chapter 4 following further refinement of the structure 

from diffTactometer data. 
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CHAPTER 4 
REFINEMENT OF THE CRYSTAL STRUCTURE 

FROM DIFFRACTOMETER DATA 
4.1 Introduction 

This further study of the c r y s t a l structure of novobiocin 

was undertaken to resolve questions l e f t unanswered by the 

refinement of the structure using the photographic data. I n 

pa r t i c u l a r , i t was not possible to characterize f u l l y the 

extensive hydrogen bonding involved i n the structure without atomic 

positions for the relevant hydrogen atoms. In addition i t was hoped 

to improve c r y s t a l q u a l i t y and thus remove the suspected Câ"*" ions 

from the structure. 

I t was therefore decided to devise an improved process f o r 

c r y s t a l l i s i n g novobiocin free acid and to c o l l e c t data f o r the 

crystals on a diffractometer. 

4.2 Crystal Preparation 

The calcium acid s a l t of novobiocin i s a rather hydrophobic . 

powder and requires exhaustive a g i t a t i o n with d i l u t e HCl for 

complete displacement of free novobiocin (section 3.2). I t was 

found that a better wetting of the powder could be achieved by 

dissolving i t i n a mixture of water and tetrahydrofuran (14) i n 

which i t i s readily soluble. 

58 



HoC CH' ; v 
PH2 

14 

A large quantity (20g) of the calcium acid s a l t was obtained from the 

Boots Pure Drug Company and novobiocin free acid prepared i n the 

following way. A concentrated solution of the calcium s a l t (20g) i n 

10ml of tetrahydrofuran-water was added to ice cold 0.2m HCl 

(1.5 equivalents) i n a tap funnel l i b e r a t i n g novobiocin free acid as 

a f i n e dispersion. This was extracted quickly by shaking with three 

portions of ethyl acetate (300ml) and washed with d i s t i l l e d water to a 

wash water pH of 7.0. The extract was then washed with brine and 

dried over anhydrous sodium sulphate. Evaporation of the f i l t e r e d 

extract yielded novobiocin free acid as a yellow s o l i d . 

Crystals were obtained from several solvent systems. A l l 

crystals were of form 2 of the free acid even from an acetone-hexane 

system (see 3.2). The best crystals were obtained from an acetone-

water solvent system and one from this batch, of approximate 

dimensions 0.5 x 0.5 x 0.5 mm, was used f o r the data c o l l e c t i o n by 

diffTactometer. 

4.3 Data Collection and Preliminary Treatment 

Data c o l l e c t i o n was performed on a Hilger and Watts 4-circle 

diffTactometer at the University of Sussex using MoKa ra d i a t i o n . 
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X = 0.71069R, from a graphite monochromator. A 6-28 step scan of 

60 X 0.01*^ steps, each of 0.5 second, was employed with two 

15 second background counts measured at each end of the integrated 

scan. The i n t e n s i t i e s were recorded i n two shells of 1.5° - 20° and 

20° - 25° i n 0. Three standard i n t e n s i t i e s were monitored and 

showed no signs of crystal or beam i n s t a b i l i t y during i r r a d i a t i o n . 

The observed i n t e n s i t y , I (obs), was obtained from equation 4.1: 

I(obs) = Ct - (Bl + B2) (4.1) 

where Ct, Bl and B2 are the raw integrated count and background counts 

respectively. Estimated standard deviations, o ( I ) were calculated from 

equation 4.2: 

0(1) = [Ct + Bl + B2 + (q X I ( o b s ) ) 2 ] ^ (4.2) 

with q = 0.05 giving a suitable weighting scheme i n this case 

Lp corrections were then applied to the data. The linear absorption 

c o e f f i c i e n t , y^, for MoKa radiation i s only 0.65 cm~̂  therefore no 
absorption correction was applied to the data. 2654 reflections were 

measured of which 1913 were found to be greater than three times t h e i r 

standard deviation. The re f l e c t i o n s were placed on an absolute scale 

by a Wilson p l o t . The c e l l dimensions obtained from refinement of the 

or i e n t a t i o n matrix on the diffractometer are given in Table X I I . 

Table X I I 

a = 8.593 K 
b = 13.618 k a = 6 = Y = 90.0° 
c = 26.399 S 

4.4 Refinement of the Structure 

4.4. i I n i t i a l Refinement 

The programs of the X^Ray 70 package were used to process the 
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data. The f i n a l co-ordinates from the photographic structure 

determination were used as i n i t i a l co-ordinates f o r further least-

squares refinement. Non-hydrogen atoms were refined anisotropically only 

where they were shown to undergo anisotropic thermal motion i n the 

F^-F^ synthesis. Hydrogen atoms were included i n the refinement when 

they were located from F^'F^ syntheses. The co-ordinates of the hydrogen 

atoms were refined but t h e i r thermal parameters were held constant at a 

value of U = 0.0443A-This resulted i n the anisotropic refinement of 

14 non-hydrogen atoms and the location and refinement of a l l hydrogen 

atom co-ordinates. 

Difference Fourier syntheses indicated a requirement for a 

reduced electron content at 0(28), C(30) and 0(31) and the need to 

in s e r t further atomic positions at a low electron level close to the 

positions of C(30) and 0(31). The f i n a l difference map showed c l e a r l y 

that there exist two a l t e r n a t i v e positions for 0(30) and 0(31) and 

that the atomic position previously interpreted as that of a Ca2+ ion 

of very low s i t e occupancy, i s the a l t e r n a t i v e position of C(28) which 

makes the a l t e r n a t i v e 0(30) and C(31) positions tenable. The 

isobutenyl side chain C(27)-C(31) is therefore disordered with two 

a l t e r n a t i v e configurations. The positions of 0(27) and C(29) are 

nearly the same i n both configurations and were therefore refined 

ani s o t r o p i c a l l y as single atoms to take account of small variations i n 

position in the two configurations. 

Refinement of the s i t e occupancy factors f o r the alternative 

positions of C(28) indicated an occupancy of approximately 0.70 i n 

the o r i g i n a l position and 0.30 i n the a l t e r n a t i v e configuration. In 

consequence the s i t e occupancies for the a l t e r n a t i v e positions of 
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C(30) and C(31), (C(30)' and 0(31)'), were inserted at 0.30 and not 

refined. The hydrogen atoms associated with C(30)* and C(31)' 

were not included i n the refinement. 

The f i n a l R factor f o r the 1913 r e f l e c t i o n s > 3o(F) was 0.073. 

380 variables were used i n t h i s block diagonal l e a s t squares 

refinement grouped into two large blocks. The co-ordinates and thermal 

parameters for the atoms from this X-Ray 70 least squares refinement, 

using the diffTactometer data, are shown i n Tables X I I I and XIV. 

4.A. i i The Disordered Isobutenyl Group 

The bond lengths and angles for the two configurations of the 

isobutenyl side chain discussed i n the previous section (4.4. i ) are 

shown i n Figure 4,1. Some of the lengths and angles d i f f e r 

s i g n i f i c a n t l y from the expected values for such a side chain. The 

anisotropic thermal parameters obtained f o r C(27) and C(29) 

indicated pronounced anisotropy i n the y and z directions respectively 

(see Table XVI), In an attempt to improve the model for the disorder 

i t was decided to derive possible positions for C(27), C(27)' and 

C(29), C(29)* by geometrical constructions based on the chemical 

constraints that these atoms should s a t i s f y . 

The atomic positions of the atoms C(28), C(28)', C(30), C(30)*, 

C(31) and C(31)* are s u f f i c i e n t l y separated from one another for the 

least squares procedure to refine the co-ordinates to meaningful 

values. The atoms of t h i s side chain are chemically constrained to 

l i e i n a plane as a re s u l t of the sp2 hybridisation of the atoms C(28) 

and C(29) at either end of the carbon-carbon double bond. I t is 

therefore reasonable to expect that C(27) and C(29) w i l l l i e i n the 

same plane as that defined by the atoms C(28), C(30) and C(31) and 
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TABLE X I I I 
Atomic positions and temperature factors for non-hydrogen atoms 
following X-ray '70 refinement of diffractometer data 

Anisotropic Atoms 
Atom x/a y/b z/c "22 "33 "12 "13 "23 

C(l) 5999 (12) 4844 (8) 8923 (4) 807 (72) 1025 (80) 623 (60) 40 (68) -203 (54) 72 (60) 
C(27) 30A6 (11) 0678 (9) 4057 (3) 502 (57) 1269 (89) 618 (56) 230 (64) -26 (49) 283 (61) 
C(29) 1582 (12) 1815 (7) 4609 (5) 583 (62) 505 (57) 1631 a07) 63 (51) -411 (72) -137 (73) 
N(l) 8955 (8) 3752 (5) 7851 (3) 399 (42) 710 (48) 1141 (60) 154 (39) 70 (43) 265 (48) 
0(1) 5328 (6) 5404 (4) 8521 (2) 584 (36) 620 (36) 529 (32) -40 (32) -173 (29) 82 (29) 
0(2) 8045 (6) 5220 (4) 7593 (2) 475 (32) 572 (37) 1107 (46) -52 (31) 109 (34) 256 (34) 
0(4) 3503 (7) 3195 (4) 7606 (2) 856 (43) 478 (32) 732 (37) -86 (33) -86 (36) 56 (30) 
0(5) 1894(5) 5026 (4) 7728 (2) 362 (28) 634 (33) 568 (31) 17 (29) 8 (26) 76 (29) 
0(6) 3149 (5) 5532 (4) 6972 (2) 388 (29) 583(32) 481 (29) -67 (28) -96(25) 146 (27) 
0(7) 7553 (5) 7846 (4) 5961 (2) 212 (26) 971 (43) 658 (33) -17(31) 141 (24) 129 (33) 
0(8) 2251 (5) 7795 (4) 5665 (2) 299 (27) 527 (30) 550 (29) -16 (27) 47 (25) 70 (27) 
0(9) 1956 (6) 8783 (4) 5013 (2) 300 (29) 765 (39) 782 (38) 19 (30) 75 (28) 275 (34) 
0(10) 6376 (6) 8654 (4) 5228 (2) 393 (32) 795 (43) 1003 (45) -0 (34) -29 (33) 312 (37) 
0(11) 5300 (7) 1924 (5) 3593 (2) 584 (38) 1020 (49) 758 (42) 149 (38) 27 (34) 362 (39) 



Isotropic Atoms 
Atom x/a y/b z/c U 
C(2) 7850 (10) 4397 (6) 7739 (3) 573 (23) 
C(3) 3209 (10) 6552 (6) 7968 (3) 596 (24) 
C(4) 1796 (11) 5443 (7) 8583 (3) 718 (27) 
C(5) 4313 (8) 4852 (5) 8205 (3) 409 (19) 
C(6) 5098 (9) 4617 (5) 7712 (3) 433 (20) 
C(7) 4010 (9) 4079 (5) 7358 (3) 480 (21) 
C(8) 2595 (9) 4734 (6) 7265 (3) 517 (22) 
C(9) 2848 (9) 5481 (6) 8113 (3) 498 (21) 
C(10) 4419 (10). 6734 (6) 6242 (3) 521 (22) 
C ( l l ) 2088 (9) 6099 (5) 6707 (3) 429 (19) 
C(12) 2694 (8) 6700 (5) 6332 (3) 403 (19) 
C(13) 1649 (8) 7251 (5) 6055 (3) 405 (19) 
C(14) 1293 (9) 8333 (5) 5347 (3) 491 (21) 
C(15) 9668 (9) 8357 (5) 5456 (3) 409 (19) 
C(16) 9032 (8) 7846 (5) 5830 (3) 445 (19) 
C(17) 0043 (8) 7237 (5) 6144 (3) 389 (18) 
C(18) 9473 (9) 6662 (6) 6542 (3) 482 (21) 
C(19) 0490 (9) 6087 (6) 6826 (3) 498 (21) 
C(20) 7377 (9) 9143 (5) 5011 (3) 455 (20) 
C(21) 6952 (9) 9891 (5) 4635 (3) 461 (20) 
C(22) 5354 (9) 9962 (5) 4529 (3) 438 (20) 
C(23) 4794 (9) 0633 (6) 4178 (3) 504 (22) 
C(24) 5859 (10) 1253 (6) 3941 (3) 546 (23) 
C(25) 7457 (10) 1214 (6) 4042 (3) 543 (22) 
C(26) 7980 (9) 0514 (5) 4392 (3) 482 (20) 

N(2) 8928 (7) 9009 (5) 5119 (2) 511 (17) 

0(3) 6423 (6) 3978 (4) 7804 (2) 507 (14) 
0(12) 7454 (7) 6863 (5) 8164 (2) 803 (18) 



Atom x/a y/b z/c U Site occupation 
factors 

0(28) 2194 (18) 1515 (11) 4137 (6) 530 (66) 0.56 (3) 
C(30) 0765 (16) 2769 (10) 4615 (5) 746 (37) . 0.70 f i x e d 
C(31) 1722 (25) 1312 (14) 5065 (7) 1168 (62) 0.70 fi x e d 
0(28)' 2222 (28) 0945 (16) 4581 (8) 378 (99) 0.29 (2) 
0(30)* 1605 (88) 2786 (49) 4554 (29) 1823 (278) 0.30 f i x e d 
C(31)' 0732 (52) 1753 (31) 5259 (17) 915 (141) 0.30 fi x e d 

Co-ordinates are given as fractions of a c e l l edge x lO'*. Thermal 
parameters are of the form U or U.^ x 10̂ * ( A 2 ) . Standard deviations 
are given i n parentheses with respect to the last figures given. 



TABLE XIV 
Atomic p o s i t i o n s f o r hydrogen atoms f o l l o w i n g X-ray '70 
refinement of di f f T a c t o m e t e r data 

Co-ordinates are given as f r a c t i o n s of a c e l l edge x 10**, 
Standard d e v i a t i o n s are given i n parentheses. The thermal 
parameter f o r a l l hydrogen atoms was f i x e d a t U = 0.0443 

Atom x/a y/b z/c 
H l ( C l ) 6839 (98) 5290 (55) 9101 (28) 
H2(C1) 7046 (92) 4541 (55) 8730 (28) 
H3(C1) 5443 (98) 4957 (53) 9116 (29) 

H1(C3) 3524 (96) 6845 (58) 8254 (28) 
H2(C3) 2045 (90) 6836 (54) 7911 (27) 
H3(C3) 3993 (87) 6608 (53) 7629 (28) 

H1(C4) 2328 (94) 5796 (56) 8871 (30) 
H2(C4) 1477 (93) 4745 (57) 8626 (28) 
H3(C4) 1842 (101) 5830 (59) 8568 (30) 

H(C5) 4053 (89) 4133 (55) 8378 (27) 
H(C6) 5494 (85) 5230 (51) 7554 (29) 
H(C7) 4493 (90) 3886 (55) 7021 (28) 
H(C8) 2053 (88) 4353 (52) 7019 (27) 

HI(CIO) 4793 (92) 6929 (56) 5879 (29) 
H2(C10) 4636 (94) 6123 (58) 6200 (28) 
H3(C10) 4820 (90) 7224 (55) 6439 (28) 

H(C18) 8465 (96) 6537 (53) 6559 (27) 
H(C19) 0251 (91) 5599 (55) 7124 (28) 
H(C22) 4627 (91) 9451 (56) 4742 (28) 
H(C25) 8274 (96) 1689 (53) 3875 (27) 
H(C26) 9187 (86) 0517 (54) 4500 (27) 

H l ( N l ) 8583 (93) 3141 (53) 7963 (27) 
H2(N1) 9909 (91) 3908 (54) 7818 (26) 
H (N2) 9961 (73) 9278 (55) 4878 (28) 

H1(C27) 2900 (92) 0660 (54) 3797 (27) 
H2(C27) 2176 (92) 0110 (53) 4312 (29) 



Atom x/a y/b z/c S i t e occupation 
f a c t o r s 

H(C28) 1894 (137) 2001 (81) 3875 (40) 0. 7 f i x e d 

H1(C30) 1306 (160) 3156 (92) 4803 (A9) 0. 7 f i x e d 
H2(C30) 0229 (184) 2840 (12'4) 4396 (5?) 0. 7 f i x e d 
H3(C30) 0843 (199) 3007 (126) 4294 (56) 0. 7 f i x e d 

HI (C31) 0221 (154) 1089 (96) 5184 (49) 0. 7 f i x e d 
H2(C3i) 0682 (177) 1483 (114) 5280 (50) 0. 7 f i x e d 
H3(C31) 1796 (1^3) 1324 (81) 5028 i^O) 0. 7 f i x e d 

H(04) 3302 (91) 2873 (52) /443 (27) 
H(07) 7269 (93) 7705 (54) 6148 (30) 
H(OIL) 6004 (91) 2238 (56) 3429 (28) 

HI(012) 6577 (96) 6675 (56) 8304 (28) 
H2(012) 8055 (93) 6674 (54) 7938 (28) 



J G 2 9 1.^?? C 3 0 lo ob) 
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152 b 

Figure 4.1 Bond lengths (fi) and angles ( ) f o r the two i s o b u t e n y l 
side chains f o l l o w i n g X-Ray * 70 refinement p r o j e c t e d down the a a x i s 
r e l a t i v e heights i n parentheses (S) 



t h a t C(27)' and C(29)' w i l l l i e i n the plane defined by C(28)', 

C(30)' and C(31)'. 

T r i a l co-ordinates f o r C(29) were c a l c u l a t e d i n the f o l l o w i n g 

way. A p o i n t was selected w i t h i n the t r i a n g l e d e fined by C(28), 

C(30) and C(31) such t h a t the angles and distances from the p o i n t to 

the v e r t i c e s were i n agreement w i t h expected values f o r the known 

chemistry, 

(Figure 4.2) i . e . d j « 1.33 S, d2 = da « 1.5 ft, a = B = Y - 120° 

C 28 

C31 C30 

Figure 4.2 The C(28), C(30), C(31) t r i a n g l e 

The co-ordinates of t h i s p o i n t w i t h i n the u n i t c e l l were then 

determined from three simultaneous equations (4.3) f o r the 

components of the vector r_ from an o r i g i n a t C(28) (Figure 4.3) 
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C 28 

C 30 

C 3 1 

Figure 4.3 Lo c a t i o n of co-ordinates f o r C(29) 

r . a X b = 0 (4.3a) 

(This equation expresses the c o n d i t i o n t h a t t_ must l i e i n the 

plane defined by a_ and _b) 

£ . a = l r | l ^ l cos e (4.3b) 

£ . b = l ^ l |b| cos 0 (4.3c) 

T r i a l co-ordinates f o r C(29)' were obtained i n an analogous manner. 

The p o s i t i o n of C(27) was obtained by imposing two chemical 

c o n s t r a i n t s on the atom. F i r s t l y the distances C(23)-C(27) and 

C(27)-C(28) were r e q u i r e d to be equal to 1.52 S and make the angle 

C(23) - C(27) - C(28) ^ 110°. Secondly C(27) was constrained to l i e 

i n the plane d e f i n e d by C(28), C(30) and C(31). These c o n s t r a i n t s 

give r i s e t o three equations (4.4) f o r the components of a vector £ 

d e f i n i n g the p o s i t i o n of C(27) w i t h respect to an o r i g i n a t the 

mid-point of the C(23)-C(28) l i n e (Figure 4.4). 
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C23 

C 3 1 

C 3 0 

Figure 4.4 Lo c a t i o n of co-ordinates f o r C(27) 

(^ - a ) . (b - a) x (c - a) = 0 

(or It. (b - a) x (c - a) = a. (b x c ) ) (4.4a) 

(4.4b) 

(4.4c) 

where a = a^J^ + a2j_ ̂  ^ 3 ] ! such t h a t a^^ + b.'^ + = 1 

Equation 4.4a expresses the c o n d i t i o n t h a t t^ l i e s i n a plane 

defined by the ends of the vec t o r s a, b and £. The p o s i t i o n of C(27) 

also l i e s on a c i r c l e perpendicular to the v e c t o r a through the 

o r i g i n . This c i r c l e i s defined by a sphere of radius | t ^ | centred a t 

0 (equation 4.4b) i n t e r s e c t e d by a plane normal to the vector £ 

through the o r i g i n (equation 4.4c). 

These three equations are s a t i s f i e d by two s o l u t i o n s which were 

compared by the values obtained f o r the angles C(27) - C(28) -

C(29), C(22) - C(23) - C(27) and C(24) - C(23) - C(27). The s o l u t i o n 

g i v i n g the more chemically s e n s i b l e angles was recorded. 

The p o s i t i o n of C(27)' was obtained by an analogous procedure. 
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The bond lengths and angles i n the two c o n f i g u r a t i o n s 

r e s u l t i n g from the use of the c a l c u l a t e d p o s i t i o n s f o r C(27), C(27)*, 

C(29) and C(29)* are l i s t e d i n Table XV and shown i n con t e x t i n 

Figure 4.5. 

The suggested atomic p o s i t i o n s f o r C(27), C(27)' d i f f e r mainly 

i n the y co-ordinate and the p o s i t i o n s f o r C(29), C(29)' mainly i n 

the z co-ordinate. This i s i n good agreement w i t h the l a r g e a n i s o t r o p i c 

thermal motions observed i n those d i r e c t i o n s f o l l o w i n g the l e a s t 

squares refinement i n which the atoms were assumed to be c o i n c i d e n t 

(Table XVI). 

Table XVI 

A n i s o t r o p i c Thermal parameters f o r C(27) and C(29) as, Û ^ x 10^ (a)2. 

Standard d e v i a t i o n s i n parentheses. 

Uu U22 U33 U12 U23 
C(27) 502(57) 1269(89) 618(56) 230(64) -26(49) 283(61) 
C(29) 583(62) 505(57) 1631(107) 63(51) -411(72) -137(73) 

4.4 i i i F i n a l Refinement 

The above model was t e s t e d i n a f u r t h e r refinement of the 

s t r u c t u r e using the l e a s t squares program o f the SHELX - 76 system.. 

The f i n a l co-ordinates from the photographic study were used as i n i t i a l 

co-ordinates f o r the l e a s t squares program except f o r the i s o b u t e n y l 

group where the co-ordinates f o r the two c o n f i g u r a t i o n s l i s t e d i n 

Table XV were used w i t h f i x e d s i t e occupancies of 0.7 and 0.3 

r e s p e c t i v e l y , 5 cycles o f f u l l m a t r i x l e a s t squares refinement using 

the d i f f r a c t o r a e t e r data and assuming u n i t weights r e s u l t e d i n an R 

f a c t o r of 0.1786. A l l 2654 r e f l e c t i o n s were used i n the refinement 

i n order to provide as many observations per parameter as p o s s i b l e . 
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TABLE XV 
Atomic p o s i t i o n s , Bond distances and angles, f o r the two 
i s o b u t e n y l c o n f i g u r a t i o n s using the c a l c u l a t e d p o s i t i o n s 
f o r C27, C27*, C29. C29' 
P o s i t i o n a l parameters as f r a c t i o n s of a c e l l edge x 10^ 

atom x/a y/b z/c atom x/a y/b z/c 
C(27) 3091 0578 4025 C(27)* 3110 0922 4083 
C(28) 2194 1515 4137 C(28)' 2222 0945 4581 
C(29) 1617 1827 4573 C(29)' 1599 1763 4767 
C(30) 0765 2769 4615 C(30)' 1605 2786 4554 
C(31) 1722 1312 5065 C(31)' 0732 1753 5259 

Bond Distances (ft) 

atoms distance atoms di s t a n c e 
C(23) -C(27) 1.520 C(23)-C(27)' 1.520 
C(27) -C(28) 1.521 C(27)*-C(28)' 1.520 
C(28) -C(29) 1.323 C(28)'-C(29)* 1.330 
C(29) -C(30) 1.480 C(29)'-C(30)' 1.502 
C(29) -C(31) 1.479 C(29)'-C(31)' 1.498 

Bond Angles (°) 

atoms angle atoms angle 
C(22) -C(23)-C(27) 118.6 C(22)-C(23)-C(27)* 127.6 
C(24) -C(23)-C(27) 122.9 C(24)-C(23)-C(27) ' 113.2 
C(23)--C(27)-C(28) 113.3 C(23)-C(27)*-C(28)' 110.0 
C(27) -C(28)-C(29) 128.9 C(27)'-C(28)'-C(29)* 122.6 
C(28) -C(29)-C(30) 121.9 C(28)*-C(29)'-C(30)' 129.6 
C(28) -C(29)-C(31) 126.1 C(28)*-C(29)'-C(31)' 120.8 
C(30) -C(29)-C(31) 112.0 C(30)*-C(29)'-C(31)* 109.6 



(OSS) 
C31 I-SOO 

(I-30C28 r 

113-0=?;̂  

C30(o-ofe^ 

(3 5i)C23 
i-5-ao 

G30 (o-^") 

Figure 4.5 Bond lengths (8) and angles ( ) f o r the two iso b u t e n y l 
side chains using the c a l c u l a t e d p o s i t i o n s f o r C(27), C(27)', C(29) 
and C(29)* p r o j e c t e d down the a axis, r e l a t i v e heights i n parentheses (ft) 



A l l non-hydrogen atoms were then r e f i n e d a n i s o t r o p i c a l l y except f o r 

the disordered side chain assuming a weighting scheme of the form 

a/(c2(F) + 0.001 | f | 2 ) where a i s i n i t i a l l y u n i t y and i s r e f i n e d 

a f t e r each c y c l e . The data was s p l i t i n t o two l a r g e blocks and 

r e f i n e d by a b l o c k diagonal l e a s t squares r o u t i n e . Six cycles of 

refinement, the v a r i a b l e s i n each block r e f i n i n g i n a l t e r n a t e c y c l e s , 

r e s u l t e d i n a weighted R f a c t o r of 0.1208. 

The atoms were then s p l i t up i n t o three b l o c k s , each block 

being associated w i t h one of the main r i n g systems (A), ( B ) , and (C) 

(Section 1.2). Hydrogen atoms attached to carbon and n i t r o g e n atoms 

i n the s t r u c t u r e were introduced by geometrical c o n s t r u c t i o n and g i v e n 

f i x e d temperature f a c t o r s corresponding t o the i s o t r o p i c temperature 

f a c t o r of the attached carbon or n i t r o g e n atom. During refinement, 

the co-ordinates of these hydrogen atoms were l i n k e d to the attached 

non-hydrogen atom i n a ' r i d i n g ' model. Methyl groups were set up i n 

a staggered manner w i t h f i x e d C-H and H-H d i s t a n c e s . They were r e f i n e d 

to the c o r r e c t t o r s i o n a l conformation by t r e a t i n g the methyl group as 

a r i g i d group. Hydrogen atoms associated w i t h the major c o n f i g u r a t i o n 

i n the disordered side chain were also included w i t h a f i x e d s i t e 

occupation f a c t o r of 0.7. Six cycles of refinement w i t h the parameters 

i n a given block r e f i n i n g every t h i r d c y c l e r e s u l t e d i n a weighted 

R f a c t o r of 0.1124. At t h i s p o i n t the r e p r e s e n t a t i o n of the d i s o r d e r 

was changed i n order t o r e f i n e the s i t e occupation f a c t o r s f o r the two 

c o n f i g u r a t i o n s . 

The temperature f a c t o r s f o r corresponding atoms i n the two 

c o n f i g u r a t i o n s were made equal and f i x e d a t these values f o r the 

remaining cycles of refinement. The s i t e occupancies f o r a l l atoms i n 
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the major c o n f i g u r a t i o n were t i e d to a fr e e v a r i a b l e , x, set i n i t i a l l y 

to a value of 0.7. The atoms of the minor component were given 

occupancies of 1 - x. Six cycles of refinement r e s u l t e d i n an R 

f a c t o r of 0.1038. 

At t h i s stage a d i f f e r e n c e map was computed, optimised f o r the 

l o c a t i o n of hydrogen atoms by a weighting scheme depending 

e x p o n e n t i a l l y on s i n ̂ 6, which gives greater weights to the low angle c 

r e f l e c t i o n s . A f u n c t i o n was used which gives a weight to a r e f l e c t i o n 

w i t h a sine/A value of 0.3, one h a l f that of the weight given to a 

r e f l e c t i o n a t 6 = 0. The p o s i t i o n s of a l l hydrogen atoms associated 

w i t h oxygen atoms i n the s t r u c t u r e were e a s i l y detected i n t h i s 

d i f f e r e n c e synthesis. These atoms were included w i t h f i x e d temperature 

f a c t o r s and t h e i r co-ordinates allowed to r e f i n e . The hydrogen atoms 

attached to the oxygen atom, 0(12) , of the water molecule were 

constrained to bond lengths of 1.00 ± 0.04 R and a bond angle of 

110 ± 10° but were otherwise f r e e to move.' A f u r t h e r 15 cycles of 

refinement r e s u l t e d i n a weighted R f a c t o r of 0.0995. 

When r e f l e c t i o n s f o r which [F| < 3a ( F ) were om i t t e d , 9 cycles of 

block diagonal refinement w i t h the same three blocks r e s u l t e d i n a 

weighted R f a c t o r of 0.0637 f o r 441 v a r i a b l e s . This may be compared 

w i t h the value of 0.073 obtained w i t h the X-Ray 70 programs f o r t h i s 

data using a somewhat d i f f e r e n t model w i t h 380 v a r i a b l e s . A Hamilton 

t e s t ^ o n the R f a c t o r s i n d i c a t e s t h a t the improvement i n R f a c t o r 

i s s i g n i f i c a n t at the 0.5% l e v e l . 

The f i n a l co-ordinates and temperature f a c t o r s f o l l o w i n g t h i s 

SHELX-76 refinement f o r a l l the atoms are l i s t e d i n Table XVI I . A 

l i s t of observed and c a l c u l a t e d s t r u c t u r e f a c t o r s i s given i n 

Appendix C. 
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TABLE XVII 
P o s i t i o n s and thermal parameters Cor a l l atoms f o l l o w i n g SllELX refinement 

x/a y/b z/c U i i ^22 U33 U23 U l 3 U12 

C ( l ) 6002 (12) 4869 (7) 8935 (3) 1023 (73) 827 (62) 568 (50) L81 (48) -326 (50) -71 (61) 
C(2) 78^i4 (9) 4385 (6) 7739 (3) 514 (52) 658 (55) 585 (49) 151 (4 5) 108 (42) -38 (48) 
C(3) 3209 (10) 6550 (5) 7973 (3) 723 (55) 496 (47) 660 (49) 17 (41) -63 (46) 1.81 (45) 
C(4) 1806 (10) 5458 (7) 8588 (3) 654 (56) 826 (60) 604 (49) 21 (49) 51 (44) 181 (53) 
C(5) 4297 (8) 4866 (5) 8207 (3) 458 (40) 432 (40) 463 (40) 41 (34) -110 (35) -53 (35) 
C(6) 5112 (8) 4618 (5) 7708 (3) 370 (37) 389 (38) 530 (43) 150 (35) -8L (35) 51 (33) 
C(7) 3981 (9) 4068 (5) 7359 (3) 571 (47) 460 (43) 480 (41) -2 (37) 50 (38) 35 (40) 
C(8) 2585 (8) 4741 (5) 7266 (3) 463 (43) 585 (48) 479 (42) 41(36) -86 (38) -102 (39) 
C(9) 2834 (8) 5490 (6) 8117 (3) 359 (39) 693 (50) 549 (44) 26 (41) -61 (38) 23 (39) 
C(10) 4415 (7) 6731 (6) 6240 (3) 281 (37) 691 (53) 554 (44) 122 (40) -57 (33) -21 (37) 
C ( l l ) 2062 (8) 6096 (5) 6715 (2) 3 1 1 (37) 621 (̂ -7) /16I (40) -4 (38) -31 -63 (38) 
C(12) 2686 (8) 6699 (5) 6332 (3) 467 (43) 366 (39) 468 (39) -95 (33) -47 (37) -7 (36) 
C(13) 1639 (8) 7245 (5) 6054 (2) 422 (40) 401 (39) 412 (38) -36 (36) 21 (34) -64 (36) 
C(14) 1300 (9) 8331 (5) 5352 (3) 460 (44) 473 (44) 486 (42) 14 (39) 2 (40) -14 (38) 
C(15) 9665 (7) 8359 (5) 5456 (3) 259 (37) 370 (38) 513 (40) -25 (35) 19 (32) -61 (30) 
C(16) 9047 (7) 7852 (5) 5833 (3) 342 (38) 468 (42) 468 (41) 55 (37) -2 (35) -25 (36) 
C(17) 0042 (7) 7236 (5) 6142 (3) 365 (37) 433 (41) 426 (38) -128 (36) 71 (33) -82 (36) 
C(18) 9484 (8) 6657 (6) 6541 (3) 359 (40) 730 (54) 565 (46) -37 (44) 75 (38) -131 (41) 
C(19) 0498 (8) 6081 (5) 6823 (3) 375 (40) 582 (47) 518 (42) 110 (39) -27 (36) -27 (38) 
C(20) 7377 (9) 9141 (5) 5009 (3) 350 (A2) 544 (46) 627 (47) -110 (40) -36 (38) 18 (38) 



x/a y/b z/c ^27 U33 U23 U l 3 

C(21) 6939 (9) 9898 (5) 4629 (3) 619 (49) 390 (38) 403 (36) -9 (35) -42 (37) 87 (39) 
C(22) 5355 (7) 9972 (5) 4525 (3) 323 (39) 561 (45) 491 (A2) -84 (39) 21 (33) 114 (36) 
C(23) 4791 (8) 0642 (6) 4175 (3) 424 (A4) 676 (51) 508 (A5) -56 (A3) 50 (39) 147 (A3) 
C(24) 5856 (9) 1254 (6) 3936 (3) 504 (50) 657 (52) 498 (A6) 50 (AA) -47 (39) 165 (A3) 
C(25) 7446 (9) 1208 (6) 4046 (3) 5 64 (52) 619 (50) 524 (AA) 24 (Ai) 3 (39) -114 (A3) 
C(26) 7976 (8) 05i2 (5) 4 386 (3) 34 4 (37) 46() (AO) 591 (A3) 57 (39) -25 (36) 2 (37) 

N ( l ) 8966 (8) 3742 (5) 7856 (3) 435 (39) 671 (47) 1084 (56) 188 (A7) 94 (41) 157 (AO) 
N(2) 8926 (7) 9015 ( O 5113 (2) 404 (36) 473 (35) 585 (36) 80 (30) 5 (30) 23 (30) 

0(1) 5336 (6) 5397 (A) 8521 (2) 593 (33) 605 (33) 532 (30) 32 (28) -132 (27) -68 (29) 
0(2) 8056 (6) 5208 (4) 7594 (2) 469 (31) 639 (38) 1091 (A6) 295 (35) 131 (31) -77 (30) 
0(3) 64 30 (6) 3983 (3) 7806 (2) 459 (29) 436 (27) 712 (3A) 121 (26) 16 (27) 23 (25) 
0(4) 3496 (7) 3198 (A) 7605 (2) 884 (A2) 423 (30) 766 (38) 34 (28) -137 (34) -115 (30) 
0(5) 1899 (5) 5025 (A) 7728 (2) 339 (25) 644 (31) 533 (29) 92 (26) -5 (23) -6 (25) 
0(6) 3147 (5) 5531 (3) 6971 (2) 390 (26) 571 (29) 526 (27) 127 (25) -84 (23) -49 (25) 
0(7) 7562 (5) 7826 (A) 5973 (2) 307 (28) 882 (40) 658 (33) 147 (30) 56 (23) 111 (28) 
0(8) 2250 (5) 7795 (3) 5664 (2) 359 (25) 543 (27) 505 (25) 97 (25) 41 (23) -9 (25) 

0(9) 1952 (6) 8778 (A) 5015 (2) 414 (29) 769 (36) 770 (35) 282 (32) 73 (28) 34 (29) 
0(10) 6376 (7) 864 7 (2) 5225 (2) 425 (31) 877 (A l ) 968 (A2) 329 (36) -0 (31) -20 (33) 
0(11) 5305 (7) 1930 (5) 3594 (2) 606 (36) 1109 (50) 714 (39) 357 (37) -11 (31) 138 (37) 
0(12) 7455 (7) 6857 (A) 8163 (2) 784 (A2) 552 (36) 891 ( A l ) 12 (30) -35 (34) -48 (32) 



x/ a y/b z/c U S i t e occupation 
( f i x e d ) f a c t o r (x) 

C(27) 3004 (20) 05.76 (11) 4028 (7) 650 0. 6534 (80) 
C(28) 2195 (16) 1523 (10) 4140 (5) 700 11 

C(29) 1620 (17) 1857 (10) 4553 (5) 600 I I 

C(30) 0679 (18) 2763 (12) 4617 (6) 800 11 

C(31) 1741 (19) 1318 (11) 5054 (6) 800 

( f i x e d ) 

M 

(1 - x) 
C(27) ' 3111 (39) 0873 (18) 4089 (13) 650 0. 3466 (80) 
C(28)' 2222 (29) 0981 (18) 4585 (9) 700 I I 

C(29) ' 1452 (33) 1743 (20) 4778 (10) 600 I I 

C(30)' 1383 (35) 2803 (24) 4544 (11) 800 I I 

C(31)' 0673 (34) 1650 (19) 5271 (11) 800 

( f i x e d ) 

I I 

H l ( C l ) 6553 (12) 5359 (7) 9202 (3) 750 ) 
H2(C1) 
H3(C1) 

6881 
5349 

(12) 
(12) 

4518 
4317 

(7) 
(7) 

8705 
9138 

(3) 
(3) 

750 ) 
750 ) 

r e f i n e d w i t h C ( l ) 
as a r i g i d group 

H1(C3) 3756 (10) 6967 (5) 8272 (3) 600 ) 
H2(C3) 
H3(C3) 

2063 
3905 

(10) 
(10) 

6843 
6599 

(5) 
(5) 

7900 
7634 

(3) 
(3) 

600 ) 
600 ) 

r e f i n e d w i t h C(3) 
as a r i g i d group 

H1(C4) 2336 (10) 5809 (7) 8911 (3) 750 ) 
H2(C4) 
H3(C4) 

1698 
0666 

(10) 
(10) 

4680 
5768 

(7) 
(7) 

8659 
8524 

(3) 
(3) 

750 ) 
750 ) 

r e f i n e d w i t h C(4) 
as a r i g i d group 

H(C5) 3996 (8) 4167 (5) 8374 (3) 500 r i d i n g on C(5) 
H(C6) 5490 (8) 5301 (5) 7541 (3) 450 r i d i n g on C(6) 
H(C7) 4546 (9) 3899 (5) 7005 (3) 550 r i d i n g on C(7) 
H(C8) 1675 (8) 4351 (5) 7068 (3) 600 . r i d i n g on C(8) 

Hl(ClO) 4669 (7) 7041 (6) 5873 (3) 600 ) 
H2(C10) 
H3(C10) 

4869 
4951 

(7) 
(7) 

5992 
7174 

(6) 
(6) 

6260 
6531 

(3) 
(3) 

600 ) 
600 ) 

r e f i n e d w i t h C(10) 
as a r i g i d group 



x/a y/b z/c U 
( f i x e d ) 

H(C18) 8254 (8) 6501 (6) 6571 (3) 500 r i d i n g on C(18) 
H(C19) 9768 (8) 5705 (5) 7094 (3) 550 r i d i n g on C(19) 
H(C22) 4628 (7) 9469 (5) 4735 (3) 450 r i d i n g on C(22) 
H(C25) 8239 (9) 1711 (6) 3863 (3) 600 r i d i n g on C(25) 
H(C26) 9170 (8) 0498 (5) 4500 (3) 550 r i d i n g on C(26) 

H l ( N l ) 8700 (85) 3045 (22) 7920 (26) 700 ) N(1)-H1(N1), N ( l ) -
H2(N1) 0061 (35) 3944 (52) 7814 (26) 700 ) 

) 
H2(N1) constrained 
1.00 ± 0.02. 

H(N2) 9816 (7) 9378 (4) 4956 (2) 550 r i d i n g on N(2) 

S i t e occupation ; f a c t o r 0.653^ (80) 
H1(C27) 3353 • (20) 0339 (11) 354 7 (7) 650 r i d i n g on C(27) 
H2(C27) 2790 (20) 9912 (11) 4240 (7) 650 r i d i n g on C(27) 

H(C28) 1756 (16) 1849 (10) 3795 (5) 700 r i d i n g on C(28) 

H1(C30) 1167 (18) 3396 (12) 4805 (6) 800 ) 
H2(C30) 
H3(C30) 

9628 
0410 

(18) 
(18) 

2539 
294 7 

(12) 
(12) 

4810 
4229 

(6) 
(6) 

800 
800 

) 
) 

r e f i n e d w i t h C(30) 
as a r i g i d group 

H1(C31) 2423 (19) 0655 (11) 5017 (6) 800 ) 
H2(C31) 
H3(C31) 

0635 
2358 

(19) 
(19) 

1145 
1839 

(11) 
(11) 

5226 
5287 

(6) 
(6) 

800 
800 

) 
) 

r e f i n e d w i t h C(31) 
as a r i g i d group 

S i t e occupation f a c t o r 0.3466 (80) 
H1(C27)' 3580 (39) 0734 (18) 4462 (13) 650 r i d i n g on C(27)* 
H2(C27)' 4017 (39) 1159 (18) 384 7 (13) 650 r i d i n g on C(27)* 

H(C28)' 2278 (29) 0260 (18) 4741 (9) 700 r i d i n g on C(28)' 

H1(C30)» 2296 (35) 2504 (24) 4309 (11) 800 ) 
H2(C30)' 
H3(C30)' 

1891 
0730 

(35) 
(35) 

3150 
3339 

(24) 
(24) 

4873 
4330 

(11) 
(11) 

800 
800 

) 
) 

r e f i n e d w i t h C(30)* 
as a r i g i d group 



H1(C31)' 
H2(C31)' 
H3(C31)' 

H(04) 
H(07) 
H ( O l l ) 

Hl(012) 
H2(012) 

x/a 
9563(34) 
0968 (34) 
1556 (34) 

3099 (89) 
7005 (83) 
6161 (93) 

6699 (69) 
8167 (71) 

y/b z/c ( f i x e d ) 
1796 (19) 5447 (11) 800 
2248 (19) 5020 (11) 800 
1581 (19) 5560 (11) 800 

2726 (52) 7421 (28) 650 
8203 (52) 5774 (27) 650 
2255 (57) 3407 (28) 750 

6445 (47) 8339 (25) 750 
6540 (50) 7925 (23) 750 

r e f i n e d w i t h C(31)' 
as a r i g i d group 

Hl(012)-0(12) and H2(012)-0 (12) constrained to 1.00 ± 0.04 
Hl(012)-H2(012) constrained to 1.57 ± 0.10 

Co-ordinates are given as f r a c t i o n s of a c e l l edge x 10 . Thermal 
parameters are l i s t e d as U or U.. x 10 (S)^. Standard d e v i a t i o n s 
are given i n parentheses. 



^.5 Molecular Geometry 

The bond lengths and angles obtained from the SHELX refinement 

using 1913 r e f l e c t i o n s (|F| > 3o = 0.0637) are given i n 

Tables X V I I I and XIX and are shown in context in Figure 4.6. A l l 

carbon-hydrogen bond lengths were fixed at 1.08 8 and those for 

nitrogen-hydrogen at 1.00 S. Oxygen-hydrogen bond lengths are given 

in Table XX and discussed in section 4.6 which deals with the hydrogen 

bonding in the structure. 

Apart from the disordered isobutenyl side chains the main 

features of the novobiocin structure are as discussed in section 3.7 

and the ove r a l l views of the structure down the a axis (Figure 3.6) 

and perpendicular to the main plane (Figure 3.7) are b a s i c a l l y 

unaltered. 

In order to compare the detailed molecular geometry with other 

related compounds i t i s convenient to examine the three main moieties 

in turn. 

A.5. i The Substituted Benzoic Acid, ring (A) 

The bond lengths and angles for this part of the molecule are 

shown in d e t a i l in Figure 4.7. The bond lengths i n the phenyl ring are 

very s i m i l a r with a mean value of 1.388(6) 8. Details of the le a s t 

squares plane through the s i x atoms are given i n Table XXI. 
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TABLE XVIII 
Bond distances and their standard deviations {R) after SHELX 

refinement 
ATOMS DISTANCE ATOMS DISTANCE 

Noviose moiety, ring (C) 
C(5) - C(6) 1. 528 (9) C(5) - 0(1) 1 .417 (8) 
C(6) - C(7) 1. 534 (10) 0(1) - C ( l ) 1 .428 (10) 
C(7) - C(8) 1. 529 (10) 
C(8) - 0(5) 1. 412 (8) C(6) - 0(3) 1 .449 (8) 

0(5) - C(9) 1. 455 (8) 0(3) - C(2) 1 .345 (9) 

C(9) - C(5) 1. 536 (10) C(2) - N(l) 1 .339 (11) 
C(2) - 0(2) 1 .198 (10) 

C(8) - 0(6) 1. 413 (8) 
C(9) - C(3) 1 .526 (10) 

C(7) - 0(4) 1. 413 (9) C(9) - C(4) 1 .524 (11) 

Amino hydroxy coumarin. ring (B) 
C(19) - C(18) 1. 389 (10) C(17) - C(16) 1 .449 (9) 
C(18) - C(17) 1. 401 (10) C(16) - C(15) 1 .322 (9) 
C(17) - C(13) I . 392 (9) C(15) - C(14) 1 .432 (9) 
C(13) - C(12) 1. 380 (9) C(14) - 0(8) 1 .371 (8) 
C(12) - C ( l l ) 1. 408 (10) 0(8) - C(13) 1 .376 (8) 
C ( l l ) - C(19) 1. 375 (9) 

C(16) - 0(7) 1 .329 (8) 
C(12) - C(10) 1. 506 (9) C(15) - N(2) 1 .421 (8) 
C ( l l ) - 0(6) 1. 385 (8) C(14) - 0(9) 1 .215 (9) 

Substituted benzoic acid, ring (A) 
C(21) - C(22) 1. 393 (10) C(21) - C(20) 1 .486 (10) 
C(22) - C(23) 1. 386 (10) C(20) - 0(10) 1 .231 (9) 
C(23) - C(2A) 1. 389 (11) C(20) - N(2) 1 .371 (9) 
C(24) - C(25) 1. 399 ( U ) 
C(25) - C(26) 1. 382 (10) C(24) - 0(11) 1 .374 (10) 

C(26) - C(21) 1. 380 (10) 



ATOMS DISTANCE 
C(23) - C(27) 1.587 (18) 
C(27) - C(28) 1.494 (20) 
C(28) - C(29) 1.280 (19) 
C(29) - C(30) 1.484 (22) 
C(29) - C(31) 1.516 (20) 

A l l C-H bonds 1.08 8 
N-H bonds 1.00 S 

ATOMS DISTANCE 
C(23) - C(27)' 
C(27)'-C(28)' 
C(28)'-0(29)' 
C(29)*-C(30)* 
C(29)*-C(31)» 

1.495 (34) 
1.523 (42) 
1.333 (37) 
1.570 (42) 
1.469 (39) 



TABLE XIX 

Bond angles and their standard deviations (°) aft e r 
SHELX refinement 

ATOMS ANGLE 
Noviose Moiety, ring (C) 
C(9)-C(5)-C(6) 
C ( 9 ) - C ( 5 ) - 0 ( l ) 
C ( 6 ) - C ( 5 ) - 0 ( l ) 

C(5)-C(6)-C(7) 
C(5)-C(6)-0(3) 
C(7)-C(6)-0(3) 

C(6)-C(7)-C(8) 
C(6)-C(7)-0(4) 
C(8)-C(7)-0(4) 

C(7)-C(8)-0(5) 
C(7)-C(8)-0(6) 
0(5)-C(8)-0(6) 

C(8)-0(5)-C(9) 

111.4 
108.8 
109.2 

109.6 
109.7 
108.1 

107.5 
108.6 
110.2 

110.9 
106.1 
114.4 

(0.5) 
(0.6) 
(0.5) 

(0.5) 
(0.5) 
(0.5) 

(0.5) 
(0.6) 
(0.6) 

(0.6) 
(0.5) 
(0.5) 

ATOMS 

0(5)-C(9)-C(5) 
0(5)-C(9)-C(4) 
0(5)-C(9)-C(3) 
C(5)-C(9)-C(3) 
C(4)-C(9)-C(3) 
C(4)-C(9)-C(5) 

0 ( 5 ) - 0 ( l ) - C ( l ) 

C(6)-0(3)-C(2) 

0(3)-C(2)-N(l) 
0(3)-C(2)-0(2) 
N(l)-C(2)-0(2) 

C ( 8 ) - 0 ( 6 ) - C ( l l ) 

ANGLE 

108.9 
103.8 
110.7 
112.9 
110.7 
109.5 

110.7 
124.1 
125.2 

(0.6) 
(0.6) 
(0.6) 
(0.6) 
(0.7) 
(0.6) 

116.3 (0.6) 

116.1 (0.6) 

(0.7) 
(0.7) 
(0.8) 

117.5 (0.5) 
119.5 (0.5) 

Isobutenyl side chains 
C(22)-C(23)-C(27) 117.6 (0.8) 
C(24)-C(23)-C(27) 124.1 (0.9) 

C(23)-C(27)-C(28) 110.7 (1.1) 

C(27-C(28)-C(29) 130.9 (1.4) 

C(28)-C(29)-C(30) 127.1 (1.3) 
C(28)-C(29)-C(31) 122.9 (1.3) 
C(30)-C(29)-C(31) 109.9 (1.2) 

C(22)-C(23)-C(27)' 
C(24)-C(23)-C(27)' 

125.2 (1.3) 
116.2 (1.3) 

C(23)-C(27)'-C(28)' 112.0 (2.3) 

C(27)'-C(28)*-C(29)' 130.8 (2.4) 

C(28)-C(29)'-C(30)» 125.8 (2.4) 
C(28)'-C(29)'-C(31)' 119.8 (2.4) 
C(30)'-C(29)'-C(31)* 114.2 (2.3) 



ATOMS ANGLE 
Aminohydroxycoumarin, ring (B) 
C(ll)-C(19)-C(18) 119.6 (0.7) 

C(19)-C(18)-C(17) 120.4 (0.6) 

C(18)-C(17)-C(13) 117.9 (0.6) 
C(18)-C(17)-C(16) 123.2 (0.6) 
C(16)-C(17)-C(13) 118.8 (o.6) 

C(17)-C(13)-C(12) 123.3 (0.6) 
C(17)-C(13)-0(8) 120.4 (0.6) 
0(8)-C(13)-C(12) 116.3 (0.6) 

C(13)-C(12)-C(ll) 116.7 (0.6) 
C(13)-C(12)-C(10) 122.8 (0.6) 
C(10)-C(12)-C(ll) 120.5 (0.6) 

ATOMS 

C(17)-C(16)-C(15) 
C(17)-C(16)-0(7) 
0(7)-C(16)-C(15) 

C(16)-C(15)-C(14) 
C(16)-C(15)-N(2) 
N(2)-C(15)-C(14) 

C(15)-C(14)-0(8) 
C(15)-C(14)-0(9) 
0(9)-C(14)-0(8) 

C(14)-0(8)-C(13) 

ANGLE 

119.3 
113.2 
127.5 

121.6 
128.9 
109.5 

118.9 
125.4 
115.7 

(0.6) 
(0.6) 
(0.6) 

(0.6) 
(0.6) 
(0.6) 

(0.6) 
(0.7) 
(0.6) 

120.8 (0.5) 

C(12)-C(ll)-C(19) 122.0 (0.6) 
C( 1 2 ) - C ( l l ) - 0 ( 6 ) 114.7 (0.6) 
0( 6 ) - C ( l l ) - C ( 1 9 ) 123.3 (0.6) 

Substituted Benzoic Acid, ring (A) 
C(24)-C(25)-C(26) 119.2 (0.7) 

C(25)-C(26)-C(21) 120.3 (0.7) 

C(15)-N(2)-C(20) 129.8 (0.6) 

N(2)-C(20)-0(10) 121.1 (0.7) . 
N(2)-C(20)-C(21) 117.9 (0.6) 
C(21)-C(20)-0(10) 120.9 (0.7) 

C(26)-C(21)-C(22) 119.7 (0.6) 
C(26)-C(21)-C(20) 124.8 (0.7) 
C(20)-C(21)-C(22) 115.6 (0.6) 

C(21)-C(22)-C(23) 

C(22)-C(23)-C(24) 

121.4 (0.6) 

117.9 (0.7) 

C(23)-C(24)-C(25) 121.5 (0.7) 
C(23 ) - C ( 2 4 ) - 0 ( l l ) 118.2 (0.7) 
0(11)-C(24)-C(25) 120.3 (0.7) 



TABLE XX 

Oxygen-Hydrogen Bond Lengths and Angles 
Bond lengths (k) 

Atoms Distance 
0(4)-H(04) 0.877 (73) 
0(7)-H(07) 0.876 (71) 
0(11)-H(011) 0.991 (78) 

Hl(012)-0(12) 0.977 (62) 
H2(012)-0(12) 0.978 (62) 

( r e s t r i c t e d to 1.00 ± .04) 

Bond Angles (°) 

Atoms Distance 
C(7)-0(4)-H(04) 118.3 (4.8) 
C(16)-0(7)-H(07) 110.0 (4.7) 
C(24)-0(11)-H(0n) 1U.7 (4.5) 

Hl(012)-0(12)-H2(012) 117.9 (5.4) 
( r e s t r i c t e d by Kl(012)-K2(012) 
constraint of 1.57 ± 0.10) 

Refined value Hl(012) ... H2(012) 1.675 
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Figure 4.7 Interatomic distances and interbond angles in the 
benzoic acid moiety of novobiocin showing the a l t e r n a t i v e 
configurations of the isobutenyl group 



Table XXI 

Least Squares Plane for Phenyl Ring (A) 

Direction cosines of the plane -0.10876 0.67014 0.73422 
Origin to plane distance 17. 3599 k 

atom deviation 8 atom deviation 

Atoms defining the plane . C(21) -0.003 C(24) -0.009 
C(22) 0.010 C(25) 0.016 
C(23) -0.004 C(26) 0.010 

Atom to plane distances C(20) 0.001 C(27) -0.182 
0(10) 0.062 C(27)' 0.197 
N(2) -0.056 0(11) -0.002 

None of the atoms i s s i g n i f i c a n t l y displaced from the plane and the 

phenolic oxygen, 0(11), i s c l e a r l y coplanar with the benzene ring. 

The atoms of the peptide bond, C(20), N(2) and 0(10), are also nearly 

coplanar with th i s ring. The atomic positions for C(27) and C(27)* 

are displaced by 0.2 ft on either side of the benzene plane. 

The bond lengths and angles for the disordered isobutenyl group, 

shown in Figure 4.7, may be compared with the i d e a l i s e d s t a r t i n g values. 

Figure 4.5 , and the r e s u l t s following the X-Ray 70 refinement of t h i s 

data. Figure 4.1. Although the bond lengths and angles obtained from 

the SHELX refinement (Figure 4.7) do deviate from ideal values, th i s 

model appears to be v a l i d and provide a reasonable picture of the two 

a l t e r n a t i v e configurations. The f i n a l s i t e occupancy factors of 

0.65 and 0.35 indicate a ratio'of approximately 2 : 1 in favour of 

the majority component. Details of the l e a s t squares planes for the 

two configurations are given in Table XXII. 
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Table XXII 

Least Squares Planes for the two Isobutenyl Groups 

Major Component 

Direction cosines of the plane 0.85731 0.48328 0.17735 

Origin to plane distance 

Atoms defining the plane 

Atom CO plane distance 

atom 

C(27) 
C(28) 
C(29) 

C(23) 

11.0971 R 

deviation ft atom deviation ft 

•0.038 
0.042 
0.031 

1.391 

C(30) -0.036 
C(31) 0.000 

Minor Component 

Direction cosines of the plane 0.83887 0.26070 0.47784 

Origin to plane distance 

Atoms defining the plane 

atom 

11.2662 ft 

deviation ft atom deviation ft 

Atom to plane distance 

major-minor interplanar angle = 21,58 

C(27)' -0.005 
C(28)• 0.017 
C(29)* -0.024 

1.232 

C(30)' 0.008 
C(31)' 0.004 

C(23) 
o 

Both isobutenyl groups are planar with no s i g n i f i c a n t deviations from 

the planes. The interplanar angle between the two configurations i s 

21.6°. 

4.5. i i The Aminohydroxycoumarin, ring (B) 

The bond lengths and angles of this moiety are shown i n d e t a i l i n 

Figure 4.8. They compare well with the values obtained by Gaultier and 

Hauw, for 4 - hydroxy - coumarin monohydrate shown for comparison 

in the same figure. The atoms 0(7) - C(16) - C(15) - C(14) - 0(9) form 

a conjugated system over which the electrons are delocalised. 
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Figure 4.8 Comparison of interatomic distances and interbond angles for 
novobiocin (a) and 4-hydroxy-coumarin monohydrate (b) 



TABLE XXIII 

Comparison of Coumarin Bond Lengths for Several Structures 

Compound 

Dibromo couma-
r o l 115 

Dicoumarol 

4-Hydroxy 
coumarin Ilk 

3-Bromo-4-hydr-
oxycoumarin 
3- (l-Naphthylj 
4- hydroxycou-
marin 118 

119 
Phenprocoumon 
Racemic war-
f a r i n ^20 

( - ) - ( S ) - War
f a r i n 121 

Couraarin ^22 

Coumarin ^23 

Novobiocin (14%) 
photograp

hic data 
Novobiocin 
(6.4%) 
diffTactometer 
data 

C(13) 
0(8) 

1.36 
1.40 
1.41 

1.37 

1.43 

1.38 
1.38 

1.38 

1.38 
1.38 
1.38 

0 ( 8 ) -
C(14) 

1.36 
1.30 
1.33 

1.37 

1.31 

1.36 
1.37 

1.38 

1.38 
1.37 
1.37 

C(14) 
0(9) 

1.22 
1.22 
1.21 

1.20 

1.26 

1.23 
1.23 

1.21 

1.22 
1.20 
1.22 

C(14)- C(15) 
C(15) C(16) 

1.42 
1.51 
1.46 

1.44 

1.43 

1.43 
1.42 

1.42 

1.44 
1.45 
1.44 

1.38 
1.30 
1.31 

1.35 

1.41 

1.37 
1.37 

1.36 

1.35 
1.34 
1.34 

C(16) 
0(7) 

1.34 
1.32 
1.33 

1.35 

1.34 

1.33 
1.34 

1.35 

1.35 

1.371(12)1.354(13)1.264(14)1.377(15)1.385(15)1.329(13) 

1.376(8) 1.371(8) 1.215(9) 1.432(9) 1.322(9) 1.329(8) 



The length of the bonds C(16) - 0(7) at 1.329(8) R and C(15) - C(14) 

at 1.432(9) ft are therefore shortened from normal single bond values. 

The lengths C(13) - 0(8) and C(14) - 0(8) are nearly equal at 

1.374 R and r e f l e c t the general d e l o c a l i s a t i o n i n the heterocyclic 

portion of the coumarin system. The C(17) - C(16) bond length of 

1.449(9) A i s also shortened by th i s e f f e c t . Bond lengths and angles 

for a number of coumarin containing structures are compared with those 

from novobiocin i n Table X X I I I . 

Details of the l e a s t squares plane for the coumarin system are 

given in Table XXIV. 

Table XXIV 

Least Squares Plane for Coumarin System, r i n g (B) 

Direction cosines of the plane 0.13399 0,76825 0.62597 

Origin to plane distance 18.8866 R 

atom deviatio n R atom deviation R 

Atoms defining the plane C ( l l ) -0.023 C(17) -0.011 

C(12) 0.047 C(18) -0.020 

C(13) 0.037 C(19) -0.040 

C(14) -0.026 0(7) 0.041 

C(15) -0.013 0(8) 0.039 

C(16) 0.008 0(9) -0.039 

Atom to plane distances 0(6) -0.067 C(20) -0.197 

C(10) 0.127 0(10) -0.472 

N(2) 0.023 

None of the atoms contributing to the plane deviates s i g n i f i c a n t l y 

from i t . The methyl carbon . C(10). i s about 0. 13 R out of plane. 

The glycoside l i n k to 0(6) i s also out of plane by 0,07 R. The 
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interplanar angle between the coumarin l e a s t squares plane and the 

plane of the glycoside link (Table XXV), defined by 

C(8) - 0(6) - C ( l l ) , i s 17.9°. 

Table XXV 

Plane of Glycoside Link 

Direction cosines of the plane -0.07245 0.60657 0.79172 

Origin to plane distance 18.3198 ft 

atom deviation ft atom deviation ft 

Atoms defining the plane C ( l l ) - C(8) 
0(6) 

Atom to plane distances C(7) -0.448 C(19) 0.311 
0(5) 1.243 C(12) -0.341 

The nitrogen N(2) of the peptide bond l i e s i n the coumarin plane but 

the other atoms in thi s l i n k , C(20) and 0(10), are out of plane by 

0.20 ft and 0.47 ft respectively. D e t a i l s of the l e a s t squares plane for 

the peptide bond are given in Table XXVI. 

Table XXVI 

Least Squares plane for the Peptide Bond 

Direction cosines of the plane -0.06085 0.68647 0.72461 

Origin to plane distance 17.7436 ft 

atom deviation ft atom deviation ^ 

Atoms defining the plane C(21) 0.002 N(2) -0.001 
C(20) -0.003 C(15) 0.002 
0(10) 0.001 

Atom to plane distances C(14) -0.309 C(26) 0.057 
C(16) 0.280 0(7) 0.602 
C(22) -0.047 0(9) -0.569 
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None.of the atoms defining the peptide plane deviates by more than 

0.003 K from the plane which makes interplanar angles of 13.4° 

to the coumarin plane and 3.0*̂  to the plane of the phenyl group. The 

torsion angle along the C(15) - N(2) bond, C(16) - C(15) - N(2) - C(20), 

i s -15.6°. 

4.5. i i i The Noviose Moiety, ring (C) 

The bond lengths and angles i n this moiety are shown in d e t a i l i n 

Figure 4.9. They may be compared with the values obtained for 

B - lyxose by Hordvik which are shown i n the same figure for 

comparison. B - lyxose appears to be the sugar most closely related to 

noviose for which c r y s t a l data i s avai l a b l e . Both noviose and 

6 - lyxose exhibit the IC conformation d i f f e r i n g only in the orientation 

of the oxygen attached to the anomeric carbon. The bond lengths are 

comparable except for the C(8) - 0(6) bond of 1.413(8) ft i n noviose which 

i s much longer than the corresponding bond in B - lyxose of 1.364(6) A. 

This may be due to the different orientation for the glycosidic oxygen, 

0(6), in novobiocin affecting the hybridisation at C(8). In addition 

the p o r b i t a l s of C(6) are constrained to interact with the coumarin 

system to form a ir-bond, giving a short 0(6) - C ( l l ) bond of 

1.385(8) ft. The bond angles found for the two sugars are similar 

except for the pyranose angle. C(9) - 0(5) - C(8), of 119.5(0.5)° 

found in novobiocin which i s several degrees larger than the value of 

113° found in other pyranose sugars 1 2 4 , 1 2 5 , 1 2 6 , 1 2 7 ^ ^ value of 120° 

was reported for a - rhamnose monohydrate but the accuracy of the 

data i s not high . 

The noviose ring e x i s t s in the chair form which i s to be 

expected for a six membered sugar ring by analogy with cyclobexane. 
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a) Novobiocin 

I W 3 

b)' B-lyxose 

Figure 4.9 Comparison of interatomic distances and interbond angles 
for the sugar rings in novobiocin (a) and B-lyxose (b) 



The t o r s i o n angles around the noviose r i n g are given i n Table XXVII 

Table XXVII 

Torsion Angles around the Noviose Ring 

C(8) - 0(5) - C(9) - C(5) - 50. 4° 
0(5) - C(9) - C(5) - C(6) + 49. 9° 
C(9) - C(5) - C(6) - C(7) - 58. 2° 
C(5) - C(6) - C(7) - C(8) + 59. 7° 
C(6) - C(7) - C(8) - 0(5) - 56. 6° 
C(7) - C(8) - 0(5) - C(9) + 55. 0° 

The most unusual s u b s t i t u e n t of the noviose sugar i s the r a r e l y 

o c c u r r i n g carbamate group attached to C(6). The bond lengths and angles 

i n t h i s side chain are shown i n context i n Figure 4.10. The bond 

lengths and angles found f o r e t h y l carbamate (urethane) by Bracher and 

Small are also shown i n t h i s f i g u r e f o r comparison. The 

carbamate group has very s i m i l a r geometry i n the two compounds. D e t a i l s 

of the l e a s t squares plane through the atoms of the carbamate group i n 

novobiocin are given i n Table XXVIII. 

Table XXVIII 

Least Squares plane f o r the Carbamate Group 

D i r e c t i o n cosines of the plane 0.00404 0.32312 0.94635 

O r i g i n to plane distance 21.3291 S 

atom d e v i a t i o n R atom d e v i a t i o n R 

Atoms d e f i n i n g the plane N ( l ) 0.011 0(3) -0.017 
0(2) -0.003 C(6) 0.013 
C(2) -0.004 

Atom to plane distances C(5) 1.364 C(7) -1.105 
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b) E t h y l carbamate 

Figure 4.10 Comparison of i n t e r a t o m i c distances and interbond angles 
f o r the carbamate group i n novobiocin (a) and e t h y l carbamate (b) 



The plane of t h i s group i s w e l l defined which allows d e l o c a l i s a t i o n 

of e l e c t r o n s i n t o the C(2) - 0(3) bond by b r i n g i n g the p o r b i t a l s of 

0(3) i n t o a favourable p o s i t i o n f o r a ir-bond to form. The 

i n t e r p l a n a r angle between the plane of the carbamate group and the 

coumarin plane i s 32.7*^, 

4.6 Hydrogen Bonding 

4.6. i I n t r a m o l e c u l a r 

The hydrogen atom attached to 0(7) i s i n a good p o s i t i o n to form 

an i n t r a m o l e c u l a r hydrogen bond w i t h 0(10). The bond i s i l l u s t r a t e d 

i n Figure 4.11 and gives an angle of 15.9(4.7)° between the 

0(7) - H(07) bond and the d i r e c t i o n of the hydrogen bond defined by 

0(7) - 0( 1 0 ) . 

07 O10 N2 09 

Figure 4.11 I n t r a m o l e c u l a r hydrogen bonds 

The distance of 2.488(8) R between 0(7) and 0(10) i s comparable to 

the i n t r a m o l e c u l a r hydrogen bond i n maleic a c i d which has an 

oxygen-oxygen distance of 2.46(5) ft The di s t a n c e of 2.633(7) 8 

between N(2) and 0(9) i s comparable to t h a t of 2.57(5) S f o r the 

in t r a m o l e c u l a r N - H .... 0 bond i n n i t r o g u a n i d i n e The angle 

between the N(2) - H(N2) bond and the N(2) - 0 ( 9 ) d i r e c t i o n i s 

42.7(3.2)°, which i s greater than expected f o r a hydrogen bond 

(Figure 4.11). 
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4.6. i i I n t e r m o l e c u l a r 

As mentioned i n s e c t i o n 3.7 the main i n t e r m o l e c u l a r hydrogen 

bonding i n the s t r u c t u r e i s associated w i t h the water molecule. The 

atomic p o s i t i o n s found f o r the four hydrogens involved c o n f i r m the 

donor-acceptor p a t t e r n given i n Table X I . The o v e r a l l geometry i s 

t h a t of a d i s t o r t e d tetrahedron as shown i n Figure 4.12. The water 

molecule donates i t s two hydrogen atoms to the oxygens 0(1) and 0(2) 

on one novobiocin molecule. 0(2) i s the carbonyl oxygen of the 

carbamate group w h i l e 0(1) i s the ether oxygen of the - OMe side chain 

attached to the carbon C(5) of the noviose r i n g . Hydrogen bonds to 

ether oxygens are not common but the distances involved are strong 

evidence i n favour of such a bond. One of the angles between the 

oxygen-hydrogen bonds and the d i r e c t i o n s of the two hydrogen bonds i s 

somewhat large ^^^^ see Figure 4.13. However the angle 0(1) - 0(12) -

0(2) of 74.4(0.2)° w i l l prevent the hydrogen bonds t o 0(1) and 0(2) 

from being l i n e a r . 

The other two hydrogens involved i n the hydrogen bonding of the 

water molecule are donated from the a l i p h a t i c hydroxyl group 0 ( 4 ) , on 

C(7) of the noviose r i n g and from the phenolic h y d r o x y l , 0 ( 1 1 ) , on C(24) 

of the benzoic a c i d moiety. These two bonds hold the opposite ends of 

two novobiocin molecules together and j o i n these to a t h i r d molecule 

v i a the hydrogen bonding. The hydrogen bonds from 0 ( 4 ) and 0(11) are 

very l i n e a r as shown i n Figure 4.13. 
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Figure A.12 O v e r a l l geometry of the hydrogen bonding i n v o l v i n g the 
water molecule p r o j e c t e d down the a a x i s , r e l a t i v e h e i g h t s i n 
parentheses (ft) 
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Figure 4.13 I n t e r m o l e c u l a r hydrogen bonds i n v o l v i n g the water molecule 

The distances between the oxygen atoms involved i n these bonds are 

c o n s i s t e n t w i t h values expected f o r i n t e r m o l e c u l a r oxygen-water hydrogen 

bonds ^32^ 

The other i n t e r m o l e c u l a r hydrogen bond between N ( l ) and 0(5) on 

adjacent molecules i n the x d i r e c t i o n i s confirmed. The geometry of 

the bond i s shown i n Figure 4.14. 

Nl 

Figure 4.14 The i n t e r m o l e c u l a r hydrogen bond N ( l ) - H ... 0(5) 
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The angle of 18.4(3.3)" between N ( l ) - H2(N1) and the d i r e c t i o n of the 

hydrogen bond i s acceptable. The N ( l ) - 0(5) distance of 3.077(8) ^ 

compares w e l l w i t h the value of 2.93(10) ft f o r N - H ... 0 i n 

amides The acceptor atom, 0 ( 5 ) , i s a saturated r i n g oxygen 

which i s again somewhat unusual. 

A summary of donor-acceptor distances i s given i n Table XXIX. 

Table XXIX 

Distances and t h e i r standard d e v i a t i o n s (R) 
between donor and acceptor atoms involved 
i n hydrogen bonding (SHELX refinement) 

Donor Acceptor Type of H-bond Distance 

0(4) 0(12) ROH . . . H2O 2.849(8) 
0(11) 0(12) ArOH .. • H2O 2.779(9) 
0(12) 0(1) H2O . . . -0- 2.858(8) 
0(12) 0(2) H2O . . . RC=0 2.751(8) 
0(7) 0(10) ArOH .. .. RC=0 2.488(8) 
N(2) 0(9) NH . ArC=0 2.633(7) 
N ( l ) 0(5) NH2 . . . 3.077(8) 

4.7 Molecular Packing i n the C r y s t a l 

Novobiocin molecules r e l a t e d by the 2i axes i n the x d i r e c t i o n 

l i e back to back a t the Van der Waals distance w i t h the r i n g systems 

ove r l a p p i n g to a considerable e x t e n t . The i n t e r p l a n a r angle between 

the coumarin r i n g of one molecule and the phenyl r i n g of the r e l a t e d 

one i s q u i t e s m a l l , 8.2°. The other p a i r of molecules s i m i l a r l y 

r e l a t e d are approximately a t r i g h t angles to the f i r s t p a i r . The l e a s t 

squares planes of the noviose r i n g s from one p a i r are very approximately 

p a r a l l e l to the extended planar areas of the other p a i r . 

The remaining space i n the s t r u c t u r e i s f i l l e d by the i s o b u t e n y l 
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side chains, which p o i n t towards each other on e i t h e r side of the 2 j 

axes p a r a l l e l to the x d i r e c t i o n , and the water molecules w i t h t h e i r 

associated hydrogen bonding (see Figure 3.6). 

The molecular packing i s t h e r e f o r e compact except f o r the 

hydrophobic i s o b u t e n y l groups which take one of two a l t e r n a t i v e 

c o n f i g u r a t i o n s . 

4.8 Stereochemistry of the Noviose Ring 

The determined c r y s t a l s t r u c t u r e shows q u i t e c l e a r l y t h a t the 

noviose moiety of novobiocin e x i s t s i n the alC c o n f i g u r a t i o n (see 

Figure 4.9). However the absolute c o n f i g u r a t i o n has not been 

i n v e s t i g a t e d i n t h i s study and i t has t h e r e f o r e been assumed th a t the 

assignment of the - L - c o n f i g u r a t i o n to novobiocin by Walton et a l 

i s c o r r e c t . The observed "conformation confirms the p r e d i c t i o n s of 

Golding and Rickards from t h e i r nmr s t u d i e s on novobiocin and 

r e l a t e d compounds (see Section 1.2). 

I n 1975 Achmatowicz et a l ^ p u b l i s h e d the r e s u l t s of a s t e r e o 

s e l e c t i v e synthesis of methyl-g-DL-novioside (15) from a s u b s t i t u t e d 

f u r f u r y l a l c o h o l . 

15 

80 



They compared methyl-B-DL-novioside w i t h n a t u r a l methyl noviosides 

by nmr, t h i n layer and g a s - l i q u i d chromatography and discovered 

t h a t the s y n t h e t i c methyl-6-DL-novioside had the same r e l a t i v e 

c o n f i g u r a t i o n as natural-L-methyl novioside which had p r e v i o u s l y been 

assigned a - c o n f i g u r a t i o n This led Achmatowicz to conclude t h a t 

the g lycoside l i n k of novobiocin should have B-L- c o n f i g u r a t i o n . 

Golding has r e c e n t l y commented t h a t h i s own i n t e r p r e t a t i o n s 

of the nmr's of methyl noviosides are supported by the mass 

spectra obtained from the two anomers. (Figures 4.15 and 4.16.) The 

a-anomer gives a small molecular i o n and a large M - 31 (- OMe) 

fragment whereas* the B-anomer gives a r e l a t i v e l y l a rge molecular i o n 

and a small M - 31 fragment. The assignment o f c o n f i g u r a t i o n i s i n 

agreement w i t h the g e n e r a l i s a t i o n t h a t the more s t e r i c a l l y hindered o f 

a p a i r of epimers gives the less intense molecular ion and the more 

intense fragment, from a process which r e l i e v e s s t e r i c congestion. 

However, Golding also concludes t h a t the arguments made by 

Achnatowicz are d i f f i c u l t to f a u l t and t h a t the l a t t e r * s nmr a n a l y s i s 

of two c r u c i a l intermediates i n v o l v e d i n the synthesis (16) and (17) 

•1 
MeO \ _ — M e O / OMe 

16 17 
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can only be i n c o r r e c t i f the conformations of these two molecules are 

other than p e r f e c t h a l f - c h a i r s as he assumes. 

The best way to resolve t h i s dilemma would seem to be a study by 

X-ray c r y s t a l l o g r a p h y of methyl a or g-novioside or a s u i t a b l e 

d e r i v a t i v e . 

4.9 Conformation of the Aromatic Ring Systems 

I t was mentioned i n Section 1.4 t h a t Brand and Toribara had 

concluded t h a t the conformation of novobiocin i n s o l u t i o n changes 

w i t h pH Molecular models of novobiocin made w i t h Corey-Pauling-

Koltun space f i l l i n g models suggest t h a t o n l y w i t h extreme s t e r i c 

crowding can the two aromatic systems l i e on the same plane. I t was 

also p o s t u l a t e d t h a t the amide bond would be nonplanar I n a 

n e u t r a l aqueous s o l u t i o n the observed UV and c i r c u l a r d i c h r o i c spectra 

suggested t h a t the two aromatic systems would be perpendicular to each 

o t h e r . On changing to an aci d pH the observed s p e c t r a l changes were 

i n t e r p r e t e d as a conformational change b r i n g i n g the r i n g systems i n t o 

p a r t i a l c o n j u g a t i o n w i t h each other. 

The determined c r y s t a l s t r u c t u r e i l l u s t r a t e s t h a t i n the s o l i d 

c r y s t a l the two r i n g systems are p a r t i a l l y conjugated to each other 

w i t h an i n t e r p l a n a r angle of 16.3°. Tlie amide bond i s planar and 

almost coplanar w i t h the benzene r i n g . The bond angles i n t h i s p a r t of 

the molecule (Figure 4.17) show t h a t the p r e d i c t e d s t e r i c crowding i s 

r e l i e v e d by a d i s t o r t i o n of the bond angles i n t h i s region e.g.: 
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Figure 4.17 The d i s t o r t e d angles.of the peptide bond shown p r o j e c t e d 
i n the d i r e c t i o n of the arrow i n f i g u r e 3.6 



0(7) - C(16) - C(15) 127.5 (0.6) 
C(16) - C(15) - N(2) 128.9 (0.6) 
C(15) - N(2) - C(20) 129.8 (0.6) 

which should be close to 120°. The molecule i s held i n t h i s p o s i t i o n 

by the hydrogen bond 0 ( 7 ) - H .... 0 ( 1 0 ) , and the pos s i b l e hydrogen 

bond between N(2) and 0 ( 9 ) . 

The c r y s t a l s used i n the d i f f T a c t o m e t e r study were grown from a 

n e u t r a l medium. I f the conformation of novobiocin i n s o l u t i o n a t 

n e u t r a l pH has the aromatic systems perpendicular to each other, then 

a r o t a t i o n i n t o the same plane must occur on c r y s t a l l i s a t i o n to 

f a c i l i t a t e packing of the molecules i n the c r y s t a l . 

4.10 Conclusions 

I t was mentioned i n s e c t i o n 1.7 t h a t the a n t i - b a c t e r i a l 

a c t i v i t y of novobiocin i s very dependent on the presence and p o s i t i o n 

of the carbamyl group i n r i n g (C). Brock suggested t h a t the 

carbamyl group might i n t e r a c t w i t h an e n o l i c or other e l e c t r o n 

donating p a r t of the molecule but the large d istance of ^ 4.5 8 

between N ( l ) and the e n o l i c oxygen 0(7) e l i m i n a t e s an . i n t r a m o l e c u l a r 

i n t e r a c t i o n of t h i s kind (see s e c t i o n 3.7). The carbamyl group, 

however, i s h e a v i l y i n v o l v e d i n the i n t e r m o l e c u l a r hydrogen bonding 

which s t a b i l i s e s the c r y s t a l s t r u c t u r e . 0 ( 2 ) i s hydrogen bonded 

to the water molecule and N ( l ) i s l i n k e d to the 0(5) of the sugar r i n g 

of the novobiocin molecule i n the next u n i t c e l l i n the x d i r e c t i o n , 

(see Figure 3.7) I t i s p o s s i b l e t h e r e f o r e t h a t t h i s i s the reason 

f o r the importance of t h i s group i n c o n f e r r i n g a n t i b a c t e r i a l a c t i v i t y 

to the a n t i b i o t i c . 
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The stereochemistry of the noviose moiety i n novobiocin has 

been the subject of a t l e a s t three d e t a i l e d i n v e s t i g a t i o n s by n.m.r. 

34,35,134 (see sections 1.2 and 4.7). Three d i f f e r e n t conformations 

f o r t h i s moiety were p r e d i c t e d from these n.m.r. s t u d i e s . The 

determined c r y s t a l s t r u c t u r e i l l u s t r a t e s t h a t the noviose sugar 

r i n g has the a-lC conformation which has resolved the dilemma and 

shown th a t the p r e d i c t i o n s of Golding and Rickards were c o r r e c t . 

The amide bond i s d e f i n i t e l y planarand keeps the coumarin system 

and the benzoic acid moiety i n p a r t i a l c o n j u g a t i o n w i t h each other 

d e s p i t e the severe s t e r i c crowding and d i s t o r t e d bond angles t h a t 

r e s u l t from t h i s arrangement (see sections 1.4 and 4.9). 

I t i s hoped t h a t the determined c r y s t a l s t r u c t u r e w i l l help i n 

the understanding of the a n t i b a c t e r i a l a c t i o n of novobiocin. 
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APPENDIX A 

A. 1 WPLOT Program 
C DIMENSION FCARB (1 5 ) , FNITR (15), FOXYG (1 5 ) , FHYDR (1 5 ) , 

DIMENSION NUM (1 0 ) , SIGMA (10), SUMF (10), SCALE (11), 
READ (2,110) SCALE. 

110 FORMAT (11(F6.2,1X)) 
DO 26 I = 1,10 
NUM ( I ) = 0 
SUMF ( I ) = 0.0 

26 SIGMA ( I ) = 0.0 
W = 1.5418 
XC = 124.0 
XN = 8.0 
XO = 44.0 
XH = 144.0 
READ (2.103) FCARB, FNITR, FOXYG. FHYDR 

103 FORMAT (4 (15F4.2,/,)) 
SS = 0.05 
DO 30 I = 1,10 
S = SQRT (SS) 
SPIN = S/W 
N = 1 
S = 0.0 

31 SPAM = SPIIvI - S 
IF (SPAM) 32,33,34 

34 S = = S + 0. 05 
N = = N + 1 
GO TO 31 

33 FC = FCARB (N) 
FN = FNITR (N) 
FO = FOXYG (N) 
FH = FHYDR (N) 
GO TO 49 

32 FC = - 20 * SPAM * 
FN = - 20 * SPAM * 
FO = - 20 * SPAM * 
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-- FH = -'20 * SPAM * (FHYDR(N-l)-FHYDR(N)) + FHYDR(N) 
49 SS = SS + 0.1 
30 SUMF ( I ) = (XC * FC * FC + XN*FN*FN* + XO*FO*FO + XH*FH*FH) 
61 READ (2,101)I.J.K.L,SIN,C0RR,C0RT0,ELP,ELPA,RELI 
101 FORMAT (X^,I3.I3.I3.F9,4,F7.2,F8.3.F8.2) 

RELI = RELI/SCALE (K + 1) 
RELl = (RELI * CORTO) 
IF ( I - 4000) 62,62.63 

62 XNUM = 1 
I F (J) 1,1,2 

1 XNUM = XNUM*0.5 
2 I F (K) 3,3,4 
3 XiNUM = XNUM*0.5 
4 I F (L) 5,5,6 
5 XNUM = XNUM*0.5 
6 RELI = RELI* XNUM 

SIN = SIN*SIN 
2 = 0.1 
DO 80 I = 1,10 
IF (SIN - Z) 81.81,80 

80 Z = Z + 0.1 
81 NRANG = I 
60 NUM (NRANG) = NUM (NRANG) + 1 

SIGMA (NRANG) = SIGMA(NRANG) + RELI 
GO TO 61 

63 DO 40 I = 1.10 
SIGMA ( I ) = SIGMA (I)/NUM ( I ) 
SIGMA ( I ) = SIGMA (I)/SUMF ( I ) 

40 IJRITE (3,104)NUM ( I ) , SIGMA ( I ) 
104 FORMAT (19. F9.6) 

CALL EXIT 
END 
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A. 2. SIGMA 2 Program 
C PROGRAM TO COMPUTE SIGMA-2 RELATIONSHIPS 

DIMENSION INI (2000). MTOT (500) 
NET = 99 
NUM = 0 
N = 1 

1 READ (2,101) I , J , K, L. E 
WRITE (3,101) I , J , K. L, E 

101 FORiMAT (15. 313. F8.2) 
I F ( I - 4000) 2.2.3 

2 NUM = NUM + 1 
INI (N) = J 
INI (N + 1) = K 
INI (N + 2) = L 
INI (N + 3) = IFIX (100.0*E) 
N = N + 4 
GO TO 1 

3 MAX = N 
DO 30 I = 1, NUM 

30 MTOT ( I ) = 0 
N = 1 
M = 1 
10 = 5 

15 J = INI(N) 
K = INI (N + 1) 
L = INI (N + 2) 

14 JPLUS = J + INI(M) 
KPLUS = K + INI(M + 1) 
LPLUS = L + INI(M + 2 ) 
JMINU = TABS (J - INI(M)) 
KMINU = TABS (K - INI(M + 1)) 
LMINU = TABS (L - INI(M + 2)) 
TOP = 0 

7 I F (INI(IO) - JPLUS) 27,9.27 
9 I F (INI(IO + 1) - KPLUS) 27,10.27 
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10 IF (INI(IO + 2) - LPLUS) 27,11,27 
8 10 = 10 + 4 

lOP = 0 
IF(MAX - 10) 12,12,7 

12 M + M + 4 
10 = M + 4 
IF (MAX - M) 13,13.14 

13 N = N + A 
M = N 
10 = N + A 
IF (MAX - N) 16,16,15 

11 A = 0.25A(N - 1) + 2.01 
NA = XFIX (A) 
A = 0.25* (M - 1) + 2.01 
MA = IFIX (A) 
A = 0.25*(I0-1) + 2.01. 
lOA = IFIX (A) 
IF (NET - lOA) 114,27,114 

l U NET = OA 
miTE (3.102)NA, MA, lOA 

102 FORMAT (315) 
MTOT (NA) = MTOT(NA) + 1 
NTOT (MA) = MTOT(MA) + 1 
MTOT (lOA) = MTOT(IOA) + 1 

27 lOP = lOP + 1 
IF (lOP - 1) 31,31,32 

32 I F (lOP - 2) 33,33.34 
34 I F (lOP - 3) 35,35.56 
36 I F (lOP - 4) 37,37.38 
38 I F (lOP - 5) 39,39.40 
40 I F (lOP - 6) 41,41,42 
42 I F (lOP - 7) 43.43,8 
31 I F (INI(IO) - JPLUS) 27,50.27 
50 I F (INI(IO + 1) - KPLUS) 27.51,27 
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51 I F (INI (10 + 2) - LMINU) 27,11,27 
33 IF (INI (10) - JPLUS) 27.44, 27 

IF (INI (10 + 1) - KMINU( 27,45,27 
45 IF (INI (10 + 2) - LMINU) 27,11,27 
35 IF (INI (10) - JPLUS) 27,46,27 
46 IF (INI (10 + 1) - KMINU) 27.47,27 
47 I F (INI (10 + 2) - LPLUS) 27.11.27 
37 I F (INI (10) - JMINU) 27,48,27 
48 IF (INI (10 + 1) - KMINU) 27.49.27 
49 IF (INI (10 + 2) - LPLUS) 27,11,27 
39 IF (INI (10) - JMINU) 27,60.27 
60 IF (INI (10 + 1) - KMINU) 27.61,27 
61 I F (INI (10 + 2) - LMINU) 27,11,27 
41 IF (INI (10) - JMINU) 27,62,27 
62 IF (INI (10 + 1) - KPLUS) 27,63,27 
63 IF (INI (10 + 2) - LPLUS) 27,11,27 
43 I F (INI (10) - JMINU) 27,64,27 
64 IF (INI (10 +• 1) - KPLUS) 27,65.27 
65 IF (INI (10 + 2) - LMINU) 27,11,27 
16 DO 82 I = 1, NUM 

.s -= I + 1 
82 l ^ I T E (3, 103) N, MTOT (N) 
103 FORMAT (216) 

CALL EXIT 
END 
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A.3 EDENS Program 
C ELECTRON DENSITY PROGRAM P2i2i2i 

DDENSION NK(218),NL(218),NH(12),NUMK(12),NPAR(219),A(218),B(218) 
DDIENSION AZ(218).BZ(218),NAR(218),PUD(21).SPUD(21).FUD(21) 
DIMENSION COSRA(33,41),SINRA(33.41),GRIDR(25,21) 
DIMENSION KGRID(21),SFUD(21),GRID(25,21),C0SRX(11,25),SINRX(11,25) 
DEFINE FILE 1(1025,42,U.NRFC). 
LAYER = 1 
DO 200 I = 1. 11 
DO 201 J = 1, 25 
? I = I - 1 
FJ = J - 1 
COSRX(I,J) = C0S(0.2618*FI*FJ) 
Si:\RX(I.J) = SIN(0.2618*FI*FJ) 

201 CONTINUE 
200 CONTINUE 

DO 30 I = 1,33 
DO 31 J = 1.41 
? I = I - l 
? J = J-1 
COSRA(I,J) = COS(0.0785375*FI*FJ) 
SIN'RA(I.J) = SIN(0.0785375*FI*FJ) 

31 CONTINUE 
30 CONTINUE 
313 DO 110 I = 1.21 

NGRID(I) = 0 
FUD(I) = 0 
SFUD(I) = 0 
?UD(I) = 0 
SPUD(I) = 0 

110 CONTINTJE 
DO 111 I = 1.218 
AZ ( I ) = 0 
BZ ( I ) = 0 
XAR ( I ) = 0 
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NK ( I ) = 0 
NL ( I ) = 0 
NPAR ( I ) = 0 
A ( I ) = 0 
B ( I ) = 0 

111 CONTINUE 
DO 230 I = 1.25 
DO 231 J = 1,21 
GRID ( I , J ) = 0 
GRIDR ( I , J ) = 0 

231 CONTINUE 
230 CONTINUE 

DO 112 I = 1,12 
NH(I) = 0 
NUMH(I) = 0 

112 CONTINUE 
I = 1 
I J = 1 
NINI = 999 
TONE = 0 
TTWO = 0 

13 READ (2,19) NIB,NTW0, NK(IJ) ,NL(IJ) . E,MANGL,l>fEIT 
19 FORMAT (15.313,F8,2,16.F8.2) 

WRITE(3,19)NIB,NTWO.NK(XJ),NL(IJ),E.MANGL.WEIT 
E = 0.01*E 
ANGL = MAi>iGL 
JKSUM = NTWO + NK(IJ) 
KLSUM = NK(IJ) + NL(IJ) 

8 IF(JKSU'M) 4,5.6 
5 NPAR(IJ) = 1 

GO TO 7 
4 NPAR(IJ) = 3 

GO TO 7 
6 JKSUM = JKSUM-2 

GO TO 8 
7 IF(KLSUM)9.10.U 
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9 NPAR(IJ) = NTAR(IJ) + 1 
GO TO 10 

11 KLSUM = KLSuM-2 
GO TO 7 

10 IF(NPAR(IJ)-2)170,171,172 
170 >iAR(IJ) = 1 

GO TO 180 
171 NAR(IJ) =-1 

GO TO 180 
172 IF(NT>AR(IJ)-3)171,171,170 
180 CONTINUE 

N K ( I J ) = I F I X ( 2 * N K : ( I J ) + 1. 1) 

NL(IJ)=NL(IJ)+1 
IF(NIB-4000)20,20,305 

20 IF(NTW0-NINI)1.2,1 
1 NH(I)=NTW0 

IF(IJ-1)21.22.21 
21 NU-:-lH(I-l)=N-l^I 
22 :N'INI=NTI;O 

0̂71=1 
1=1+1 
GO TO 3 

2 NUM=NUM+1 
3 IF(NT^^O)12,13,12 
13 E+0.5*F 
12 IF(NK(IJ)-1)14.15,14 
15 E=0.5*E 
14 IF(NL(IJ)-1)16,17,16 
17 E=0.5*E 
16 AA=0.0174533*AXGL 

A(IJ)=E*COS(AA)*trtIT 
B(IJ)=E*SIN(AA)*WEIT 
IJ=IJ+1 
IF(IJ-217)18,18,24 

305 LAYER=LAYER+950 
24 NUMH(I-l)=:CuM 
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NHLAS = N H ( I - 1 ) + 1 

N K ( I J ) = 0 

N L ( I J ) = 0 

I J = I J - 1 

NUMI=I-1 

DO 47 NZ=1.41 

DO 32 1 = 1 , U 

N Y = N L ( I ) 

I F ( N P A R ( I ) - 2 ) 1 4 1 , 1 4 2 , 1 5 0 

150 I F ( N P A R ( I ) - 3 ) 1 4 4 , 1 4 3 , 1 4 4 

141 A Z ( I ) = A ( I ) * C O S R A ( N Y , N Z ) 

B Z ( I ) = - B ( I ) * S I N R A ( i ^ Y , N Z ) 

GO TO 32 

142 A Z ( I ) = - A ( I ) A S I N R A ( N Y , N Z ) 

B Z ( I ) = B ( I ) * C O S R A ( N Y . N Z ) 

GO TO 32 

143 A Z ( I ) = B ( I ) * C O S R A ( N Y , N Z ) 

B Z ( I ) = - A ( I ) * S I N R A ( N Y , N Z ) 

GO TO 32 

1^4 A Z ( I ) = 3 ( I ) * S I I N R A ( N Y , N Z ) 

B Z ( I ) = - A ( I ) ^ C O S R A ( N Y , N Z ) 

32 CONTINUE 

DO 33 NY = 1,21 

I = 1 

NHONE = NH(1) + 1 

I J P I J = 1 

DO 35 JK=NHONE,NHLAS 

NS=NU'MH(IJPIJ) 

I J P I J = I J P I J + 1 

DO 38 KL = 1,NS 

NT=NK(I) 

I F ( N A R ( I ) ) 1 6 0 , 1 6 0 , 1 6 1 

160 PUD(NT)=PUD(NT)+AZ(I) 

S P U D ( N T ) = S P U D ( N T ) + B Z ( I ) 

GO TO 36 

161 F U D ( N T ) = F U D ( N T ) + A Z ( I ) 
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SFUD(NT)=S?UD(NT)+BZ(I) 
36 1=1+1 
38 CONTINUE 

DO 164 lOU = 1,21.2 
TONE=TONE+?UD(I0U)*SINRA(I0U,NY)+FUD(I0U)*COSRA(IOU,NY) 
TTWO=TTl^O-i-S?UD(IOU)*COSRA(IOU,NY)+SFUD(IOU)*SINRA(IOU,NY) 

164 CONTINUE 
DO 203 NX:':=1,25 
GRID(NXX,NT)=GRID(N"XX.NY) + (COSRX(JK,NXX)*TONE) + (SlNRX(JK,NXX)+TTWO 

*) 
203 CONTINUE 

TONE = 0 
TTWO = 0 
DO 190 I0U=1.21,2 
PUD(IOU)=0 
FUD(IOU)=0 
SPUD(IOU)=0 
SFUD(I0U)=0 

190 CONTINUE 
35 CONTINUE 
33 CONTINUE 

IF(LAYER)300,300. 301 
301 DO 302 IJK=1,23 

ABC=IJK-1 
IXX=IFIX(41*A3C+KZ+0.1) 
READ(I'IXX)(GRIDR(IJK,JAX),JAX=1,21) 
DO 303 JAX=1,21 
GRIDR(IJK.JAX)=GRIDR(IJK,JAX)+GRID(IJK,JAX) 

303 CONTINUE 
302 CONTINUE 

GO TO 352 
300 DO 350 1=1.25 

DO 351 J=l,21 
GRIDR (I.J)=GRID(I,J) 

351 CONTINUE 
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350 CONTIIsUE 
352 DO 204 IJK=1,25 

ABC=IJK-1 
IXX=IFIX(41-^ABC+NZ+0. 1) 
1;RITE (1 'IXX) (GRIDRdJK, JAX) , JAX=1, 21 

204 CONTINUE 
DO 206 NI=1,25 
DO 207 NPJ=1,21 
GRID(NI.NPJ)=0 

207 CONTINUE 
206 CONTINUE 
4 7 CONTINUE 

LAYER=IAYER+l 
IF(LAYER-900)318,318,304 

304 DO 210 NX=1,25 
NTH=NX-1 
WRITE (3.55) 

55 F0RMAT(* r ,/) 
WRITE (3.107)NTH 

107 FORMAT (IX' SECTION X = ',13) 
ABC=N'X-1 
DO 216 IJK=1.24 
IXX=IFIX(41==--ABC+IJK+0. 1) 
READ (l'i:vX)(GRIDR(IJK,JAX).JAX=1.21) 

216 CONTINUE 
DO 217 IP=1.24 
DO 218 IPT=1,21 
NGRID(IPT)=IFIX(GRIDR(IP,IPT)+0.5) 

218 CONTINUE 
WRITE (3,101)XGRID 

101 FORMAT ('0',2LE.4/) 
217 CONTINUE 

DO 219 IJK=1,17 
IXX=IFIX(41*ABC+IJK+24.1) 
READ(1' IX:<) (GRIDR(IJK, JAX) ,JAX=1. 21) 

219 CONTINUE 
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DO 220 IP-1.17 
DO 221 IPT=l,21 
NGRID(IPT)=IFIX(GRIDR(IP,IPT)+0.5) 

221 CONTINUE 
WRITE (3,101)NGRID 

220 CONTINUE 
210 CONTINUE 
32 CALL EXIT 

END 
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APPENDIX B 

The f i r s t s i x cycles of the phase expansion pathway are shown 

in d e t a i l i n this appendix, ' The sum of angles formula (2,^2) v;as 

used to estimate the phases of r e f l e c t i o n s , 0^, from 'known' phases 

0, , and 0, ... After each cycle phases estimated consistently were n n~n 
added to the 'known' phases and a new set of unknown phases estimated 

The i n i t i a l set of phases was the st a r t i n g set given i n Table VI. 

For t h i s space group r e f l e c t i o n s with one or two indices zero 

have r e s t r i c t e d phase values therefore an estimate which gave such 

a phase an impossible value was e a s i l y detected. Phases estimated 

by c o n f l i c t i n g I2 relationships were not used to develop phases i n 

the next cycle. 

The speed of phase propagation and the small number of 

c o n f l i c t i n g phase estimates indicated that the s t a r t i n g set was a 

good base for phase determination. 

Each entry i n the phase expansion pathway i s of the form: 

N ( h- k I )= 0 . 

where N i s the code number of a r e f l e c t i o n and (hkl) denotes the 

phase of the hkl r e f l e c t i o n . 
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L i s t of |E| ̂  1.80 for NOVOBIOCIN 

N h k 1 E 
1 0 3 5 4.12 
2 0 3 6 3.83 
3 0 2 5 3.37 
4 4 0 25 3.35 
5 6 10 1 3.35 
6 2 0 30 3.26 
7 1 9 13 3.25 
8 0 9 16 3.03 
9 5 7 7 2.89 
10 7 1 13 2.88 
11 1 9 16 2.77 
12 7 1 12 2.74 
13 5 4 12 2.73 
14 6 1 12 2.65 
15 7 1 11 2.61 
16 6 0 17 2.59 
17 4 0 22 2.58 
18 7 2 8 2.58 
19 0 6 10 2.58 
20 6 8 6 2.58 
21 0 4 19 2.56 
22 0 6 11 2.54 
23 6 7 5 2.53 
24 7 2 7 2.49 
25 0 0 22 2.48 
26 0 5 10 2.46 
27 5 2 18 2'. 44 
28 0 8 18 2.44 
29 7 1 9 2.43 
30 1 9 14 2.43 
31 0 10 9 2.37 
32 6 6 4 2.33 
33 5 10 1 2.33 

N h k 1 E 
34 0 8 15 2.32 
35 3 2 9 2.29 
36 7 1 8 2.28 
37 5 1 17 2.27 
38 10 2 0 2.27 
39 2 1 29 2.26 
40 6 5 0 2.26 
41 0 5 11 2.25 
42 7 4 18 2.23 
43 2 0 29 2.19 
44 4 0 4 2.18 
45 0 7 25 2.17 
46 1 0 29 2.16 
47 6 4 9 2.16 
48 1 7 18 2.15 
49 2 7 17 2.14 
50 0 8 17 2.13 
51 0 4 6 2.08 
52 8 7 8 2.08 
53 6 0 11 2.07 
54 7 4 3 2.07 
55 4 1 21 2.05 
56 5 2 23 2.03 
57 8 2 0 2.03 
58 8 2 1 2.03 
59 1 7 20 2.02 
60 1 6 9 2.01 
61 6 1 17 2.00 
62 2 0 10 1.99 
63 3 9 17 1.99 
64 6 8 1 1.98 
65 3 0 18 1.97 
66 6 1 10 1.97 

N 
67 
68 
69 
70 
71 
72 
73 

83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

k 1 
5 12 
1 13 
0 15 
6 18 
7 19 
3 8 
4 25 

74 8 1 1 
75 0 2 22 
76 
77 
78 
79 
80 
81 6 
82 0 

4 13 
5 16 
9 12 

2 10 9 
4 4 4 

4 13 
5 20 
6 21 
7 11 
8 6 
1 19 
7 9 
0 5 
2 15 
8 14 
9 1 

6 10 3 
5 0 18 

0 12 
3 22 
4 10 
2 21 
4 0 
7 0 

E I 

1.97 
1.96| 
1.94 
1.94 
1.94 
1.92 
1;92 
1.90 
1.90 
1.90 
1.90 
1.90 
1.89 
1.88 
1.88 
1.88 
1.88 
1.88 
1.88 
1.87 
1.87 
1.86 
1.86 
1.86 
1.86 
1.86 
1.84 
1.84 
1.84 
1.84 
1.83 
1.83 
1.83 

N h k 1 E 
100 5 10 0 1.83 
101 0 3 23 1.82 
102 3 2 10 1.81 
103 0 4 24 1.81 
104 0. 9 13 1.81 
105 6 10 10 1.81 
106 0 1 10 1.80 
107 0 2 15 1.80 
108 7 2 6 1.80 

Starting set phases underlined 
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Cycle 1 

2 ( 0 3 6)=--^ 
(0 9 16)- ^ 

19 (0 5 10)= II ^ 

2 (0 3 6) 

40 (6 5 0)= 0 
^}20 (6 8 6 ) = - | 

53 (6 0 l l ) = - - j 

53 (6 0 11)= ^ 
}25 (0 0 22)= 0 

40 (6 5 0)= 0 
^}41 (0 5 11) = ^ 

53 (6 0 11)= J ^ 

19 (0 6 10)= 71 
}66 (6 1 10)= 0 

40 (6 5 0)= 7T 

46 (1 0 29) 
}93 (5 0 18)= TT 

53 (6 0 1 1 ) = - ^ 

Cycle 2 Code numbers of estimated phases 8, 20, 25, 41, 66,93 
from cycle 1 

A) checks 

8 (0 9 16)= J 

20 (6 8 6 ) = - | 
}66 (6 1 10)= 0 41 (0 5 11)= I 

41 (0 5 1 1 ) = - ^ 

}25 (0 0 22)= 0 

B) new estimates 

2 (0 3 6)= \ 

41 (0 5 11)= \ 
}3 (0 2 5)= 71 

8 (0 9 1 6 ) = - ^ 

46 (1 0 2 9 ) = - ^ 
}7 (1 9 13) = 77 

25 (0 0 22)= 0 

66 (6 1 T0)= 0 
}14 (6 1 12)= 0 

2 (0 3 6 ) = -
}67 (6 5 12)= 77 

20 (6 8 6)=--J 

2 (0 3 6)=-
}= 0 

41 (0 5 11)= I 
20 (6 8 6)=--:^ 

53 (6 0 11)= 
}= 0 

50 (0 8 17)=0 

19 (0 6 10)= 71 

66 (6 1 10^" ^ 
}99 (6 7 0)= 77 

46 (1 0 29)=--^ 
_ ^}86 (5 1 19)=-y 

66 (6 1 10)= 0 
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Cycle 3 Code numbers of estimated phases 3, 7, 14. 50, 67, 86. 99 
from cycle 2 

A) Checks 

7 (1 9 13)= Ti 
}86 (5 1 1 9 ) = - ^ 

20 (6 8 6)= I 
3 (0 2 5)= 0 } = - - ) ^ 2^ 20 (6 8 6 ) = - f h 

h (6 10 1 ) = - ^ 
41 (0 5 11)= ^) 

67 (6 5 12)= TT 

3 (0 2 5)= TT 

40 (6 5 0)= 0 

14 (6 T T2)= TT 

50 (0 8 17)= 0 

23 (6 7 5)= TT 

7 (1 9 13)= TT 

14 (6 1 12)= 0 
}33 (5 10 1)= TT 

3 (0 2 5)= TT 

19 (0 6 10)= TT 
}34 (0 8 15)= 0 

14 (6 1 12)= 0 
}37 (5 1 17)='-

46 (1 0 2 9 ) = - ^ 

86 (5 1 19) 

86 (5 1 19)= 2 
}38 (10 2 0)= 0 

3 (0 2 5)= 0 

7 (1 9 13)= TT 

93 (5 0 18)= 0 

99 (6 7 0)= TT 

14 (6 1 12)= 0 

66 (6 1 10)= TT 

} = T T 

48 (1 7 18)= TT 

}75 (0 2 22)= TT 

3 (0 2 5)= TT 

93 (5 0 18)= TT 

3 (0 2 5)= TT 

14 (6 r 12)= TT 

50 (0 8 17)= 0 

99 (6 7 0)= 0 

}56 (5 2 23)= 0 

}0 

}0 

61 (6 1 17)= 0 
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2 (0 3 6)= ̂  19 (0 6 10)= TT 
0) }87 (5 7 9)= ^ 

86 (5 1 1 9 ) = - ^ ) 86 (5 1 19)=--^ ^ 

)76 (5 4 13)= 0 
7 (1 9 13)= TT ) U (6 1 12)= 0 

}= 0 ) }103 (0 4 24)= TT 
40 (6 5 0)= TT 67 (6 5 12)= TT 

Cycle 4 Code numbers of estimated 5, 23. 33, 34, 37, 38, 48. 56, 61. 
75, 76, 87, 103 phases from cycle 3 

Checks 

2 (0 3 6)=--r 2 (0 3 6 ) = - ^ 
^ }23 (6 7 5)= 71 _ ^}56 (5 2 23)= 0 

5 (6 10 1 ) = - - 61 (5 1 17)= 2 

5 (6 10 1 ) = ^ ^ 8 (0 9 16)= ~ 
/ } 6 1 (6 1 17)= 0 ^ }61 (5 1 1 7 ) = - ^ 

8 (0 9 16)= I 33 (5 10 1)= TT ^ 

19 (0 6 l 0 ) = TT 23 (6 7 "5)= 0 
}76 (5 4 13)= 0 }66 (6 1 10)= 0 

56 (5 2. 23)= TT 34 (0 8 15)= 0 
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B) new estimates 

2 (0 3 6 ) = - ^ 

33 (5 10 1)= 71 

}=Tr 

2 (0 3 6)= f 

76 (5 4 13)= 0 

8 (0 9 16)=-

56 (5 2 23)= 7T 

19 (0 6 1 0 ) = 7 T 

37 (5 1 17)=-

^ 2 

T T ^ 2 

48 (1 7 18)= TT 

53 (6 0 1 1 ) = - | 2 

9 (5 7 7) 

3 (0 2 5)= 0 

76 (5 4 13)= 0 
}0 

7 (1 9 13)=Tr 
}0 

23 (6 7 5)= 7T 

33 (5 10 1 ) = 7 T 

50 (0 8 1 7 ) = T T 
}0 

38 (10 2 0)= 0 
}0 

93 (5 0 18)= 0 

40 (6 5 0)= t; 

48 (T 7 18)= I T 

}0 

27 (5 2 18)= 0 

5 (6 10 1)=-Y 

37 (5 1 17) =-

33 ( I 10 1)= 0 

61 (6 I 17)= 0 

7 (1 9 13)= TT 

23 (6 7 5)= 0 

•- ) 
^ )11 (1 9 16)= ? 

)(undetermined) 
) 

}0 ) 

}18 (7 Z 8)= I T 

5 (6 10 1 ) = - ? 

7 (1 9 13)= TT ^ 

20 (6 8 6)=-^ ^ 
- H 48 (1 7 18)= 0 ^ 

46 (1 0 29)=--7 
-

61 (6 1 17)= TT ^ 

12 (7 1 12) 

5 (6 10 l ) = - y 
^}47 (6 4 9)= ~ 

19 (0 6 10)= TT ^ 

53 (6 0 11)=--| 

87 (5 7 9 ) = - ^ 
}59 (1 7 20)= TT 

56 (5 2 23)= TT 

66 (6 T T0)= T i 

40 (6 5 0)= 0 

76 ( I 4 13)= 0 

}0 

}0 

68 (1 1 13)= 0 
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61 (5 1 17)= . 

48 (1 7 18)= 7T ^ 

8 (0 9 16)= 

61 (6 r 17)= 0 

48 (1 7 18)= 0 

86 (5 1 19) 

64 (6 8 1) 

2 

23 (6 7 5)= 0 

76 (5 4 13)= 0 

5 (6 10 1 ) = -

87 (5 7 9)= -

}=0 

}=0 

72 (1 3 8)= 0 

2 (0 3 6)= f 
}77 ( 0 5 1 6 ) = - | 

75 (0 2 22)= 7T 

53 (6 0 1 1 ) = - -

103 (0 4 24)= tr 
}81 (6 4 13)= I 

85 (5 8 6) 
= TT 

3 (0 2 5)= 0 
} = TI ) 

33 (5 10 1)= TT ) 

14 (6 1 l2)= 0 ) 
} = TT ) 

48 (1 7 18)= TT 

3 (0 2 5)= TT 

^}95 (5 3 22)= ^ 
37 (5 1 1 7 ) = - ^ ^ 

20 (6 8 6)= -

37 (5 r 17)=--^ 
}= 0 

56 (5 2 23)= TT 

}0 

84 (1 7 11)= 0 

67 (6 5 12)= TT 

5 (6 10 l ) = - 2 ^ ^ 

14 (6 I 12)= 0 ^ 

41 (0 5 11)= ̂  ^ 

103 (0 4 24)= TT 

104 (0 9 13) = — 

Cycle 5 Code numbers of estimated phases 9, 12, 18, 27, 47, 59, 64, 
68, 72, 77. 81, 84, 85, 95, 104 from cycle 4 

Checks 

9 (5 7 7) =--

27 (5 2 18)= TT 

}41 (0 5 11) 
3 (0 2 5) 

68 (1 1 13)= 0 
}72 (1 3 8)= 0 

5 (6 10 1) 

9 (5 7 7)= I }72 (1 3 8)= 0 
7 (1 9 13)= TT 

12 (7 1 12) 
^}64 (6 8 1 ) = - -
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9 (5 7 7) 

20 (6 8 6) 
}68 (1 1 13)= 0 

12 (7 1 12)= "2 

64 (6 8 T)= I }8A (1 7 H ) = 0 

14 (6 1 12)= TT * ^ 
}104 (0 9 13)=--^ 

64 (6 8 l ) = - y 

18 (7 2 8)= TT 

40 (6 5 0)= TT 

}72 (1 3 8)= 0 

18 (7 2 8)= 0 

59 (T 7 20)= TF 

}67 (6 5 12)= TT 

25 (0 0 22)= 0 
}81 (6 4 13)= y 

47 (6 4 9)= 2 

9 (5 7 7 ) = - ^ 
'^}77 (0 5 16)=-y 

56 (5 2 23)= 0 

27 (5 2 18)= TT * 

}72 (1 3 8)= 0 
66 (6 1 10^ 

37 (5 1 17)=-2 

47 (6 4 9)= J 
}72 (1 3 8)= 0 

40 (6 5 0)= TT 
}104 (0 9 1 3 ) = - | 

81 (6 4 13) = I 
47 (6 4 9)= I 

M 9 5 (5 3 22)= Y 
68 (1 1 13)= 0 

59 (1 7 20)= 0 
}86 (5 1 1 9 ) = - -

64 (6 8 l ) = - 2 

61 (6 1 17)= 0 * 
}85 (5 8 6)= TT 

84 (1 7 11)= 0 

77 (0 5 1 6 ) = - ^ 
^}95 (5 3 22)= -

85 (5 8 6)= TT . 

84 (1 7 11)= 0 

84 (T 7 11)= 0 
}25 (0 0 22)= 0 

85 (5 8 6)= TT ^ 

}104 (0 9 13)=-y 
86 (5 1 19)=-2 

Some inconsistent I2 relationships have occurred at t h i s point. I'/hen 

the weighted tangent formula (equation 3.2) i s used to refine phase 

values, r e f l e c t i o n s whose phases are not estimated consistently w i l l 

have small EC values (equation 3.4) and therefore a small weight, ŵ , 

(equation 3.3) i n the i t e r a t i v e process. Such phases do not therefore 

have much influence on the estimation of new phase values. 

* t h i s indicates an inconsistent relationship 
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5 New estimates 

9 (5 7 7 ) = f 
^ }4 (4 0 25)= ^ 

48 (1 7 18)= 0 

5 (6 10 1 ) = - ^ 

37 (5 T 17)= - y 

20 (6 8 6 ) = - -
} = T I 

81 (6 A 1 3 ) = - ^ 

72 (1 3 8)= TT 

84 (1 7 11)= 0 
} = 7 T 

33 (5 10 1)= 0 

61 (6 T 17)= 0 
}0 

21 (0 4 19)= 71 

3 (0 2 5)= 7T 

84 (1 7 11)= 0 

76 (5 4 13)= 0 

85 (5 8 6)= TT 

37 (5 1 17) 

64 (6 8 1) 
}0 

47. (6 4 9 ) = - j 

47 (6 4 9)= j 

3 (0 2 5)= 0 
}= -

47 (6 4 9)= I ^ 
3 (0 2 5)= 0 

64 (6 8 I ) = - | 

66 (6 1 10)= 0 
}28 (0 8 18)= 0 }0 

85 (5 8 6)= 0 

14 (6 1 12)= 0 

77 (0 5 16)=-
} = - -

T T ^ 2 

68 (1 1 13)= 0 
]=--

87 (5 7 9 ) = - ^ ^ 

(Note one ^ 2 9 ) = - -
indication (0 9 1 3 ) = - ! 

2 

32 (6 6 4) 

2 (0 3 6 ) = - ^ 

12 (7 1 12)= y 
}=0 

18 (7 2 8)= TT 

19 (0 6 10)= TT 

11 (1 9 16) = ? 
s t i l l undetermined 

}=0 

66 (6 1 10)= 0 

72 (1 3 8)= 0 
}=0 

42 (7 4 18)= 0 
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12 (7 1 12)= 2 

37 (5 T 17)= - T 

48 (1 7 18)= TT 

84 (1 y 11) 

}=0) 
) 
) 
) 43 (2 029) = ? 
)undetermined 

} = T T ) 

37 (5 1 1 7 ) = - ^ 
'>=-f 

68 (1 1 13)= 0 

84 ( I 7 11)= 0 2 

44 (4 0 4)= ? 
undetermined 

9 (5 7 7)= ^ „ 

93 (5 0 18)= 0 ) 

85 (5 8 6)= 11 

86 (5 1 1 9 ) = - | 

)45 (0 7 25) 

3 (0 2 5)= 0 

18 (7 2 8)= Ti 

23 (6 7 5)= 0 

72 (1 3 8)= TT 

}=^ 

} = T T 

54 (7 4 3)= TT 

12 (7 1 12)= y 

68 (1 1 13)= 0 
}58 (8 2 1)= I 

18 (7 2 8)= 0 
, }62 (2 0 10)= TI 

27 (5 2 18)= TT 

18 (7 2 8)= TT 

}= 

64 (6 8 1)= I 2 

27 (5 2 18)= TT 

} = - y 
47 (6 4 9)= I 

60 (1 6 9) 

23 (6 7 5)= 

59 (1 7 20)= TT 

}69 (7 0 15)= TT 

undetermined phase 
must be ± TT^ 

2 

19 (0 6 10)= TT 

81 (6 4 13)= + -

66 (6 1 10^ ^ 
104 (0 9 1 3 ) = - | 

19 (0 6 10)= TT 

104 (0 9 13)= -

66 (6 1 10)= 0 

92 (6 10 3) 
TT 

2 

81 (6 4 13)= \ 2 ^ 

TT 

2) 
) 
)101 (0 3 23) 

3 (0 2 5)= TT ^ 

9 (5 7 7 ) = f ^ ^ ' 2 

5 (6 10 l ) = - f 

68 (1 1 13)= 0 

19 (0 6 10)= TT 

95 (5 3 22)= ^ 

64 (6 8 1)=-

68 (1 1 13)= 0 

78 (5 9 12) 
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Cycle 6 Code numbers of estimated phases ^, 21, 28, 32, if2, '*5, 54, 
58, 60, 62, 78, 92, 101 from cycle 5 

Checks 

4 (it 0 25)= ^ 
_ ^}78 (5 9 12)= -"^ 

7 (1 9 13)= TT ^ 

2 (0 3 6): 

21' (0 h 19)= TT 
(0 7 25)= 

32 (6 6 if)= ^ 
2^80 (if if i f ) = ^ 

38 (10 2 0)= 0 ^ 

32 (6 6 if)= -

72 (T 3 8)= 0 
773 (5 9 12)= 

3^ (0 8 15)= TT 

if2 (7 ^ 18)= 0 
(7 ^ 3)=TT 

5̂  (7 ^ 3)= TT 

62 (2 0 10)= TT 
i 76 (5 ^ 13)= 0 

New estimates 

5̂  (7 ? 3)= 0 

77 (0 5 16)= 
^10 (7 1 13)̂  

60 (T 6 9)= ? 

92 (6 10 13= 
}13 (5 ^ 12)= 0 

86 (5 1 19)= 
^ ^}11 (1 9 l6)=Tr 
^ 92 (610 3)= - y 

(plus s i x estimates i n previous cycle 
of 0,TT s t i l l undetermined) 

28 (0 8 18)= 0 ̂  
J 1 6 (6 0 17)= 

6if ( 6 S ? ) = ^ 

18 (7 2 8)= rr 

5̂  (7 if 3)= 0 
j 22 (0 6 11)= TT 

19 (0 6 io)=Tr 

5/+ (7 3)^ 0 
} 2if (7 2 7)=Tr 

2 (0 3 6)= -

5if (7 if 3)= TT 

ifO (6 5 0 ) = T T 

60 (1 6 9)= -

58 (8 2 r)= I 
72 (T 3 8)= 0 

60 ( 1 6 9 ) = - ? ^ 

99 (6 7 0)= TT 

62 (2 0 10)= TT 

86 (5 1 19)= - ^ 2 
2 

92 (6 10 3) 

37 (5 T 17) 
; = T I 

60 (1- 6 9)= ^ 

101 (0 3 23)= I 
30 (1 9 i't)=rr 

i = I f29 (7 1 9)= ? ] = o 
19 (0 6 10)= TT 

21 (0 if 19)= TT 

32 (^ 6 ¥)= - T 

81 (6 if 13)= f ^ 

31 (0 10 9)= 0 

59 (1 7 20)= "TT _ 
(2 1 29)= ^ 

60 ( T 5 9)= - ^ 2 
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56 (5 2 23)= 0 

108 (7 2 6)= n 
(2 0 29)=TT 

impossible phase valu: 
s t i l l undetermined 

h^ (0 3 11)= I 
_ ^ ^{36 (7 1 8)= 5 

5̂  (7 3)= 0 ^ 

28 (0 8 i8)= 0 

103 (0 k 2̂ 1)= P 

6̂ (T 0 29)= • 

80 {k k ?)= -

32 (6 Z ?)= -

60 (1 6 9)= -

J51 (0 k 6 ) = T T 

/ ] 7 3 (3 ^ 25) = 7r 
2 

188 (7 0 ^)=Tr 

TT 

TT 
2 impossible value 
phase undetermined 

28 (0 8 i8)= 0 

61 (6 1 17)= ^ 

33 (5 10 r)=TT 

_ 591 (6 9 l )=n-

60 (r 6 9 ) = - ^ 
^ l96 (6 ^ 10)=^ 

80 (if k k)=. -

108 (7 2 6)= n 
1̂02 (3 2 10)= 

62 (2 0 10) = !̂ 

87 (5 7 9)= ^ 
1 71 (3 7 19)= - ? 

3 (0 2 5)= " 

5̂ (0 7 25)= ^ 

20 (6 8 6)= - I 
60 (1 6 9)= - I 

^]82 (0 5 20)= - f 

8̂9 (7 2 15)= IT 

20 (6 5 6)= -"5 
^i9^ (6 0 12)= - 5 

28 (0 8 18)= 0. ^ 2 
impossible value 

phase undetermined 
27 (3 2 18)= 0 

1= 0 
28 (0 8 i3)= 0 

7̂ (6 k 9)=^ 

60 ( T 6 9)= ^ 

100 (5 10 0)= ? 
undetermined 

3^ (0 8 15)= TT 
\l06 (0 1 10)= !̂  

45 (0 7 25): ""̂  ^ 

Code numbers of estimated phases 
from cycle 6 
10, 13, 16, 22, 2k, 29, 30, 31, 36, 
39, 51, 71, 73, 82, 89, 91, 96, 
102, 106 

At t h i s point 80 phases have been estimated and the phase development 

pathway i s well established. A comparison of these phase estimates 

with the phase values obtained from the refined structure (photographic 

data) i s shov/n below* The mean error of 29.8° for these 80 phases 

indi c a t e s that the chosen s t a r t i n g set was a good s t a r t i n g point for 

tangent formula phase determination. 
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Comparison of estimated phase values with those from the refined 
structure 

N h k 1 est. r e f . N h k 1̂  e s t . r e f . 
2 0 3 6 270 270 0 k2 . 7 h i8 0 3 3 
5 0 2 5 180 i8o 0 k3 0 7 25 90 90 0 
k 0 25 90 90 0 kG 1 0 29 270 270 0 
3 6 10 1 270 313 3̂ kl 6 k 9 90 31 59 
7 1 9 13 i8o 185 3 h% 1 7 i8 i8o 183 3 
8 0 9 16 90 90 0 50 0 8 17 0 0 0 
9 3 7 7 90 10^ lit 51 0 h 6 l8o l80 0 

10 7 1 13 270 317 k? 53 6 0 11 270 270 0 
12 7 1 12 90 65 25 5̂+ 7 k 5 i8o 179 1 
13 5 it 12 0 359 1 56 5 2 23 0 3 5 
lif 6 r 12 0 304 56 58 8 2 1 • 90 171 8i 
16 6 0 17 270 270 0 59 1 7 20 180 78 102 
l8 7 2 8 l80 1̂ 9 31 60 1 6 9 270 328 58 
19 0 6 10 i8o l8o 0 61 6 1 17 0 kk i+if 
20 6 8 6 270 288 i8 62 2 0 10 i8o l8o 0 
21 0 U 19 180 l8o 0. 6if 6 8 1 270 260 10 
22 - 0 6 11 180 0 i8o 66 6 1 10 0 60 60 
23 6 7 5 i8o iMf 56 67 6 5 12 180 2i49 69 
2k 7 2 7 i8o 21^ 3k 68 1 1 13 0 97 97 
23 0 0 22 0 0 0 71 3 7 19 270 29if 2i+ 
27 5 2 l8 0 26 26 72 1 3 8 0 56 56 
28 0 8 i8 0 0 0 73 3 ^ 25 i8o 216 36 
29 7 1 9 90 3̂ k? 75 0 2 22 180 0 l8o 
30 r 9 1̂  l8o 109 71 76 5 i+ 13 0 5 5 
31 0 10 9 0 0 0 . 77 0 5 16 270 270 0 
32 6 6 k 270 338 68 78 5 9 12 270 306 36 
33 5 10 1 l8o 2kO 60 80 4 if if 90 ifif it6 
3^ 0 8 15 0 0 0 8l 6 it 13 90 102 12 
36 7 1 8 90 89 1 82 0 5 20 270 270 0 
37 5 1 17 270 2̂ 7 23 8if 1 7 11 0 291 69 
38 10 2 0 0 0 0 85 5 8 6 i8o 2h2 62 
39 2 1 29 90 237 Iif7 86 5 1 19 270 23k 16 
ifO 6 5 0 0 0 0 87 5 7 9 90 8i4 
ifl 0 3 11 90 90 0 89 7 2 15 i8o 178 2 

109 



N h k 1 est. r e f . 

91 6 9 1 180 l4l 39 
92 6 10 3 270 0 90 
93 5 0 18 i8o i8o 0 
95 3 3 22 90 126 36 
96 6 if 10 90 94 h 

99 6 7 0 l8o i£o 0 
101 0 3 23 90 90 0 
102 5 2 10 90 72 i8 
103 0 h 2k 180 l80 0 
104 0 9 13 270 270 0 
106 0 1 10 90 90 0 
108 7 2 6 180 131 49 

8o |258? 
29.79° 
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OIUSRUVKD AND C A [ .CHLAI ' t : ! ) .STRDC TURK [-'ACTORS FOR M O V O H I O C I N 

n . K 1. 10KO 1 ;;)KC H K 1. 1 0KO 10FC II K L, I 0KO 10KC }\ K L 1 0KO 1 0FC H K 10KO 10KC 

0 7 7 1 8 2 6 0 1 2 9 ft 17 0 3 4 1 0 7 9 1 0 9 0 0 4 12 1 84 1 8 1 0 5 2 3 9 1 93 
0 h 4 f i h 4 55 0 I 33 R 2 3 0 3 5 2 4 6 2 2 5 0 2 0 4 1 3 1 5 1 7 0 5 24 7 0 4 5 
0 8 6 2 4 6 0 I 0 1 3 1 7 f l 34 0 3 6 22 4 3 2 2 9 3 0 4 14 2 4 6 24 1 0 5 2 5 9 5 
0 10 A \ h 3 9 2 0 2 0 f jn0 91 ft 0 j 7 6 0 2 64 5 0 4 15 7 31 0 5 2 8 92 93 
0 1 4 6 1 4 2 (•) 2 1 4 1 2 4 2 5 0 3 ft 79 76 0 4 17 1 6 8 1 7 2 0 S 29 6 31 

0 1 6 1 9 9 2 0 9 0 2 2 1 3 7 6 1 4 2 5 0 3 9 85 120 0 4 1ft 10 27 0 6 0 6 5 7 64 5 
0 0 1 8 104 104 0 2 3 6 5 f t 6 5 6 0 3 10 1 32 149 0 4 19 4 4 1 4 3 5 0 6 1 2 6 8 2 5 3 
0 0 2 0 1 1 3 1 1 4 0 2 4 1 30 1 1 306 0 i 1 1 62 97 0 4 2 1 8 47 0 6 2 2 8 5 2 7 6 

0 2 2 44 3 4 3 2 0 2 5 2.3 7 0 2 4 4 1 0 3 12- 33 3 352 0 4 2 3 2 9 3 2 0 6 3 161 1 55 
0 2 1 1 67 I 69 'A 2 6 7 7 H2 0 3 13 1 20 129 0 4 24 1 7 9 1 7 3 0 6 4 1 1 8 1 29 
0 2h 1 S6 1 7 0 0 2 7 1011 10 15 0 3 14 179 1 6f t 0 4 2 6 9 3 89 0 6 5 V 2 7 2 2 7 

0 0 2 8 y 8 7 6 0 2 8 7 51 0 3 1 5 1 Hft 1 97 0 4 28 30 2 5 0 6 6 8 6 84 
0 I 2 77 1 4 1 0 2 9 1 99 2 0 4 0 3 16 1 12 121 0 4 29 1 4 48 0 6 7 2 0 7 2 0 7 
frl 1 4 1 3 0 6 13 4 5 ,0 2 1 0 9 2 1 10 0 3 17 150 148 0 4 30 17 10 0 6 B 95 93 
1:1 1 h 6 R 0 67 1 0 2 1 1 ) .3 6 1 4 0 0 3 18 121 1 2 9 0 5 1 2 6 7 2 56 0 6 9 2.6 8 2 7 4 

1 1 35 4 0 2 \ 2 12 41 0 3 2 1 1 2 5 124 0 5 2 54 2 5 4 6 0 6 10 6 6 6 6 5 7 
- M I 6 1 56 0 2 1 3 2 1.3 2 1 0 . 0 3 2 2 109 109 0 5 3 8 86 0 6 1 1 5 7 9 58 0 

0 I 9 6 4 4 6 6 8 0 2 1 4 1 8 6 1 96 0 3 23 2 36 2 4 0 0 5 4 1 0 5 127 0 6 12 3 2 2 3 5 2 
w I 10 8 7 9 84 6 y 2 1 5 4 9 4 4 f t 6 0 3 24 69 6f t 0 5 5 1 9 9 1 8 9 0 6 1 3 7 5 5 

I 1 2 3 3 8 3 5 4 0 2 1 6 1 1 4 102 0 3 25 7 2ft 0 5 6 3 0 9 3 1 9 0 6 1 4 2 7 3 2 7 7 
I 13 2 3 6 2 4 9 0 2 1 7 3 5 2 34 H 0 3 2 6 1 1 6 134 0 5 7 4 9 0 5 2 4 0 6 16 7 8 70 
1 1 4 b l 0 531 0 2 IR 1 34 1 35 0 3 2 7 37 3 ft 0 5 8 6 4 9 6 30 0 6 17 1 8 30 

0 1 l b 6 3 5 2 1 9 6 67 0 3 30 23 17 0 5 9 3 6 8 - 3 8 1 0 6 18 1 60 J47 
0 1 1 7 2 7 2 2 6 9 0 2 2 0 14 4 1 0 4 v) 2 2 3 2 2 6 0 5 10 ftl6 8 0 3 0 6 1 9 i 9 0 1 95 
0 ' 1 I H 2 3 4 2 36 0 2 21 71 5f t ^ . 4 1 2 0 6 2 0 2 0 5 1 1 6 4 4 6 39 0 6 2 0 16 2 6 
0 1 1 9 H8 tt6 0 2 22 2 3 9 251 0 4 2 39f t 3 9 3 0 5 12 1 4 0 150 0 6 2 1 137 148 
t> I 2 0 77 67 0 2 2 3 1 1 9 1 .3 3 0 4 3 . 166 164 0 5 1 3 3 2 0 3 2 4 0 6 2 2 1 1 77 
0 1 2 1 153 I 7 0 0 2 24 1 2 2 1 5 0 0 4 4 6 8 5 6ft 4 0 5 14 2 7 7 2 6 4 0 6 2 5 6 50 
£1 \ 2 2 92 94 0 2 25 22 24 0 4 6 I 1 35 1 1 2 0 0 5 16 3 30 3 4 4 0 6 2 6 1 1 4f t 
0 1 2 3 1 1 2 2 2 2 6 1 2 3 104 0 4 7 34 1 3 5 6 0 5 1 8 1 3 5 1 35 • 0 6 2 7 2 3 26 

1 2 5 6 • 50 0 2 2R 27 2 9 0 4 H 3 1 6 3 1 2 0 5 19 1 3 9 1 4 5 0 6 2 8 3 0 1 
w 1 2 6 1 4 6 1 4 9 0 3 1 3 6.3 35H 0 4 9 2 2 1 2 1 6 0 5 20 2 4 9 "2 4 6 0 6 2 9 79 57 
0 I 27 1 6 43 0 3 2 7 U « 7 5; i 0 " 4 10 6 7 6 7 0 0 (') 5 21 7 7 7 3 0 7 I 4 0 8 3 9 4 
0 I 2H K8 R7 3 .\ 4 63 4 5 6 4 1 1 337 3 30 0 5 22 66 7 8 0 7 2 7 4 1 



OBSfTf^VKI) AMD CAI^CULATKO STKMirTMRR KACTORS FOR N O V O I U O C I N PACK 2 

H K L 10KO 1 >H-X II K 1. 1 0 F O i 0 r ( : II K 1, 10KO 1 0 K C H K L 10KO i 0 r c ){ K L 101-0 10F'C 

0 7 3 201 0 H I 4 1 6 6 173 0 10 3 69 4 9 0 1 1 23 92 38 0 1 4 4. 8 69 
0 7 y?.i 331 0 W 1 S 2 9 4 3 1 6 0 10 4 172 1 68 0 12 1 9 94 0 14 6 1 22 1 16 

7 S 2 3 0 H 1 f) 1 24 1 37 0 10 b I 99 199 0 J 2 3 139 148 0 14 7 166 1 b0 
0 7 1 .32 1 4 7 ft 1 7 2 3 H 2^i7 0 Iv) 6 8 b I 0 1 2 4 170 166 0 1 4 8 90 6 4 

7 7 7 6 7 H 1 » 2 6 3 2 » 2 0 10 B 63 91 0 12 7 1 0 6 9 0 14 9 43 50 
w 7 ft l b 9 1 r^5 0 » 1 9 1 37 142 0 10 9 2ftb 2 8 2 0 12 8 b9 44 0 14 10 9 7 86 

7 y 63 37 t) 21 91 84 0 10 . I 1 61 93 0 12 9 76 82 0 14 1 2 10 1 6 
7 10 2tM 2 9 2 0 2S IW b7 0 10 12 I 3 b 1 1 t 0 12 10 173 . 171 0 14 14 26 1 5 
7 11 26 3 261 0 « 2 7 10 32 ^) 10 I 3 97 103 0 12 1 1 173 196 0 1 4 l b 11 4 
7 1? 1 3 3 1 3 i 0 9 2 7S b » 0 IW 14 1 b9 1 b4 0 1 2 12 7 0 92 0 1 b 1 1 61 156 

(1 7 I 3 2 3 2 77 0 9 3 61 6 3 0 10 I b 109 1 20 0 1 2 1 3 1 5 20 0 l b 2 8 4 

7 1 4 h2 S6 0 9 1 1 46 \ S4 0 UJ 17 7 7 91 0 1 2 1 4 7 97 0 1 b 4 91 96 
(•) 7 1 b 2 1 0 2 2 2 0 9 b 62 b9 0 10 1 8 128 r 2 b 0 1 2 15 16 17 0 l b b 103 128 

7 16 7 b0 0 9 9 30 0 10 19 1 33 12b 0 12 17 80 b3 0 15 6 9 9 133 

0 7 1 8 1 4 S I 0 9 7 8 2H 0 10 20 8 8 2 0 1 2 21 8 4 104 0 15 7 7 4 3 9 

0 7 1 9 H I 9 2 0 9 K 2 1 3 2 1 4 0 10 21 1 1 2 3 0 1 3 1 141 137 0 15 8 16 4 0 

7 ;?o 9 UW 0 9 9 2 1 b 2 1 2 0 IW 2 2 1 4 9 2 0 13 2 b 21 0 l b 10 26 30 
;̂  7 7 0 2H . 1'̂  9 1 0 93 101.1 , 0 10 24 79 b 8 0 1 3 3 66 9 0 1 b 1 1 7 b 8 7 

w 7 '2 3 1 2 1 0 0 9 1 1 60 10 0 1 1 1 105 104 0 1 3 4 69 bb 0 16 t> 91 66 

7 •̂ 5 M f . J b9 v; 9 12 1 49 3 24 0 1 1 2 n b4 0 1 3 b 31 10 0 3 6 1 6 4b 

f1 7 27 9 7 0 0 9 1 3 2 2 4 2 34 0 1 1 3 17 3 0 1 3 6 96 7 b 0 16 2 3b 1 3 

' /I i\ 1 1 1 0 9 I 4 91 7 7 1 I 4 81 8 4 (•) 1 3 7 128 128 0 16 4 1 3 1 1 

1 3^»2 392 0 0 1 b 334 341 0 I 1 (> 68 10 0 13 8 8 1 B 1 0 1 101 52 

'/! 2 32 2 1 6 0 9 \ H 1 0 0 79 0 1 1 7 1 30 1 ^b 0 13 9 71 81 1 0 2 734 784 

y H 3 71 7b 0 9 1 9 26 b4 0 1 1 8 241 2 3 3 0 1 3 10 fi 99 1 0 3 1 2 0 2 1 2 1 3 

0 fi 'I 321 3 3̂ J 0 0 2 0 1 2H 137 0 1 1 10 R 4 3 0 1 3 12 1 3 38 ) 0 4 6 0 9 6 1 b 

\^ 7 1 3» 0 9 2 2 n3 3 3 0 11 I 1 264 2 6 9 0 13 13 8 3 7 1 1 0 b 30 54 
8 h 37 2 3 0 9 23 1 3 1 6 0 1 I 12 2 3 b 2 3 0 0 1 3 14 7 1 b9 1 fr) 6 4 86 497 

H 7 bh 0 9 24 6 9 67 0 1 1 1 3 7 9 0 13 l b 1 4 1 b I 0 7 1 42 146 

y 8 1 2S ] 1 w 0 9 2b 1 :̂  1 1 H I 1 16 ] 06 8 8 0 1 3 1 8 10 10 1 0 8 361 346 

0 M 10 2 b 0 24 3 0 Q 26 14 34 0 11 17 1 8 10 0 14 0 69 95 1 0 9 101 116 

0 1 1 1 0 5 103 {•> 10 0 164 173 0 • 1 1 20 133 128 0 14 1 6 21 1 0 10 184 178 

0 \2 7 1 M7 t:» 10 1 7 b4 P) 1 1 21 98 81 0 1 4 2 18R 173 I 0 1 1 8 8 97 
0 \ \ 1 1 1 I 4 H ' / I 1 0 2 \\ 2H 0 \ 1 2 2 7 2 60 0 H 3 7 b 8 3 1 0 12 2 9 8 31 1 



Oh.SI::i^VKI) Argo CAr^CUI.ATKD . S T I ^ l l f T U K n : KACTOR.S KOR NOVOIWOCIM t ' A c t : 

K 1. 1>1KC II K 1. 10KO 10K(: H K 6 10KO 1 0 F C H K I . 10PO 10r 'C H K 6 i 0 r o 1 0 K C 

] 3 1 4 7 1 1 1 9 95 7 7 1 2 22 39 46 1 3 26 ] 58 162 I 5 2 2 7 9 2 9 3 
0 1 n 367 3 5 4 1 1 7'd 6 52 1 2 2 3 104 9 5 1 3 27 9 3 8 1 5 3 1 6 3 1 62 

l b 1 1 5 I 1 b 1 1 2 » ti2 84 1 2 2 4 1 37 129 1 3 28 H 5 3 I 5 4 329 3 3 0 
10 7Ui 2 7 h 1 t . 2 2 7 96 1 2 2 5 158 1 59 1 4 &J 397 3 8 5 1 5 5 243 2 30 
17 17 1 1 62 I t 2 3 1 32 1 15 1 2 26 126 126 1 4 I 2 6 6 2 9 2 1 5 6 6 0 3 !) 7 8 
\ \} 1 56 161 1 1 24 1 13 106 1 2 2 7 100 98 1 4 2 247 234 1 5 7 378 4 0 3 
] 9 7S 74 1 1 2 5 72 86 1 2 28 10 2 5 1 4 3 5 1 6 5 1 6 1 5 8 3 7 0 362 

I 49 I r>i 1 1 26 9 20 1 2 29- 1 5 33 1 4 4 5 6 7 584 1 5 9 161 160 
'?.] y J I 1 2 7 08 I 1 0 1 2 31 95 44 1 4 5 474 4 6 9 J 5 10 1 96 207 
77 1 0 4 1 1 2 8 R l 91 1 3 0 2 5 2 25 3 1 4 6 261 2 4 9 1 5 I 1 2 6 5 2 6 0 
7^ \Vi 3 1 1 3̂ 1 R6 86 1 3 I 1014 102 4 1 4 7 4 9 5 5 1 7 I 5 12 2 8 2 2 88 
7A 9 b6 1 1 3 1 106 7 8 1 3 2 4 50 44 5 1 4 8 382 384 1 5 1 3 1 7 1 173 
7h 140 1 39 ] 2 7) 324 3 30 1 3 3 7 8 2 78 1 I 4 9 3 7 0 357 1 5 1 4 1 7 8 1 69 
71 I 1 20 1 2 1 8 2 6 8 3 5 1 3 4 9 9 3 1 0 0 7 I 4 10 2 8 0 271 1 5 1 5 6 7 7 7 
7<} 107 121 I 2 2 6 0 1 6 30 I 3 !) 554 5 40 J 4 1 1 2 60 2 46 1 5 1 6 27 3 2 6 7 

1 1 « 9 1 2 n 1 2 < 377 384 1 3 h 7 22 7 2 6 1 4 12 318 3P^5 ] 5 1 7 86 100 
1 6 34 6 6!) 1 2 4 6 39 6 2 2 I 3 1 24 1 2 34 1 4 1 3 1 76 179 1 5 1 M 83 91 
7 4 b y =1 H4 1 2 5 7!) 3 7 59 1 3 8 99 3 1011 1 4 14 1 36 147 1 5 1 9 1 19 1 14 

<J 4 9 1) 0 1 2 6 651 6 5 6 1 3 9 5 1 4 48 9 I 4 15 1 9 3 183 1 5 20 1 16 103 
241 1 2 7 6 7 9 6 8 5 J 3 I 0 101 92 I 4 1 6 102 96 1 5 2 1 1 62 166 

!) 3tt l 3 7 4 1 2 tJ 3 6 2 364 1 3 I I 254 2 5 9 1 4 17 I 6 9 171 1 5 2 2 1 9 8 I 8 9 

0 ft 4 ^ n6b 1 2 4 30 5 3 2 0 1 i 12 3 38 342 1 4 1 8 12 44 1 5 2 3 128 120 

7 37C^ 3 f n 1 2 10 3rt4 383 I 3 J 3 214 2 12 I 4 1 9 148 1 63 1 5 25 9 7 9 7 

H J 4 H 3 32 1 2 I 1 5 2 2 52b I 3 1 4 2 5 5 2 4 8 1 4 20 153 1 55 J 5 26 7 7 7 3 

3 9 3 3 92 1 2 1 2 211 221 1 3 15 96 82 1 4 21 98 77 I 5 28 8 25 

U» ? 2 4 20b 1 2 1 .3 2 0 9 2 0 8 I 3 16 I 17 109 1 4 22 177 1 86 1 5 29 7 4 5 

1 1 2 4 7 247 1 2 14 3 57 337 1 3 18 1 36 140 1 4 23 89 98 j 6 0 126 1 4 8 

1 7. 2 7 S 27H 1 2 1 b ft4 89 1 3 19 181 184 I 4 24 J 60 1 65 1 6 1 1 2 0 1 IM 

1 3 641 6 57 1 2 1 h 1 36 150 1 3 20 123 1 37 I 4 25 140 1 38 1 6 2 75 60 

H 1 13 1 2 4 1 2 17 61 63 1 J 21 182 186 1 4 26 7 9 2 8 1 6 3 314 3 1 0 

1 5 7. H : i 2 94 1 2 IM 2 3 7 2 3 5 1 3 2 2 162 159 I 4 2 9 24 8 2 1 6 4 424 4 0 8 

1 (> 7'\ 1 2 37 1 2 1 9 1 82 20(^ 1 3 23 207 191 1 4 30 6 5 6 1 6 5 331 34 1 

1 7 1 20 1 0 9 ) 2 2?i 1 56 J b6 1 3 2 4 9 2 7 7 1 5 0 2 70 2 8 1 1 6 6 4 94 484 

1 W 1 V 1 ) f» * 1 2 21 1 1 6 1 1 0 1 K 2 5 7 0 1 b 1 341 329 1 6 7 354 3 50 



AND C A I . C l l I . A T K r . S T K U C T U R F : K A C T O R S F'OI NOVOLJlOCrN - PA(^t: 4 

K b ] ^>K0 1 ^ F C ; K l> lOF'O l O K C 1 K L 10KO l O K C W K L 1 OKO 1 OP'C W K l O K O l O F X 

6 8 4 5 9 4 7 4 1 7 16 \^\ 124 1 9 1 2 1 2 2 1 8 1 10 14 107 129 1 12 10 1 1 60 
b 9 h2\ bm 1 7 1 7 1 1 0 9fl 1 9 2 186 183 1 10 15 166 161 1 12 1.1 90 86 
6 Jti J 76 1 ii2 I 7 I ft 2 l i l 2 9 0 1 9 3 9 61 1 10 17 113 1 3 5 1 1 2 I 2 25 5 4 
h 1 1 3 3R : M 6 1 7 1 9 1 85 1 91-) 1 9 4 1 1 0 1 1 4 1 10 20 9 76 1 1 2 1 3 6 9 52 
6 1? 2 8 B 2 9 9 1 7 2y 2^»2 2 1 1 9 5 123 13 3 1 10 21 6 3 7 1 1 2 1 4 8 9 7 2 
6 13 3 M VdS\ 1 7 2 1 7 34 1 9 l> 1 22 118 I 10 22 70 50 1 12 1 5 t 3 40 
6 M 2 2 9 2 3 6 1 7 22 8U 5 5 1 9 7 68 64 1 1 ] I I f l l 1 84 J 1 2 16 6 39 
6 1 5 17h 177 ! 7 2 < 7 54 1 9 11 6 62 1 11 3 6 46 1 1 2 17 I 30 1 25 
6 1 h H7 68 1 7 2 4 74 60 I !) 9 139 141 1 11 4 172 104 1 12 1 8 7 9 4 4 
fS .1 7 2 5 9 251^. I 7 25 1 3 3 7 I 10 n 68 1 1 ] 15 6 6 9 1 1 2 1 9 85 9 3 
b 1 U 2 9 9 J 04 1 7 2 6 1 0 1 6 1 9 I 1 74 9 2 1 11 6 22 50 ] 1 2 2 0 7 9 7 
6 19 2cn 2W I 7 27 21 5 1 1 9 I 2 19 8 193 1 11 7 188 ] 80 1 13 0 91 6 8 
6 2H 14 7 1 (1 ^ 3 1 9 13 474 187 1 11 8 2 1 9 2 1 6 1 1 3 I 110 101 
6 7\ 161 176 1 a 1 2 16 21ft 1 9 14 297 321 1 11 9 J 51 1 3 9 1 1 3 2 7 2 7 
G 22 7 2 96 1 H 2 2 33 2 1 5 1 !) 1 5 1 16 1 16 1 11 10 H O 1 52 1 1 3 3 2 0 0 196 
h •7A 26 3 6 1 H 3 1 6t^ 153 1 9 l o 3 4 0 351 1 11 1 1 10 01 1 t 3 1 1 20 1 09 
6 AH H W \ 4 2S1 24 8 1 9 17 121 124 1 11 12 125 112 1 1 ) 6 1 0 4 88 
6 9 7 7 7 5 ^i 1 S 1 12 137 ! S) 1 n 122 143 1 ] 1 1 3 6 71 1 1 3 7 9 51 
6 '2 0 7 S 3 1 6 1.34 .14 4 1 9 1 9 R 5 89 1 11 14 142 138 1 1 3 8 1 27 1 2 7 
7 0 1 0 9 1W) 1 W 7 1 ] M 135 1 9 20 7 3 6 7 1 11 15 7 9 89 1 1 3 9 72 40 
7 1 22 ! 2 3^ 1 f{ 6 3 74 1 9 21 7 3 4 I 11 1 6 99 1 09 1 1 3 1 0 6 50 
7 '2 1 lis 1 h9 1 H 9 9 H 1 1 9 22 107 1 1 7 1 11 1 8 9 7 99 1 1 3 1 1 101 1 08 
7 3 12 5 1 1 1 1 1 1 2 4 9 2 5 8 1 9 2 1 26 1 1 I 11 19 l t 03 88 1 1 3 12 84 68 
7 2 7 7 2yv) 1 1 2 2 0 0 195 1 10 0 119 1 29 1 ] 1 20 6 7 3 1 1 3 1 3 92 03 
7 h 1 97 2 «1 1 H 1 3 94 70 1 i t ) 1 153 155 1 11 22 7 5 4 1 1 3 14 8 36 
7 ( i 1 1 7 1 P)y 1 1 4 1 29 156 1 \y) 2 121 H f t 1 12 0 162 1 60 1 1 3 1 5 12 46 
7 7 7 irt 1 n 1 5 1 7 7 1 7 8 1 1 0 3 7 3 30 1 12 1 3 8 82 1 13 16 21 30 
7 fi 3 5 5 3 55 1 M 1 6 1 3 6 138 1 10 4 10 3 9 3 1 3 2 2 135 1 4 9 I 11 0 06 92 
7 9 ] 6 H 1 H 7 1 H 1 W 1 34 146 1 10 5 8 2 6 3 1 1 2 4 136 1 37 1 1 1 1 143 147 
7 1 U 22('l 2 3 ] 1 1 9 146 15.0 I 10 7 6 80 1 12 !*) 154 1 65 1 14 2 126 126 
7 1 1 4(n) 1 H 2 1 15 67 1 U ) 9 7 3 99 1 12 6- 128 126 1 14 3 7 3 19 
7 1 2 2 2 9 2 3 3 1 H 2 2 1 5 51 1 U.) 10 87 9 5 1 12 7 194 183 1 14 4 123 1 1 0 
7 1 3 .J i) 1 fl 2 7 18 5 ^ 1 10 12 167 1 5 4 I 12 8 187 1 9 7 1 14 5 102 92 
7 1 S 0 5 7 0 1 9 /) 9!i 7H 1 10 1 i 9t) H 6 1 ) 2 9 222 2 30 1 14 7 152 149 



O i K S K i i V K t ) AND C A I i C U f . A T K I ) S T I H I C T I I R K K A C T 0 K S KOK N O V O ( i J OC I N PAGF-: 

H . K I. 10KO M K l i 1 0 r O 1 0 K C H K 1. 10 KO 1 0 K C H K Ij 10KO 1 0 K C I I K I. i 0 r o 1 0 K C 

1 14 8 6 61 2 0 18 70 101 2 1 28 97 97 2 3 3 114 307 2 4 9 394 4 0 9 
1 1 4 9 1 3 4 3 2 0 21 7 3 2 2 1 2 9 171 1 7 0 2 3 4 6 3 5 6 3 0 2 4 1 0 359 36 3 
1 1 4 1 0 10 7 4 2 0 22 1 40 1 32 2 1 30 30 5 7 2 3 5 56 3 5 3 9 2 4 I 1 2 4 3 2 35 
1 14 1 ] 7 37 2 0 2 3 14 3b 2 2 0 2 9 9 2 9 2 2 3 6 184 184 2 4 12 2 ) 4 2 2 2 
1 1 4 1 4 9 37 2 0 2 4 6 8 64 2 2 1 7 2 6 7 78 2 3 7 51 1 5 0 2 2 4 1 3 2 69 2 6 8 
1 14 1 5 80 l b 2 0 2b 22 b 2 2 2 4 3 9 4 37 2 3 8 141 1 36 2 4 14 1 95 1 99 
1 l b 0 8 2 8 2 0 2 7 6 56 2 2 3 597 57 I 2 3 9 6 8 7 671 2 4 15 85 77 
1 15 1 1 6 6 4 2 0 29 133 M b 2 2 4 44 3 4 40 2 3 10 4 3 7 4 30 2 4 1 6 153 3 52 
1 15 2 31 4b 2 0 3 0 231 2 1 9 2 2 i) 356 3 . ^ 8 2 3 1 1 166 1 6 8 2 4 17 88 1 12 
1 15 3 1 34 1 2 9 2 1 0 1 70 179 2 2 6 24 7 2 4 9 2 3 3 2 182 1 9 6 2 4 18 I 96 1 86 
1 15 4 73 6 5 2 1 1 .106 321 2 2 7 4 4 0 4 4 9 2 3 1 3 174 3 69 2 4 10 85 3 8 
1 1 b b 36 5 3 2 1 2 321 323 2 2 8 6 37 594 2 3 3 4 4 2 2 8 2 4 20 7 3 88 
1 15 7 1 6 2 2 2 1 3 7 I 8 7 02 2 2 9 4 3 2 418 2 3 15 175 182 2 4 23 6 b 43 
1 15 10 83 7 0 2 I 4 5 2 3 b2b 2 2 10 2 97 28 3 2 3 3 6 336 3 2 8 2 4 2 2 7 9 73 
1 16 1 71 43 2 1 5 4 6 9 4 8 8 2 2 1 I 2 9 6 303 2 3 17 7 3 53 2 4 23 103 3 4 5 
1 16 2 7 b4 2 1 6 176 171 2 2 12 323 3 1 0 2 3 3 8 9 9 1 1 3 2 4 24 149 1 32 
1 16 3 7 7 94 2 1 7 3 2 0 334 2 2 1 3 167 157 2 3 19 6 3 69 2 4 25 9 56 
2 0 0 1 5 8 2 1 5 8 7 2 1 R 2 30 2 2 3 2 2 14 7 5 75 2 3 20 1 13 120 2 4 26 87 41 
2 0 1 6 6 5 6 59 2 1 9 2 19 2 2 2 2 2 l b 151 140 2 3 21 71 79 2 4 2 7 7 5 7 2 
2 0 2 2 2 3 2 1 7 2 1 1 0 1 36 1 b4 2 2 16 70 9 5 2 3 22 185 1 80 2 4 2 8 85 29 
2 id 3 854 841 2 1 1 1 1 1 3 117 2 2 1 / 162 1 60 2 3 2 3 100 103 2 5 0 1 24 1 3 3 
2 0 4 9 9 7 1 r)02 2 3 12 2 35 2 3 2 2 2 18 1 40 I 30 2 3 24 127 133 2 5 3 2 8 7 2 7 5 
2 0 b 94 3 9 5 9 2 1 13 4 3 6 4 3 0 2 2 1 9 1 15 1 2 0 2 3 25 1 95 190 2 5 2 4 57 4 3 7 
2 0 6 444 451 2 I 14 187 1 8 5 2 2 20 92 74 2 3 26 126 1 28 2 5 3 363 362 
2 0 8 1 52 1 62 2 1 1 5 186 1R4 2 2 21 74 7 6 2 3 30 6 34 2 5 4 6 1 9 584 
2 0 9 2 4 9 24 3 2 1 16 73 6 2 2 2 22 26 25 2 4 0 8 21 2 5 5 3 45 3 26 
2 0 10 8 2 3 7 8 7 2 1 17 2 7 6 28 1. 2 2 2 3 184 171 2 4 1 339 357 2 5 6 3 84 170 
2 0 1 1 146 I b l 2 1 18 2 0 0 2 1 8 2 2 24 107 108 2 4 2 53 1 5 1 5 2 5 7 2 2 9 224 
2 0 12 3 5 8 352 2 1 1 9 1 2 59 2 2 2b 10 7 4 2 4 3 3 02 119 2 5 8 3 31 123 
2 0 I 3 51 I 4 8 7 2 1 20 1 9 50 2 2 20 1 34 122 2 4 4 2 38 2 5 0 2 5 9 2 2 9 2 1 8 
2 0 14 6 1 64 2 1 2 2 19 38 2 2 28 9 3 6 2 4 5 336 35b 2 5 10 20 3 204 
2 0 1 b 2 6 5 271 2 1 2 3 90 91 2 3 0 381 3 5 7 2 4 6 5 5 0 5 6 2 2 5 1 1 173 3 7 b 
2 0 16 174 1 7 1 2 1 24 ' 7 3 90 2 3 1 5 1 8 494 2 4 7 2 9 3 2 9 0 2 5 12 66 7 9 
2 1-) 1 7 1 01 107 2 3 25 6 8 0 2 3 2 6 7 9 67 1 2 4 8 172 1 7 8 2 5 1 3 3 18 104 



O B S F : R V ( : ; D A N D C A i . c i i L A T R n S T I U I C T U R K K A C T O K S you N O V O I U O C I N V^QK 

H K 1, 1 0 K 0 1 AFC M K 6 1 0KO 10i 'c: H K [j 1 v)KO 10KC W K 1. lOP'O lOKc: f l K 1. 1 0 [••0 JOKC 

2 5 I 4 1 16 1 17 2 6 18 1 62 1 88 2 8 0 6 2 2 9 2 9 12 1 5 5 1 6 0 2 1 I 5 1 7 6 1 7 0 
2 r> 1 5 1 5 1 1 35 2 6 1 9 1 94 1 9 2 2 8 1 3 8 6 3 9 9 2 9 13 1 7 5 1 7 5 2 1 1 6 1 5 1 177 
2 5 16 8 0 6 3 2 6 2 0 1 5 1 1 7 5 2 8 2 3 54 3 4 0 2 9 14 179 1 80 2 1 1 7 2 5 4 2 6 6 
2 5 1 7 2 6 4 2 7 2 2 6 21 1 5 4 1 55 2 H 4 9 8 8 9 2 9 15 9 4 6 2 1 1 8 1 0 5 127 
2 5 1 8 1 0 2 1 0 9 2 fi 2 2 14 34 2 )t 5 2 0 8 1 0 ] 2 9 1 6 78 85 2 1 1 9 1 4 6 1 3 1 
2 5 19 158 1 6 0 2 6 2 3 2 8 62 2 H 7 6 1 0 1 2 9 17 8 0 92 2 1 1 1 0 9 25 
2 5 2 0 9 3 9 3 2 6 24 6 47 2 8 7 9 6 1 1 1 2 9 1 8 75 45 2 1 1 1 1 1 2 5 1 34 
2 b 21 6 9 24 2 6 2 5 6 56 2 8 8 2 6 3 2 7 4 2 9 20 87 67 2 1 1 12 1 0 5 I 10 
2 5 2 2 13 5 8 2 6 27 7 61 2 8 9 134 1 3 3 2 9 22 6 9 6 2 I 1 13 1 1 8 1 2 1 
2 5 2 3 6 3:'> 2 7 7^ 1 0 4 94 2 b 10 172 183 2 9 23 1 2 14 2 1 1 1 4 7 0 7 7 

2 5 24 1 I 5 3 2 7 1 2 2 3 2 2 4 2 8 I 1 2 2 4 2 1 5 2 9 2 5 8 8 37 2 I 1 1 6 6 47 

2 5 2 5 9 5 1 0 2 2 7 2 3 3 7 3 4 h 2 12 1 56 1 7 2 2 10 1 6 59 2 1 I 17 9 46 

2 b 2 6 7 9 45 2 7 3 82 6 8 2 8 1 3 1 3 3 1 2 8 2 10 2 8 0 1 0 2 2 1 I 1 8 6 2 8 

2 5 27 104 5 6 2 7 4 2 0 9 2 1 0 2 8 14 24 8 24 6 2 10 3 23 3 2 40 2 1 1 10 103 1 1 3 

2 5 2 8 8b 6 1 2 7 5 3 87 3 7 1 2 8 15 187 1 7 8 2 10 4 8 6 107 2 1 1 22 1 1 6 6 

2 5 2 9 7 1 37 2 7 6 1 7 3 1 7 0 2 H 1 6 156 163 2 10 5 1 1 0 1 1 5 2 1 2 0 8 3 0 

2 6 0 9 yt 2 7 7 2 4 0 2 3 3 2 8 17 1 2 52 2 1 0 6 6 3 7 2 12 1 1 2 7 7 

2 6 1 3 2 6 3 24 2 7 R 1 2 9 12 3 2 U 10 0 51 2 10 7 108 1 1 5 2 12 2 1 17 1 1 7 

2 6 2 3 9 1 3 9 1 2 7 9 77 83 2 8 2 0 23 4 7 2 10 8 91 1 0 6 2 12 4 98 8.7 

2 6 3 4 35 4 2 7 2 7 1 0 1 2 8 1 2 6 2 8 23 6 5 0 2 10 9 3 1 0 3 2 1 2 1 2 5 6 3 12 

2 6 4 6 0 3 5 8y 2 7 I 1 1 04 113 2 8 24 <i 81 2 10 10 1 3 5 1 32 2 ) 2 6 79 68 

2 () 5 47 3 4 75 2 7 1 2 63 b6 2 8 2 6 2 6 2 8 2 10 12 9 3 93 2 1 2 8 125 149 

2 6 6 2 0 9 I 9 6 2 7 1 3 6 6 80 2 9 V) 96 1 0 0 2 10 1 3 1 4 2 I 4 4 2 12 9 1 19 1 4 1 

2 (> 7 2 7 0 2 6 3 2 7 14 98 1 0 2 2 9 I 40M 377 2 10 14 45 5 6 2 12 10 7 74 

2 6 8 2 5 0 2 2 0 2 7 I 5 1 7 1 1 7 3 2 9 2 2 5 2 2 50 2 10 15 10 53 2 12 1 1 8 47 

2 6 9 1 5 9 1 7 9 2 7 1 6 9 9 1 0 5 2 9 3 97 8 0 2 10 16 1 4 0 1 3 9 2 12 14 7 5 77 

2 6 1 0 6 6 7 2 2 7 1 7 2 66 2 8 2 2 9 4 2 1 7 2 1 8 2 10 17 5 8 55 2 12 1 5 6 52 

2 6 1 1 1 2 8 1 U) 2 7 1 8 H f l u 2 9 5 7 4 9 8 2 10 1 8 7 5 7 0 2 1 2 1 6 9 2 1 

2 6 1 2 2 0 1 2 (-̂  5 2 7 [ 9 3 2 3 6 2 9 6 2 2 0 2 35 2 10 10 7 0 43 2 1 2 17 1 8 CO 

2 6 13 1 7 4 I 52 2 7 2:^ 1 00 7 7 2 9 / 2 0 4 1 9 7 2 10 2 0 2 7 6 8 2 12 18 71 56 

2 6 1 4 93 9 0 2 7 2 2 88 76 2 9 8 87 7 7 2 10 2 1 18 43 2 12 19 74 76 

2 6 1 5 1 0 0 7 7 2 7 2 4 9 4 6 2 9 9 2 1 0 2 2 9 2 1 1 1 7 3 7 0 2 12 2 0 9 5 59 

2 6 1 6 1 0 b 1 1 2 2 7 2 5 6 51 2 9 10 1 0 0 9 3 2 1 1 2 6 8 76 2 13 1 6 7 44 

2 (> 1 7 21-) 9 2 10 2 7 2 6 8t> 6 3 2 '•) \ 1 177 1 9 \ 2 1 1 4 1 4 8 144 2 13 2 6 6 0 



OnSKRVFlJ AND C A I i C U i . A T K D STRHCTt lRK KACTORS FOR N O V O I U O C I N f ' A r ; F 7 

H K [, 10FO ! 0 F C 

13 
1 3 
] 3 
13 
1 3 
13 
1 3 
13 
13 
1 3 
1 3 
1 3 
14 
14 
14 
14 
14 
14 
14 
14 
14 
1 4 
14 
14 
1 4 
1 5 
1 ! i 

1 5 
15 
15 
15 
15 
1 5 

0 

3 
4 
5 
7 
ft 
9 

10 
12 
1 3 
1 4 
1 5 
16 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0 
1 I 
1 4 

V ) 

2 
3 
4 
7 
8 
9 

1 0 
1 

H9 
1 8 

6 
1 1 8 
1 1 9 

7 
77 

! 14 
5 6 
83 

ft 
8 0 
24 
1 1 

8 
1 5 
97 

6 
R2 

7 
7 6 

8 
107 

6 
7 

1 3 
1 3 
7 5 
S5 
2 3 
1 3 

6 
] 4 

1 4 2 

34 
ft 

7H 
1 0 0 
I 13 

2 6 
3 3 

1 14 
1 1 

1 0 b 
3 6 
3 3 
2 0 

. 53 
5 3 
2 1 
43 
53 
65 
4 1 
7 5 
5 5 

1 08 
4 0 
4 0 
2 4 
4 0 
5 6 
21 
29 
12 
4 6 
4 6 

1 3S 

II K Ir 10FO 10FC It K L 1 0 FO 10FC II K f. 10FO 10FC H K 1. 10 FO i 0 F c : 

3 0 2 1 0 3 9 3 3 1 8 67 5 7 3 2 13 14 3 3 3 3 2 1 7 7 8 

3 0 3 1 5 0 148 3 1 9 3 5 7 339 3 2 14 1 0 0 1 0 1 3 3 22 95 84 

3 0 4 1 59 1 5 3 3 I 10 2 0 6 20 9 3 2 15 1 9 5 191 3 3 2 3 7 3 8 8 

3 0 5 1 8 6 1 7 ] 3 1 1 I 5 0 1 4 7 0 3 2 16 104 I 1 8 3 3 2 4 9 76 

3 0 6 6 0 3 6 1 7 3 1 12 2 0 4 1 9 5 3 2 17 92 9 1 3 3 2 6 1 34 138 

3 0 7 5 6 8 5 4 7 3 1 13 5 0 4 47 5 3 2 19 108 9 6 3 3 2 7 7 7 2 

3 0 8 5 7 9 54 3 3 1 14 24 8 2 5 9 3 2 2 0 6 7 9 3 3 2 9 9 5 2 

3 0 9 2 5 2 2 4 7 3 1 15 2 5 7 2 3 6 3 2 2 1 6 1 2 9 3 4 0 1 4 9 1 45 

3 0 1 0 4 2 8 4 0 2 3 1 16 2 56 2 6 0 3 2 2 2 6 77 3 4 1 6 6 3 6 5 9 

3 0 1 1 2 2 5 2 1 6 3 I 17 197 2 0 2 3 2 23 103 88 3 4 2 1 5 3 148 

3 0 1 2 1 2 9 1 1 6 3 1 18 2 ft 27 3 2 24 8 3 56 3 4 3 5 9 5 6 0 0 

3 0 I 3 2 0 2 1 9 3 3 1 1 9 75 ft0 3 2 2 5 7f t 4 0 3 4 4 2 9 4 2 8 7 

3 0 1 4 9 8 1 0 1 3 1 2 0 74 5 5 3 2 2 9 10 9 8 3 4 5 4 2 5 4 0 3 

3 0 15 2 5 0 2 3 9 3 1 2 1 2 2 2 2 1 3 3 3 0 6 1 7 6 7 2 3 4 6 4 6 5 4 37 

3 0 1 6 1 3 f t 1 2 6 3 I 22 I 3 44 3 3 1 1 9 2 2 1 0 3 4 7 2 3 7 22 3 

3 0 1 7 1 8 7 1 86 3 1 2 3 67 4 3 3 3 2 3 9 0 3 7 6 3 4 8 2 8 0 2 7 2 

3 0 1 (» 2 8 2 2 8 9 3 1 24 9 4 5 3 3 3 44 7 4 5 8 3 4 9 2 9 4 30 3 

3 0 t 9 9 6 113 3 1 25 13 24 3 3 4 1 85 177 3 4 10 2 2 2 1 9 9 

3 0 2 0 3 4 30 3 1 2 7 ft0 5 7 3 3 5 39 3 3 9 1 3 4 1 1 78 81 

3 0 2 1 96 9 3 3 1 2 8 57 4 5 3 3 6 1 0 2 7 3 3 4 12 1 34 143 

3 0 2 2 74 84 3 1 2 9 7 61 3 3 7 6 1 1 5 8 2 3 4 14 2 5 4 2 38 

3 0 23 7 1 91 3 2 0 3 6 4 3 7 9 3 3 8 9 2 6 3 4 1 5 2 0 0 2 1 7 

3 0 2 5 68 65 3 2 J 6 6 0 6 5 2 3 3 9 2 9 1 2 6 8 3 4 16 I 0 f t 97 

3 
3 

0 2K 7 57 3 2 2 2 7 0 2 6 4 3 3 10 1.39 1 3 5 3 4 17 I 3 3 1 19 3 
3 0 2 7 8 4 96 3 2 3 7 6 1 7 1 f t 3 3 1 1 44 4 4 5 2 3 4 1 8 1 32 1 3 4 

3 0 2 9 . 7 2 0 3 • > 
/ . 158 .1 5 2 3 3 32 10 5 0 3 4 ] 9 ft 9 7 8 

3 1 0 7 1 108 J / . 5 20 3 4 3 3 n 380 375 3 4 2 0 7 5 ' 7 f t 

3 1 1 S43 5 1 7 3 2 6 2R0 2 8 9 3 3 14 103 1 0 9 3 4 21 ] 35 1 2 2 

1 1 2 4 0 3 4 2 6 3 2 7 347 3 6 1 3 3 15 2 0 0 198 3 4 2 2 143 1 4 4 

3 1 3 377 3 4 8 3 2 8 2 9 5 3 1 0 3 3 16 2 2 4 2 20 3 4 23 7 66 

3 1 4 3 3 9 3 4 0 3 2 9 8 6 1 8 3 7 3 3 17 1 3 f t 134 3 4 2 4 80 95 

3 1 5 3 1 3 3 1 0 3 2 10 6 1 3 5 6 3 3 3 18 .192 1 87 3 4 2 5 1 66 1 7 0 

3 1 6 9 7 9 3 2 1 1 2 1 4 2 2 1 3 3 19 117 1 0 1 3 4 27 1 0 0 7 0 

3 1 7 1 1 6 1 2 5 3 2 12 169 1 5 8 3 3 2 0 6 6 4 9 3 4 28 7 7 1 



O n S K K ' V K D ANi) C A I.C U I . ATKD STIMICTUKK KACTOR.S KOK fgUVOHlOCTN 

M K I., I 0 K(l 1 ;-iKC 11 K l i j ;^K0 1 oKc: 11 1 l')K() H K L 1 (:)[•• 0 10KC H K L 1 0KO l O F c : 

f) i.') 1 1 2H 3 6 7 3SM 3 4 8 3 7 16 1^5 1 2 4 3 9 3 185 184 3 10 17 107 1 0 0 
3 1 2 33 2 2 4 3 6 R 2 7 6 2 7 8 3 / 17 109 3 9 4 84 96 3 10 1 8 7 6 0 
3 1 74 t 3 2 3 (•> 9 1 3 3 1 37 3 7 19 1 7 2 2vM 3 9 5 2 0 6 1 9 8 3 10 21 9 64 
^ T) 3 3 S I n ' ) 3 ft 1 / I 2 34 2 \ 6 3 7 2W 1 1 7 1 2('i 3 9 6 2 0 1 1 97 3 10 2 2 8 4 6 

/J 4 l U 3 h 1 1 2 1 H 2 2 3 3 7 2 1 7 2 8 5 3 9 7 2 2 2 22 5 3 1 1 0 2 9 8 3 
3 !> !) 1 0 2 3 6 1 2 6 9 9 3 3 7 2 2 .12C^ 1 2 5 3 9 8 2 1 7 2 1 6 3 1 I 1 1 1 3 1 36 
3 b '^24 2 2 b 3 1 3 2 3 4 2 4 2 3 7 23 1 0 1 73 3 9 9 1 2 0 1 46 3 1 1 2 1 8 2 1 80 
3 [i 1 2 4 f i 2 1 ' ) 3 h 1 4 1 3 5 1 3S 3 7 2 4 7 9 3 8 3 9 10 127 1 38 3 1 1 3 1 2 9 127 
3 5 « 4 36 4 5 3 3 6 15 2 6 S5 3 7 25 6 7 53 3 9 1 1 9 9 1 0 3 3 1 1 4 60 30 
3 S 2f.H'i • 1 fl 9 3 6 1 6 y 7 H9 3 y I'l 83 7 5 3 9 13 6 24 3 1 1 5 32 4 8 
3 ! i 1 iA 1 2 6 1 1 f) 1 (•) 17 6 9 7 5 3 11 1 2 7 8 2 5 9 3 9 15 86 9 8 3 1 1 6 7 2 4 9 
3 S 1 ] 3 6 2 3 7';i ^ 6 I U fy 4 3 2 28 1 28 1 3 9 16 167 1 7 3 3 I 1 7 9 8 1 0 1 
3 • i 1 2 I 1 3 1 0 9 3 6 2̂ 5 \ lb 1 8 9 3 8 3 1 38 146 3 9 1 7 157 I 8 2 3 1 1 8 1 2 2 103 
3 S 1 3 121 3 6 21 1 4 1 1 l iH 3 8 4 8 7 1 1 1 3 9 1 8 1 0 7 1 1 0 3 1 1 9 10 51 
3 1 1 1 8 9 1 02 3 6 2 ^ 6 67 3 a 5 2 0 5 2 1 2 3 9 19 10 34 3 1 1 1 V) 6 34 
3 5 1 5 MS 67 ^ 6 2S 7 5 8 3 3 6 146 160 3 9 20 6 24 3 I 1 1 1 74 7 5 

3 1 6 2 2 S 2 2 7 3 6 2 6 1 1 3 5 3 8 7 1 8 42 3 9 22 12 6 7 3 1 1 1 3 7 1 1 0 0 

3 ! i 1 7 1 1 7 1 '/>:^ 3 6 2 7 58 5 4 3 H 8 2 2.^ 2 2 6 3 9 2 3 7 7 2 1 3 1 1 1 4 58 69 

3 5 1 U l f ?4 1 H4 3 7 'A 1 54 1 59 3 8 9 82 8 3 3 10 0 71 4 2 3 1 1 1 5 8 6 7 6 

3 5 19 6 32 - 7 1 1 91 \»2 3 8 10 1 7 9 17 1 3 10 1 147 1 2 9 3 1 1 1 6 8 5 5 9 

3 5 7 0 I b 4 7 3 7 2 147 1 4 3 3 8 I 1 1 1 1 I 1 8 3 10 2 65 5 3 3 1 1 1 7 t. 7 0 

3 2\ 8 7 B 3 7 3 7 27 3 8 12 1 12 1 1 8 3 10 3 9 6 I 3 1 1 19 30 31 

3 S 2 7 1 1 3 7 4 H9 9 7 3 8 1 3 H 4 2 3 10 4 61 2 8 3 12 v> J 7 1 1 8 2 

3 5 2^ 70 39 3 7 S 2 6 2 2 5 6 3 8 14 3 3 4 1 3 10 5 104 I 16 3 12 1 1 0 0 9 3 

3 5 2 A ) 4R 1 4 8 3 7 6 2 6 0 2 6 7 3 8 I ' J 94 97 3 10 6 82 7 8 3 12 2 187 1 86 

3 S 2!) 1 5 ^T) 3 7 7 68 72 3 H 16 97 98 3 10 7 151 1 29 3 12 4 • 1 4 3 1 57 

3 5 7b 1 1 62 3 7 8 7 92 3 8 1 7 82 8 6 3 10 8 9 6 9 9 3 12 6 7 107 

3 f i 6 9 9 2 3 7 9 1 3 9 1 3 5 3 8 19 7 58 3 10 9 179 1 72 3 12 7 8 2 8 3 

3 6 1 6 93 3 7 \^ 1 97 1 8 2 3 8 2 1 7 0 SO 3 10 10 133 133 3 12 8 6 93 

3 6 ] 38 1 2 9 3 7 1 1 63 69 3 8 23 8 4 3 3 10 1 1 1 16 106 3 12 10 8 57 

3 3 4 1 6 3 9 8 3 7 1 2 07 94 3 8 25 2 5 19 3 10 1 2 1 2 5 1 4 9 3 12 1 1 7 5 91 

3 4 3 7 7 3 7 3 7 1 j 1 7 7 17H 3 2 37 2 30 3 10 1 3 144 143 3 1 2 1 2 6 8 7 

3 b 1 31 1 2 6 3 7 1 4 1 10 1 1 3 3 1 86 6 3 3 10 15 8 1 04 3 1 2 1 3 1 7 4 0 

3 b 4 i 3 7 1 S 1 19 1 3 7 3 S) 2 2 17 21 1 3 10 1 6 1 35 1 2 7 3 1 2 1 5 7 6 0 



O l i S K K V K I ) AMD CAI.CUI,ATF-:0 STHUCTURh: KACTORS KOW N O V O i i l O C I N PACK 

It K 1, 1 P F O I /JTC H K I . 1 WFO 1 O f C H 1; l o r o l O K C II K L l O K O l O K C H K 1< tOP'O l O K C 

3 12 17 30 5 9 4 0 1 30 1 2 5 4 1 14 9 1 1 10 4' 2 2 1 7 15 4 4 3 1 98 1 98 
3 12 1 b 2b . 4 7 2 5 9 2 4 7 4 I 15 1 1 2 117 4 2 22 128 1 1 2 4 4 4 5 9 9 5 7 5 
.3 1 3 i/i 0 8 3 8 4 8 2 2 0 2 2 2 4 1 10 I 1 3 81 4 2 25 8 5 0 4 4 5 47 8 4 7 2 
.3 1 3 1 1 1 hH 4 9 1 0 1 121 4 I 17 2 3 9 2 5 5 4 2 20 94 93 4 4 0 3 0 2 29 1 
3 1 J 3 h 1 9 4 1 ;•) 7 5 4 7 4 1 1 8 110 1 24 4 2 28 12 47 4 4 7 1 9 9 1 99 
3 13 4 8 1 7 4 1) 1 2 0 1 2 9 4 1 19 174 183 4 3 0 3 2 9 • 3 2 2 4 4 fi 1 55 101 
3 13 6 1 4 7 9 4 12 1 04 1 7 0 4 I 2v3 7 3 6 7 4 3 1 4 6 1 4 3 3 4 4 9 11 5 3 
3 13 8 1 4 3 1 35 4 0 1 3 2 83 2 9 7 4 I 2 1 2 3 6 2 3 5 4 3 2 5 3 8 5 3 1 4 4 10 1 62 1 6 0 
3 13 9 1 « 72 4 1 4 1 5 6 1 4 8 4 1 22 128 1 1 7 4 3 3 12 1 8 4 4 ] 1 2 0 1 0 
3 1 3 10 9 07 4 (') 1 5 1(^4 07 4 1 2.1 108 1 0 5 4 3 4 2 9 1 2 9 7 4 4 1 2 20 1 ] 90 

3 13 1 1 7 3 5 4 (1 1 G 1 8 0 1 0 1 4 1 24 7 7 5 4 3 5 2 1 0 2 1 0 4 4 1 3 1 1 9 1 34 
3 13 1 2 1 34 1 2b 4 1 7 10 4 9 4 1 26 2 4 30 4 3 0 124 1 15 4 1 4 J 1 4 90 
3 13 13 13 1 4 4 18 1 1 21 4 1 2 7 I 4 34 4 3 7 2 3 5 2 3 2 4 4 15 92 1 0 0 
3 13 14 . 19 2 4 4 W 19 2 7 52 4 2 t) 1 87 173 4 3 8 347 3 2 0 4 4 16 1 5 8 1 6 0 
3 1 3 1 5 2 6 4 1 4 0 2<i 8 51 4 ?. I 5 37 5 5 2 4 3 10 3 4 2 3 2 4 4 4 17 1 1 1 1 4 0 
3 1 4 1 Ji0 . ^ 8 4 ^) 21 7 5 2(? 4 l 2 2 4 0 2 30 4 3 1 1 6 59 4 4 1 H 9 7 8 0 

1 4 2 fS 5 1 ) 4 2 2 2 3 8 2 2 4 4 2 3 4 0 5 3 8 U 4 3 1 2 158 1 04 4 4 1 9 04 44 
3 14 3 9 5 1 4 2 4 1 I 4 8 4 2 4 6 5 9 05 7 4 3 1 3 7 9 7 8 4 4 2 0 9 0 9 5 
3 14 4 7 7 5 4 {) 2 5 2 2 4 2 1 4 4 2 5 0 5 0 3 4 3 14 1 0 1 1 04 4 4 2 1 1 0 0 154 
3 14 T) 7ft 7 h 4 2 8 22 2 9 4 2 0 4 12 3 8 0 4 3 15 8 0 5 0 4 4 2 2 10 6 9 
3 1 4 6 15 5 0 4 1 » 0 51-̂  0 4 0 4 2 7 5 0 7 5 0 0 4 3 1 0 197 2 0 0 4 4 2 3 9 5 1 2 0 

1 4 1 6 '1 ] 1 2 54 2 0O 4 2 8 0 7 8 4 3 1 7 1 7 5 I 7 I 4 4 24 9 8 97 
3 1 4 I t - 7 1 ! i M 1 1 2 OSO 5 9 5 .4 2 9 3 37 32 8 4 3 1 8 2 1 2 2 0 0 4 4 2 5 7 2 59 
•j 1 A 11 7 3 2 1 J 3 0 7 1 4 2 10 1 8 4 178 4 3 1 9 7 7 2 4 4 2 7 1 04 75 
3 15 10 2 3 4 ) 4 3 2 2 3 1 3 4 2 11 2 6 5 27 1 4 3 20 7 0 97 4 5 0 1 4 1 145 
3 1 1 1 2 3 )̂ 4 ) 5 4 1 .1 4 0 8 4 2 12 6 00 4 3 21 157 161 4 5 1 1 2 0 1 1 9 

3 1 s 2 A 34 4 I 0 2W4 1 99 4 2 l . i 101 8 9 4 3 22 1 1 58 4 : i 2 2 3 2 2 1 8 

3 1 s 3 S 4 4 1 7 I ts 7 7 4 2 1 4 0 0 39 4 3 24 \ 2 2 0 4 5 3 2 0 4 1 90 

] 1 7 M2 8H 4 1 H 2 8 4 2 7 7 4 2 1 5 I 17 1 1 9 4 3 25 3 1 0 7 4 5 '1 3 7 30 

V) 0 74 8 7 2 1 .1 1 1 4 1 M r 4 1 u 144 1 3 4 4 3 2 7 8 3 0 4 5 5 2 1 4 1 99 

4 (1 1 b ( )y 5 7 I 4 ) 1'/) 2 2 5 2 2 7 4 2 17 1 0 7 1 35 4 3 28 9 14 4 5 6 4 0 2 4 0 5 

4 3 f>t'12 5 8 8 4 ] 1 1 10 44 4 2 18 1 14 \ 1 0 4 4 0 5 7 4 5 0 4 4 5 7 2 0 7 2 0 5 

4 t') 4 7 9(^ 7 4 5 4 ] 1 2 1 8 3 1 7 8 4 2 19 1 J8 1 17 4 4 1 24 0 2 0 1 4 5 8 5 90 

4 0 f) .1 14 ! 19 4 I 1 3 1 2 57 4 2 2 0 1 7 9 1 0 9 4 4 2 9 0 101 4 5 9 J 0 0 1 58 



Oh A.'JU C A i . C U I . A T STIMICM'III^'K KA(:TOl^s V(Jh l O C I M 1-: ) 0 

H K L 1 (OFC) I <JKC II K 1. l O K C H K L l i ) K O 1 t)KC fi K L. l O K O 1 OKC W K lOPO 10 KC 

4 5 10 177 I R4 4 0 1 % 6 39 4 b* ;) 2 27 2 b 2 4 9 1 1 b9 87 4 I 1 8 6 1 b 
1 ! i 1 1 2H2 2H^^ 4 6 1 9 t 7 b i r ) 6 4 8 I Ivl I 1 0 2 4 12 9 b 9 b 4 1 1 9 1 10 I )̂3 
^ ] '/ 2i ' i6 1 'iO 4 0 2t1 2 b b 0 4 M 2 1 12 9 b 4 9 1 3 ft 4 b7 4 I 1 10 1 0 b 1 2 2 
1 5 1 3 1 62 1 Ov'̂  4 6 21 1 b 30 4 i 2 9 9 30 3 4 9 14 6 6 4 2 4 1 I 1 1 7 2 61 
4 S 14 1 36 14^) 4 6 22 « b 1 1 3 4 4 7 I 67 4 9 1 5 1 3 43 4 I 1 12 7 0 0 
4 5 1 T) 1 2 1 127 4 0 2 3 12 7 9 4 b b 1 (•)» 9 9 4 9 16 1 2 0 I 1 0 4 1 I 1 3 95 72 
4 T) 16 1 3C^ 1 1 w 4 6 24 2 3 3 ] ^ 0 l b 4 1 4 1 4 9 17 1 0 9 117 4 1 1 1 4 8b 63 
4 b 1 7 2 4 4 0 4 () 2 b H2 4f) 4 y •7 I 9H I H 1 4 9 1 b 9 1 8 0 4 1 I 1 b 24 ] 1 
4 1 M i n fUJ 4 0 2 0 77 47 4 u H 7 9 9 1 4 9 19 16 1 8 4 I 1 16 7 9 1 7 
4 1 9 0 0 2 4 7 'A 1 1 7 4 9 1 I 4 0 4 9 21 7 34 4 1 1 1 9 0 41 
4 b 1 2W 1 4 7 1 1 6 b I b b 4 w l u 1 1 2 1 1 b 4 9 22 73 1 7 4 12 I 1 4 2 I 1 8 
4 T?. 0 2 9 4 7 2 I « 19M 4 h 1 1 144 1 4 b 4 9 2 3 7 34 4 1 2 2 9 b 1 0 ) 
4 b 2 3 H2 b 9 4 7 ^ 1 8 9 1 Ob 4 12 60 b3 4 10 0 9H l i b 4 12 3 1 4 1 4 
4 b 2 4 9 9 4 7 4 1 1 1 3 4 H I 3 33 4 6 4 10 1 . 6R 6 b 4 12 4 6 6 4 ] 
4 b 2b 31 b9 4 7 b 0 12 4 ti 14 1 W9 1 0 1 4 10 2 1 4 b 1 30 4 1 2 b ft 8 93 
4 5 2 0 Ĵ2 96 4 7 0 2 2 b 2 2 0 4 H l b 12H 145 4 10 3 1 27 1 3 3 4 1 2 6 6 0 0 
4 b 27 1 2 b 4 7 7 1('J7 1 (̂ 7 4 B 10 . 1 b 4 6 4 3 0 4 7 1 H9 4 1 2 7 1 3 10 
4 6 ti 7 4 i 4 7 » 2 2 4 1 4 y 17 92 9 0 4 10 b 1 1 b 1 0 9 4 1 2 9 7 26 

4 1 2 I 3 2v^7 4 7 \) 1 9 ] 1 7 b 4 H l b 6 9b 4 10 6 ] 4 8 1 36 4 1 2 1 1 10 68 

4 6 2 'im 2^n 4 7 1 )̂ 2t^b 1 9 b 4 H 19 I 30 1 39 4 10 7 71 60 4 12 1 2 84 64 

4 f i 3 b9 b3 4 7 1 1 1 brt 147 4 U 2 0 0 b2 4 10 M 7 b2 4 12 13 1 2 0 90 

4 4 7M 4b 4 7- 1 2 1 3 6 137 4 2 2 1 6 3 7 4 1 0 ] 0 92 1 I-lO 4 12 1 b 3 4 3 3 

4 6 b 2 7 ] 2 7 7 4 7 1 3 7 44 4 K 2 4 6 7 ] 4 10 1 2 2 4 30 4 1 2 16 bb 2 6 

4 6 f> l b 9 1 04 4 7 1 4 9 4 I Ml 4 9 v; 92 1 0 1 4 10 14 93 b b 4 1 2 I 7 b6 2 b 

4 6 7 Ob 0 3 4 7 1 b 96 98 4 9 I 2 3 4 24 0 4 10 l b 1 4 4 b 4 13 0 6 9 2f t 
4 1 <)H 21 I 4 7 1 6 1 2^* 1 1 2 4 9 2 14M 1 b2 4 10 1 6 1 22 ] I b 4 1 3 1 10 56 
4 9 2 0 2 9 4 7 1 7 1 1 4 I 1 n 4 3 2 3('l 2 3 4 4 10 17 7 6 l b 4 I 3 b 5 8 3b 
4 6 U i I 2 H I 3 l i 4 7 1 1 l) b J 17 4 4 1 34 1 42 4 10 1 ft 1 2 1 (•) 4 I 3 h 0 9 bb 

4 () 12 1 W7 1 2 6 4 7 2'/I 93 77 4 9 b 103 9 b 4 10 2 0 80 39 4 I 3 7 6 38 
4 13 161 1 76 4 7 21 H9 U ) 7 4 9 0 1 4 b 1 b2 4 J 1 1 I b O 1 b3 4 1 3 b 14 43 
4 6 1 4 9 ^ 9 0 4 7 2 2 7 77 4 9 7 34 f i 9 4 11 2 1 32 I 1 3 4 1 3 9 1 9 5 1 

4 l b 101 1 b2 4 7 2 3 U.)2 7 9 4 9 H 17 1 3 4 11 3 9 7 h 4 1 3 1 0 6 6 24 

4 1 ft 7 3 4 7 2 4 1 ft 2 b 4 9 9 Ob b l 4 11 b 0 b 7 W 4 I 3 1 2 1 b ! i l 
4 b 1 7 1 ^>b 1 0 1 4 7 2 ^ 0 4 ') 4 9 U ) Mb 7 1 4 11 7 0 7 7 0 4 13 I 3 7 0 b7 



OBSKKVKl) AND C A I.Cl) I . ATKD .STI^lJCTUf^K KACTORS KOK (MOVOblOCIN PACt: 1 1 

H K L 1 0KO 1 /IPC u K t. 10F'O 10I-C M K b 10 KG 10KC H K L, I 0PO i 0 K r H K 1. 10FO 10f-C 

1 4 0 7 9 12 b 1 6 1 3 3 9 b 2 l b l b 3 I 37 b 3 2 b b8 33 b b 1 I 80 7 8 
14 2 7 9 4 8 b 1 7 0 1 1 0 3 b 2 10 173 1 6 b ' b 4 0 1 0 0 87 b b 1 2 2 4 b 2 3 4 

4 14 '1 1. 1 1 9 b b 1 8 7 1 bB b 2 17 122 12 1 b 4 1 2 3 b 2 3 6 b b 1 3 1 6 0 1 68 
4 14 5 9 3 8 b 1 9 2 0 b 2 0 0 b 2 18 2 8 6 2 8 4 b 4 2 1 9 2 1 8 3 b b t 4 1 20 121 
4 1 4 6 OU 43 b 1 1 0 17 3 1 b9 b 2 19 1 4 67 • b 4 3 1 2 2 I 1 7 b b 1 b 6 69 

1 4 7 in b b b 1 1. I 1 8 3 1 7 0 b 2 20 71 73 b 4 4 1 39 1 2 b b b 1 6 7 b2 
4 14 n 6 9 2 7 b 1 I 2 1 41 l b 4 b 2 2 1 1 8 6 1 86 b 4 b 1 9 b I 9 6 b b 17 1 1 4 147 
4 14 y 6 9 4 8 b 1 1 4 1 7 2 I 7 b b 2 2-2 7 0 88 b 4 6 2 1 1 1 9 9 b b 1 8 9 9 93 
S ^ I 27 8 2 6 1 b I 1 b 10 9 1 b 2 2 3 1 8 6 174 b 4 7 2 1 9 2 4 3 b b 2 0 7 9 1 

2 9 9 2R6 b 1 1 (} 23 8 2 2 b 2 2 4 1 2 14 b 4 8 107 1 0 2 b b 22 8 4 7 
0 i 71> 8 1 b I 1 7 3 0 I 31 3 b A 2b 7 1 62 b 4 9 1 3 0 126 b b 2 4 31 f )b 

4 1 2 2 1 J 6 b 1 1 8 1 7 3 1 7 6 b 2 27 98 42 b 1 10 2 9 1 2 8 6 b b 2 b 7 9 b l 
0 b 1 8b 1 0 1 b I 1 9 2 1 1 . 2 0 8 b 3 0 2 0 2 1 94 b 4 1 1 101 J 8 9 b 6 0 66 38 
0 7 2 f t 0 2 77 . b 1 2?l 146 1 6 3 b 3 I 1 2 1 1 0 9 b 4 1 2 4 6 6 4 8 2 b 6 1 8b 7 6 

8 2 b 2 2b!) b 1 2 1 32 b 9 b 3 2 1 6 b 1 4 9 b 4 1 3 2 8 4 2 9 8 b 6 2 1 8 6 1 8 9 
b 0 9 3 0 3 3 1 b b 1 2 2 1 63 1 bR b 3 3 4 2 1 42 3 b 1 1 4 1 2 0 1 2 2 b 6 3 9 b 76 

0 1 0. 2 3 1 2 29 b 1 23 7 1 92 b 3 4 2 8 0 2 8 4 b 1 1 b 93 108 b 6 4 193 1 9 2 
0 \ \ 1 5 9 1 0 ] !) I 24 7 3 6 b b 3 b 1 62 I b l b 1 16 0 3 , 87 b 6 b 2 0 7 2 0 3 

5 1 2 2 3 3 2 4 1 b 1 2 b 6 7 0 b 3 7 177 I 7 b b 4 17 97 94 b 6 6 1 4 b 1 b2 
S 0 \ 3 1 76 1 b b b 1 26 7 1 72 3 8 3 2 1 317 b 4 18 1 7 1 0 2 b 6 7 2 4 4 2 4 9 
b 0 l b 1 3 8 1 36 b 2 1 1 9 0 1 R0 b 3 9 1 40 l b 4 b 4 19 86 8 2 ! i 6 8 22 3 2 4 9 

l b 8 3 bb b 2 2 1 0 0 7 9 b 3 10 1 16 1 3 8 4 2 1 7 6 b7 b 6 9 1 1 0 104 
S 0 1 7 2 0 b 2d\ b 2 3 2 32 2 3 0 b 3 1 I 1 1 1 9 3 b 4 23 1 1 b 0 b 6 1 0 2 39 2b I 
S 0 I f t 2 2 11 b 2 4 1 8 2 1 84 b 3 12 1 8 9 184 b 4 26 9 3 8 7 b 6 1 1 1 9 0 1 7 7 
5 0 1 9 1 1 7 J 0 7 b 2 b 23 3 2 4 0 b 3 J 3 2 3 4 2 4 3 b b 0 96 1 0 2 b 6 12 8 4 1 
S 0 21 08 87 b 2 6 94 1 1 3 b 3 .14 93 0 0 b b 1 6 8 6 b 6 1 b 77 6 ] 

0 2 2 71 7 2 b 2 7 1 b2 1 66 b 3 115 9 0 84 b b 2 2 7 b 2 6 6 b 6 J 6 6b 4 b 
0 2 4 10 19 b 2 H 7 3 6 8 I) 16 1 2 0 108 b b 3 127 1 2b b 6 17 I 0 9 1 2 9 

!*) 1 0 2 2 0 2 1 1 b 2 9 1 I ' l 10b b .'i 17 8 14 b b 4 87 103 b 6 1 9 1 3 42 
5 1 J 22 8 2 2H b 2 1 1 127 b i 1 8 7 7 6 b b b 2 2 2 2 26 b 6 20" 7 9 39 

1 2 1 bb 1 b b b 2 1 1 83 1 0 b b 3 2 1 8b B3 b b 7 2 3 2 2 2 4 b 6 22 14 32 
1 J 1 bb 1 4 8 b 2 1 2 1 0 2 8 9 b 3 2 2 1 31 136 b b H 124 1 I 8 b 6 2 3 12 32 

b I 4 1 0 2 1 0 0 b 2 1 1 2 0 7 21 3 b 3 23 . 11 6 0 b b 9 1 04 9 8 b 6 2 4 1 6 48 
5 ] 9 b 1 ;J2 b 2 1 4 24 1 2 3 7 b 3 2 4 97 6 9 !5 b 10 1 bb 161 b 7 0 71 9 9 



O B S K K V K I ; AMI) C A I . C U K A T I STIMJC IM IKF : KACTOI^S .^JUVOh IOC I N PAc; [•: 12 

M K 1, 1 toKC) 1 /i(-X H K I., 1 OK'O 1 OF'C n K l i 10 [-"O 1 OFC M K ! i l O K O lOI'X" II K I l O f O l O K C 

5 7 1 157 1 48 5 8 16 0 4 9 5 10 15 77 82 5 1 3 1 0 53 0 1 3 8 9 67 
5 7 2 0 4 0 0 5 8 1 8 7 1 94 !S I J l b 7 9 8 8 !) 1 3 2 9 2 4 fi 1 4 1 0 2 1 1 9 
5 7 4 f) 9 2 5 n 1 9 57 9 5 1 (-1 1 8 35 1 4 5 1 3 3 7 7 5 0 0 I 5 1 19 1 17 
5 7 !) 1 62 1 52 5 H 2/1 9 02 5 1 1 0 1 68 107 5 1 3 5 1 0 5 8 4 0 1 0 8 2 8 
5 7 0 J 24 1 2 0 5 8 22 8 0 33 1 1 1 92 1 I 1 5 1 3 6 8 51 0 I 7 1 8 4 168 
5 7 7 4 0 0 4 09 5 9 1 8 0 1 8 5 5 1 1 2 1 0 3 105 5 1 3 7 1 1 2 105 0 1 8 1 80 1 90 
5 7 8 1 34 1 30 5 9 I 1 0 1 89 5 1 I 3 1 3 2 1 5 3 5 13 9 7 27 0 1 9 2 7 4 28 3 
5 7 9 2 00 2 7 4 5 9 2 2 3 4 2 37 5 J I 4 0 5 4 0 5 1 3 3 0 105 94 0. 1 10 3 3 0 34 5 
5 7 10 I 1 0 8 8 5 9 3 22 2 0 5 1 I 5 8 8 80 5 14 0 8 4 I 0 1 1 1 78 89 
5 7 I 1 197 2 ' ^ 0 !i 9 4 7 8 \ 5 1 1 0 0 0 9 5 1 4 1 70 8 I 0 1 1 2 3 7 9 374 
5 7 1 2 07 40 5 9 7 9 2 8 0 5 1 1 / 152 151 5 14 2 7 7 75 6 1 1 3 1 5 3 1 60 
5 7 1 3 6 1 37 5 9 8 1 8 54 5 1 1 H 6 8 0 3 5 1 4 3 7 8 2 7 0 1 1 4 1 8 2 1 82 
5 7 14 2 0 78 5 9 9 7 4 34 b 1 1 9 7 5 9 6 0 0 2 1 39 0 1 15 1 97 2 0 3 
5 7 15 1 0 3 9 1 5 9 1 '/i 1 0 9 1 0 0 S 1 1 10 88 57 () 0 1 0 5 0 1 16 I 1 4 1 30 
5 7 10 7 9 74 5 9 1 1 10 63 5 1 I 1 2 1 0 4 1 0 5 0 0 2 1 5 5 1 4 2 0 I 17 1 9 0 2 0 1 
5 7 1 7 9 2 » 0 5 9 12 1 4 7 1 59 5 I 1 14 10 39 0 0 3 94 1 20 0 I 1 ft 1 5 0 1 39 
5 7 1 8 2 3 3 8 5 9 1 3 1 2 05 5 I I 15 7 7 7 2 0 0 4 2 6 0 2 58 6 1 1 9 1 0 92 
5 7 1 9 9 1 9 0 5 ') 1 5 5 8 44 5 1 1 10 8 31 0 0 5 2 2 1 22 3 6 1 2 0 94 7 0 

5 7 2 2 9 3 0 5 9 1 6 8 3 03 5 1 1 1 7 72 9 6 0 7 8 2 0 6 1 2 1 8 10 3 

5 8 0 0 7 1 9 5 9 1 8 82 24 5 12 0 7 67 0 0 8 89 1 0 8 () 1 2 2 1 9 21 

5 B 1 1 5 0 157 5 9 1 9 30 29 5 1 2 1 1 0 5 1 2 3 6 0 9 0 1 5 h I 2 3 7 8 4 
5 8 2 9 0 1 0 9 5 'J 21 7 5 2 4 5 I 2 2 8 30 0 0 10 1 05 1 Oft 0 2 0 2 2 2 2 34 

5 8 3 7 9 'lO 5 10 0 1 96 2 1 4 5 12 3 8 9 6 6 0 n 2 0 2 27 1 0 2 I 9 0 68 

5 8 4 2 1 5 21 1 5 10 1 2 70 2 8 2 5 1 2 4 113 1 1 3 6 0 12 2 3 9 2 3 8 0 2 2 2 9 52 

5 8 5 2 1 0 2 1 3 5 10 2 1 0 7 158 5 12 5 127 1 1 4 6 0 14 72 7 7 0 2 3 1 0 4 114 

5 8 0 2 58 2 5 b 5 10 3 1 0 8 1 2 0 5 12 6 70 41 0 0 15 95 7 4 0 2 4 99 1 2 0 

5 8 7 171 ) 72 5 10 5 9 5 82 5 1 2 7 1 4 22 0 0 1 7 2 2 2 2 1 8 0 2 5 2 0 8 2 0 2 

[\ H H n 2 7 10 0 1 31 1 54 5 1 2 8 1 0 0 7 9 0 0 1 8 9 1 (l 2 6 108 3 1 2 

5 8 9 1 4 3 J n 5 10 7 7 2 4 3 5 12 9 22 50 6 0 21 17 33 f) 2 7 1 82 1 72 

5 8 1 I 9S 2 0 5 :s 10 8 2 1 02 S 1 2 10 7 21 6 0 2 3 12 7 5 6 2 8 1 31 1 4 5 

5 8 1 1 7 8 7 5 10 9 0 80 5 1 2 12 9 3 3 0 0 2 5 34 14 0 2 • 9 1 (> 8 1 7 5 

5 8 1 2 83 9 7 5 1 0 1 '/) 1 0 9 94 5 1 2 1 J 58 50 h 1 0 91 I 1 0 0 2 10 1 4 2 1 32 

5 8 1 3 1 3 9 1 30 5 10 1 3 0 77 5 1 2 14 9 50 0 1 1 9 0 1 04 ,0 2 I 1 104 94 

5 8 1 5 1 2 7 1 3 5 5 1 0 1 4 70 71 s 1 3 0 . .8 0 1 2 0 9 6 4 6 2 1 2 2 0 5 2 1 5 



O l i S K K V K I ) AND C A LCU N A TICO STI^nCVUKK FACTOKS FOR N O V O f n O C f N PACO: 13 

M K 1 0KO 1 AFC H K \, 1 01-0 1 01'-C n K I.. 10K() 1 0KC II K I . 1 0 K O . II K Ij l O I ' O 1 0i-*c: 

6 2 1 3 2 b 1 2 b 1 6 1 1 1 4 2 1 b0 6 b 1 2 2 1 b 24 b h 7 2 2 H 3 2 84 6 8 1 9 2 1 4 b 
h 2 1 4 I l b I 7 0 b 4 2 1 9 7 1 97 b !) 1 3 1 4R 1 bb () 7 3 117 1 bb 6 8 2 0 H 4 1 
6 2 1 b 1 6 1 I h!) i> 1 3 2 04 20 3 6 !) I 1 8 3 1 0 b 6 7 4 161 1 6 8 (i 9 0 6 6 6 b 
U 2 1 6 1 b o 1 6 0 b 1 1 8 b 80 f> :> 1 b 9 2 1 0 4 6 7 b 37 6 3 9 1 6 9 1 1 8 3 108 
6 2 1 7 92 1 0 9 b 1 1 9 6 I 93 () b 1 f) 1 7 2 1 b2 6 7 6 1 3 9 1 3 b 6 9 2 1 b 9 I b l 
6 2 1 8 164 1 b3 b 4 6 1 9 6 1 97 t> 17 1 10 1 0 b 6 7 7 1 6 1 1 82 6 9 3 8 2 9 8 
6 2 

2 
2 0 1 1 62 6 4 7 2 2 8 2 0 3 6 b 18 7 b b 6 7 8 2 1 9 2 2 4 6 0 4 1 4 1 1 36 

6 
2 
2 2 1 1 36 .1 2 6 6 4 8 2 0 0 2 0 1 6 l y 10 63 6 7 9 9 0 9 b 6 9 b 78 83 

6 2 22 1 0 0 71 6 1 9 3 6 0 3 b 2 6 b 2 0 1 1 l b 6 7 1 1 7 0 8 0 6 9 6 1 0 0 1 0 4 
r> 2 2 3 6 9 6 8 6 4 1 / I 2 b R 2 6 ] 6 b 2 1 u 27 6 7 1 2 7 82 6 9 9 103 8 8 
f) 3 0 2 2 9 22 3 b 4 1 1 1 7 1 181 6 b 2 3 7 b b 6 7 1 4 8 62 (> 9 1 0 9 0 88 
6 3 1 1 0 2 I 1 2 b 4 1 2 I I 3 121 6 t» 0 9 1 92 6 7 l b 74 61 6 9 1 1 1 1 6 0 
6 3 2 6 b l 6 4 1 3 2 3 2 2 4 6 6 6 1 l b 7 I b b 6 7 1 6 1 1 1 1 0 0 6 9 12 17 3 7 
6 3 3 1 0 8 9 1 6 4 1 1 6 7 0 6 6 2 l b 4 162 6 7 17 81 7 0 6 9 1 3 4 3 29 
6 3 4 0 6 6 b 6 1 1 b 87 7 3 6 h 3 1 1 1 1 0 6 6 7 19 1 3 3 8 6 9 1 b 1 0 0 64 
6 3 b 1 1 7 1 3 6 6 1 1 6 37 22 6 b 4 3 3b 3 32 6 7 2 0 2 0 6 6 9 1 6 6 8 22 
6 3 6 I b8 117 6 1 17 1 12 1 3 1 6 :> 2 n b 1 9 H 6 7 21 1 4 b3 6 9 1 7 9 2 b 
6 3 7 2 b 6 2 i : > 6 4 1 8 7 8 1 0 b b b b 9 0 27 6 8 1 2 4 0 2 1 1 6 10 0 1 36 1 4 8 
6 3 8 1 9 1 1 81 b 4 1 9 7 8 6 0 b 6 7 79 6 6 6 8 2 8 2 7 6 1 0 1 3 3 8 3 3 n 
6 3 9 1 1 9 1 1 2 6 1 •2.'i 8 b2 6 b U 1 1 1 1 1 1 6 n 3 2 0 0 1 99 6 10 2 1 1 23 
6 3 1 0 7 8 0 b 4 21 6 4 7 6 0 'J 1 3 h 1 1 3 6 8 4 n o 1 8 0 6 10 3 1 9 0 1 97 
6 3 1 1 7 1 7 1 6 4 2 3 1 1 b2 h (> I H 80 J 01^ 6 8 b b 31 6 10 4 1 ^0 M l 
6 3 1 2 1 Hb 182 6 1 2 1 7 0 l b b b 1 1 1 30 3 2 0 b 8 6 2 8 1 2 0 0 b 10 b 7 4 4 
b 3 1 3 1 7 !̂  I b4 b b » 4 1 1 390 b b 12 10 b0 6 8 7 1 4 2 1 4 4 b 1 0 6 24 bb 
6 3 1 1 1 3 b 1 4 7 6 b 1 1 0 6 1 0 b 6 6 13 6 91 6 8 8 y b 1 0 4 6 10 7 1 10 107 
6 3 1 b 1 0 3 1 26 6 b 2 3 1 7 31 3 6 6 14 1 2 71 6 8 9 1 0 6 \ 02 6 10 9 71 6 9 
6 3 1 h 8 42 6 b 3 1 1 0 147 6 0 16 76 8b 6 8 10 1 2 6 128 6 10 10 ] 32 124 
6 3 ] 7 1 1 S9 b b 1 2 0 b 2 0 9 b 6 1 7 1 1 1 108 6 8 1 1 8 3 ) 6 10 1 1 1 0 b 6 b 
6 3 1 8 J 3b 1 1 0 6 b b 2 0 9 20 8 6 b 19 1 1 3 8 6 8 12 8 4 9 (. 10 12 1 3 6 7 
6 3 1 b b b b b 6 1 1 b Ob b b 2 0 6 4 9 6 8 1 3 7 9 b 6 1 0 16 2 3 32 
6 3 2 M 1 0 1 7 6 b n 8 41 f> b 2 1 7 39 6 8 11 1 2 32 6 1 1 0 176 1 6 6 
6 3 21 7 b 3 2 6 b 0 1 b 0 1 b2 (> (> 2 2 8 4 2 6 8 1 b 26 29 6 1 1 1 8b 7 2 
6 3 2 2 8 7 9 8 n b 10 2 1 9 2 38 6 7 0 2 6 0 27 9 6 8 16 7 12 6 1 1 2 82 84 
b 4 1 0 3 ! 1 1 b 11 1 Hb 1 8 1 6 7 1 8 1 I 2 b (> H 1 8 2 b b l 6 1 1 3 8 2 3 



OIUSKKVKI) A ! J 0 r A i - C : i ! ! . A T i : o S T K U C T U U K FACTOIDS h'OK 0 V OK I OCM N 

II K 1, 10I-'O 1 »KC H K. L 1 MKO 1 OKC H K [j 10FO I 0 K C fl K L, 1 OK.O 10KC H K 1. 10 r o 1MKC 

6 1 1 4 9 1 1 7 0 1 8 16 3 4 7 2 1 1 1 69 1 64 7 4 3 3 1 7 3 1 0 7 5 2 0 1 3 5 0 
6 1 1 b ^)5 1 27 7 v> 1 9 2 2 65 7 2 1 2 'J6 1 1 1 7 4 4 1 4 0 1 55 7 6 0 7 7 7 5 
6 1 1 6 1 3 1 126 7 0 2 A 58 22 7 2 1 3 129 141 7 4 5 1 34 1 3 5 7 6 1 1 5 5 3 
6 1 1 7 8 9 6!> 7 0 72 1 2 4 1 7 2 14 143 1 6!) 7 4 6 I 1 7 4 7 6 2 127 1 3 1 
6 1 1 8 1 2 6 1 30 7 1 1 1 2 8 124 7 2 15 1 64 1 6 2 7 4 7 1 2 3 1 14 7 6 3 9 4 8 9 
6 1 1 9 10 88 7 1 2 1 0 7 1 2 0 7 2 16 17 6 7 4 8 91 81 7 6 4 1 2 5 1 32 
6 1 1 10 6 2 5 7 1 3 1 3 1 1 1 7 2 17 125 105 7 4 9 13 54 7 6 5 1 50 1 4 2 
6 1 1 1 I 8 4 7 3 7 1 1 7 59 7 2 2 0 6 1 3 7 4 1 (•) 9 44 7 6 6 107 107 
6 12 0 1 1 1 1 7 1 6 2 2 8 2 1 8 7 2 2 1 7 2 64 7 4 1 1 1 2 5 153 7 6 7 6 6 9 
6 1 2 1 8 5 7 1 7 1 7 2 1 7 2 2 0 7 2 2 2 7 3 2 6 7 4 1 3 6 I 3 1 7 6 8 9 4 67 
6 12 2 6 15 7 1 8 2 9 4 3 0 7 7 3 0 9 4 7 4 16 1 54 15 3- 7 6 9 fi 4 5 
6 1 2 3 21 4 6 7 1 9 3 3 1 3 32 7 J 1 I 4 4 145 7 4 1 7 1 1 5 I 32 7 6 10 71 44 
6 1 2 4 7 7 2 0 7 1 1 0 1 6 0 1 68 7 3 2 2 2 4 22 3 7 4 18 1 5 2 1 6 9 7 6 1 2 1 3 54 
6 12 6 1^2 I 2 0 7 1 1 1 2 9 5 3 0 9 7 3 3 2 8 6 1 7 4 19 85 1 0 0 7 6 1 5 24 47 
6 12 8 1 0 8 1 7 1 12 3 38 33 8 7 3 4 1 2 8 1 2 5 7 4 20 8 1 7 7 7 6 16 2 4 2 6 
6 13 0 1 2 4 1 7 1 1 3 2 9 7 2 9 5 7 3 5 8 0 7 3 7 . 4 21 71 7 3 7 6 19 8 5 57 
6 1 3 3 6 3 9 7 . 1 1 4 1 7 8 1 66 7 3 6 1 4 0 1 4 2 7 5 0 2 2 5 2 30 7 7 0 1 10 1 1 1 
7 0 1 1 2 3 1 6 5 7 \ 1 5 7 62 7 3 7 107 112 7 5 1 1 0 9 127 7 7 1 7 1 I 1 5 
7 {^ 2 83 67 7 1 16 92 72 7 3 8 9 5 4 7 5 2 2 0 4 2 1 0 7 7 2 8 3 74 
7 0 3 1 7 7 1 7 9 7 1 1 7 1 6 1 5 7 3 9 1 8 5 9 7 5 3 122 1 17 7 7 3 1 1 9 I 30 
7 0 4 6 5 3 7 1 1 8 8 59 7 3 ! 0 1 36 1 2 3 7 ! i 4 1 24 123 7 7 4 8 83 
7 0 5 23 8 2 3 7 7 1 2 0 3 4 1 6 7 J 1 1 103 1 0 2 7 b 5 ] 8 2 1 9 0 7 7 5 101 1 1 2 
7 0 h 7 8 1 ;o h 7 1 2 1 2 1 4 6 7 3 1 2 y 4 9 7 5 6 9 7 1 2 1 7 7 6 98 1 18 

7 t') 7 1 3 4 3 7 1 22 4 3 1 7 3 1 3 68 71 7 5 8 1 1 7 1 1 6 7 7 7 1 1 2 133 
7 f) 8 1 2 7 1 3 7 7 2 y 194 1 9 0 7 3 1 4 6 33 7 5 9 74 7 4 7 7 1 04 114 
7 0 9 9 5 1 0 0 7 2 1 7 56 7 3 15 7 8 J 7 5 1 1 6 6 6 1 7 7 9 1 2 5 1 0 8 
7 (1 1 0 1 2 7 7 7 2 2 1 3 4 0 7 3 I () 6 9 84 7 5 12 1 22 1 0 6 7 7 1 0 31 3 5 
7 0 1 1 7 5 92 / 2 3 1 4 4 149 7 3 1 7 1 0 0 <)H 7 5 13 1 6 2 0 7 7 1 2 1 0 4 0 
7 0 1 2 1 6 8 1 7 5 7 2 4 1 0 2 9 3 7 3 1 8 9 62 7 5 1 4 17 47 7 7 1 3 9 5 8 3 
7 t1 I 3 8H H7 7 2 6 2 6 4 2 8 1 7 3 7 7 5 7 7 5 15 6 7 7 7 7 1 5 7 3 3 3 
7 (1 1 A 1 9 4 4 7 2 7 3 2 3 3 2 4 7 3 2 0 8 9 6 9 7 5 1 6 6 5 0 7 7 1 6 107 91 
7 0 1 5 1 5 2 1 7 0 7 2 8 3 2 5 335 7 4 0 132 1 5 0 7 5 17 11 2 1 2 3 7 7 17 1 6 2 1 
7 0 1 6 6 9 7 0 7 2 <.) 1 7 8 1 9 0 7 4 1 95 1 0 1 7 5 1 8 8V1 8 5 7 7 1 8 7 19 
•7 0 1 7 7 1 01 7 2 1 A J 44 1 67 7 •1 2 2 3 1 2 36 7 5 1 9 7 6 7 3 7 8 0 1 04 1 0 1 



O B S K R V t f ) A N O C A I X I U J A T K O S T I ^ U C TUf^F; FACTOIDS KOP W O V O H I O C I N PACK l b 

\{ K I . l O F O \ »Kc: M K 1. 1 OKO 1 OFC H K 1.. 1 OFO 1 OFC II K I., l O F O ] OFC II K I , 1 OFC) 1 OFC 

1 n 1 1 12 1 31 7 ] 1 3 6 8 6 H 1 10 27 2 9 b 4 0 1 1 2 7 b b 6 8 7 9 8 7 
7 ft 3 1 1 1 I 2 9 7 11 4 7 4 35 b 1 1 y ftb 94 b 4 1 I 10 108 8 6 10 7 9 
7 ft 4 9 3 9 0 7 11 b 1 1 44 8 2 0 2 4 2 2 b b 4 2 l b 57 8 f) 1 1 9 43 
7 b b 6 4 9 7 1 1 6 8 41 8 2 1 2 1 2 2 3 0 b 4 3 163 174 6 1 4 9 3 3 
7 8 6 1 30 1 37 b 0 0 9 b 86 b 2 3 1 69 17 7 b 4 4 1 b9 1 54 b 6 l b 7 6 bO 
7 8 7 6 72 H I 8 1 2 8 2 4 7 4 37 8 4 b 8 9 7b 8 7 0 73 2b 
7 8 8 1 34 1 52 8 0 2 1 1 8 1 4 0 8 2 b IR 5 5 ft 4 6 7b 33 8 7 4 6 bO 
7 8 I I 6 9 3 7 8 3 I Ob 1 1 8 b 2 0 96 7 1 8 4 7 77 7 9 8 7 b 8 23 
7 b 1 2 0 4 2 8 (•) b 1 2 5 1 1 4 8 2 "7 1 1 0 9 0 R 4 b 12 bb R 7 6 86 44 
7 8 1 3 7 3 4 b 0 6 1 48 1 4 2 y 2 b 1 7 b 1 7 6 ft 4 9 0 6 b 8 7 7 6 b9 
7 8 I 0 1 3 b3 8 0 7 23 7 0 8 2 9 I 3b 1 1 1 b 4 10 8 0 9 0 ft 7 8 1 2 9 1 2 6 
7 9 I 7 4 4 b (') H 9 7 107 b 2 10 4 b 36 b 4 1 1 1 1 4 h 7 9 8 9 44 
7 9 2 31 63 8 (-1 9 0 6 4 b 2 I 1 ft 9 3 b 4 12 8 b 41 b 7 1 1 7 1 3 3 
7 9 3 82 7 2 b 1 0 7 b . 7 9 8 2 13 9 64 b 4 14 1 1 0 1 0 0 8 7 1 4 bO 4 9 
7 9 4 0 7 0 b 1 3 10 bb 8 2 14 98 1 1 0 8 4 15 9 b 6 9 8 b 0 2 6 4 5 
7 9 b 3 1 2 4 ft 0 1 4 1 9 23 8 2 1 b 99 b2 b 4 1 0 7 3 50 W R 1 7 9 bb 
7 9 6 83 2 b h 1 6 71 93 8 2 17 93 5 9 ! i 0 1 0 4 1 b b 2 9 3 b 
7 9 7 1 0 3 2 8 0 1 9 1 b 31 8 2 l b 97 55 b 5 1 7 8 0 ft 8 3 2 1 7b 
7 9 8 6 b7 ft 1 0 74 b i 8 2 19 1 0 4 78 8 5 2 5 7 9 8 b 4 t) 97 
7 9 10 97 bO ft 1 1 1 8 8 2 1 4 b 3 0 66 64 8 5 3 1 8 b 1 7 1 b 8 6 12 39 
7 9 1 4 7 6 30 R 1 2 73 9 0 8 3 1 1 0 2 93 8 5 4 1 bO 161 8 ft 9 1 1 9 96 
7 1 0 0 1 07 96 8 1 3 1 4 3 l b 3 8 \ 2 109 164 8 b 5 I 2 b 121 b R 1 0 1 2 22 
7 1 0 1 ftb 9 1 8 1 4 1 2 b 12 4 b 3 3 7b 9 0 8 5 0 81 1 1 3 8 8 1 I 9 55 
7 10 2 1 b4 1 4 8 8 1 5 1 0 5 92 H 3 4 123 I 3 1 b b 7 1 0 2 1 0 2 8 9 0 6 48 
7 1 0 3 1 1 2 3 0 4 b 1 6 73 9 1 b 3 b 8 63 8 b 9 1 J2 9 5 8 9 1 10 14 
7 10 4 86 8 4 8 1 7 82 77 y 3 0 8 3 8 I 8 b 1 1 20 2U 8 9 2 2 2 15 
7 10 b 6b 02 ft 1 b 77 1 2 0 8 3 b 6 0 9 8 5 13 \ I 1 88 8 9 3 80 6 1 
7 10 6 1 1 3 b 8 1 9 9 3 1 16 b 3 10 12 0 0 b f) l b 22 6 1 b 9 4 6 3 3 
7 10 97 8 4 W 1 10 1 4 6 1 4 I 8 3 1 1 90 1 1 (-) b 6 0 112 1 3 3 b 9 7 7 52 
7 1 0 10 23 4 !̂  ft \ 1 1 7 0 7 2 b i 13 1 22 1 21 b (> 1 0 42 b 10 0 8 2 2 
7 10 I 1 9 4 8 ] 12 1 26 1 2 8 8 3 14 1 3 b 1 15 8 6 2 86 8 b 8 10 1 8 4 8 2 
7 10 1 2 1 4 4 1 y ] 1 3 1 0 3 1 5 2 b 3 l b 27 3b R 0 3 27 3 7 9 0 2 .1 2 2 8 
7 11 0 1 3 30 ft 1 14 1 4 0 1 2 4 8 J 16 6 8 1 8 0 6 7 3 9 9 0 4 1 1 b 1 2 0 
7 11 I 1 ) 0 1 1 7 b 1 I S 8 9 b3 8 S I b 116 1 2 0 8 6 7 122 1 9 0 6 12 37 



A.Ml) r A h C u r . A T i : i ) s T i i i i r r i iKf- ; K ACT OIKS KOP W O V U h l O C I W PACK 10 

H K 1. 1 o r o 1 II K I . 1 OKO 1 WC II K l O h O lo i - 'C H K L 1 OKO l o r e II K U 1 Oi'O l O K C 

9 0 7 1 0 28 9 2 3 1 0 6 1 19 9 3 1 1 1 1 3 0 9 5 6 0 87 9 7 3 1 0 57 

9 0 10 1 ft 9 2 4 6 3 0 9 3 1 3 9 8 7 3 9 5 7 10 23 9 7 4 30 51 
9 0 I 1 2 ft 51 9 2 5 7 2 103 9 4 0 9 8 3 9 5 8 5 28 9 7 5 81 74 
9 0 1 2 8 5 1 ?il 9 2 7 7 0 3 9 4 2 9 0 4 9 5 9 7 8 8 5 10 0 2 8 7 02 

9 0 1 4 8 5 1 8 9 2 8 9 27 9 4 3 104 68 9 5 10 12 81 10 0 4 8 5 9 1 

9 1 1 8 0 0 4 9 2 id 10 7 1 9 4 4 22 2 5 9 5 1 1 7 98 10 0 0 6 0 8 

9 1 2 1 4 0 1 5 0 9 2 1 1 7 1 2 3 9 4 0 9 7 2 9 0 0 2 3 5 10 1 1 31 33 

9 1 3 1 4 1 7 9 2 1 2 0 45 9 4 7 92 0 5 9 0 1 0 J 2 10 1 2 8 21 

9 1 4 9 7 5 9 2 13 8 57 9 4 8 0 9 5 0 9 0 2 0 0 1 10 1 4 9 8 0 9 

9 1 5 26 4 9 9 2 1 4 97 5 8 9 4 9 b 0 3 9 6 3 7 53 1 0 1 5 1 0 5 3 

9 1 7 7 1 5 7 9 3 0 1 25 1 27 I ) 4 10 9 8 0 7 9 0 4 7 7 7 10 1 0 2 0 9 

9 1 8 1 0 0 1 32 9 3 1 8 35 9 4 1 1 0 0 8 9 6 5 9 4 85 10 2 0 1 54 148 

9 1 10 0 24 9 3 3 72 7 5 9 4 12 73 63 9 0 6 10 45 10 2 1 7 30 

9 1 12 1 1 2 5 9 3 4 7 1 82 9 0 2 0 1 3 9 0 8 9 8 0 6 10 2 4 7 9 3 8 

9 1 1 3 1 6 4 5 9 3 5 88 67 9 5 1 I 9 44 9 6 9 8 71 10 2 5 98 49 

9 1 14 1 1 10 9 3 0 92 89 9 5 2 80 i » n 9 7 0 8 51 1 0 3 1 7 22 

9 2 0 98 1 0 0 9 3 7 83 9 3 9 5 4 8 6 9 9 7 1 0 5 1 10 2 7 24 

9 2 1 1 3 9 1 35 9 3 1'/^ 1 2 58 9 5 5 1 0 0 1 1 1 9 7 2 H 51 
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The Crystal Structure of Novobiocin 
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The structure of the antibiotic novobiocin with formula C a i M j a N j O , , . H i O has been determined. 

It crystallizes in the orthorhombic system with space group / '2 ,2i2i and four molecules in a unit cell 
of dimensions f/ = 8-577. h= 13-610, c = 26-357 A (standard deviation 0-20%). T h e structure was solved 
by the weighted tangent formula from intensity mcasurcmenis obtained by visual comparison and the 
equi-inclination Weissenberg method. Full-matri.x least-squares refinement yielded an R value of 0-14 
for observed data using isotropic thermal parameters and e.xcluding hydrogen atoms from the refinement. 
T h e coumarin and substituted benzene ring joined by the peptide bond all lie in one plane, with the 
isobutenyl and sugar groups on the same side of this plane. T h e structure contains one water molecule 
per asymmetric unit hydrogen-bonded to three novobiocin molecules; this plays a major role in stabil
izing the structure. In addition there is likely to be some intermolecular interaction between the nitrogen 
of the carbamyl group and the - O - of an adjacent sugar ring, and intramolecular hydrogen bonding 
between the peptide oxygen and the - O H of the coumarin system. T h e structure viewed normally to 
the main plane of the molecule forms a series of almost overlapping rings (the coumarin with the 
substituted benzene). T h e crystal studied contained approximately one Ca^"^ ion per 35 novobiocin 
molecules. 

Introduction 

Novobiocin, 7-[3-0-carbamyl-5,5-dimethyl-4-C?-me-
thyl-a-L-lyxosyl]-4-]iydroxy-3-[4-hydroxy-3-(3-methyl-
but-2-enyl)benzamido]-8-methylcoumarin (Gelding & 
Rickards, 1963), exhibits a fairly broad spectrum of 
antibacterial activity and is active mainly against 
Gram-positive bacteria, particularly Staphylococcus 
aureus. U is used clinically for treatment of penicillin-
resistant staphylococcal infections. 

Strong evidence exists to suggest that novobiocin 
inhibits growth by combining with Mg^+ ions (Brock, 
1967), further evidence suggests however that this does 

• Present address: Department of Physics, University of 
York, Heslington, York Y O l 5 D D , England. 

not provide the complete explanation of the mode of 
action of the antibiotic (Morris & Russell, 1971). The 
presence and positioning of the carbaniyl group are 
of major importance to the activity of novobiocin 
(Hocksema & Smith, 1961). Brock (1967) suggests that 
this group may interact with the enolic group or some 
other electron-donating group of the molecule. The 
antibacterial activity of novobiocin cannot be attrib
uted to any particular part of its unique chemical 
structure; the intact molecule appears to be necessary 
for full activity. 

Novobiocin crystallizes in two forms (Hoeksema & 
Smith, 1961). Form 2 was used throughout this study. 
The three-dimensional crystal and molecular structure 
described in this paper has been determined in the 
anticipation that this will lead, with evidence already 
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obiained, to a plausible explanation of the activity of 
the antibiotic. A recent review describes the discovery 
and characteristics of novobiocin and its antibac
terial action (Morris & Russell, 1971). 

Experimental 

Novobiocin was obiained from the Boots Pure Drug 
Company as the calcium salt. This was converted to 
the free acid by hydrolysis in 0-1 M H C l , the free acid 
was then extracted from the aqueous solution using 

ethyl acetate and obtained as pale-yellow crystals by 
slow evaporation of the solvent. The cr>'stals obtained 
were of form 2. 

The cr>'sial used for X-ray intensity measurements 
was an irregular flat plate approximately 0-7 x 0-5 x 0-1 
mm. The unit-cell dimensions are a = 8-577, 6 = 13-610, 
c = 26'357 A with standard deviation 0-20%. The 
systematic absences //OO, // = 2 / i + l , 0^'0, k = 2n-\-\, 
00/, / = 2 « + l indicated space group Hl^lyl^. The 
density measured by flotation in a mixture of dichloro-
methanc and chloroform was 1330 kg m^^. The cal-

O f . , 

- O ^ ^ * : ^ .... 1 J 1 I 

= (31) . ' 
W.C(73l 

I 1 8 « \ ^ " 8 

Fig. t. Interatomic distances and interbond angles in the novobiocin molecule [the molecule Is shown in perspective e.vcept for 
the sugar ring which has been rotated through approximately 80° about C(8)]. 
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culated density was 1360 kg for four molecules 
per unit cell (including one water molecule per 
asymmetric unit). 

Data for intensity measurement were obtained by the 
equi-inclination method on a Stoe-Weissenberg 
camera using Ni-filiered Cu KCL radiation (/.= 1-5418 
A) and the multiple-film technique. The cr>stal for 
these measurements was rotated about the b axis. The 
intensities of the X-ray reflexions were obtained by 
visual comparison with a precalibrated density scale 
obtained from the 205 reflexion. Constant exposure 
conditions were used and the interlayer scale factor set 
at unity. The intensities of 3030 unique reflexions were 
examined of a possible 3987 in the C u Kot sphere of re
flexion. A total of 2487 reflexions were of measurable 
intensity. The absorption coefficient /̂  = 876 m"'; no 
absorption correction was applied to the intensity 
measurements. 

Structure determination 

Some initial calculations were carried out on an I B M 
1130 computer with programs written by the authors. 
The major computations were carried out using the 
X - R A Y 70 system on the I C L 1906 A at the Atlas 
Computer Laborator>', Chilton. In all the calculations 
the scattering factor tables given in International 
Tables for Crystallography (1962) were used. 

The structure was solved using the weighted tangent 
formula (Germain, Main & Woolfson, 1971). 

tan 

where 

^ W h ' l ^ h ' ^ h - h - | s i n ( ^ i H ' + ? i h - h ) 

y w ^ . | £ h ' ^ : h - h - | c o s (^^h'-i-^^h-h-) 

7-. 

<a(h)> = a(h') + 4 h - h ' ) 

to check on the rate of phase determination and to 
test for inconsistencies at an early stage in the refine
ment process. Details of the starting set are given in 
Table 1. 

Tangent refinement was carried out in a series of 
seven cycles, the E limit being lowered after each cycle. 
Phase estimates for all £">l '40 (355 reflexions) were 
obtained. An E map using these reflexions showed 

Table I . The starting set for phase determination 

Number of 
interactions 
within E> 

Reflexion E Phase 1-80 list 
h k I 

Origin-fixing [ 6 5 0 214 0 11 
rcfle.xions { 6 0 1 1 205 -71)2 11 

[ I 0 29 219 -Kl2 6 
Enaniioniorph-
dcfining 
reflexion 0 3 6 3-6i -nil 24 
2i reflexion 0 6 10 2-21 15 

I 
A : V . 

c . 

t % (II) 

a;h-=0-5-HO-5 tanh [0-5 . EC{\\) . EC{\\') 

. £ C ( h - h ' ) x C T 3 / ( 7 2 ' - ^ ] , 
« (III) 

where 

EC{h) = (Ti-^Biy 

Zj is the atomic number of the /th atom, is the 
total number of atoms per unit cell. 

The starting set consisted of five reflexions with high 
If'hI. Three origin-determining reflexions and one 
enantiomorph-dcfining reflexion were chosen to con
form to procedures described by Hauptman & Karle 
(1956) and Karle & Hauptman (1956). One reflexion 
was phased from the ^ , relationship (Hauptman & 
Karle, 1953). The starting set was chosen from a 
preliminary list of reflexions with iE'>l-80 (112 re
flexions); due regard was paid to their ability to inter
act to form V 2 relationships with other reflexions 
within the E> 1-80 list. The starting set was expanded 
within this E list by the sum of angles formula 

• III) 

(IV) I 

0 ( 4 ) . . ^ , 
• . 0 ( 2 ) 

, • •-0(12) 

(I) •0(1) - o p i ) 

( i \ i 

(1) 

Fig. 2. The novobiocin crystal btruciure \ieweci along the 
.V axis (hydrogen bonds 10 the water molecule arc shown 
as dashed lines). 
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clearly the 24 atoms of the coumarin and benzene ring 
system joined by the peptide bond. Most of the re
maining non-hydrogen atoms could have been located 
from this map but some atoms in the isobutenyl side 
chain and the sugar system were not clearly defined. 
The usual Fourier technique using the known atomic 
position to phase the observed F„ was used to deter
mine the position of the remaining non-hydrogen 
atoms plus one additional atom assumed to be asso
ciated with a water molecule. 

Refinement of the structure 

The 45 atoms located on the electron-density map 
resulted in an R value of 0-26, where R^l\\h\\-\F,\\I 
J]F^\. Five cycles of full-matrix least-squares refine
ment minimizing the function ^oj[\f'W~\FJ[]- with 
individual isotropic temperature factors, unit weights 
and including refinement of interlayer scale factors 
resulted in /? = 015 . A n F^ — Fc synthesis showed an 
excess of electron density in the region of the double 
bond C(28)-C(29) corresponding to approximately 
2 0 e A - ^ The possibility of this electron density being 
due to the presence of dihydronovobiocin was 
eliminated by a study of the n.m.r. spectrum of the 
crystalline material. Assumed disorder within the crys
tal structure with the isobutenyl chain in some other 
configuraiion could not account for the observed 
excess electron density. Atomic absorption spectro-
photometric analysis showed that the crystalline free 
acid contained some calcium, and therefore it is 
assumed that Câ "*" ions are held in this region. The 
refinement process was continued with the inclusion of 
this further atomic position. The temperature factor 
was held constant at 5-0 A". Site occupancy refinement 
for the assumed Ca^^ position indicated an occupancy 
of approximately 1 C a ^ ^ ion to 35 novobiocin mole
cules. A weighting function a j = l / [ z i r ] ^ was used in 
the final refinement process, where ^ F = 0 0 5 5 / v + 117 
this equation obtained from a graph of \AF\ i;^ l^^!-
The final R value was 0 1 4 using only the observed 
reflexions, individual isotropic temperature factors and 
omitting the 38 hydrogen atoms; the largest shift/ 
error was 01009. A n F^-F^ Fourier synthesis indi
cated significant anisotropic thermal vibrations in 
some atoms. No further refinement was carried out 
pending the determination of an accurate data set. 

Discussion of the structure 

The final parameters are given in Table 2. A list of the 
observed and calculated structure factors and phase 
angles for all reflexions examined is given in Table 3. 
The bond distances and angles are listed with their 
standard deviations in Tables 4 and 5 and are shown 
in context in Fig. 1. 

The coumarin and substituted benzene, with the 
peptide bond, all lie approximately in one plane, with 
the isobutenyl side chain on the same side of the main 

Table 2. Final positional and temperature parameters 

Positional parameters are given as fractions of cell edges x 10*. 
Temperature factors are of the form e x p ( - Bs\n^OI/}) and are 
given in Standard deviations in parentheses are with 

respect to the last figures given. 

X >' z B 
C ( l ) 6006 (17) 4830 (12) 8932 (5) 4-93 (27) 
C(2) 7865 (14) 4397 (11) 7749 (4) 3-68 (20) 
C(3) 3235 (16) 6578 (12) 7976 (5) 4-83 (26) 
C(4) 1831 (16) 5467 (12) 8578 (5) 4-46 (25) 
C(5) 4333 (13) 4858 (10) 8201 (4) 3-40 (19) 
C(6) 5095 (12) 4615 (10) 7711 (4) 3-17 (18) 
C(7) 3977 (12) 4085 (10) 7363 (4) 316 (18) 
C(8) 2616 (13) 4709 (10) 7262 (4) 3-76 (21) 
C(9) 2837 (13) 5497 (10) 8125 (4) 3-39 (19) 
C(IO) 4435 (13) 6765 (10) 6241 (4) 3-20 (IS) 
C ( l l ) 2091 (13) 61 10 (10) 6708 (4) 3-31 (18) 
C(I2) 2695 (12) 6707 (9) 6347 (3) 2-87 (17) 
C(13) 1619 (11) 7237 (9) 6058 (3) 2-49 (15) 
C(I4) 1275 (12) 8328 (9) 5368 (4) 311 (18) 
C(15) 9691 (12) 8374 (9) 5448 (3) 2-92 (17) 
C(I6) 9034 (12) 7813 (10) 5831 (4) 31 1 (18) 
C(17) 68 (12) 7233 (9) 6150 (3) 2-87 (17) 
C(I8) 9470 (12) 6670 (9) 6551 (4) 3 08 (17) 
C(I9) 486 (13) 6083 (10) 6826 (4) 3-46 (20) 
C(20) 7400 (12) 9156 (9) 5021 (4) 3 04 (18) 
C(2I ) 6936 (13) 9876 (10) 4641 (4) 3-45 (20) 
C(22) 5343 (12) 9941 (9) 4526 (3) 2-84 (17) 
C(23) 4824 (14) 653 (11) 4190 (4) 401 (22) 
C(24) 5879 (13) 1221 (10) 3951 (4) 3-45 (20) 
C(25) 7474 (16) 1229 (12) 4042 (5) 4-68 (26) 
C(26) 7977 (14) 509 (11) 4404 (4) 4 03 (22) 
C(27) 2989 (18) 624 (12) 4045 (5) 5 01 (28) 
C(28) 2122 (28) 1554 (19) 4157 (8) 8-68 (53) 
C(29) 1610 (22) 1840 (15) 4614 (6) 6-58 (38) 
Q 3 0 ) 842 (23) 2818 (17) 4615 (7) 7-57 (45) 
C(3I ) 1725 (30) 1377 (20) 5060 (9) 9-44 (60) 
N{1) 8954 (14) 3736 (10) 7853 (4) 5-01 (23) 
N(2) 8931 (11) 9013 (8) 5120(3) 3-42 (17) 
Ca 2192 (45) 867 (33) 4580 (13) 500* 
0(1) 5338 (9) 5416 (7) 8522 (3) 3-55(14) 
0(2) 8059 (10) 5220 (8) 7603 (3) 4-57 (18) 
0(3) 6420 (9) 3987 (7) 7807 (3) 4 00 (16) 
0(4) 351 1 (11) 3195 (8) 7597 (3) 4 66 (18) 
0(5) 1871 (8) 5028 (6) 7731 (3) 3-36 (14) 
0(6) 3136 (8) 5517 (6) 6973 (2) 316 (13) 
0(7) 7548 (9) 7835 (7) 5973 (3) 3-91 (15) 
0(8) 2226 (9) 7804 (6) 5676 (3) 3-34 (13) 
0(9) 1956 (11) 8799 (7) 5019 (3) 4-37 (17) 
0(IO) 6360 (11) 8624 (8) 5234 (3) 501 (19) 
0(11) 5320 (13) 1914 (9) 3587 (4) 5-68 (22) 
0(12) 7468 (12) 6861 (8) 8154 (4) 5-67 (22) 

• Held constant. 

plane as the sugar ring. The temperature factors of the 
carbon atoms of the isobutenyl side chain are signifi
cantly higher than average, consistent with the lack 
of rigid bonding of this group and probable distortion 
due to the proximity of the assumed Câ "*" ions in some 
molecules. The bond distances C(23)-C(27) at 1-620 A 
and C(29)-C(31) at 1-337 A are respectively consider
ably higher and lower than the expected value of ap
proximately 1-54 A; this is assumed to result from the 
presence of the C a ^ * ions in this region. The distance 
of 2-446 A between 0(7) and 0(10) suggests the pre
sence of intramolecular hydrogen bonding between 
these atoms. 
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Table 3. Observed and calculated structure factors 

Each enir>' lists in order, /, \QF„ \QF^ and 10^/2-7, where p is the phase angle in radians. Unobserved reflexions were given 
0-5 X threshold value and are denoted by *. 

j | t i l l II nil I i l l If II1111 it"|i iTiS i f l i j i f i I [11 

S5 i -r ] | 

; 1 3 : -n 

Table 4. Bo/j^/ distances and their standard deviations (A) 
^i/zer weighted least-squares refinement 

C(19)-X ( I 8 ) 1-386 (16) C(23)--C(27) 1-620 (19) 
C ( I 8 ) - - C ( I 7 ) 1-402 (15) C(27)--C(28) 1-498 (30) 
C(17)--C(13) 1-352 (13) C(28)--C(29) 1-340 (28) 
C(13)--C([2) 1-398 (14) C(29)--C(30) t-485 (30) 
C(I2)^ - C ( I I ) 1-354 (15) C(29)--C(31) 1-337 (30) 
0(1 D-- C ( I 9 ) 1-412 (16) C ( l l ) - -0(6) 1-393 (14) 
C(17)--C(16) 1-456 (15) 0 ( 6 ) - -C(8) 1-410 (15) 
C(16)--C(15) 1-385 (15) C ( 8 ) - -C(7) 1-468 (17) 
C ( i 5 ) --C(14) 1-377 (15) C ( 7 ) - -C(6) 1-511 (15) 
C(14)--0(8) 1-354 (13) C ( 6 ) - -C(5) 1-484 (14) 
0 ( 8 ) - -C(I3 ) 1-371 (12) C ( 5 ) - -C(9) 1-563 (17) 
C(16)--0(7) 1-329 (13) C ( 9 ) - -0(5) 1-474 (13) 
C(12)--C(IO) 1-520 (15) 0 ( 5 ) - -C(8) 1-458 (13) 
C(14)--0(9) 1-264 (14) C ( 7 ) - -0(4) 1-417 (16) 
C(15)--N(2) 1-390 (15) C ( 6 ) - -0(3) 1-444 (14) 
N ( 2 ) - -C(20) 1-345 (14) 0 ( 3 ) - -C(2) 1-368 (15) 
C(20)--O(IO) 1-280 (15) C ( 2 ) - -0(2) 1-195 (17) 
C(20)--C(2I ) 1-456 (16) C ( 2 ) - - N ( l ) 1-326 (18) 
C(21)--C(26) 1-390 (18) C ( 5 ) - -0(1) 1-427 (14) 
C(26)--C(25) 1-433 (20) 0 ( 0 - - C ( l ) 1-461 (16) 
C(25)--C(24) 1-389 (18) C ( 9 ) - -C(3) 1-560 (21) 
C(24)--C(23) 1-346 (18) C ( 9 ) -

Ca- + -
-C(4) 1-474 (16) 

C(23)--C(22) 1-388 (17) 
C ( 9 ) -
Ca- + --0(27) 1-602 (38) 

Q 2 2 ) - -C(2I ) 1-402 (15) C a ' ^ - -C(28) 1-455 (45) 
C(24)--0(11) 1-428 (16) C a ' * - -C(29) 

-C(31) 
1-417 (49) 
1.497 (44) 

Fig. 2 shows the structure viewed along the a axis, 
showing the back-to-back arrangement of molecules 
related by the twofold screw axis along this direction. 
Fig. 3 shows part of the structure viewed normal to 
the plane containing the coumarin and substituted 
benzene system (in the direction of the arrow in Fig. 2). 
From this it can be seen that the molecule extends 2a 
in the x direction and the molecules related by the 
twofold screw axis (represented by full and dashed 
lines in Fig. 3) almost, overlap in certain regions. In 
particular one half of the coumarin system of molecule 
(I) nearly overlaps with the substituted benzene ring 
of molecule (II) and the same half of the coumarin 
system of molecule (II) almost overlaps the substituted 
benzene ring of molecule (I) in the next unit cell. The 
separation of these rings is approximately 3-4 A and 
hence they are attracted by van der Waals forces. Only 
molecules related by the twofold screw axis along the 
.Y direction are affected by this attraction of the over
lapping rings. 

There is one water molecule per asymmetric unit 
shown as 0(12) in Fig. 3. The water molecule is in a 
position where hydrogen bonding can be assumed to 
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Table 5. Bond angles and their standard deviations (°) 

C ( I 9 ) --C(18)--C(17) 118-57 (0-95) C(23)--C(24)--0(11) 1 17-85 (1-05) 
C ( I 8 ) - -C(17)-- C ( I 3 ) 119-89 (0-96) C(25)--C(24)--0(11) 116-21 (113) 
C(17)-- C ( I 3 ) - -C(12) 123-29 (0-93) C(22)--0(23)--C(27) 116-45 (1-11) 
C(13)--C(12)-- C ( I I ) 116-13 (0-92) C(24)--C(23)--C(27) 123-87 (1-12) 
C ( I 2 ) - - C ( l l ) - -C(19) 122-88 (106) C(23)--C(27)--C(28) 114-50 (1-44) 
C ( l l ) - -C(19)--C{18) 118-91 (1-03) C(27)--C(28)--C(29) 125-90 (1-94) 
C(18)--C(17)--C(16) 120-59 (0-90) C(28)--C(29)--C(30) 114-00 (1-76) 
C ( I 2 ) - - C ( ] 3 ) --0(8) 116-12 (0-82) C(28)-^C(29)--C(31) 128-97 (2-17) 
C(17)-- C ( I 6 ) - -C(15) 1 18-13 (0-91) C(30)--C(29)--C(31) 117-01 (1-81) 
C(16)-- C ( I 5 ) - -C(14) 119-34 (1-00) C(I9) -- C ( I I ) - -0(6) 120-17 (0-97) 
C(15)-- C ( I 4 ) - -0(8) 12167 (0-95) C(I2) -- C ( l l ) - -0(6) 116-95 (0-94) 
C(14)-- 0 ( 8 ) - -C(13) 120-56 (0-80) C ( l l ) - - 0 ( 6 ) - -C(8) 121-23 (0-83) 
0 ( 8 ) - - C ( I 3 ) - -C(17) 120 56 (0-90) 0 ( 6 ) - - C ( 8 ) - -0(5) 111-43 (1-00) 
C ( I 3 ) - -C(17)--C(I6 ) 119-52 (0-93) 0 ( 6 ) - - C ( 8 ) - -C(7) 107-29 (0-90) 
C ( ] 7 ) - -C(16> -0(7) 115-72 (0-90) C ( 8 ) - - C ( 7 ) - -C(6) 109-80 (1-03) 
0 ( 7 ) - -C(16)--C(I5 ) 125-71 (1-02) C ( 7 ) - - C ( 6 ) - -C(5) 110-86 (0 88) 
C d D - - C ( I 2 ) - -C(IO) 122-42 (0-97) C ( 6 ) - - C ( 5 ) - -C(9) 112-00 (0-85) 
C ( I 3 ) - - C ( I 2 ) - -C(IO) 121-38 (0-91) C ( 5 ) - - C ( 9 ) - -0(5) 108-07 (0-93) 
C ( I 5 ) - -C(14)--0(9) 123 06 (1-04) C ( 9 ) - - 0 ( 5 ) - -C(8) 118-68 (0-78) 
0 ( 8 ) - -C(14)--0(9) 115-19 (0-94) 0 ( 5 ) - - C ( 8 ) - -C(7) 111-54 (0-85) 
C(16)-- C ( I 5 ) - -N(2) 127-39 (0-94) C ( 8 ) ~ - C ( 7 ) - -0(4) 110-43 (0-93) 
C ( I 4 ) - -C(15)--N(2) 113-27 (0-94) C ( 6 ) - ^ C ( 7 ) - -0(4) 108-82 (0-85) 
C ( I 5 ) - - N ( 2 ) - -C(20) 131-77 (0-98) C ( 7 ) - - C ( 6 ) - -0(3) 108-90 (0-97) 
N ( 2 ) - -C(20)--O(IO) 120-63 (1-05) C ( 5 ) - " C ( 6 ) - -0(3) 109-06 (0-83) 
N ( 2 ) - -C(20)--C(21) 119-69 (0-98) C ( 6 ) - - 0 ( 3 ) - -C(2) 116-91 (1 00) 
0(10)--C(20)--C(21) 119-54 (0-99) 0 ( 3 ) - - C ( 2 ) - -0(2) 112-98 (1-14) 
C(20)-- C ( 2 I ) - -C(26) 123-42 (1-03) 0 ( 2 ) - - C ( 2 ) - -N( I ) 127-19 (1-19) 
C(20)--C(21)--C(22) 117-15 (101) N ( l ) - - C ( 2 ) - -0(3) 109 76 (1-20) 
C ( 2 I ) - -C(22)--C(23) 119-61 (1-04) C ( 6 ) - - C ( 5 ) - -0(1) 111-63 (0-89) 
C(22)--C(23)--C(24) 118-94 (1-09) C ( 9 ) - - C ( 5 ) - -0(1) 105-99 (0-96) 
C(23)--C(24)--C(25) 125-87 (1-20) C(5)-^ - 0 ( 1 ) - - C ( l ) 112-64 (0-99) 
C(24)--C(25)--C{26) 113-99 (1-23) C ( 5 ) - - C ( 9 ) - -C(3) 112-18 (0-97) 
C(25)--C(26)-- C ( 2 I ) 121-94 (1-12) C ( 5 ) - - C ( 9 ) - -C(4) 111-19(0-96) 
C(26)-- C ( 2 I ) - -C(22) 119-40 (1-07) 0 ( 5 ) - - C ( 9 ) - -C(3) 110-72 (0-89) 

0 ( 5 ) - - C ( 9 ) - -C(4) 103-26 (0-91) 
C ( 3 ) - - C ( 9 ) - -C(4) 11104(1-11) 

\ 
. 0 . 

. • C ( 3 0 ) 
C(31) • = H ^ ( 2 9 ) 

•C(27) 

c; o O ' 
• 0(7) 

. - ; 2 ; ^ C ( 2 3 ) 0(11) 

' C ( 2 2 ) ; • 
/C(24) 

P . J 
// 

; C(i8) 

i, 0(101 : /( 

c;4) 

C(15) 

C(M} 

> " ' ^ 0 0(9) 

C(10)» 

0 { 4 } » ^ C ( 9 ) / ^ » « 0 1 6 ) 
C ( 5 ) / ^ f c ( 7 ) ^ * ^ ' 

Of]]© . • C ( 6 ) •6N 

"o 

1/ 

«//• 

,C(2) « 

•N(1 ) 

0(12)-:^ 
0 O 

x-2 0(1V") 

Fig. 3. P a n of the novobiocin structure viewed normal to the main plane of ihe molecule (in the direction of the arrow in Fig. 2) 
showing the near overlapping of some rings in symmetry-related molecules and the hydrogen bonds to the water molecule 
(doited lines). 
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take place between itself and three novobiocin mole
cules. Fig. 2 shows that two of these are related by the 
twofold screw axis along x (effectively holding oppo
site ends of the molecules together), the remaining 
hydrogen bonds are to 0 ( l ) and 0(2) on a symmetry 
related sugar ring, resulting in a continuous linkage of 
the sugar rings in the y direction by hydrogen bonds. 

There is possibly further intermolecular hydrogen 
bonding between 0(5) and the carbamyl nitrogen 
N ( l ) on adjacent molecules (Fig. 3), the separation of 
these atoms being 3-083 A. Thus the sugar rings of 
adjacent molecules are linked in the ;c direction. The 
hydrogen-bond distances involved between the donor 
and acceptor atoms are shown in Table 6. The distance 
of 4-481 A between N(l) and the enolic oxygen 0(7) 
on the coumarin system eliminates the possibility of 
interaction between these groups (Brock, 1967). 

Table 6. Distances and their standard deviations (A) 
between donor and acceptor atoms involved in hydrogen 

bonding 

Donor Acceptor Type of bond 

0(4) 0(12) O H • H i O 2-814 (14) 
0(12) 0(2) H , 0 - • C - O 2-712(15) 
0 ( I 2 ) o(i) H j O - O - 2-854 (14) 
0 ( I I ) 0 ( I 2 ) O H • • H i O 2-771 (14) 
0(7) 0(10) O H • • C - O 2-446 (12) 
N(l) 0(5) N H • - O - 3 075 (15) 

At this stage it would seem highly desirable to re-
crystallize the novobiocin again in an attempt to pro
duce crystals suitable for more accurate data collection 

and possibly to eliminate the presence of Ca^"^ ions. 
This work is in progress and further discussion of the 
struaure will be published later. 
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