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ABSTRACT .. ! ' J *  

--- - - - - - - -  -- 
Tetraethylammonium hexabromoantimomte(V)-has been prepared and its - ---- , 

0 

c rys t a l  s t ructure (tetragonal,  14~md, - a = - b = 8.7008(7), 2 = 24.797(3)A, 

2 = 4, Mo Ka radiation) determined by three-dimensional X-ray analysis. The 
, 

I 

structure was solved by Patterson ard Fourier nethods and refined by f u l l  

matrix least-squares Lchniques t o  a discrepancy index, R = 0.042 fo r  the 276 

Mependent ref lect ions used in the analysis. The s t ructure consists o f ,  

s l igh t ly  dis tor ted octahedral s b V ~ r i  anions and (C H ) N+ cations which are 
2 5 4  

two-fold disordemd about intersecting mirror planes. The overage Sb-Br 
0 , 

distance correctad f o r  thermal motion is 2.565(5)~. The only close Br---Br 
D 

van der  W1s contact is along the a axis ,  3.58k. The similar s b e s  of the - 
tetraethylammonium and the more spherical hexabromoantimonate(~) ions permit 

e f f i c i en t  packing which contributes t o  the s t a b i l i t y  of t h i s  compound. 

Single c rys ta l s  of k thy lpyr id in ium tetrabromoferrate(III) have been 

prepred,  a d  t h e i r  c rys t a l  s t ruc tum (monoclinic, TIC, a = 7.7068(8) , 

b ' 14;1673(n), 5 = 13.01114(16)i, P = 84.19(1)O, 2 = 4, Mo Ka radiation) - .  



determined. by three-dimensional X-ray a&lysis.  The s t ruc ture  was solved by 

superposit ion and Fourier methods and refined t o  a f i n a l  res idua l  H of 
-. 

k' 0.061 f o r  the  762 observed re f lec t ions  used in the .  analysis .  The FeBrq 

t e t r a h e d r a . a w  nearly al igned with their three-fold axes almost coincident 
I 

0 

i n  the  - c d i rec t ion .  The average Fe-Br dis tance is 2 .326~.  The s t ruc ture  is 
. . 

in p a i t  ' s t ab i l i zed  by the  presence of a weak N-H---Br hydrogen bond. 

The c r y s t a l  s t ruc ture  of D-glucono-(1,5) -lac tone ( orthorhombic , 

was solved using Patterson map--symmetry map superposit ion techniques .. Fu l l  

matrix weighted least-squares refinement gave'a f i n a l  a g p e m n t . f a c t o r  of 
. . 

R = 0.046 f o r  9'74 observed re f lec t ions  recorded by counter mthods.  m he 

' . re ' s t ra int  o f .  the  planar carbonyl group imposes a d i s t o r t ed  half-chair con- 

formation on. t he  6 -lac toile r i ng  system. ~ x t e n s  ik intermolecular hydrogen 

bonding occurs throughout the  c r y s t a l  . . . 

A method has been developed f o r  evaluating the  correctness of a p a r t i a l  

s tructure,  using a discriminator index whose value d&&s on S; t he  i n t eg ra l  
. . 

over t he  absolute value of the  di f ference betmen the  observed and calcula ted 

Patterson functions. The method extends t he  idea of vector v e r u i c a t i o n  by 

considering the  s ize ,and  shape of a peak a s  well  a s  i t s  locat ion and provides 

an '  index t o  judge the  results. A necessary condit ion that atoms of an n atom 

fragment a r e  cor rec t ly  placed is  that SO be a minimum. This expected n 

minimum value can be read i ly  calcula ted f o r  any choice of the  n fragment. 

1 t ' i s . t h u s  possible t o  def ine  a discriminator index which allows t he  

i nves t i ga to r .  t o  test whether a par t i cu la r ,  atom o r  fragment ,is incorrect .  
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The crys ta l  s b t u r e s  of tetwethylammonlum h e u b r o m n t i s o m b ( V ) ,  

4-ethylpyridM~xn t e t r a b r o d e m ~ ( I I I ) ,  a& D-glucono-(1.5) -lactom 

worn deter- by single c rys ta l  X-ray d i f f rac t ion  techniqws. The 

rat- and importance of their sol id state stmctums w i l l .  be dlscassed. d 

In addition, a new method f o r  part3al s t ructure evaluation is p s e n t a d  

with experimenbl msults a d  comwnts regarding; i t s  poasible limitations 

and extensions, 

The C W S ~ ~  8-ttW0 of (C2H5) &NSbBr6 -8 S o l d  bg th. c o n v e n t i o ~ 1  

hsavy-atorn techniqw, he position of the S- group rars found from ths 

Patterson ard ib orientation was used to se lec t  the proper choice of 

, space group. The cation atoms were found to b two-fold disordered from 

the calculated electron density map, The crgs to l  structure of C 
?P-4 

uas d e ~ ~  Pattarson superposition techniques, The structure 

contains a possible weak M-H--Br m o g e n  bod, The atract'tm, of the 

lactom was deb- using a pseudo-electson density s~lmmbtpg map in 

conjunction w i t h  the Patterson superposition technique, The resmint of 

the planar c a r b o q l  group Imposes a distor ted half.chair confdrmation on 

tbb .delta-lactom ring syehmo a 

Ths kthods employed in the solution of the above s tmctures  illus- 

trate the powur and usefultzess of the Patterson f b c t i o n l  in czp ta l log-  

mphy. S h e  so- fmdl ia~i ty  with this fumtfon b essent ia l  to \urie~-  

standing ths above methods a s  mil as  the mbthod polasentad f o r  partial 

s tmc tu re  svaluation, e s h p l e ,  hypoth6tical example I s  given in Ffgare 1 

aad w i l l  b used throughout t o  Uuat ra te  various techniqws diarcassed, 



. . . . Polymeric CO , . . .  

Monoclinic PZ1, 2=2 
. . 

. . 
. . (xsY,z I f s + ~ s Q  

X 
r" C (1/5, l/& 2) 

Figure 1. The (a)  e lec t ron  densi ty  and (b) ~a t&rson ,maps  f o r  the  
hypothetical  polymeric carbon monoxide exsmple. The 
Patterson function is  a n  autocorre la t ion function of 
e lect ron dens i ty  with maxima corresponding t o  a l l  
interatomic vectors 



THE STRUCTURG OF TETRAET-ONXUM MWLBROMQANTIMONATE(V) 

Introduction 

The crys ta l  s t ructure investigation of tetraethylammonium hexebromo- 

antimonate(V) was undertaken as  par t  of a ser ies  of investigations of 

halo-coordinated antimony compounds being perf ormad i n  th i s  Laboratory, 
2-9 

The synthesis of intensely colored compounds of the type RxSbyBr,, where 

R represents e i the r  an a l iphat ic  o r  aromatic amine, has been known since 

1901 when Rosenheim and stellmanlo reported the preparation of 

( C r 5 N H )  $bBr7. Since then a wide variety of such compounds has been 

reported8 RSbBr4i RSbBr6; RSbBr ; R SbBr ; R SbBr6; R2SbBr7; R2SbBrg; 
7 2  5 2  

SbBr 1 R bBr; R b B r  j R b B r  ; R S b B r  ; R S b B r  I R b B r  ; 
R;! 9 9 6 9 2 9  9 2 1 1 , 3 2 1 2  3 2 1 5  9 3 1 4  

R+Sb Br ; and RcSbBr3.3HBr. It is believed that the dark color may b. 
3 16 

due t o  the presence of mixed oxidation states of antimow or  t o  some' 

other type of charge t ransfer  phenomena. A ser ies  of intervalence 

antimow bromide complexes of varying s to ich imet r i e s  has been investi-  

gated t o  relate, if possible, t h e i r  c rys ta l  structures and charge t ransfer  

properties, and t o  evaluate the ef fec ts  of ca t ion .s iae ,  type and stereo- 

chemistry on the antimorly bromide anion and on the resul t ing so l id  state 

structure.  . . 

The structure of tetraethylammonium s a l t  was underuken as  a result 

of preliminary invastigatjons on the p b s i c a l  and chemical properties of 

this material and other intensely colored R Sb Bre complexss. The te t ra-  
x Y 

etblammonium complex was shown t o  be unusuklly stable  in comparison t o  

the other antimorly-bromide complexes studied, being stable  i n  a i r  and 

t 



more slowly l@roly~ed i n  water. Although the tetraethylammonim complex.' 

12 
i s  a lso  intensely colored, appearing a deep; dark red-brown, thei 

preliminary X-ray results indicated the stoichiometry was FIsbV~rb with 

only four formula uni ts  per uni t  ce l l .  The usual . intervalence . t&e charge 

t ransfer  couJd not.  occur if indeed a l l  the SbBr6 species present were . 

equivalent. Also, the saturated cation would not be expected t o  part ic i-  

pata i n  a q  possible charge t ransfer  path. 

Experimental 

9 

C r y s t a l  data t 

Tet.aethylammonAum hexabroaoantimonate(V) , (C H ) NSbBr6, 
2 5 4  

M = 479.5 ,' Tetragonal 141m$, ~(000) = l*, 2 .= 4, 
, 

The (C 8 ) 8SbBr6 s a l t  Was prepZ'0d the lTBth0d of hWt0n. 
4 

2 5 4  

Microscopic examination revealed the .  four-fold symmetry of the crystals ,  

square yyramidal with sharply defined faces. Although the tetraethyl- 

ammonium o a l t  m e  o b ~ e ~ v e d  t o  be a i r  otablo, orystala worn oelsotod and 

mounted in thin-walled Lindemann glass capi l la r ies  t o  l i m i t  exposum t o  

the atmasphere. Preliminary Weissenberg and precession photographs 

4 exhibited '+Law symmetry, indicating a tetragonal space group. The 

following. systematic absences were obsemredt hkl when h + k + 1 = 2n + 1 - - - - 
and hhl when 2h + 1 = '4n + 1. The absences'are consistent with e i the r  - - - 
space group 141d o r  1q2d. The un i t  c e l l  parameters and t h e i r  standard 

derlations were obtained by a least Squares f i t 1 3  t o  twelve indepndent 



ref lect ion angles whose centers were determined by a lef t -r ight ,  t o p  

bottom beam sp l i t t i ng  technique using. a previously aligned Hilger-LJatts 
0 

four c i r c l e  diffractometer (b Ka radiation, X = 0.71?%) The o b s e h  

density was determined by f lo ta t ion  techniques using ethylem bromide and 

1,1,2,2- tetrabromoethane solutions. 

A c rys ta l  having approximate dimensions 0.10 x 0.10 x 0.0% was . 
\ mounted on a glass f i b e r  such that the c axis  (0.09mm) was nearly coinci- 

dent vUh the spindle axis, Data were collected a t  roam temperature 

utili&Ang a Hilger-Watts four c-le diffractometer equip@ with scin- 

t i l l a t i o n  counter and using Z r - f a t e d  Mo Ka radiation. Within a two 

theta sphere of 60' a l l  data in one f u l l  octant were recorded using a 

8-20 s t ep  scan technique with a take-off angle of 4.5'. Symmetric scan 

ranges of 1.00' in 2 0  a t  low two-tblx values t o  2.20' a t  the high two 

theta l i m i t  were used. Ststionsx-y c rys ta l  - stationary counter background 

measurements were made a t  the beginning and end of the s t ep  scan, each 

measuellhent being made f o r  one-half the t o t a l  scan t i m e .  The counting ra te  

used was 0 . 2 0 ~  see per s t ep  of 0 . 0 2 ~  in two theta,  he rest o f . t h e  
\ 

14 
experimental arrangement used has already been discussed in some deta i l .  . 

A t o t a l  of 1535 reflections were measumd i n  t h i s  Gay, Three standard 

reflections were  observed periodically and these observations indicated 

t h a t  no decomposition occurred during the data collectione 

The intensi ty data were a l so  corrected f o r  Lorenta-polarbation 

effects  and f o r  e f fec ts  dne t o  absorption ( p  = 150.7 cmw1) . ~ ' h s  absorption 

cornction15 war nnde using A B C O R ~ ~ ~  the maximmu and minixuum transmission 

factors , tmre 0.414 and 0.322, respectively, The estimated e r ro r  in each 

h t e n s i t y  was calculated by 



w h e r e  CT, CB, CR and A r r .  the t o t a l  count, background count, net 

k' 
count and transmission factor ,  r e spc t ive ly .  The equivalent values of 

2 F wen, then averaged.   he estimated standa ld  deviation in each 
0 

s tructure fac tor  was c a l c b t e d  f r o m  the mean deviation in intensi ty by 

the method of f i n i t e  diff.rencesel'l The mciprocals of the structure 

fac tor  variances -re used as weights in the least-squares refinement. 

Based on the measurements of s y n m ~ e t s y  ex t inc t  data, it uas decided that 

'only those ref lect ions with I > 2a(I) would: be considered observed, The 

.results reported are based on the remaining 276 independent reflections,  

. . 

Solution and Refinement 

The structure was solved by conventional heavy atom techniqws, 
18 

With only four formula uni ts  per un i t  c e l l ,  the antimony and nitrogen 

atoms mt l i e  in ipec'ial positions having\either mm (14~ad) o r  Ti (I-) 

site syzmetxy, The orientation of the hexabromoantimonate(V) group was 

obtained from a threedimensional Patterson map and indicated that the 
. . . . 

space group was 141d. These bavy atom positions were then refined 

isotropically by f u l l  matrix least-squares techniques using a modified 

version of OR F'I,s19 t o  a convsnti6nal discrepancy fac tor  of.  

R = Z(IIF~I - I F ~ ( ~ ) / T ~ I  = 0.081 and a weighted R-factor of 

R, = (L~( l%l  -IF& ) 2 / ~ d ~ 0 1  = 0.194. The remaining nonby&ogen 

atoms were folud by an electron density map calculation. 20 

A tetraethylammonium group has two preferred orientations, the 

swastika configuration o r  a trans arrangement. Although found in a 



, . 8  

trans arrangement., the inner carbon atoms 'do not lie on the mirror" . . 

planes and are two-fold disordered. These inner carbons were refined with 
. . 

i.. 
half occupancy i n  a general sixteen-fold position. The outer carbons 

appeared to l i e  on . the mirror planes and were treated as  ordered and 

restrained to these -or planes. , Subsequent :refinement using aniso- 

tropic t h e m 1  parameters f o r  only the heavy atoms lowred  the R-factor 

to 0.042 and Ro= 0.044. 

The m l a t i v i s t l c  Hartreg-Fock X-ray sca t te r ing  factors  fo r  neutral  

atoms of Doyle and uere used with those of antinoqy and bra- 

22 I 

modified .for,  the m a i  and imaginary parts of anomalous dispersion, 

Based on the agreement of the large s t ructure factors ,  no extinction 

correction was necessary., A final electron density difference map 

showed n o  peak heights graater than 0.3e-/i3. The final standard deviation 

2 1 

f o r  an observation o f  u n i t  m i g h t  (pa / ( N O - N Y ) ~  where A  IF^ 1 - 1 ~ ~ 1  ,, 
NO is  the number. of observations. (276) and MI is the number ,of variables 

(38)) was 0.95 electrons.  During the final cycle the l a rges t  s h i f t  in 

argr parameter was l e s s  than 0.01 tines its own e.s.d,  he f i n a l  posit ional 

and. thermal. parameters are given in Table ,1, along with t h e i r  standard 

devSations as derived from the m r s e  matrix of tha.f innl loaat-aquares  

cgclo. In Figure 2 a re  l i s t e d  the magnitudes of the observed and 

calculated s t ructure ' factors  in electrons x 10. The computer drawings 

. shown throughout the text were made using OR T E P . ~ ~  Distances atxi angles 

w i t h  standard deviations wem calculated using the variance-covariance 

24 matsix, from %he f i n a l  least-squares cycle and OR FF'E p.ogram. 



Table 1. Final atomic positionala and t h e m 1  and t h e i r  standard errorsc  f o r  (C H ) NSbBrb 
. ' 

. . 
2 5 4  

Atom Posit ion x Y e B o r  BU 822 

a Posi t ional  parameters a r e  i n  f r a c t i ona l  u n i t  c e l l  coordinates. 

4 
b p l s  x 10  : The form of the  anisotropic temperature f a c to r  i s  

2 2 
e x p 1 -  (8u&2 + B2$ + P3>1; + B 12- hk + 2.B 13- hl + 2 ~ ~ . $ & ) 2 .  

C Estimated standard deviat ions a r e  given in parentheses f o r  the  l e a s t  s i gn i f i c an t  f igures .  

d ~ s t e r i s k  (*) denotes an a tonic  parameter fFxed by symmetry. 

e -Atoms C(33 and ~ ( 4 )  a r e  disordered and were ref ined with half occupancy. 



L = 23 
H K F O '  F C  
1 0 462 440 
3 0 526 513 
3 2 ,601 628 

F- 2.  Observed and calculated structure for (C H ) BbBr6 
2 5 4  



Description.and Disc.ussion of the Structure 

The' crystal  ' structure of te t rae thylamonium hexabromoantimonate(V) 

is shown i n  Figure 3. Bond d i s ~ n c e s  arrl angles of interest are-.given i n  

Table2 and Figure 4. T h e ~ b ~ B r ;  ion has crystallographic CC2 symmetry, 

but i s  somewhat distorted from Oh symmetry. Th. most significant 

deviation involves the ~ r ( 3 )  ~ b - ~ r ( 3 ) '  angle which is 1?7.0(3) O. This 

s l ight  distortion can be ascribed t o  packing effects since the closest 
I 

approach between anions is 3.5&4(5)i along the - a direction (Br(3) ---Br(3) i) 

which is significantly shorter than the 3.G sum of the van der Wuls 

radii.25 The average Sb-Br b o d  length i s  2 ,99(5) i  before correction 

for  thermal motion and 2.%5(5); when c o r r e ~ ~ b d  ass- a rid- model* 

These avenges are  in good agreement w i t h  those previously reported. 7 

'Phe t e t r a e l h y W n i u m  ion has the trans configuration in which the e w 1  

group l i e  on intersecting mirror planes (Ca symmetry) a s  required by 

th i s  space group, However, the inner carbon atoms do not l i e  on the 

mirror planes a& are  therefore disodered with a p p w n t  Da syna t ry ,  

as shown 5x1 Figum 4, Disorder within the swastika configuration of the 

tetuethyl-onium ion has also been The long bond lengths 

M i c a t e  that  the l igh t  atom positions are not w e l l  defined and re f lec t  

both the disorder and the heavy atom nature of th i s  problem. 

The crystal  structure (Figure 3) can be viewed as an eff ic ient  

packing arrangement of the rather spherical hexabromoantimonate(V) anions 

and of the somewhat equal sac but s l ight ly  flattened tetraethylammonium 

cations. The similar sizes of these two large, rather diffuse ions 

contribute t o  crystal stabil i ty.  The usual type of inbrvalence c h a r p  



WIT CELL OF K21(51yN m% . . .  

Figure  3 .  Stereogram of the unit c e l l  showing packing of the ( C  H ) NSb8r6 
units g' the hydrogens are not shown 2 5 4  



llb 
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UNIT CELL OF LC2H5) qN 

Figure 3 (continued) Cross eyes t o  view stereogram 



 able 2. Sile&ed interatomic bond d i s tures  ax? angles for ( c ~ H ~ ) ~ N s w :  
. . 

i Atoms Distur.(i)  Atoms w e ( o )  

Br(1) Sb-Br (2) 

Br(3) Sb-Br(3) ' 

a Rirabd atoms refer to the symmetry related atom in the group 

(Figure 4). Other symmetry operations referred to  are; 
I i) 1 + x, Y, 0 1 )  x ,  1/2 + y. 1/4 + .. 

b~nteratondc dist.lre corrected for thermal motion using rg riding 

model a r e  secord atom I s  assumed to ride on first. 





. . . . 
. . . .. 

. . . . . . . . . .  . ' :14. , , ' . . 
. . 9 '  . . . . . . 

t ransfer  c a ~ o t  occur in t h i s  structure. '. The structure consists of only 
. . 

one kind of SbBrg species, has a saturated cation, and has only the one 
. . 

bromine--bromine , . contact ( ~ r ( 3 )  -43r(3)\ ,  3. d) which is less  than the 

sum of t h e  van der  ~ a a l s  .radii .  This ' distance does not appear t o  be short 
. . 

enough t o  account f o r a n y  type ;of interspecies change t ransfer  interaction 

.'since the' Br(3)--Br(2) and ~r(3)=-E&(l) intra-ion distances are 3.58 and 
. . 

3 .64, respectiveW,, y. Therefore, tbe in tensecolor  of t h i s  complex probably 
. . 

. results from normal charge t ransfer  of the .intraspecies llgand-to-metal 
. . 

type, W o l d n g  transi t ions between molecular orb i ta l s  of the s b V ~ r 6  
, . 

species . . . 



. ' The crgatal structure study of kthylpyrfdinlum tetrabromoferrate(II1) 

was undertaken aftsr it accfeentaUy appeared a s  a byprod-t during a 

series of investigations of bromo~oordimted antimony compourds being 

prformsd i n  this laboratory. The true composition was determinnd from 

the crystal structum analy~ia and also by an electron microprob analysis 

of the crystal  used in dab collection. The crystal  structure analysis of 

the tetrabromoferrate(III) compod was completed because of the general 

instabili* of iron(II1) bromides and the lack of crystal  structure data 
- 

. regarding the FeBrL, group. 

Crystal data: 

' 

H = 483.65 ,, Monoclinic P Z ~ / C ,  F(000) = 900e,  Z =. 4, 

Single crystals of C & N ? W e ~  were obtained occldent.lly from 

c o n ~ t i o n  introduced into a vsssel where the corresponding antbol-liy 

bromide s a l t  was being prepared. O f  the two crystalline forms present, 

cr&&ls of wlasrt later weredetermined to be the tstrabromoferrate(II1) 

s a l t  were selected bemause i ts crystal  habit was mom suitable fo r  X-ray 
I 



analysis,  the other c rys ta l s  having one' very short  dhension. Th6 true 
. . 

composition vas l a t e r  de'bm3ned from the c rys t a l  s t ructure analysis and 

an electron microprobe analysis. 

The compound has subseqwntly been prepared by adding '+-ethyl- 

Wridlne to a solution of l ron  and Br2 dissolwid i n  hot copcentrated 

hydrobromic acid. I n  t h i s  preparation a deep red-black crys ta l l ine  sol id  

forms wry slowly upon cooling. (An a l te rna te  preparation of s U r  

tetzahaloierrata i o A  hati been reported by ~ l a u s e n  and ~ood.*?) Pre- 

cession photographs of these c rys ta l s  are ident ical  t o  those obtained 

from the c rys t a l  used i n  data  collection. These photographs exhibited 2/m 

Laue synmaew w i t h  the-following systematic absences; O_kO.when - k = 2n + 1 

and h01 when I = 2n + 1. These extinctions uniquely s p e c m  'the mono- - - 
c l i n i c  space group PZ1/c. The unit  c e l l  parameters and t h e i r  staxlard 

deviations were obtained & a least-squares fit13 t o  13 M e p n d e n t  

' re f lec t ion  angles whose centars mw obtained by careful  alignment of .the 

c r y s t a l  on a General Elec t r ic  s-le c rys t a l  or ien ter  using a lo bka-off 

angle ard C r  K q  radiation (A = 2.%96$). 

' . . A c rys t a l  of approximate dimensions 0.14 x Ocl5 x 0.35 nnn was 

mounted i n  a 0.2 mm thin-walled Linriemann glass capilLsry with the c - '  
0 

axis (0.35 nun) para l le l  t o  the phi axis and used f o r  data collection. 

Data were taken a t  room temperature (T SY 24') u t i l i e fng  a full3 automated 

H i l g e r d a t t s  four c i r c l e  diffmctometer equipped with s c i n t i l l a t i o n  

counter. Mo I(o. (A  = 0.7107i) radiat ion was used with balanced (Zr-Y) 

f i l t e r s  t o  obtain in tens i ty  and inriividual background resdings., The 

8-20 s t ep  scan technique with a 4.5' take-off angle was used to record 179 

a -1. 
ref lect ions within a 20 sphere of 50' ( s i n 0 / ~  = 0.59% ). A variable 



d 
scan range was employed of 9 steps plus 2 per deg 8 a t  a counting ragte 

of 0.2048 sec pe r . s t ep  of 0.01 deg in 8. Asra general.check on electronic 
C' 

and c rys ta l  s t a b i l i t y ,  the in tens i t ies  of three stsndard reflections W B P ~  

mnaeasumd periodically during the data collection. Comparison of these 

values Mica'& tha t  no decomposition' had occurred. 

The intensi ty dab were a l so  corrected f o r  Lomnte-polarhation 

effects  and fo r  effects  due t o  absorption (p = 135.8 cmol) . The 

16 
absorption c o ~ r e c t i o n ' ~  was made using the program =OR 1 the  mudmum 

and minimum transmission factors  were 0.215 and 0,196, respectively. The 

estimatih e r ro r  i n  each intensi ty measurement was calculated by 
' 

where CT, CB, CR a d  A are the. t o t a l  count, background count,; net  count 

and the bansmission factor ,  respectively. The estimated standard 

deviation of each s tructure fac tor  was calculated from the estimated 

er rors  in the intensi ty using the nmthod of f i n i t e  'dlfferenees of 

W i l l i a m s  alrl ~undle." The reciprocals of the structure fac tor  variances 

uere used as  t h m  weights during tihe refinement, Basd  on the measurement 

of syarmetPy ext inc t  ref lect ions,  it was decided t h a t  only those reflections 

f o r  which I r %(I) would be considered obse&. The results repx-tsd 

below are based on the 762 remining observed refleotions. 

Solution and R e f  inemant 
\ 

f 

The observed Patterson was d i f f i c u l t  t o  intgrpret  because of p- 

conceived notions regarding the distances and guo=W expected f o r  

antimony-bromide polyhedra, A ser ies  of s ingle superpositions *30 was 



. . 3 2  (h 
than carried out3' mhg gb'mnl peaks on a sharpened Patterson; , 

example of the Patterson superposition technique is given i n  Figure 5.)  

Comparison of the  resul t ing maps revealed an MX4 heavy atoh group of 

te t rahedral  geomstry. These coordinates were input a s  an SbBr4 group 

with fixed tha~mal paramsters . . and refined by a fu l l  matrix least-squares 

2 
proeedum mi.nhlsing the function XU( l Fol - IFc/ ) . E u m i n t i o n  of tb' 

resul t ing electron density map revealed a l l  non-hydrogen atom positions. 

Isotropic refinement resulted in a cbnventional R fac tor  (R = 

(Z(IIFol - 1 I )  ) F 0  ) of 0.185 and a weighted R fac tor  R, = 

Fol - I Fcl ) 2 / ~  2)f of 0.223. 

T b .  multiplier crf ,the m b t a l  atom was next all&vbd to vary while the 

scale  ard i ts  thermal psr~lmeters remained fixed. The multiplier varied 

from 1.00 to 0.53, l o n r i n g  the discrepancy fac tor  t o  R = 0.156. This 

implied tha t  the cent ra l  metal atom was smaller than an antimow, atomic 

number w 27, in agreement with the shorter  PI-Br distances found. An 
. . 

electron microprobe analysis of the c r y s t a l  used f o r  data col lect ion 

conf5rmed the absence of antimony and indicated the presence of *on and 

bromine. Preliminary tma txen t  of the data was then repeated a s  described 

e a r l i e r  using W new a b e r p t i o n  cooff ioient.  Subsequent ~ e f  inemant 

based on FeBr4 proceeded smoothly, and with anisotropic thermal param- 

eters f o r  a l l  n o n - m g e n  atoms converged t o  a discrepancy fac tor  of 

R = 0.056 and Ru= 0.089. 

Unusually large thermal el l ipsoids wre obtained f o r  the e thyl  . 

carbons, and a least-squares plane analysis of the  pyridfnium ring atoms 
w 

revealed deviations as l a rge . a s  O.05A. It was therefore decided t o  use 

rigid body refinement f o r  the rmg and adjacent stoms, The C-M bond 



( a ) '  

Figure 5. (a) Electron density map, (b) Patterson nap, ( c )  Results' of 
single suparposition on peak A ~ 5 t h  structure ard its inverse 
shown, and (d) Double superposition using peaks A and B 

' yielding resultant structure 



0 .  

length w e n  as 1.G and the  four C-C lengths a s  1.3% each* 33 

This decreased the number of variables from 118 t o  62, and refinement 

conve~ged t o  a discrepancy factor  of R = 0.061 and a weighted discwpamy 

factor  of Ra= 0.096. A f i n a l  electron density difference map showed no 

' 3 peak heights greater than 0,4818 

The r e l a t i v i s t i c  Hartwe-Fock X-ray scat ter ing factors  f o r  neutral  

atoms of Doyle and Turnerz1 were used, with those or  iron and bromin. 

being modified fo r  the  r e a l  and imagina'ry parts of anomalous dispersion. 
22 

The scat ter ing factor  used f o r  hydrogen was the contracted form of 

Stewart,  Davidson, and  imps son.^ Based on' t h e  agreement of the large 

structur$, factors ,  no extinction correction was necessary. The f i n a l  

. positional and thermal parameters and t h e i r  standal.d errors  as derived . 

from the inverse matrix of the f h a l  least-squares cycle a re  given in 

Table 3 ,  Positional coordinates of the group atoms ire l i s t e d  i n  Table 4. 

The f i n a l  values of the  observed anl ca1cuLPt.d s t ructure factors ( d o )  

Description of the. Structure . . 

The tetrabromoferrate(II1) group describes a s l igh t ly  dis tor ted 
0 

tetrahedron wlth bond distances ranging from 2.309 t o  2.343 and bond 

angles of 107.7 t o  110.9O, the averages being 2.326i: and 109.5~. T h i s  

a w n p  Fe-Br distance' becomss 2 . ~ 7 i  (range 2.328 t o  2.36g)when ths 

Interatomic distances are corrected f o r  thermal motion, using a riding 

model approxination. The shortest  bromine---bromine contact within the 

group is 3.76i. A l l  bod disfames and angles of interest a m  l iq ted  in 



Table 3. Final positional and thsrmal pmmeters for C 78f-c 
Atom 

. . 
x Y e 

. . ?u 822 pg3 B u  h3 . . $23 

Fe 0.3@+5(4) 0.260j12) 0.,0646(3) 181(7) 61(2) 59(3) 2(3) -2O( 3) 3( 2) 

a 4 Stamiard errors of .the cosldirvtes ard the $ a d  Wir stamlard errors .re r 10 . The Bij a n  ' 
is . - 

.&fined by r 



. Table, 4. Group paramaters f o r  C H M I F ~ E ~ ~ ~  7 9 

' x = 0*6708(21) 
0 

p = 8.91(35) 
e = -45.63(833 

Yo = 0.3869(13) 
a =.0.2868(15) 

0 
cp = 39*77(86> 

Group B = 31%(35)2 
A t o m  x Y e 

N(1) 0.6708 0 3869 0.2868 

C(2)  0.6928 . 0 0,4563 0,2168 
C(3). . 0.8419 0 5123 0.2023 
C ( 4 )  0.9764 0 a4957 0 2638 

c(S> 0 9557 0.4239 0 • 3369 
c(6) 0.8013 0 3719 0 3453 
C(7) 1 * 1442 0.5555 0 2512 
H ( 1 )  0 5%4 0 3462 0 2953 
H(2) 0.997 Oe47O0 0,1685 
HC.3) 0 8530 0 5674, 0 lW7 
H( 5) 1 0569 0. W88 0 3861 
H(6) 0 7872 0.3164 0 4023 

a The group ws definsd i n  the xy plane of the orthogoml 

coordinate system with t h e  t w o  fold axis along x; xo, yo 

and 5o refer t o  the group origin and P , 9 and 9) arg the 

ro t s t i on  angles in  degrees as defined by Scheringer. 35 
The fixed individual t h e m 1  pamameters assigned group atoms 
-re 3.5, 8.5 and 6.d2 f o r  the ring atoms, C(7) and 
hydrogens , respectively. 
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FPB4 



Table 5 (also see Figure 7). The r ing atoms of the k t h y l m i d i n i m  
I 

cat ion were fixed i n  the r ig id  body refinement. The unusually short  ' . 

C(7) 4 ( 8 )  distance 0 b t . W  in the e w l  grpup, is a result q f  the large . . 
. . ' .I, 

thermal parameters associated with those atoms. Using the anisotropic 

.... 'therim1 paraineters obtained from the e a r l i e r  refinement, this distance. 

adjusts  t o  1.d when a r iding model i s  ass&. The high thermal 

motion of the cation can be a t t r ibuted  t o  the s i ee  of its cavity. 

A unit  a e l l  &awing of O-ethyl~idinium tetrabromoferwte(IZI) i s  

shown in Figure 8. The FeBr,, tetrahedra a n  nearly aligned w i t h  their 

three-fold a x ~ s  almost coinaident . . in the c direction, The c loses t  

bromine-brh distance In  this direct ion i s  4.0'6, which is greater 

than t h e  I sum of the van der  W p l s  r a d i i  of 3.9&.25 The shortest  inter- 

atomic bromine-bromine distance i s  3 . d  involving ~ r ( 1 )  across a 

center of symmetry. One significa 'ntly short  hydrogen--br& distance , 

i n ~ o l w h g  H(l) a d  Ek(4j of ' 2 . j  i s  present. The Fe-Br(4)-B(1) and - .  

&(4)-~(1) - ~ ( 1 )  angles are 115 a d  157'. r e s p s c t b l y .  The. Fe-Br(4) 

bond distance is a l so  s l igh t ly  longer than the  other Fe-Br distances. 

This N-H-E~(~) hydrogen bond36'37 may contribute t o  tha s l i g h t  ion 

deformation a d  the c r y s t a l  s t a b s i t y  d this compowi, 



l a 
Table 5. Interatomic distances and angles i n  C ?ym*4 

a)  FeBr4 anion 
angle 

b) C~H~NH' cation 

C -N 

C-C 

N-H 

C-H 

c) Other 

a Symmetry operations referred t o  are; - - -  
i) x, Y, 5 ii) x ,  1/2 - Y, 112 + z. 



Figure 7. A formula unit.  of  k t h y l p p i d i n i u m  tetrabromoferrate( l~~)  
shovfng presence of N-H--Br hydrogen bond 



UNIT CELL OF UNIT C E U  OF 
Y-ElHYLPYRIDINIW TEmBROWfERllnE (11 11 U-ETHrUITRlDINIU~ TET-ERRRTE 111 1) 

B 

Figure 8. Stereogram of unit cel l  showing pecking of 4-ethylpyridinium 
tetrabromoferrste(III) units 



CNIT CELL OF 
U-ETHYLPYRIDINI UM TETRFlBROPIOFERRFlTE ( I  I I1 

v 
UNIT CELL OF 

4-ETHYLPYRIOINIUM TETRFIBROMOFERRFITEIIIII 

Figure 8 (continued) Cross eyeer to view stereogram 



THE CRYSTAL AND MOLECULAR STRUCTURE OF D-GLUCONO-(1,5) -LACTONE 

Introduction 

An accurate s t ruc tura l  investigation of D-glucono-(1.5) -lac tone was 

undertaken because aldonolactones a re  inhibi tors  of glycosidases and 

other emymes of carbohydrate mstabolism. All non-Wogen positions 

were determined by a id  of a symmstry map used in conjunction with the 
I 

Patterson supsrposition technique. This method is i l l u s t r a b d  i n  Figure 9. 

.We feel t h a t  t h i s  method, or  a modification of it, is generally applicable - 
. . 

f o r  moderately s 'hed  molecules, 

Experimental 

Crystal  datar 

C6H100b B M = 178.14 . Orthorhombic * ~ 2 ~ 2 ~ 5 .  

suitable c r y s t a l s  w e n  obtained by recrystal l iz ing commercially 

available gluconod-lactone f rom a s a t u k t a d  DMF (diaethylf onullide) . 

solution allovbd t o  evaporate slowly. The colorless ci.pJt.1~ p e w  with .. 

b perpendicular to and a and c along the diagonals of the broad face. - - - 
Pmcession and Weissenberg photographs exhibited mnm h u e  symmetry r i t h  . 

a l te rna te  extinctions along the -a indioating the oorthorhonblc space 

group P2155. The uni t  ce l l  pa-ters and t h e i r  s t a d r d  derlntions . . 



F i g u r e  9. (a) Patterson map, (b) Symmetry map computed from Harker plane 
a t  v = 112, ( c )  Intermediate superposition results using only 
peak A of symaretry related pair (A,A' ) ,  and (d) Results of two 
superpositions using peaks. A and A ' 



were obtained by a least-squares f i t 1 3  t o  14  independent ref lect ion 

angles whose centers were determined by lef t -r ight ,  top-bottom beam 
I 

s p l i t t i &  on a p&viously aligned Hilger-Watts four-c-le dif'fractomebr 

(Pio Ka radiation). Any error  i n  the instrumental zero was eliminated by *. 

centering' the ref lect ion a t  both +28 and -20. 

A c rys ta l  of dimensions 0.24 x 0.20 x 0.U mn was mounted on a glass 
f i b e r  w i t h  - b along the spindle axls f o r  data collection. Intensity data 

were taken a t  room temperature (24'~) using a f u l l y  automated H i l g e r - W o t t s  
. . 

f our-circle dif f ractometer equipped w i t h  sc in t i l l a t ion  counter and inter- 

faced with an SDS-910 computer in a r e a l  timb mode, Rro equivalent 

octants of data were taken using Zr-filtered Ho Ka radiation wlthin a 8 

sphere of 35°(ain0/~ = 0.80n). The 8-29 s t e p s c a n  tachniqu,  O . O l O / . s t e p  

counting f o r  0.4096 seclstep, was employed with a take-off angle of 4.9. 

To improve the efficiency of the data col lect ion process, variable s tep  

synnnetric scan ranges ware used, The number of steps used f o r  a particular 

ref lect ion das. %.+ 2 per degree 8. Iniividtlill backgrounds were obtaibed 

from stationary crysts l-sbt ionary counter measurements f o r  one-half the 

t o t a l  scan time a t  each end of the scan. 

. The in tens i t ies  of three standard ref lect ions .wbre measured period- 

\ i ca l ly  during the data collection. Monitoring options based on these 

standard1 .oounts were employed t o  maintain c rys ta l  alignment and t o  ,stop 

the data col lect ion process if the standard counts fe l l  below s t a t i s t i c a l l y  

allowed fl\bctuations. A t o b l  of 3762 reflections were recorded in th i s  

manner. 

The intensi ty data wan, corrected f o r  Lorente-polarbation effects  

Because of the.small  lineer absorption coeff icient ,  no absorption 



correction was made. The 'minimum and maximum' transmission foators .were 

0.96 and 0.98, m s p c t i v e l y .  Because absorption was negligible, the 

c'onsisteacy of equi&lerit data was eas i ly  checked. Those equivalent 

reflections differ ing by more than So = % retaken. T h i s  affected ' ... 
I 

2 
some 150 reflections.  The indivpdual values of Fo from thsdquivalent  

2 
octants were then averaged t o  yield 1851 Mependent Fo values. Standard 

deviations in the In tens i t ies  -re estimated from the average total counts 

ard background values by 

2 2 fi(1n2 = CT + CB + (0.Q5.CT) + (O.OPCB) 

Of the  1051 i rd .ped@nt  mfleot ions,  974 had F~Z.YCI(I )  T b s @  used 

in the initial stages of refinement. The estimated standard deviation in 

each s t ructure f ac to r  m s  calculated from the mean deviation in intensity 

by the mthod of f i n i t e  differences .17 The r a i p r p c a l s  of the structure 

fac to r  variances were used as vsights in the l e a s t  squares mfwIWnt .  

When a l l  a b m  positions were located, final weightad least-squsres 

refinement was. completed using a l l  of the indepotxiant ref lect ion 'data .  . 

Solution and Refinement 

 he observed data were used t o  compute an unsharpened Patterson map. 

The resulting mapcontained many broad, overlapping peaks which ud. it 

unsuitable f o r  superpo.ition techniques. ~i &we the peak w i d t h ,  

where T = u /IZ k is r scale  factor ,  B i s  the oparal l  isotropic temper- 5 9' 
a ture  factor ,  and B' is a variable used' t o  minimis'e r ippl ing resul t ing 



from sharpening, Estimates of the overall temperature and scale factors 

were obtairad from a Wilson plot.3 A sharpened Patterson map of good 

' 2 
resolution was obtained using 2B-B' = 2.OA . 

Exmaimtion of the sharpened Patterson map, ard i n i t i a l  super- 

position 28-31 attampts produced no  rea l i s t i c  nodel 1 thenfore  a s-- 

*P 39&3 was mxt calculated. peaks only occur on ths s - w  arp a t  

those electron density positions which are consistent w i t h  tha Harker 

peaksW( of the Patterson map. The -1- assigned to each point of the 

spmtry  map was obtained by t a w  the minimum of the values of the 

associated points on the three h r k e r  planes,, I n  order that no information 

o n  these planes be discarded, the .udmun v a l u e a t  the point and the 

four other points i r m ~ e d i a t &  surrourading it in the plane was taken befbrci 

cafiying out the ndnhum procedure, A section of the symmetry map 

compPted i n  this way is  shown i n  Figure 10. Since no origin has been 

specified, not 1 but 64 images of the u n i t  c e l l  appear on this map due to 

the orthorhombic spmtrg, Howev~r, to isolate one image, it is possible 

to  se lect  r peak from ths s-try map a d  superimpose the shar6ned 

Patterson on this a& its symmetry related points. This ~ d m e  is  

just one of the superposition techniques possible using a symmtry map. 

After a coqple of unpromiaslng choices, a single peak was selected a d  a 

s e t  of four symmetry m~p--Patterson map superpositions.uas carried out 

(Fagum ll),. Analysis, of the resulting map showad that then usn only 

32 consistent, independent pbaks ,remslning. A second peak was chosen 

from what appeared to be the smne image and another s e t  of four such 

superpositions was carried out (Figure 12). m i n g  the mni l tan t  *p 



Figure 10. Section o f  the symmetry map computed for gluconolactone 



Figure  11. Section shoving m s u l t  of f o u r  'superpositions on the  symoletry map using the  peak 
mrked  A (Figure 10) and its t h r e e  re la ted  posit ions . 



. . 

Figure 12, Section showing resulh of e i g h t  superposit ions using peaks  and' B (Figure 11) and their  . .  
symmetry related 'positions 



. , 

and correlating it with the f i r a t  reduced the number of. possible peak 

positiom to  18 with a fragment of the molecule now readily observable. 

A thM peak was chosen fmm the r i s ib le  fragment ard another s e t  of 

superpositions made. Cornelation of th. three, nap easily -solved the 

previous ambiguities, locating a l l  carbon and oxygen positions. 

Three cycles of. fu l lavr t r ix  least-squares refinement of, these heavy 

atom positional a d  isotropic tbrmal p~ugmeters gave a comntiomtl  

discrepancy factor R = EIIFoI - I F  l o  = 0.109 and a weighted R-factor 

R* = G.(IF~I  - !Fc1 l2/u ~:,+~_7.) = 0.133 fo r  tb 974 0 b s . d  nf lect ionr .  

The scatterfng factors used fo r  carbon and were. those of .Doyle and 
. . 

hunare21 A difference eleqtron density map at  this  'stage showsd that a l l  . 

the non-hydrogen atoms hsld been accounted for ,  but tha t  some anfsotroplc 

motion was evident. Anisotropic mflnement of a l l  heavy atom positions 

' for  two additional cycles lowered the discrepancy factor to. R .=' 0.071 

and .R, = 0.090. The f ollowhg difference electron density map clesrly 

indicated the positions of a l l  hydrogens bound to carbon. These positions 

rsez-6 input lowering the 8greement fac tor  to  0.057, but some of tihe 

ixse of t$e faolated hydrogen atom scatbring factor,  leading to an 

undesirable inbrae t ion  bebeen the thermal parameter and the aspherical 

electron density distribution f o r  bound lgdrogen, as described by Jensen 

and ~und . r a l i ngam.~~  Us* the contracted hydrogen atom scattering factor 

of Stewart, Davtdson and  imps son,^ positive i s o h p i c  t h e m 1  puamte,n 
I 

wem.derived. A l l  remaining bydmgen atom positions vepe obtained from 

subsequent difference electron density maps. Final values of R and R, 

of 0.046 arrl 0.051, respectively, wsw obtained for  the 974 observed 
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reflections.  A t  t h i s  point two f i n a l  cycles. of weighted least-squares 

refinement of a l l  pamumters were run using a l l  1851 independent 

reflections recorded, the results being R a 0.095 and R, = 0 . W .  No 

a;-lable s h u t s  occurred. A f l n a l  electron density d5fference map I 

snowed no peak heights greater than 0.3e/~~. A s t a t i s t i c a l  analysis of 

&here A' = ( lFol - 1 %I ) 2~ a s  a function of sca t te r ing  angle ald 

magnitude of Fo yielded a nearly s t r a igh t  line M i c a t i n g  the re la t ive  

might- S C ~ ~   US^ wrs - ~ ~ r r ~ b l ~ .  The f-1 =lug of h 2 / ( ~ o - ~ v ) ~ +  

was 1.11. 

In Table 6 are listed the final positional and thermal parameters 

of the heavy atoms along with their standard deviations. I n  Table 7 a- 
I 

the refined posit ional and isotropic thermal parameters and their 

standard deviations f o r  the m g e n  atoms. Staniard d e r b t i o m  given 
I 

ware .obtained from the inverse matrix of the f i a s l  . l eas t - sqeres  mfinement 

cycle. A l i s t  of a l l  1851 independent recorded and calculated s t ructure 

sulslplitudes (x10) is founi in Figure 13. An indication of the directions 

and root-mean-square amplitudes of vibration f o r  the non-lgdmgen atoms 

is providsd by Figure 14. The bond lengths and bond angles with starmdard 

deviations are '  given in Table 8 and Figure 15. The best  l eas t squa res  
. . 

plane through the 6-lactone carbonyl group was calculated from the f i n a l  

positionrrl parameters. The equation of the least-squares plane and the 

displacement o,f .the heavy atoms from this plane are given in   able' 9. 

Description of the S t r u c t u r e  

The planarity of the carbonyl group imparts a dis tor ted half-chair 



Table 6. Final heavy i t o m  atomic coordinates and thermal parameters for ~-~lucono-(1,5)-lacton.~ 

A t o m  x Y P, $22 @33 B~ '13 @23 B l l  

74(4) -'+(a . O w )  , 3(2) C(1) 0.2071(4) 0c2214(2) 0*4968(3) 99( 4) w ( 2 )  

4 .a Standard errors of the co.ordinates and the B and their:standard errors are x 10 . The fJ a* 
13 is 

2 2 + 2&pU + 2&p13 + ~ & P ~ ~ ) J *  defined by* T = expfi(h BU + !! Lz2 + 1 Bj3 - 



Table 7. Refined hydrogen atom parameters 

Atom x 9 e N A 2 )  
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Figure 13. Observed ard calculated structure factors (x10) 



Table 8. Inbratonic d isbnces  and anglesa i n  ~ - ~ l u c o n o - ( l ,  5) -lac tone 

a See Figure 15 for  distances ald angles assocbted  w i t h  W o g e n  

positionsr eased .  are 0.0% and 2'. 



Figure 14. ~ t e r e o ~ r a m  of molecule w i t h  thermal e l l i p so id s  scaled t o  
enclose 5 6  probabi l i ty  



Figme 14 (continued) Cross eyes to view stereogram 





Table 9. Least-squares plane 

Description (* ) 

C(l), C(21, 0(1), O ( 5 )  

Equation relative to a ,  b, c - - -  

Distance f r $ m  plane (i) 
C(1)*  -0 . 016 



conformation to  the ,ring of the D-glucono-(1,fi) -lactone molecule. The 

CH20H and OH groups occupy the most eqmtor i a l  positions possible as 

shown i.h Figure 14. The b o d  distances and angles a re  given in Table 8 

and Figure 15 and i n  generally good agreement with those reported in the 

l i t e ra ture .   he average C-G and C-OH distPnces a re  1.51 and l o b s ,  

respectively, compared t o  1.52 and 1 . 4 g  reported in the neutron diffrac-  

t ion  study of a - ~ . . g l u c o s e . ~  The C(5) 4 5 )  d i s b n c e  is :signUicantly 

longer, however, being 1.47i. The C(1)4(1)  and C(1)-0(5) distances a m  

1.21 a d  l .3g,  .typical of the distances found in no-1 esters.  Peaks 

a t  1740 and 1225 cm-I in the inframd specham (Fi- 16) substantiate 

this comparison. The angles about C(1) a r e  a l l  nearly ZOO in accordance 

2 w l t h  the expected sp hybriditstion. The only other  angles which difTer 

appreciably from the te t rahedral  angle of 109.5~ are C(1) 4 ( 5 )  4 ( 5 )  a d  

C(4)4(5)-C(6), the fo-r being 12@, substant ial ly  larger  than the 

- 114' found in a-D-glmose. 

The conformation of six-mmberd rings involving a planar group has 

been studied by ~ . t h i e s o n . ~  Ei ther  a boat o r  a halfehalr conformation 

is possible w i t h  a planar r e s t r a i n t  on four of the sbc ring atoms. . The 

planarity of the C 4 - 0 4  group is associated with the valence bond 
n 

contribution of the n ~ o n u r e  form ~43-C. From g e o r t r i u l  considerations , 

s 

0- 

it was suggested tha t  rings containing the carbon-carbon double bond would 

assum th. halieha* conformtion@ while those containing the b c t o n e  
\ 

group would ass- a boat,, The conformation of 6-lactoms 

has since been s t d i e d  Cheung, hrton and SIBI.~~ The3 confirmed the 

t 



Figure 16. Infrared spectrum of ~ - ~ l u c  ono-(1,5) -lac tone (K& pile t used) 



planar iw of the lactone group but suggested both the boat and balf- 

chai r  conformiations s a t i s f y  this condition in the 6-lactomse 

For gluconod-hctone the lactone group carbon C(5) is 0,2& out of 

the best  least squares carbowl  plane f o ~ d  by atoms C(1), 0(1), C(2). 

a d  O(5) which are planar w i t h i n  0 . 0 s  la able 9). This n o n - p l o ~ r i t y  of 

the lactons has a l s o  been reported bg. ~ e f f r e y ~ l ' f o r  cer ta in  y- 

lactolass, For ring systems uhem the base atoms a r e  not coplamr, the 

r ing is best  c h a n c t e r l m d  by i t s  dihedral angles, v, Using the ri& of 

cyclohexane (O) = 54.5O) a s  a mferencep a molecule may be t e d  

"flattened" o r  "prteke~-ed,~ depending upon whether 93 is les s  than or  

greater than 54.5°.52 Comparison of the dihedral angles of various cha i r  

forms given i n  Table 10 indicates that the r ing conformation of D-glucono- 

(1.5)-lactone can be best described a s  a d is tor ted  half-chair. The 

*puckeringn dis tor t ions a r e  caused by the shor t  b o d s  C(1) 4( 5). a d  

0(5 )4 (5 )  (short  ampared to a C-C single  bond), while the largg, 

C ( 5 ) 4 ( 5 ) 4 ( 1 )  angle allows f o r  some "flattening." The requbements f o r  

minimum configuration energy are mst by lowering C(5) out of and C(4) 

nearer t o  the carbowl  plane resul t ing i n  a d is tor ted  h a l f - c h a i r : c o n f o ~  

tion. 

The c rys t a l  s t ructure of D-glucono-(1.5)-Lactone is shown i n  

Figure 17. A s  indicated from the equation of the best  least-squares 

plane, the normal of the plane is nearly pa ra l l e l  w i t h  the x-direction, 

The molecular packing i n  the c rys t a l  i s  largely dictated by intermolecollar 

hpdmgen bonds. There  is a lso  some oraering of the lactone dipoles in 
, . 

the x-tiimction, although ths appro-te separation of 612 = 3,s is s o  

large that t h i s  e f f e c t  is probably minor, The infrared. spectram cqntaiPIs 



Table 10. Dihedral anglesa . (O) 

. : 

9 ( 1 . 2 )  Q (2,3) 9 )  (3.4) v' (4.5) 9 .(5.6) . . 9. (6.1) Compound . . . . . . 

a The dihedral ang le .9 ,  for a sixfold symmetric molecule with internal bond angles, 8,  is given 
bs 

cosq = - cos0/(1 + cos8) 

For cyelohe~llne ( 0  = 111.5O) , = ~ ~ 5 ~ .  

%ram p n t a ~ h l o ~ ~ y c l o h e x e m i ,  Pastenuk ( 1 9 3 ) .  
48 



Figure 17. Stereogram of u n i t  c e l l  showing pscking of the  6-lactone units 





a broad absorption band below 390 cm-I insinst of between 3500 a d  9700 

-1 cm expected f o r  unbound 0-H groups. This is In  agreement w i t h  the 

X-ray results which indicate a complete system of Qdrogen bonds prop- 

gating three-dimensionally as  shown in Figure 18. The 0--0 lengths range 
0 

from 2.66 to 2.1188 in good agreement with a p lo t  of stretching frequency 

w . the 0 - 4  distance given by Nakamoto , Margos hes , and ~ u n d l e  . j3 The 

0-H groups bound to carbons C(2), C(3) , and C(6) par r t ic i~a te  in two 

hydrogen bonds, acting a s  a donor i n  one and acceptor i n  another. The 

C(4) 0-H group ac ts  only ;as a donor in a hydrogen b o d  involving an O(1)  

a tan  of an ident ical ly oriented molecule a t  a un i t  c e l l  t ranslat ion in 

the e-direction. Each molecule is hydrogen bonded to eight  sumuading 

neighbors.. . The appropriate distances and angles a re  given in Table 11. 

It should be remmbered that the angles given are based on'the rather , 

short  0-H distances obtained by refining the X-ray data, . Note that the 

H---Y-M angles somwhat approximate tha t  expected f o r  a dis tor ted te t ra-  

hedral angle. 

Discussion 

, . . . 

Inhibition studies of glycosida*?~ have shown that the c&msponding 

6- aldanolactones a m  generally more e f f  i c  i e n t  inhibi tors  than are the 

y-lactones. 9p55 Certain polyols have a lso  been found by Kelemn ud 

Whelafio inh ib i t  glucosidases, the most effect ive having a configuration 

simflar t o  glucose betmen C(3) and C(6). Glucose a lso  inhibi ts  gluco- 

eidass activity, but Heyworth and walkers7 reported t h a t  the eneyme has 

a relatively low a f f i n i t y  f o r  glucose compred to the gluconod-lactone, 



Figure 18. Stereogram of hydrogen bonding in D-glucono-(1 ,5) -lac tone 
showing molecule and ' its e i g h t  hydrogen bound neighbors 

111 . x, Yo -1 + $3 VII + + x , ~ . - y ,  1 2 - 2  

IV Q + x , + - , y ,  1 + z  VIII 3 - x,. - y, -4 + z 
1 V + + x , z - y ,  2 - z  IX 4 - 3 ,  - Y o  1- 

. . 



Figure 18' (continued) Cross eyes to - d e w  stereogram . 



Table ll. Hydrogen bodsa in D-glucono-(1, 5) -lac tone 

- 

Bond . Distance (i) &ng1e (O) 

X-R-X-PI X-H H--LY X-Y X-H-Y H---Y-M 

%efer to Pigure 18 for syla~letry o e m t i o n  codes and stareogram of hydrogen bonding. 



I,eaback9 has recently -ff knsd tht the spec i f ic i ty  and high 

af f in i ty  of the lactone f o r  the ensyme probably ar i ses  from the conform^- 

t iona l  s imi lar i t ies  between ths . lactone and the t rans i t ion  state of the 
I 

normal sub&trate. Leaback a l so  concluded that the high a f f i n i t y  of . , 

glycosidases for .  the corresponding 6-lactones i s  not a consequence of the  

lactone group i t s e l f ,  but of s o a  property which it conferred to the ring. 

It was postulated that the t rans i t ion  stab, involved an oqy-carbonium ion 

in a half-chair v n o s e  ring. T h i s  half-chair conformation, was a l s o  

.expected f o r  the 6-lactone ring. -The r e a u l t s  o f ' t h i s  investigation provlde 

d e b i l e d  s t ruc tura l  Information about this b p o r t a n t  inhibi tor  and. 
. . 

establ ish the s tab le  conformation of the glucose half-chair ring. 
/ 



, A METHOD FOR PARTIAL STRUCTURE EVALUATION 

Introduction 

i 

The crystal lographer has a t  h i s  d i sposa l  today a number of techniques 

to obtain  t r ia l  s t ruc tures ,  including d i r e c t  methods such a s  symbolic 

addition59 a s  wel l  a s  such i nd i r ec t  ones a s  Patterson superposit ion 

techniques and others discussed in the preceding chapters,  (For noncen- 

trosymmetric c r y s t a l s  60'61 a p a r t i a l  s t r uc tu r e  r a the r  than a completa one 

is most of ten obtained from the  symbolic addi t ion phase determination 

procedure. ) However, using any of these techniques with re asonably 'complex 

s t ruc tures ,  the  inves t iga tor  usually finds t h a t  a number of decisions must 

be made regarding peaks on r e su l t an t  maps a s  t o  whether o r  not  such peaks 

r e a l l y  belong in the  s t ruc ture  o r  a r e  j u s t  spurious, The usual c'rystal- 

lographic discrepancy index o r  R f ac to r  , R = (Z I I  F'I - IF' I I )/LIFO! is  of ten 

of l i t t l e  help i n  t h i s  regard. except t o  ind ica te  when nearly a l l  atoms. 

have been placed. 'b reasonably cor rec t  posit ions.  A much more valuable 

function would be one which could be used t o  t e s t  a s t r u c t u r a l  fragment of 

any size--a type of discriminator function which could be used t o  test 

whether each atom o r  group of atoms a s  they are ,  added i n  turn  appear to be 

correct .  Such a funct ion.  would enable the  invest igator  t o  test s t r u c t u r a l  
I 

fragments obtained from the  in te rpre ta t ion  of the  Patterson function,  ,tents-' 

t i v e  atom posit ions t o  be used in superposit ion procedures, the  various 

peaks appearing in an e lec t ron  densi ty  map incompletely phased with too 

small a fragment, o r  t h e ' s e t  of peaks occurring i n  an E-map computed from 

one of several  possible s ign combinations. 



. . 
The Discriminetor Function 

One of the t e s t s  t ha t  can be used t o  evaluate the correctness of a 

, s t r u c t u r e  i s  t o  compare the agreement between the calculated and observed 

Patterson functions, The method of vector ~ e r i f i c a t i o n ~ ~ ' ~  does t h i s  in . . 

checking that t h e v e c t o r  s e t  resul t ing from a tentat ive atom position is 

actual ly  present in the observed Patterson, In f a c t ,  minimieing the 

c 2 quantity (PO - P ) is similar  t o  a least-squares refinement based on inten- 

  or a correct  arrangement of n atoms, f o r  every peak i n  P:, the calcul- 

ated Patterson of a fragment of n atoms, there must b e  a corresponding peak 

in the obsbrved Patterson, PO, Theoretically, there would be no areas in 

the difference Patterson which would be negative, Thus a necessary condi- 

t ion  t h a t  the atoms in the fragment a re  correct ly  placed is t h a t  

be a minimum. (An absolute value rather  than. a square f ~ t i o n  is  used 

since a Patterson 'function commonly contains multipAe peaks ,) For a correct 

fragment there should be rio negative regions i n  the diffemnce ~ a t t e r s o n ,  

We can therefore ignore the absolute value in evaluating the in tegra l  and. 

the expected minimum value can thus be readi ly calculated f o r  any choice i 

of the n fragment, I f  there are N atoms i n  the &it c e l l  and n atoms in 

the selected fragment, 

That i s ,  S: would be equal t o  the sum over a11 Z Z interactions between a l l  
i j  . 

atoms in the. uni t  c e l l  minus the sum over a l l  Z Z interactions between 
i j 

atoms i n  the n .fragment. Since the theoret ical .  value of S can be defined 



ard evalriatsd f o r  a correct  arrangement of atd.ms in the fragment, it is 

thus possible t o  .def h e  a discriminator index which allows . an investigator 
. . 

td test whethqr a part icular  atom o r  f r agmnt  is incorrect, . The discrim- 

a t o r  index can be defined a s  

where is the theoret ical  change expected i n  S when atoms ' a r e  in correct  

positions, a& AS' is  the actma1 change in S t h a t  is  observed. Thus if 

n - n' awms a r e  added t o  a small fragment of n' atoms that have been 

placed correctly,  the expected decrease i n  S is given by 

If these additional atoms a r e  a l so  placed in correc t  positions, the observed 

change i n  S, 

w i l l  be approximately equal to AS', Thus f o r  a correct  addition to the n' 

atom fragment, a D value of 'approximately zero would be expected, If, 

however, the n - n' atoms a re  placed i n  random posi t ions.and, the Patterson 

peaks a re  reasonably sharp, it would be expected that the value of S: rill ,. 
. . 

nearly equal that of s:, ,  that^^' w 0.00~ thus D rs 1.00. 

The starting fmgment may be chosen from the result of superpositions, 

from .an electron density map computed from an ini t ial  s e t  of. phases deter- 

mined f r o m . d h c t  methods, o r  by any other available method, Note that no 

assumptions her- been W e  regarding the .size of the fragment considered; 

thus, it is  theoret ical ly  possible t o  use the discriminator function t o  

test each atam of the asymmetric' u n i t  as  it is added even in the very ear ly 

stages of solution where the R fac tor  is most insensit ive,  In fac t ,  one 



would usually begin w i t h  n9 = 0 t o  t e s t  the s t a r t ing  fragmsnt upon which 

t o  build.  he' b t h o d  therefore extends the idea of vector ver if icat ion by 

considering the s i ze  and shape of a peak as  w e l l  a s  its l ~ a t i o n  and a lso  

provides an index t o  judge the results. 

The importance of the s i z e  and shape of a peak as  well a s  its position 

when using the discriminator function f o r  p a r t i a l  s t ructure evaluation is 

i l l u s t r a t ed  in Figure 19 using the hypothetical carbon monoxl.de e m p l e .  

As  shown, integration of a s ingle  peak in: electron density space (a) equals 

the Zi value associated with t h a t  peak and integration over the en t i r e  unit 

c e l l  gives the sum of a l l  Zi o r  the ~ ~ ( 0 0 0 )  value f o r  the structure.  Inte- 

gration of a single peak in Patterson space (b) equals the 2 Z value of 1 3  
the atoms whose interatomic vector corresponds t o  that Patterson peak 

position, while integration over the en t i r e  uni t  c e l l  equals the sum of a l l  

2 ZiZS interactions o r  the value of FN(OOO) f o r  the structure.  Now consider 

tes t ing  an oxygen s t a r t ing  fragment, using* the possible coordinates deter- 

mined from the peaks on the Harker section a t  v = 1/2. The calculated - 
Pattersons f o r  the oqVgen in its correct  position (c) and in the carbon's 

2 position (d) both integrate t o  the value of F:(OOO) i however, the.values of 

the i n t ~ g m l s  over the absolute vzblue of tho o o m s p o d i n g  difference 

Patteraons (e,f) a re  quite different .  For the correct  oxygen posit ion .the 

corresponding 0-0 peaks a r e  present i n  both maps so the discriminator 

index is 0.00. However, in the case where the oqygen is improperly placed 

in the carbon position, the peaks in.the observed and calculated maps do 

not match in sise and the D M e x  is 0.44. The. D index would have been 

substant ial ly  higher had an incorrect position f o r  an atom been tested,  

although there w S l l  always be some f i t  because of the or igin peak. 



Figure 19. An i l lus trat ion  of the use of the discriminator function t o  
distinguish the carbon ard owgen positions &n the hypothetical 
CO example: a )  electron density map; b) Patterson map; 



Figure 19 (continued) 
c ) and d) calculated PatGrs6n maps for the oxygen fragment; and 
e )  and.'f) the corresponding difference Pattersons with D index 



I 

Experimental 

The method was tested by taking advintage of existing programs which 

could be eas i ly  modified t o  do the necessary computations, A modified 
.... 

version' bf OR FLS was used t o  compute the calculated s.tructure factors,  

It 'was, of course, necessary to use a complete s e t  of data,  including the 
. . 

unobserved and the ~(000) ref lect ions,  p lac ing ,a l l  data on the absolute . 

scale,  However, it has been found in practice that f o r  most cases, 

suf f ic ien t ly  accurate scale fac tor  and thermal parameters can be obtained 

f roma Wilson plot, The data s e t  containing the Foes and F"S was passed 

t o  a second program where sharpened coefficients wemi computed by 

where P = Lf /I2 B is the overall  isotropic temperature fac tor ,  and Bq 
3 3' 

is a variable used t o  minimize r ippl ing due t o  non-termination of ser ies  

e f fec ts ,  .The use of a sharpened Patterson is  often desirable,  

i n  l i g h t  o r  equal atom cases, t o  improve the sens i t iv i ty  t o  make a l o w  D 

index not only a necessary but a l so  a suf f ic ien t  condition f o r  the 

correctness of the pa r t i a l  s t ructure being tested, The measured intensi ty  

of a l l  unobserved ref lect ions was s e t  t o  eero t o  avoid introducing mag- 

ni f ied  e r ro r s .  a f t e r  sharpening, The difference coefficients were then 

passed to  the ALFFDP (Ames Lab Fast Fourier Difference Patterson) program 

where the numerical approximation f o r  S a t  roughly l/& resolution and D 

index f o r  a monoclinic map of 32 x 32 x 32 grid s i ee  can be computed in 

l e s s  than 20 sec, This procedure, although simple t o  use and modify t o  

each part icular  case, does r e s t r i c t  one t o  a point by point method f o r  

testing tenta t ive  atom positions, 



Results 

To explore the applicabfii ty of the discriminator function, it was 

tested extens iwly  on D-glucono-(l,5) -lactone, which crys ta l l izes  i n  the 
w.. 

orthorhombic space group P 55% w-ith Z = 4. The s t ruc tu re  was solved by 

symmetry map-Patterson map superpositions. For this case, sharpened 

data (2B-Bq = 2 , d 2 )  were used w i t h  fixed estimates f o r  the scale fac tor  

O2 and thermal 'parameters (k  = 1.70, B = 2 . 9  ) . The necessary'condition 

that S be a minjmum f o r  a correct  fragment was tested by building up a 

fragment of the gluconolactone molecule. Since there a re  four equivalent : 

positions, the s h e  of the fragment increases by four f o r  each new atom 

added. The s t a r t ing  point was taken a s  the in tegra l  over the absolute 

v a l w  of a sharpened Patterson, the value obtained being approximately 

4q; greater than the 141,376e2 theoret ical ly  expected (F(000) = 3760). 

I n  Table 12 a re  shown 'the resu l t s  obtained f o r  increasing the s i ze  of the 

fragment one afxmjmolecule a t  .a time. The notation used .in t h i s  a d  

subsequent tables includes the n' fragment, which is the assumed correct  

fragment, with the +nth atoms being those tested. Note tha t  although 
... 

only the unique atoms of the  abymmetric uni t  a re  l is ' tsd,  the fragments a l so  
\ 

include the symmetry r e l i t e d  atoms. In every case low D values w e r e  

obtained, indicating good agreement with the observed Patterson. Note 

tha t  the magnitude of AS" increases rapidly w i t h  the s i ee  of the fragment 

tested. 

I n  order f o r  the discriminator t o  be useful,  it is  necessary t h a t  

a minipnua value of S be not only a necessary but a l so ,  i n  practice, a 

suf f ic ien t  condition t h a t  atoms i n  a fragmeht be correct ly  positioned. 



 able 12. Disciiminntor values for cor,rect fragments 

na ~ n ~ n t ~  + nth :: D' R 

a Carbons and oxygens are numbered consecutively, f m m  the 
carbonyl group. 



The resul t s  obtained when incorrect peak positions were tested are shown 

i n  Table 13. I n  general, these positions were selected from peaks remaining 

on a map obtained from a s e t  of four symmetry map--Patterson map superposf- 

t 3 - p  a d  thus pa r t i a l  fitting of the o b s e d  Patterson wouldbe 

expected. ~ h e s e ' v a l u e s  are  a l l  significantly higher than tho,se i n  Table 12. .. , 

Also note tha t  the difference i n  D values f o r  a given n' fragment i s  much 

more noticeable than 'the corresponding changes in the R-factors, particu- 

l a r l y  f o r  the small fragment iiees. Thus it would be very d i f f i c u l t  t o  

distinguish between these positions using the usual R factor. 

. ,lThe resul t s  shown i n  Tables 12 and 13  were' obtained using l eas t -  

squaws f i t t e d  positional parameters fo r  the various atoms .fn the c o r w c t  

f-gment. The. sens i t iv i t i e s  of S and the discriminator index D. t o  exact 

positioning a re  shown in Table 14. Note t h a t  minimiaing S corresponds t o  

improving t h e - t r i a l  position of the atom added t o  the fragment while 

again the R-factor i s  re la t ive ly  insensi-tive. Since the values obtained 

are dependent on the sise of the peaks in the sharpenedPatterson, one 

might well expect t h a t  the degree of sens i t iv i ty  could be adjusted by 

modifying the thermal coeff icient  used in computing the sharpened 

ooofficionto. Indeed t h i s  is  the case, as shown in Table 15. A s  

expected, reducing. the thermal parameter results in. broader peaks tha t  

are  more eas i ly  f i t t e d ,  and increasing the thermal parameter resul t s  i n  

sharper peaks' w/th increased sensi t ivi ty.  Note, however, t ha t  with 

correct  positioning the i> values are similar ly low f o r  e i the r  degree of 

sharpening. 

In  a l l  the results presented thus f a r ,  a fixed scale factor  was used 

which &as close t o  the f i n a l  least-squares scale  factor ,  Since i n  practice 
I 



Table 13. ' ~ i s c r k t o r  values for  incorrect .fragment additions 

' n' Fragment +nth D R 

a . . 
Asterisk Indicates atom '&sitlon selectsd from duferent  
spurious peaks on resultant-superposition map. 



Table 14. Sensit ivi ty  t o  correct positioning' 

Table 15. Dependence of sens i t iv i ty  on thermal 

coef f ic ient  used i n  sharpening 
1 

(n' Fragment--Ol - 05,C4, ; + nth-43)  



sca l e  f ac to r s . c an  not usual ly  be estimated t o  much b e t t e r  than 10% 

accuracy, i n  Table 16 a r e  add i t i on r l  values of S and D computed with 

s l i g h t l y  erroneous sca le  fac tors .  Comparing these r e s u l t s  and those in 

Table 12, it is noticed t h a t  although the  value of S var ies  appreciably, 

the  D fac to rs  are very s imilar ,  low D values being obtained f o r  co r r ec t  

addi t ions  t o  t he  s t a r t i n g  fragment and high D values being obtained f o r  

incor rec t  addi t ions  i n  both cases. 

The f i r s t  results obtained during an a c t u a l  s t r u c t u r a l  determination 

were on l,l-dimethy1-2,5-diphenyl-l-1-silacyclopntadiene photo-dimer 

( s i l o l e  which c r y s t a l l i z e s  i n  s p c e  group PY with Z = 2. This 

molecule contains 36 carbons and 2 s i l i cons  plus hydrogens, F(000) = 5608. 

The r e s u l t s  shown i n ' ~ a b l e  1 7 . m ~ - e  obtained using s h a r ~ n e d  data  (2B - B" = 
' 2 

1.OA ) and f ixed estimates -for  t he  sca le  f a c t o r  and ,  t h e m 1  parameters 

02 * 2 
(k = 4.35, B,, -3 .U  , B, = 4.0A ). The l i n e a r  f i t  of the  Wilson p l o t  

obtained i n  t h i s  case was extremely poor. The var ia t ion  of S with s ca l e  

f ac to r  was therefore  examined t o  attempt t o  obta in  a more reasonable 

est imate of the  s ca l e  f a c t o r ,  the' r a t iona le  being that ' the i n t e g r a l  over 

the  absolute value of the  observed Patterson w i l l  increase rapidly  when 

k is  too small ( s t ruc ture  fac tor  amplitudes too l a rge ) ,  bu t  will decrease 

only very s l i g h t l y  a s  k becomes too large ,  The results a r e  plot ted i n  

Figure 20. The value of 4.35 was chosen from the  p l o t  and the  value of 

the  s t a r t i n g  i n t eg ra l  obtained using t h i s  s ca l e  f a c t o r  was only a percent 

2 higher than the  313,600e , t h e o r e t i c a l l y  expected. The s i l i c o n  posit ions 

were obtained from a sharpened Patterson and then tes ted  with the  

discriminator giving a low D index of -0.02, A s i l i c o n  phased e lec t ron  

densi ty  map was next computed which contained many ex t ra  peaks. These 



Table 16. S e n s i t i v i t y  to impro.per sdaling of  F 'Oms 

ne Fragment ' +nth sa D .  . R ' sb D R 



Table 17. DiscilmiMtor results on s i l o l e  dimera 

, 
n' Fragment +nth A sc 'no D R 

a Carbon coordinates were taken from the s i l i c o n  phased e lectron 'density map. 



Figure 20. 

3.4 3.6 3.8 4.0 4.2 4.4 

least-squares scale  factor k 

Variation of the integral over the absolute value of the 

observed Patterson as  a function of scale  factor 



positions -re tested in tarn,with low D values being obtained f o r  what 
4 

later turned out t o  be correct  atom positions a i d  higher D values obtained 

f o r  incorrect positions. Note again tha t  the R-factor is re la t ive ly  

insensit ive f o r  fragments of this s h e  making it d i f f i c u l t  t o  distinguish 

these positions. 

The discriminator was next used i n  conjunction with the s t ruc tura l  

investigation of CsPb  C 1  63 which c rys t a l l i s e s  in space group Pnma with 
2 .9 

Z = 4. The Patterson of this structure was somewhat unusual in t h a t  a l l  

peaks occurred a t  &ordinates which were multiples of 1 /4  in 1, and 

.multiples gf 1/12, i n  - u and - w. The in tegra l  over the .absolute value of the 

observed Patterson was computed and found t o  be.nearly double that 

theoret ical ly  expected f o r  four '  formula uni ts  per ce l l .  A s  t h i s  seemed 

unreasonable i n  l i g h t  of the previous results, a . s c a l e  factor  was deter- 

mined using the method described fo r  the s i l o l e  dimer. Although the scale 

fac tor  obtained in t h i s  manner gave a reasonable value f o r  the integral ,  it 

was obvious from the percentage reduction in the or igin peak of the f i r s t  

difference Patterson that t h i s  value of k was too large. It was now 

apparent that the problem of the too  large in tegra l  values was due t o  large 

r ippl ing in the background caused by the unusual symmetry and heavy atom 

nature of t h i s  problem, It was therefore decided t o  examine the variation 

of the in tegra l  o m r  the or igin peak a s  a function of scale factor.  The 

shortest  bond distance 'e-tedin C s  Sb C 1  was greater  than 2.g, so the  
3 2 9  

integration of the or igin peak was carr ied out t o  a radius of approximately 

. The results obtained a r e  plottsd in Figum 21. The value of 0.242 

chosen from the p lo t  compares favorably with k = 0.248 obtained l a t e r  by 

least-squares refinement of the correct  . . model struct&. A s ingle  d i f fe r -  



Figure 21. 'Variation of the ,integral over Me origin peak as a function 

' of scale factor 



ence Patterson was computed using th i s  scale factor. Examination of the 

resul t ing map elbi~inated from consideration two of the three s e t s  of special 

positions in which the heavy atoms were expected t o  l i e .  The s tructure was 

then solved by d i r e c t  methods and confirmed tha t  a l l  heavy atoms l i e  on the 

mirror planes a s  required by th i s  th i rd  remaining s e t  of special positions. 

The problems encountered in the C s  Sb C 1  s t ructure led t o  fur ther  
3 2 9 

tes t ing  of the method on the inorganic compound ~ ~ ~ ~ r 0 ~ , ~ ~  which a lso  

crys ta l l izes  i n  space group Pnnaa, Z = 4, 'and F(000) = 6008. This s t ructure 

contains both heavy and l i g h t  atoms with the heavy atoms occupying special 

positions. This s t ructure can be and was solved i n  a s t ra ight  forward 

manner by a n a l p i n g  the Patterson. However, it is a good test case since 

it is  similar t o  the C s  Sb C 1  problem but represents quite a d i f ferent  
3 2 9  

type of problem from the a l l  l i g h t  atom, rather  low symmetry problems of 

this. lactone and s i l o l e  dimer. The resul t s  obtained are given in ~ a b i e  18. 

The f i r s t  s e t  of data was obtained using fixed estimates f o r  the scgle 

fac tor  and thermal parameters, but now using unsharpened .data. The integral  

was s t i l l  high, but by only about 5 percent. Note t h a t  f o r  such structures 

where there are re la t ive ly  few Mependent heavy atoms the R-factor is  

f a i r l y  sensitive t o  correct additions t o  the fragment. However, the point 

t o  be made i s  t h a t  the discriminator i s  a l so  sensi t ive a d  should remain . . 

sensi t ive so a s  t o  work equally well f o r  those problems involving a large 

number of heavy atoms where the R-factor would again be insensitive. The 

l a s t  three values given in the table were obtained using sharpened data. 

In th i s  case, the value of the integral  had increased markedly due t o  

sharpening, but again the D values are  s t i l l  low f o r  correct  additions t o  

the fragment. 



Table 18. Discriminator results on si lver chromate 

n8 Fragment +nth A sc so D R n 
< 

- - A g l  ,Ag2 



The structWe determination of the quinoline antimony bromide complex 

(RsbBr6 *RBr PZl/n, Z = 21b5 represents the  l a s t  type of appl icat ion f o r  3 ' 
which r e s u l t s  have been obtained thus f a r .  The posit ions of the  heavy atom 

SbBrb and B r  groups were read i ly  determined from the  Patterson map. 3 
However, t he  e lec t ron  densi ty  map produced with the  heavy.atom phasing . . 

contained many spurious peaks. These posit ions were then tes ted  with the  

discr iminator ,  with D values l e s s  than 0.18 being obtairied f o r  what l a t e r  

were determined t o  be cor rec t  atom posit ions and D values g rea te r  than 

0.41 f o r  what l a t e r  were determined t o  be incor rec t  atom positions. The 

results were obtained with unsharpened data  using fixed thermal parameters 

and the  s ca l e  f a c t o r  obtained from' the  heavy atom refinement. Again, the  

improved s e n s i t i v i t y . o f  the  discr iminator  index compared t o  the  usual  

R-factor t o  d i s t ingu ish  co r r ec t  from incor rec t  addi t ions  t o  the  fragment 

was apparent. . ' 

Discussion 

The method j u s t  described f o r  p a r t i a l  s t r uc tu r e  evaluation i s  theoret-  

i c a l l y  sound; however, it is the  s eve r i t y  of t he  problems encountered i n  

pract ice  t h a t  determine i ts  usefulness,  and these isill now be discussed 

along with some suggestions fo r '  surmounting, o r  a t  l e a s t  minimizing, t h e i r  

e f f ec t s .  The f i r s t  problem one encounters i s  t h a t  of obtaining a complete 

s e t  of properly scaled s t ruc tu r e  f a c t o r  data.  A complete s e t  of data- 

implies a l l  independent i n t ens i t y  data measured out t o  t he  s i n B / X  l i m i t  

, f eas ib le  f o r  the  pa r t i cu l a r  c r y s t a l  and instrument plus the  F(000) re f lec -  . 

t ion.  Calculation of t he  latter' requires  only a knowledge of t he  
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stoichiometry and number of formula un i t s  per c e l l ,  but it i s  important t h a t  - 

it, o r  a t  l e a s t  a c lose  est imate of it, be included in the  data  s e t .  The 

problem of proper sca l ing  is usual ly  more d i f f i c u l t ;  however, it would# 

seem that a reasonable est imate,  i.e., within lo'$, i s  a l l  that i s  necessary, 

With a good s e t  of i n t ens i t y  da ta ,  s a t i s f ac to ry  est imates f o r  nearly equal 

atom problems without too much unusual molecular o r  crystal lographic 

syrmnetry can be obtained from a Wilson plot .  (The d i f f i c u l t y  i n  the s i l o l e  

d d r  problem was due t o  some inaccurate diffractometer data.)  I f  t he  

Wilson p lo t  devia tes  badly from a l i n e a r  f i t ,  then the  method used f o r  the  

Cs Sb C 1  problem can probably provide a workable estimate. The accuracy 
3 2 9  

of t he  thermal parameters assigned i n  computing the  calcula ted s t ruc tu r e  

f ac to r s  a l s o  does not  seem t o  be too much of a problem, a Wilson p lo t  value 

o r  a common sense average based on t he  type of s t r uc tu r e  ard degree of f a l l  

off  of i n t ens i t y  da ta  with sine/X being suf f ic ien t .  

The decis ion whether o r  not  t o  use sharpened da ta ,  and then how much 

t h e m 1  sharpening should be used, var ies  with each problem. Sharpened 

coef f ic ien t s  a r e  used t o  improve the  resolut ion of the  peaks occurring i n  

the  maps so  t h a t  a low D index i s  both a necessary and suf f ic ien t  condit ion 

f o r  co r r ec t  addit ion6 t o  the fragment.. Tn general,  if the  sca le  f a c t o r  i s  

known t o  within 1@, one should probably sharpen a s  much a s  possible but  

s t i l l  avoid the  problem of r ipp l ing  e f f ec t s .  Problems with r ipp l ing  have 

thus f a r  been found only with heavy atom - l i g h t e r  atom type problems. In 

these cases ,  the  use of a l t e rna t e  sharpening techniques, e.g., de r iva t ive  

sharpening, o r  the  use of o r ig in  removal may.help. Also, f o r  most. of these 

cases one i s .  primarily concerned in using t he  method only t o  obtain t h e  

heavy atom fragment which can then be used t o  phase an e lec t ron  dens i ty  



map calculation.  For these heavy atom - heavy atom in te rac t ions ,  sharpening 

is  usually unnecessary anyway. However, sharpening a f f e c t s  resolut ion and . . 

resolut ion determines how accurate ly  the  t r i a l  atom coordinates can be 

determined from the  maps. Although more accurate coordinates'  a r e  obtain- 

able  from sharpened maps, t he  discriminator index is a l s o  now more sens i t ive  

t o  c o r k c t  positioning. This would suggest computing a D map once a small 

i n i t i a l  fragment has been found t o  loca te  a l l  o ther  possible atom posit ions 

a d  thus avoid the'problem of accurate ly  determining t r i a l  coordinates. 

The method of fac tor iza t ion  azd t he  storage of reuseable terms, e.g., the  

core p a r t  of the  calcula ted structure f ac to r ,  along with possible short-  

cu t s  in generating t he  calcula ted map and i n  computing t he  i n t eg ra l  approx- 

imation, could. g rea t ly .  improve t h e  eff ic iency of the .  ca lcu la t ion  f o r  such 

an a r r ay  of terms over the  point  by point method cur ren t ly  used. Such a 

ca lcu la t ion  would s t i l l  involve l a rge  amounts of computer the; however, 

t he  calcula t ions  a r e  sfnple  and could te e a s i l y  perf onned in a background 

mode by a s lave instrunrental computer during of f  hours, overnights and on 

weekends, when the  usage is down. 

There are a l t e r n a t e  appl icat ions  which seem f ea s ib l e  but have not ye t  

boon t r i ed .  The equations coa3d be modified t o  permit ca lcu la t ion  of a 

D index f o r  use i n  or ient ing a known r i g i d  group. The in tegrat ion of t he  

di f ference Pattarson about the  o r ig in  should prove more r e l i a b l e  than other  
X 

methods based on checking f o r  t he  presence of t h e  various vector s e t s .  The 

discriminator can not  only be programmed t o  evaluate peaks occurring in 

r e su l t an t  maps including E maps obtained by d i r e c t  methods, but  a l s o  t o  

then determine the  best cons i s ten t  s e t  of peaks from those having low 

in l i v idua l  D values. 



The primary d i f f i c u l t y  of t he  method is  in maintaining both t he  

necessary and s u f f i c i e n t  condit ions f o r  t he  l a r g e r  problems yhem t h e  u n i t . ,  

c e l l  s i ee .and  number of atoms per c e l l  increases. The densi ty  of peaks in 

2 '  \ 

Patterson space increases with N but  the  volume only increases with N o  

For l a rge  problems t he  peak densi ty  can become so  high that, due t o  over- 
* 

l ap ,  t he  background l e v e l  of t h e  Patterson might correspond ' t o  several  

s ing le  peak heights. I n  such a case it would not be d i f f i c u l t  t o  f i t  any 

kind of fragment t o  the  observed Patterson, a low D value being obtained 

in a l l  instances. If the  dens i ty  of peaks is  not  too high, increased 

sharpening may be su f f i c i en t .  For many o f , t h e  l a r g e r  p~oblems, the re  is 

usual ly  a l a rge  p a r t  of t h e  e n t i r e  inolecule which has been previously 

determined. The use of these large fragments should a l s o  extend t h e  s i e e  

l im i t a t i on  f o r  t he  method. An a l t e r n a t e  approach t o  t he  problem of high 

peak dens i t i e s  is  t o  work a t  decreasing t he  peak dens i ty  before the  in te-  

g r a l s  are evaluated and t he  discriminator -ex calculated.  This reduction 

in the  numbr of peaks occurring in the  m p  .is read i ly  accomplished by the  

Patterson superposit ion techniques. For example, consider t he  case ,of only 

a s ing le  superposit ion using t h e  vector formed by t he  t en t a t i ve  atom 

posi t ion and one of i t s  symmetry related c o w l t e r p r t s .  The value of  the 

i n t eg ra l  over the  r e su l t an t  map, S '  f o r  a co r r ec t  choice of the  n th  atom 

would be 

N 
s 8  = dv = Z L ~ Z ~ ,  - ZJ + spurious peaks . 

I f  a f r a p n t  of n-1 atom a r e  assumed cor rec t ;  then t h e  ca l cu l a t ed  map f o r  

t he  addi t ion of the  n th  at& would be 



The value of the  i n t eg ra l  over the  difference superposition map; S ,  would 
. . . . 

be 

a 
Q 

N 
S = $(Psup - pC Idv = 22 ( Z Zi) + spurious peaks . 

SUP n i-1 

Now defining 

AS' = S' - S , 
we can define the d i s c r h t o r  index 

which has the same meaning as previously. This is  j u s t  one example of how 

the densi ty  of peaks iR the maps can be reduced t o  extend the s i ze  of 

problems t h a t  can' be considered. Other var ia t ions  a r e  equally va l i d )  how- 

ever,  the i n t eg ra l  apprdximations inay become l e s s  accurate a s  additi0-i.  

superpositions a r e  used. .The key pr inciple  of the  discriminator is  t o  use 

a l l  the  information avai lable  about ' t he  s i z e  and shapa of a peak a s  well 

a s  i t s  locat ion coupled with the  symmetm inforplation of the  s p c e  POUP. 
. . 

This princTple can be applied t o  any meaningful map t o  provide a quantf- 

t a t i v e  method f o r  p a r t i a l  s t ruc ture  evaluation. 



RESEARCH PROPOSALS . . 

The following research proposals concern suggestions f o r  fu r ther  

work in those research areas  re la ted .  t o  t he  invest igat ions  reported i n  t h i s  

thes i s .  No attempt i s  made t o  d e t a i l  the  experimental a t t a ck  nor has an 

exhaustive examination of the  l i t e r a t u r e  been made regarding these 

proposals. , . 

. . 

(1) The preparation bf a simple R S ~ I ' I B ~ ~  complex would bs of 

i n t e r e s t  t o  determine if t h i s  complex i p  a l s o  in tensely  colored. 

This would require a t r i v a l e n t  ca t ion ,  preferably organic i n  

nature and about the  same s i z e a s  the  expected ~ b ~ r ~ ~ -  species ,  

e. g. [(cB~) 3 ~ ( ~ 2 ~ 4 ) ~ 2 N ( ~ ~ 3 )  23e0 An accurate s t r u c t u r a l  inves- 

t i ga t i on  of t h i s  complex would a l s o  be of interest t o  determine 

the  nature and symmetry of t he  antimony bromide species and t o  

check f o r  any unusual bromine-bromine van de r  Waals contacts,  In 

addi t ion,  a thorough study of t he  ref lectance spectra  of t he  

various types of s o l i d  antimony bromide s a l t s  would be of i n t e r e s t  

t o  gafn a better understanding of the  nature of these compounds 

and t o  try and corml.ate these spectra  4 t h  the  vapiety of 

stoichiometries and antimony bromide species t h a t  have been 

obtained. It would a l s o  be worthwhile t o  1ook . for  possible 

changes in t h e .  ref lectance spectra  o r  s t ruc tures  of these complexes 

a t  d i f f e r e n t  temperatures. F ina l ly ,  it i s  f e l t  t h a t  a semiem- 

p i r i c a l  treatment of the  bonding of t he  antimony halides should 

be ca r r i ed  out  a s  soon as computationally f ea s ib l e  t o  b e t t e r  ' . , 

understand the ' imture  and va r i e ty  of these  complexes. 
\ 



(2) . The importance of the heavier halogens as  acceptors in hydrogen 

bonds has not been extensively investigated. Host of t h e ' l i t e r -  

a ture  available on these l e s s  common types of hydrogen bonds 

concerns infrared.  spectra of amine hydrohalides . ,Due t o  the 

continued theoret ical  interest i n  the hydrogen bond and because 

of the important e f fec ts  hydrogen bonds have in d&termining the 

sol id  s t a t e  s t ructure of many compounds, it is f e l t  t ha t  an 
. , 

accurate single c r y s t a l  X-ray o r  neutron investigation, perhaps 

a t  low temperatures, of a system similar t o  tha t  of Cjl#HFoBr4 
. . 

would be of vterest to obkain accurate information on bond 

dis-es and 'angles for-  these systems. 

(3) The results obtahed from the s t ruc tura l  investigation of D- 

glucono-(1,5)-dctone have led. to much discussion. In part icular ,  

the ~ ( 1 )  - o(5 )d i s t ance  and non-planarity of the lactone group 

are  regarded a s  atypical  by some investigators,  , Accurate s tmc-  

t u r a l  investigations of s w l a r  lactone s t ructures  would be of 

interest t o  compare the corresponding dimensions and confo~rmational 
. . 

. . 
deta i l s .  

(4) It is f e l t  t h a t  fur ther  work with the discrixnirxator applying sonre 

of tb ideas, su&ested i n  the body of t h i s  t h e s i s  could develop' ' 
a lmthod of peak evaluation which would be a valuable complemn- 

ta ry  tool  f o r  most common methods of solutions currently employed. 
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