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APPLICATIONS OF NEW METHODS OF 

SIBUCTURE DETERMINATION 

Abstract 

RICHARD E ARL WAGNER 

Under the supervision of Dr. William Jensen 

The structures of: 1 )  2-piperidino-5-chlorornethyl-5-rnethyl-2-

oxo-1 , 3,2-dioxaphosphorinan; 2) 2-phenoxy-5-chloromethyl-5-methyl-2-

oxo-1 , 3,2-dioxaphosphorinan; 3) 2-p-bromophenoxy-5-chloromethyl-5-

chloromethyl-5-methyl-2-oxo-1 , 3, 2-dioxaphosphorinan have been resolved 

by x-ray single crystal studies. A Picker 4 circle diffractometer 

employing molybdenum x-rays and a zirconium filter was used to obtain 

accurate data. The space group of the first two compounds is P21 /c 

while that of the third is Pca21 • The lattice constants of the com-

pounds are: 1 ) a = 1 0.035(8)A, b = 6.503(4), c = 20 .19(1 ), 

� = 96.8(3)0
; 2 )  a = 6.237(3)A, b = 1 1 .437(5), c = 19.419(9), 

a= 1 09.95(3); and 3) a = 1 2.67(2)A, b = 9.1 3(1 ), c = 1 1 . 89(1 ). 

Density measurements indicated 4 molecules per unit cell for all the 

•compounds. 

The structures of the first two compounds were solved by the 

direct method of symbolic addition as the initial s'i.gn determining 

process. The bromine atom of the third compound was located from a 

Patterson map and the remaining atoms loc?ted by Fourier and least 

squares techniques. All nonhydrogen atoms were anisotropically 



refined. The final weighted R factors are: 0. 033, 0.036, and 0. 054. 

The unweighted R factors are: 0. 054, 0. 063, and 0.12. 

The amide derivative prefers the lone oxygen in the axial position 

while the phenoxy and p-bromo-phenoxy derivatives prefer it in the 

equatorial position. 



INTRODUCTION 

Substituted 5-chloromethyl-5-methyl-2-oxo-1, 3,2-dioxaphosphorinan 

compounds provide an interesting means of studying the reactions of 

the phosphorus atom. With the chloromethyl group ahd methyl group 

placed on carbon atom 5, the determination of inversion or retention 

of configuration about the phosphorus atom is possible. 

Two piperidine substituted compounds have been reported.1 The 

two are formed under widely differing reaction pathways, and each 

reaction seems to produce only one isomer. The two isomers have widely 

different melting points. 

Two phenoxide derivatives are also formed. Reactions forming 

them seem to produce mixtures of the two isomers.2 The ratios of the 

two products varies with reaction conditions. Again, widely differing 

melting points are observed. 

Mixtures of any two isomers of the same derivative do not equili

brate upon heating to near the decomposition point. Indeed,.mixtures 

have been subjected to sustained heating of 200° C for hours with insig

. nificant changes observed in their ratios.3 This could only be true 

if they were geometric isomers. 

The two geometric isomers differ in axial-2quatorial conformation 

of the methyl and chloromethyl groups on carbon atom 5. The hydrogen 

atoms on an axial positioned chloromethyl group have an nmr signal 

shifted up field from those of an equatorial positioned chloromethyl 



group. The same is true for the methyl group hydrogens. Whether a 

peak is due to the chlorornethyl or methyl group can be verified from 

the integrated peak intensity of the signal. The hydrogen atoms on 

these two groups are observed as two single peaks. 

Although one can determine the confor mation on carbon atom 5 

2 

by using nmr spectra, he cannot unambiguously predict the conformation 

of the phosphorus atom . To confirm inversion (or retention) of con

figuration it is necessary to establish the con formation about the 

phosphorus atom because changes observed in the con formation of carbon 

atom 5 ar e not necessarily accompanied by changes in confor mation 

about the phosphorus atom. 

X-ray single crystal studies were made on three substituted 

phosphor inans to determine the conformation about the phosphor us atom. 

The results of these investigations leave little doubt as to the 

reaction pathway of substitution reactions involving phosphorinans 

in these three types of compounds. 



HISTORICAL 

Basic Theory 

While the x-ray spectrum produced by a Coolidge tube consists of 

a continuous background radiation usua 11 y referred to as "white 

radiation," it also has two sharp x-ray peaks designated as Ko: and 

4 
K�. These monochromatic peaks are intense and their wavelengths are 

a function of the type of metal used as the anode of the Coolidge 

tube. 

X-rays can be produced by the bombardment of a metal target with 

high energy electrons. The effect of this beam is to dislodge 

electrons belonging to atoms in the target material. Electrons from 

higher energy levels replace the vacated orbitals, with a subsequent 

loss of potential energy. 

The decrease in potential energy appears as radiation.  The most 

intense radiation is caused by an electron going from an L shell to a 

K shell. It is a close doublet because of the closeness in energy of 

the two types of electrons in the L shell. The two radiations are 

given the symbols K�l and Ka:2 and together are called K�- X-ray single 

crystal studies use primarily this monochromatic x-radiation. 

The x-ray tube is thus a source of radiation that is nearly mono

chromatic. Two types of x-rays were used for this investigation. They 
0 

were molybdenum radiation whose characteristic wavelength is 0.7069 A 
0 

and copper radiation whose characteristic wavelength is l. 54i8 A. 



4 

X-rays  are r eflected by a crystal according to the Bragg E quation 

which is: 5 

2d sine = n A (1) 

The term, A is the wavelength of the x-ray beam, d is the spacing 

between planes of atoms in the crystal, and e is the angle of inci

dence. 

The data obtained from the x-ray diffraction pattern of a crystal 

ar e a list of detected x-rays char acterized by an angle of incidence 

relative.to the orientation of the crystal and a specified intensity· 

of the reflected beam. 

The angle of incidence is determined by planes of atoms in the 

crystal (the distance between parallel planes as well as their ori

entation). It is a function of the crystal's lattice parameter s. 

Miller indices ar e used to catalogue r eflected x-rays. In general 

h, k, and 1 describe the planes of atoms that are present in the 

cr ystal. The letters h, k, and 1 are the symbols used for Miller 

indices and correspond to whole number ratios of the lattice constants 

a, b, and c, which ar e needed to intercept sets of parallel planes in 

the crystal lattice. 

The distance between given planes (d) can be found in any mono

clinic crystal using the following equation: 6 

(2) 



In this equation a, b, and c are lattice constants and the angle� is 

the unique angle between the a and c axis. 

5 

Equation 2 will also hold true for all crystals of orthorhombic 

or cubic symmetry. For example, in the orthorhombic case� is 90° 

and the equation is greatly simplified . The sine term is equal to one 

and the cosine term is equal to zero. It is simplified even more for 

the cubic case. Additional terms have to be added ,  however, for the 

triclinic case. 

Mathematical Relationships 

F rom the intensity of the reflected x-ray, a term (F) known as 

the structure factor may be calculated according to equation 3 .  

(3) 

I is the intensity of the x-ray beam, and K is a proportionality con

stant. It is common practice to give this structure factor the symbol 

(F o) and call it the observed structure factor because it is d erived 

from observed intensity data. The L and p terms are the Lorentz and 

. polarization factors, respectively, and are basically a simple function 

of the Bragg angle 29. For a detailed discussion of L and p, consult 

Nuffield . 7 

In addition to having a numerical value, the structure factor 

must have a sign corresponding to its phase. The term F ,  as defined 

in equation 3, can_ have two values, one positive in sign and the 



other numerically equal but negative in sign. Only one of them is 

correct. Determining which one is correct might be called the funda

mental problem of crystal structure solutions. 

6 

The correct atom positions in the unit cell can be used to calcu

late the magnitude of the structure factor as well as its correct 

sign, which indicates its phase. This structure factor is given the 

symbol Fe and represents the calculated structure factor derived from 

atom positions. 

Fe is calculated from the proposed atom positions according to 

equation-4.8 

Fe = :E Asin(xht-yk+zl )211 + Acos ( xh+-yk+zl) 2n (4) 

The letters x, y, and z represent atom coordinates in terms of unit 

cell parameters. The surrmation is over all atom positions in the unit 

cell. The term A is the atomic scattering factor for each individual 

atom and is basically a function of the angle of reflection and the 

atomic number of the atom involved. It will be discussed in detail 

later. If all atoms or most of the atoms contribute to the structure 

factor in the same phase, the structure factor will have a relatively 

high value. 

F rom the general. structure factor terms (and mathematical 

relationships), the electron density at position x, y, and z expressed 

in unit cell fractions is equal to: 9 

( )== lEEE ( ( )) p x, y, z 
V h k 1 Fhkl exp - 2n i hx+kyt-lz (7) 



7 

Using this relationship it is possible to calculate an electron den

sity map if one knows the signs of the structure factors. The term 1/V 

is the unit cell column and it normalizes the density in terms of 

electrons per cubic A. The term pis the electron density at position 

x, y, z. 

After several atoms have been placed in the structure, it is 

often useful to calculate an electron density map of the unit cell 

using the structure factors. The remaining atoms of a molecule can 

usually be located if the signs of the calculated structure factors 

and the magnitudes of the observed structure factors are used to make 

an electron density map. This type of map is called a Fourier syn-

thesis and is often used to locate atoms for the model structure. 

The correct atom coordinates will give (using equation 4) a value 

of Fe which will match in magnitude the value of Fo. Since experi

mental errors are involved, no match of Fe to Fo will be perfect. A 

measure of how well the two agree is calculated by the following 

equation: 

R = z_:j I Foj -jFcl I 
�f Foj 

The R value is commonly called the reliability ·factor and is an 

arbitrary measure of the correctness of a structure. 

(5) 

There are many reflections which are only slightly above back

ground. The accuracy of these reflections is obviously questionable. 



The very intense reflections are also not as reliable as those of 

intermediate intensity . A structure refined and based heavily on 

these two types of reflections would not be a true representation of 

the molecule. 

To compensate for the inherent errors of these two types of 

reflections, a weighting scheme is usually developed whereby the two 

extreme cases of reflections are not counted as heavily in the calcu

lation of the R factor. A number known as the weight and given the 

symbol w is calculated for each reflection. It is a function of the 

estimated standard deviation of the intensity and must be calculated 

for every reflection. The R factor is then calculated according to 

the following equation: 

R = EI I wF o I -I wF c I j 

EjwFol 
(6) 

A more valid structure model is obtained when this R factor is 

the one minimized. Once the R factor is sufficiently low the 

structure is declared solved. The atom coordinates may be used to 

·calculate bond lengths, bond angles, etc. Diagrams of the molecule 

may also be made. 

Methods of Solving Structures 

The essential steps in a structure solution may be classified in 

two areas. First the trial structure is obtained. Many variations 

are known to accomplish this. The other and final step is the 

8 



refinement of the structure. Once the atom parameters are known 

approximately, a computer program is used to vary the positional 

parameters in such a way as to minimize the R factor. This step does 

not vary significantly regardless of what method is used to obtain 

the trial structure. 

9 

One direct method known as the symbolic addition process can be 

used to obtain a trial structure. This method is one of determining 

the signs of an arbitrary number of structure factors using mathemati

cal relationships which will be described later in this thesis. These 

structure factors with their determined signs are then used to con

struct an electron density map. Regions of high electron density on 

the map are chosen for atom_ positions. These atom positions are used 

for a least-squares calculation of structure factors. The signs of 

the calculated structure factors and the magnitude of the observed 

structure factor are then used to construct a new electron density map.· 

More atoms are then located and eventually all the structure is deter

mined. 

The symbolic addition process depends to a large extent on 

probability. Reflections that are high in intensity have statisticaly 

a large number of electrons within the crystal contributing in the 

same phase to the structure factor. If enough signs of structure 

factors with high intensity can be determined correctly, a Fourier 

synthesis will reveal sufficient atom positions to obtain a trial 

s truc·ture. 



1 0  

Intensity alone cannot be used as the criterion for the selection 

of reflections for sign determination by symbolic addition. Because 

atoms are not point charges, the x-ray beam when reflected behaves as 

if it is not being reflected by all of the electrons in an atom. The 

exact amount is always less than the number of electrons in the atom. 

The amount of the electronic charge that the x-ray beam appears to be 

reflected by, is known as the atomic scattering factor and is a. 

function of the angle of reflection. This scattering factor falls 

off sharply with increasing angle of incidence (approximating half of 

a Gaussian curve) . 

Thus, the intensity of reflected x-rays depends to a large extent 

on the angle of reflection. An "E" value is calculated for each 

reflection by the following equation to remove the angular dependency: 

E = fFo2/ n A.2 
J 

. e � i 
l 

(8) 

The term e is a multiplicity factor and the summation is over all atoms 

in the unit cell. A is the atomic scattering factor for atom i at that 

angle. A high E value, thus, is the result of most of the atoms in the 

unit cell diffracting the x-ray beam in the same phase angle. 

Besides being useful in determining trial structures, E values can 

·reveal infonnation about the crystal symmetry. E values are distribu

ted statistically in such a way that they indicate whether a crystal 

belongs to a centric or a non-centric space group. A centric space 



group is one which has a similar atom positioned at -z, -y, -z for 

every atom positioned at x, y, z. Table 1 shows the expected values 

for the two classes of crystals. 10 

The number of reflections for which signs are to be determined 

11 

is arbitrary and requires a decision by the crystallographer. A mini

mum of 5 reflections per atom is recommended. 11 If the standards for 

assigning are too· high, an insufficient number of signs will be 

determined. Too many signs determined prevents one from finding a 

suitable trial structure. 

If one uses 5 reflections per atom as a standard, a crystal with 

16 atoms per unit cell would need the signs of 80 reflections deter

mined. These reflections have 802 possible sign combinations. This 

is too many combinations to try even with today's high speed computers. 

A system is needed to reduce the number of sign combinations to a 

reasonable number so that all possible sign combinations can be tried 

by Fourier synthesis. 

Sayre is generally credited with the first basic method of relat

ing the signs of reflections to each other when certain conditions of 

the Miller indexes are met.12 His general equation is: 

The equation is not concerned with the magnitude of the product so 

much as with its sign. The equation states that the sign of the 

(9) 



Quantity 

Average value of E 

Average value of E 2 

Table 1 

Statistics of E Values 

Centric 

0.798 

1. 000 

Average value of jE 2 -11 0. 968 

Percentage greater than one 32. 0 

Percentage greater than two 5. 0 

Percentage greater than three Q.3 

12 

Acentric 

0.886 

1.000 

0.736 

37. 0 

1. 8 

0. 01 



13 

reflection o n  the left in equation 9 will be the same as the �ign of 

the product o f  the two reflections on the right if the Miller indexes 

of the two reflections on the right yield the Miller indexes of the 

reflections on the left. 

If E values are used with this relationship and the sign determin

ation is treated statistically, the following formula is obtained: 13 

(10) 

The term 
01/cr2 can be approximated by 1/n where n is the number of 

atoms present in the unit cell. 14 The procedure of determining signs 

was not generally applicable until Karle and Karle introduced the 

method of using letters to represent the sign of the reflection. The 

reflections with high E values are given letter symbols for their 

·signs, and the letter symbol is used for sign determination. 15 

The letter represents its true sign and may at the beginning be 

equally probable of being plus or minus. Utilizing equation 10, the 

signs of other reflections may be determined. If 8-letter symbols are 

u�ed (as was the case in this investigation), the possible sign com

binations is reduced to s2 • This is a drastic reduction from the 

possible combinations required for the 16 atom example, but still quite 

high. 

Due to the trigonometrical dependance of the structure factor 

(equation 4), the sign of any one reflection is arbitrary and has the 

282604 

-- . --- .. ..... -•• ---------•- ■ ■.._ll!ll:lli. A qJ/ 
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effect of fixing at least one origin coordinate of the unit cell. In 

the primitive monoclinic system, three symbols may be assigned arbi

trary values of signs (for simplicity+) to fix the origin of the unit 

cell. Each selected symbol has to assign only one origin coordinate, 

and therefore the three reflections must be selected by "parity 

arithmetic11
•
16 The possible sign combinations for a primi'tive mono

clinic system using 8-letter symbols for signs may thus be reduced 

from s2 to 52. 

With the aid of a contradiction table-which numerically counts 

the number of times each sign combination is in conflict, the statisti

cally favorable sign combinations can usually be reduced to 4 or less. 

All combinations can then be tried as the number of sign combinations 

_ is usually reduced to 4 or less. 

An easier method than the symbolic addition process exists in 

�olving a structure if an atom with a relatively high atomic number is -

present in the structure. This is an indirect method of structure 

solution and is known as the heavy atom method. The heavy atom con

tributes significantly to most of the structure factors. Thus by 

finding its position, the signs of most of the structure factors are 

calculated correctly. 

A. L. Patterson �eveloped the method that consists of constructing 

a map of the unit cell which indicates inter-atomic distances. The 

distances from peaks to the origin correspond to the distances between 



15 

atoms. The formula used is: 17 

P{x,y,z) (11) 

The terms o n  the right are the same as in equatio n-(?). P is the 

height o f  the peak at co ordinants x, y, z .  · Since all distances between 

all atoms are calculated, there are many peaks shown on  this type of 

map. The peaks associated with the heavy atom are do minating, however. 

Fourier syntheses will frequently reveal the remaining po rtio n of the 

molecule. 

Peaks associated with distances between symmetry equivalent 

atoms are also shown. These peaks are known as Harker peaks. 1 8  By 

finding these peaks, the co ordinates of the he avy atom can usually be 

obtained. 

Obvio usly, if the position of  the heavy ato m is known, mo st of  

the structure factor signs will be calculated correctly when the heavy 

atom is placed in the structure. 

After the trial structure is obtained, final refinement o f  the 

$tructure begins. This is usually a routine step handled primarily 

by the computer pro gram. Most of the co mputer time used is required 

during this procedure. A computer program rnini�izes the R factor, 

calculates bond angles and distances, and determines standard devi

ations for all parameters. F or  this work a full matrix least squares 

procedure was used. Diagrams and models can then be prepared to 

picture the structure. 



SAMPLE PREPARATION 

The compounds used in the structure d eterminations were synthe

sized by Dr. William Wadsworth and Samuel L arsen. 19, 20 The compound 

cis-2-chloro-5-chloromethyl-5-methyl-2-oxo-1 , 3, 2-dioxaphosphorinan was 

often used as an intermediate. For simplicity this compound will 

hereafter be d esignated compound A. 

Compound A was prepared by treating methyl bicyclic phosphite 

with either chlorine gas or sulfuryl chloride. The latter reaction is 

shown in Reaction 1.  

Bicyclic phosphite Compound A 

Reaction 1 

The product, compound A, is recrystallized from cc14• Although its 

structure has not been resolved by x-ray single crystal techniques, 

compound A's similarity to its bromine analog in method of preparation 

and nmr spectrum, leaves little doubt as to its structure.  The bromo 

analog has previously been solved by single crystal x-ray methods. 21 

The reaction of compound A with piperidine gives only one product 

namely, ·2-piperidine-5-chloromethyl-5-methyl-2-oxo-1 , 3, 2-dioxaphos

phorinan. The reaction is shown ·in Reaction 2 .  The lone oxygen has 



been shown by this x-ray single crystal analysis to be in the axial 

position and trans to the chloromethyl group. This compound will be 

designated Compound lA. Its melting point was found to be 182°c. 22 

Compound A Compound lA 

Reaction 2 

17 

Another isomer of Compound lA can be prepared if the bicyclic phosphite 

is treated directly with N-chloropiperidine. This compound will be 

designated as Compound 1. The reaction to prepare this compound is 

shown in Reaction 3 .  

G-Cl 

Bicyclic phosphite Compound lA 

Reaction 3 

Compot,md 1 has a melting point of 153° G. 



18 

The products of Reactions 2 and 3, and Compounds 1 and lA, are 

geometric isomers since the molecular weights of the two are the same 

as are several other properties. Sustained heating of mixtures of the 

two have not produced isomeric equilibrium. 23 

To distinguish between the two isomers, the prefix cis or trans 

is used, depending upon the position of the chloromethyl group relative 

to the lone oxygen atom. The trans isomer is designated Compound 1 

while the cis is Compound lA. The cis isomer has been studied by nrnr, 

but no x-ray structure determination has been attempted. 

Unlike the amide derivative which gave only one product, two 

products are found when phenoxide ion is reacted with Compound A. The 

ratio of the two products varies with the strength of the nucleophiles. 

Reaction 4 describes their preparation. 

+ 

trans Compound 2A 

cis Compound 2 

Reaction 4 



The two products are the trans and cis forms of 2-phenoxy-5-

chloromethyl-5-methyl-2-oxo-1,3,2-dioxaphosphorinan and will be 

designated Compound 2A and Compound 2, respectiyely. From x-ray 

single crystal analysis the oxygen atom in this case prefers the 

equatorial position. 

19 

The trans isomer of Reaction 4, Compound 2A, did not lend itself 

to a-single crystal structure determination. It belonged to a non

centric space group which, together with its lack of a relatively 

heavy atom, made its structure determination appear to be time con

suming if not impossible. 

The trans isomer of the p-bromophenoxide derivative, while simi

larly belonging to a non-centric space group, had a heavy atom present. 

Its production was carried out in a similar manner as Reaction 4. 

Since a heavy atom was present, the trans isomer was prepared and used 

for a structure determination. It is designated as Compound 3 while 

the cis isomer is 3A. 



EXPERIMENTAL 

Weissenberg F ilm Data 

The film data was collected at South Dakota State University using 

a Nonuis, Weissenberg camera Manufactured in Delft, Holland. A copper 

anode x-ray tube was used together with a nickel filter. The dif

fractometer d ata collected at L awrence L ivermore L aboratory was 

obtained using a molybdenum x-ray tube with a zirconium filter. 

Using a Weissenberg film camera, suitable single crystals were 

aligned along one of the direct crystal axis. A correctly aligned 

crystal has an oscillation photograph characterized by vertical rows 

of x-ray reflections.24 Oscillation photographs were exposed by 

rotating the crystal 20° to either side of a central axis. The center 

row of reflections, (that is the line of reflections passing through 

the unreflected x-ray beam) is.composed of all reflections that have 

a Miller index of O relative to the axis of rotation. F or example, 

if b.axis rotation is used all k Miller indexes are O. The first row 

on either side of the center row contains the reflections which have 

Miller indexes equal tc 1 and -1 . The second row 2 and -2, etc. 

The oscillation photograph can be used to reveal information about 

the crystal. The lattice constant corresponding to the axis of rotation 

can be d etermined , as well as the symmetry of that axis. A mirror 

plane present in the oscillation photograph indicates the crystal be

longs to the monoclinic class or one with higher symmetry . The absence 



of a mirror plane on a correctly aligned crystal means the crystal 

belongs to the monoclinic class or lower. 

The numerical value of the axis of rotation may be calculated 

from the oscillation photograph by measuring the distances between 

vertical rows of reflections. The distances are then used for Yn in 

equation 12. 25 
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(12) 

R is the camera radius and n is the number corresponding to the number 

of the row from the center of the film. The value of the axis of 

rotation, d, can be calculated as many times as there are pairs of 

vertical rows. The various measured values can then be averaged to

gether for a more accurate value. 

To compensate for film shrinkage, some films were doubly exposed, 

first by the sample crystal and second by a sodium chloride standard 

crystal. Knowing the lattice constants of NaCl accurately, equation 

12 was employed to determine the factor for film shrinkage. The 

sodium chloride double exposure technique ·was used with crystals of 

Compounds 1 and 2. 

The values of lattice constants shown in Table 2 were obtained 

from Weissenberg oscillation photographs. If a sodium chloride 

standard was employed, it is indicated in the table. The more accurate 

diffractometer data (the method of obtaining this data will be 

described later) is shown for comparison. 



Compound 

1 

2 

2A 

3 

Tabl e 2 

Lattice Constants. Obtained from Weissenberg Oscillation •Photographs 

NaCl 
Standard 

ye s 

yes 

no 

no 

Film 
Value 

6 . 52A 

1 1 . 1 6 

6. 51 

9. 15 

/' 

Diffractometer 
Value 

6 . 503A  

1 1 . 43 

not taken 

9. 13 

Mirror 
Plane 

yes 

yes 

yes 

yes 

I\) 
I\) 
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On either side of the center row of reflected x-ray spots, the 

rows were identical. Mirror planes were present in the oscillation 

photographs. Thus, all compounds were known to b e  of monoclinic or 

hi gher symmetry . Compounds 1 and 2 were found to be monoclinic, while 

Compounds 2A and 3 were found to be orthorhombic. 

Th e  preli minary oscillation photographs serve one other purpose. 

Crystals must be exactly aligned before a Weissenberg moving film 

technique exposure can be made. The oscillation photograph_ provides 

the means to do this. 

The Wei ssenberg moving film technique spreads a vertical line of 

r e flections, observed on an oscillation photograph, over the entire 

film. This is accomplished by the film moving si multaneousl y as 

crystal is being rotated. Each exposure of thi s type represents a 

layer  li ne , i n  whi ch one Miller i ndex is common to all reflections. 

Because the center row is the zero layer line, the remai ning layer 

lines are numbered outward consecutively .  While a convenient exposure 

time vari ed on an osci llation photograph from 20 to 6 0  minutes, the 

moving film Weissenberg exposure took considerably longer. The exact 

time varied with the size of the crystal and whether all possible 

reflecti ons or just the more intense reflections were desired. 

The method of identifying and labeling reflected x-ray spots on 

Wei ssenberg films (using Miller i ndexes) was carried out as described 

by Stout and Jensen. 26  On the O layer line films, with a "b" axis 

rotati6n, all reflections with a k Miller index equal to O would .be 
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observe d ;  on the first layer lin e ,  all r eflections indexed with a k 

value of 1 woul d be observed; further layer lin e s  contain refle ction s 

with higher k values. 

Using the zero and first layer lin e s, the systematic absen ce s  

shown in Table 3 wer e d e termine d .  Compounds  1 ,  2 ,  and 2A r equired 

two crystal s e ttings in order to obtain all systematic absences. No 

other se tting was n ece ssary for Compound 3, as the (O, k, 0 ) systematic 

absenc e s  were not n e e d ed to determin e the unique space group. 

The two r emaining unknown lattice constants, those n ot the axis 

of  ro tation , can be calculated using equation 1 3. The data is sup

pl ied by the O layer Weissenber g moving fil m  exposur e . 27 

d = 2sin (2yn/ 4R x 57 . 3) ( 13 ) 

The symbol d is the lattice con stant bein g  determin ed. The symbol y 

is the distance from the base line on the film to be refle cted x-ray 

spot . The term  n is the Miller ind e x  of the r efle cted spot. The 

other two Mil l er ind e xe s  are O .  If the Weissenberg camer a has a diam

eter of 57 . 3  mm, the perpendicular distance Yn in mm is the value of 

the sine  angle function, 2yn/4R x 57 . 3. 

A NaCl standard can be doubly exposed with the. sample in the same 

manner as the oscillation e xposur e was. Corre ctions for f ilm shrinkage 

can thus be made . 



Compound 

1 

2 

3 

2A 

( hk l ) 

* 

* 

* 

* 

* No conditions 

Table 3 

Conditions L imiting Pos sible Reflections 

( 0k l ) 

* 

* 

1=2n 

k+l=2n 

Conditions Neces sary to Observe Reflection 

( h0l ) 

1=2n 

1=2n 

:tF2n 

:tF2n 

( hk0 ) 

-)E-

* 

* 

* 

( h00 ) 

* 

* 

:tF2n 

:tF2n 

( 0k0 ) 

k=2n 

k=2n 

* 

k=2n 

(001 ) 

* 

* 

1=2n 

1=2n 

f\.} 
(Jl 



Table 4 shows the lattice constants obtained by the Weissenberg 

film method . The more accurate diffractometer data which were 

obtained later are also shown for comparison. 
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Using the zero layer Weissenberg exposure , the angle between 

lattice axes can be obtained. The camera is precisely made so that a 

crystal rotation of 1 8 0° corresponds to a film-camera motion of 90 mm. 

The distance between the points where the bas� line intercepts the 

two axes can be readily measured. This distance in mm multiplied by 

2 is the degrees of the angle between lattice axes. Table 5 shows the 

non-90 ° angles determined in this manner. Diffractometer values are 

shown for comparison. 

Using systematic absences shown in Table 3 ,  the space groups for 

each compound were determined. 28 The results are shown in Table 6. 

The systematic absences for Compounds 3 and 2A allow two possible 

choices for space group assignments. In each case one of the choices 

is a centric space group, while the other is a non-centric space 

group. To belong to the centric space group, the choice must meet the 

special condition that a mirror plane be present in the molecule. Due 

to the proposed structure of the molecules_, this requirement seems very 

unlikely. 

In solving the structure for Compound 3, the non -centric case was 

assumed, and this assumption is verified by the successful sol�tion of 

the structure . It would seem logical that Compound 2A. would be similar. 

However , until the structure of Compound 2A is solved , its space group 

remains to be determined uniquely. 



Tabl e 4 

Lattice Constants Obtained from Weissenberg Moving Film Photographs 

Compound 

* 

1 

2 

2A 

3 

Data not taken 

NaCl 
Standard 

yes 

yes 

no 

no 

Film 
Value 

9. 89A 

6. 16 

10 . 0  

1 2 . 6  

Axis a 

Di f fra ctometer 

Value 

10. 035( 8 )A 

6. 237(3) 

* 

1 2 . 67(2) 

Film 
Value 

20 . 0A 

18 . 9 3 

1 8 . 41 

1 1 . 8  

Axis c 

D i f fra c tometer 

Value 

20. 1 9 ( l)A 

19 . 42(1) 

* 

1 1 - 89 ( 1 )  

I\) 
-.J 
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Table 5 

Non · 90° A ngles in the Monoclinic Crystals 

Angle 
Compound 

Film Value Diff ractometer Value 

1 91.0° 96 . 8 ( 3 )
0 

2 1 09 - 9 1 09 . 95(3) 
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Ta ble 6 

Spa ce Groups of the Compounds 

Compound Spa ce Group Spa ce Group Number 

1 P2i/c 14B 

2 P21/c 14B 

3 Pca2 1 29 

(not Pbcm) 57 

2A Pna2 1 33 

Pnma 62 
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Weissenberg photographs were used also for intensity measurements 

for Compounds 1 and 2. These intensity mea surements were used for 

prelimina ry structure determinations for the two compounds but were not 

used for final refinement a s  more accurate diffractometer data became 

a vailable. 

To mea sure the intensity, a standard consisting of an x-ray film 

divided into 1/4 inch strips wa s prepa red. Each strip on the film was 

exposed i ndependently a t  the same crysta l setting and to the same 

x-ray spot. 

The strips on the sta ndard were numbered consecutively higher 

wi th increa sing exposure time. Exposure time increased by J2 with 

each strip. The standard was pla ced on top of the film tha t wa s to 

have the i ntensity of the reflected x-ra y spots measured. F or each 

reflection on  the sample film, the reflected spot on the standard was 

found that matched i t  in dark ness. The number of the strip on the 

standard film was then recorded for that reflection. 

Since x-radiation follows Beer's Law, the number for this 

reflection wa s converted into intensity by the following formula : 

I K exp (c) ( 14 )  

I is the calc ulated intensity while c is the concentration of the 

x-ra y spot ( its darkness) and K is an arbitrary constant. The term c 

was the number of the standa rd spot a ssigned to the re·flection multi

plied by the squa re root of 2 .  
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To obtain reflections of very low intensity on film it is neces

sary to use long exposure times. This presents a problem with very 

strong reflections , as long exposure times causes them to become too 

intense to measure. To overcome this problem, three sheets of film 

were placed in the camera and exposed simultaneously. A factor of 

about 4 was usually found , for intensity losses between successive 

films. Thus , the intensities of the more intense reflections were 

read from the bottom film while the very weak reflections were 

measured from the top film. Moderate intensity reflections were used 

to determine the film factors. 

As a result of its extremely large size , the first crystal of 

Compound l revealed approximately 2 , 700 reflections which were 

recorded in six layer lines. The exposure time was 24 hours for each 

layer line. The x-ray tube settings were 35 KV and 17 ma. Some 

reflections with 2 0  angles as much as 170° were shown. 

Film intensity data were collected for Compound 2 in much the 

same manner as with Compound 1, except the a axis was used for the 

axis of rotation. 

When using the Weissenberg film technique for the collection of 

intensity data , it is expedient to have as much data present on each 

film as possible. Fewer films are required. To accomplish this , the 

· shortest axis is used for the axis of rotation. The total number of 

films required is less because fewer layer lines are required to collect 

the data. Also , fewer film factors are necessary to correlate the in

dependently exposed layer line films. 



32 

Although the x-ray tube conditions are maintained the same 

throughout the data collection , the x-ray beam varies, due to unc on

trolled variables such as l ine voltage. This makes duplicati ons of 

exactly the same conditi ons for each layer line set of films impossi 

ble. Hence , a film factor to correlate layer l ines is needed. 

Since the b axis is the shortest axis for Compound 1, it was the 

axis of choice for rotation. The angle was observed on the zero line 

film . The -a and +a axis as well as the -c  and +c . axis were easily 

identi fied and no maj or problem arose in indexing. 

The a axis of Compound 2 was the shortest axis and, therefore, 

was desired axis rotation for intensity data collection. In addition 

to being the shortest axis,  the a axis of Compound 2 was also the 

needle axis and easily found. By mounting the crystal along the a 

axis the crystal approximated a cylinder which made the absorption of 

x-rays during the data collection easy to calculate. 

Although the a axis is the desired axis of rotation indexing and 

measuring the S angle presented problems. This was due to the right 

angle relation between the b and c axes. The b and c axes were the two 

axes shown on the zero layer Weissenberg film. Although the angle can 

be measured from film data utili zing upper layer line photographs, the 

process is quite d iffi cult because the geometry is complex. 29 

The problems were resolved by mounting another crystal which  used 

the b axis for the axis of  rotation. The zero and first layer lines 

were photographed. Comparing reflections of the b rotati on film�, 



which wer e eas ily indexed, to the a rotation films made it poss ible 

to index the a rotation films .  As  an example the b rotation zero 

layer line film contained the (O, o ,  1) reflections and s o  did the 

zero layer a rotation. 

By indexing the b r otation (0, O, 1) row of reflections , the a 

rotation (0, O, 1)  row could be indexed. Once the pattern of index

ing was establis hed, the r emainder of the ref lections could be 

indexed. 

Dif fractometer Data 
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A crystal of Compound 1 was taken to L awrence L ivermore L aboratory 

to be us ed to collect a more accurate s et of data us ing a computer con

trolled P icker 4 circle diffractometer. The cr ys tal was determined 

to be too large; theref ore, the proces s of obtaining a s maller crys tal 

was undertaken. Since the search to find another s ingle crys tal was 

uns ucces sful, the original crys tal was placed in a s olvent and allowed 

to be diss olved until it was of convenient s ize (0.2 x 0.2 x 0. 3 mm) . 

It was then remounted, aligned, indexed and s ent to Lawrence L ivermore 

Laborator y f or intens ity data collection. When collected, the data 

were s ent to S outh Dakota State Univers ity. 

An unexpected characteris tic of Compound 2 was apparent after 

examining the dif fractometer data. Except for the ( O, k, 1 )  data 

(the O layer line), the intensities of the diffractometer data and the 

film data did not .s eem to be in agreement. The discover y was made 
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that there were two ways of indexing the crystal , both having approxi

mately the same lattice constants. Both indexing systems used the same 

b axis but not the other axes o The angle S ,  though numerically about 

equal, did not describe the same quantity. 

To convert the atom positions used on the film data to new 

positions which were equivalent for the diffractometer data, the fol

lowing transformation equations were used : 

(15) 

Yfilm = Yd (16) 

(17) 

The transformation proved successful and at this point the diffractom

eter data and film data were in agreement. 

Unlike Compound 1, Compound 2 was not destined to be solved from 

film data. While still attempting a solution, the diffractometer data 

arrived and the new data were used for the remaining solution of the 

structure. 

During the diffractometer data collection , all reflections within 

a maximum 29 angle of 40 ° were recorded. For all reflections having a 

corrected intensity equal to zero or more than zero, a computer card 

was supplied having h ,  k ,  1 ,  Fo , sine, and the intensity value punched 

on it. The standard deviation of the intensity (cr1 ) was supplied in 

a computer printout. The way in which cr1 is calculated is described 

elsewhere. 30  
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Acc urate lattice constants and their estimated standard devi

ations were determined by the diffractometer and computer. This was 

accompl ished by centering 12 reflections of moderately high angle of 

incidence through a narrow slit in the detector and measuring the 

angle of reflection . The lattice constants were then obtained by the 

method of least squares refinement by means of a PDP-8 computer. The 

r esults provided the lattice constants and their estimated standard 

deviations. 

Data Reduction 

To use the computer program adapted for a least squares calcu

lation at South Dakota State University, each reflection must have a 

card and each card must have in addition to h, k, 1, and F o  values, 

a term equal to l/4d2 • The atomic scattering factor which is a 

function of the angle of r eflection, must appear on the card for each 

atom type present .  It is also eventually necessary to have a 2-digit 

number which allows the least Squares program to weigh each reflection . 

This number will be referred to hereafter as the weight number. It 

was dec ided that for accuracy and to save time, a program was n ecessary 

to punch cards from the data cards from Lawrence L ivermore L aboratory . 

The format in which the data cards were to be punched for the least 

squares prog ram as well as FAMEB is described in the appendix. 

The term l/4d2 was obtained using the Bragg Equation which is: 

An = 2dsin e (1 8)  
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It follows that: 

(19) 

Lambda was 0 .70169 A since molybdenum radiation was u sed with the dif

fractometer. The film d ata used copper radiation in which case A 

1 . 5418 A .  

Scattering factors used initially with Compound 1 were obtained 

from the "International Tables for X-ray Crystallography11
•

31 S ince 

the tables give scattering factor valu es for atoms every 0. 05 value 

of sine/A , a graph was prepared for each atom type to obtain values 

halfway between the given values (every 0 . 025 valu e). A computer 

prog ram vvas _ develo ped to interpolate values  behveen  the o_ . 025 va lues. 

The process of obtaining scattering factors for nonhydrogen 

atoms changed when new data cards were required . The scattering 

factors were then calculated using the formula submitted by Cromer 

et &· which is: 3 2  

f (sine/;d ( 20 )  

Except for hydrogen atoms, this method was used to obtain scattering 

factors for data cards used on all subsequent compounds. The con

stants used , ai, bi(i = 1 to 4) , and c were supplied by Cromer. 32 

Hydrogen atom scattering factors were obtained in the · original manner 

as no constants were supplied by Cr omer for this atom. 
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.Two spaces are r eserved on the data card for the weight number . 

A weight number of z ero can exclude a reflection from least squares 

calculation. The least squares progr am will calculate the proper 

wei ght for a reflection ( based on the standard deviation of Fo) if the 

following value is calculated for the weight number : 

( 21) 

Each reflection will have a weight equal to: 

w = 1/02 ( 22) F o  

W is the weight of the r eflection and not the weight number . The 

ter m crp0 is calculated by the computer using the following equation: 33 

The term cr1 is the standard deviation of the intensity . The other 

terms have the same meaning as in equation 3 . 

For the exclud ed reflections which were the ones that had cor

r ected intensity values less than zero, a card was add ed for that 

r eflection . · This card contained the h, k, 1 values· _ along with an Fo  

value of z ero. The weight number was set at z ero.  

The Compound 2 diffractometer data cards had the a values for 

each r eflecti on added to them at South Dakota Sfate Universi ty .  This 
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enabled the weight number to be calculated and subsequently punched on 

the new data cards. No further punching of data cards w as thus 

requi red for Compound 2. 

This was not the case with Compound 1. The weight number was 

added after being calculated independently when the weighting scheme 

was desi red. The excluded zero weight cards for Compound 1 were added 

when a calculation using all data points was desi red. 

Although the limit of the weight number is 99, it n ever goes above 

33 when all reflections having an intensi ty . less than 3 standard devi

ations are given zero weight. Care must be used for reflections having 

a calculated weight number less than ·1 . These are very accurate 

reflections, but if the weight number is rounded off to zero, the 

reflection will be excluded from calculations. The wei ght of this 

type of reflection should be 1 .  

The equation used to calculate the weight number from diffractorn

·eter data is: 

(cr1.· 
2 + KI2) � 

W == ------ X 100 
I 

( 23) 

K is an arbitrary constant usually eq�al to 0 .01 or 0 . 02 depending 

upon the diffractometer used. The term cri is the counting standard 

· deviation. The expression in equation 23, (cr1
2 + kI2 )� ·is actu ally 

cr1 • A value of  0 . 01 was used for Compound 2 . 



For Compound 1 , the weight number was calculated using this 

formula: 
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cri w = 
T 

x 100 ( 24 )  

The effect was to give the more intense reflections more weight 

than they deserve. P resumably, no maj or difference will be noticed. 



S YMBOL IC ADDITION 

The direct method of sign determining, symbolic addition, was 

used to initialize the sign determination in the solution of the 

structures of Compounds 1 and 2. 

A fter a number of attempts at writing and using a symbolic 

addition program of our own, the programs fv'lA GIC, L INK , and FAMEB as 

desc ribed in the appendix were obtained from Dr . Norman Baenziger 

( University of Iowa) .  The programs were ad apted for use with the 

IBM 36 0/40 computer. 

The program FAMEB is first used to generate E values from 

structure fac tor input d ata. It is possible to operate the program 

�� GIG with a pre -written tape made as one of the options of the pro

gram FAMEB. While there are, no doubt, many cases where the structure 

solving process c an be left to the computer, for Compounds 1 and 2 

this was not the c ase. Before using MA GIC, the output of routine 

FAMEB should be examined to see if the assigned symbols are the logical 

c hoic es. 

Bec ause of the possible large printing output, the mode of oper

ating MA GIC is important. If some of _the printing is not suppressed 

(one of the options), it is possible to get a c omputer print- out stack 

approximately 3 inches thick containing information of marginal inter

est. Three runs w ere made using the program unti l it was learned how 

to suppress the unnec essary printi ng. With all e xcess printing 

stopped, the time of op�ration was about 20 minute s on the IBM 360/40 

system.  
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The third time symbolic addition was run using Compound 1 was 

perhaps the first completely s uccessful attempt. A total of 1 62 

ref lections were assigned letter symbols for their signs during the 

first iteration. A total of 280 si gns were determined after the 

sec ond iteration. The minimum probability value, 0. 99,  set at the 

start and c ontrolled by the computer program did not change. The new 

atom positions found on the E map which followed allowed the R factor 

to go below 0 . 40 for Compound 1 .  

The overall process is an iterative one following the sign deter

minations of MAGIC. The most probable sign combinations of letter 

symbols are chosen by the program L INK .  These signs are then used to 

make a F ourier-E map plot. From the map the bes t  ato m positio�s a re 

c hosen. These positions, shown by the E map, are then used as data 

for a least squares cycle for R factor determination. 

The output of the least squares program is examined using the 

following c riterion. If the observed structure factor is large and 

if the c alc ulated structure factor is between 90 and 120 percent of 

the observed structure factor, the sign of the reflection is j udged 

to have been determined correctly . While other atom positions added 

later might decreas e the calculated structure factor, they could not 

decreas e  the structure factor enough to change its sign. The structure 

factors that obey this criterion are considered correct in sign. They 

are used as knowns for a succeeding run of symbolic addition. With 

each iteration of this nature the structure becomes more complete and 

more ac curate. 
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By thi s method and least squares adj ustment of atom parameters, 

Compound 1 was resolved and refined to ·an R fac tor value of 0 .20 using 

film da ta. It may have been possible to c arry the solution further; 

however diffractometer data bec ame available at this point and were 

used for the remainder of the solution of the struc ture of Compound 1. 

The symbolic addition process when attempted on Compound 2 using 

film data proved unsuccessful. Diffrac tometer data bec ame available 

before a sec ond try could be made and so was used for the next attempt. 

The first attempt with the new data did not. at first lead to the 

solution of the struc ture either. The R fac tor was reduc ed to 0. 30 

but attempts to lower it further proved useless and the atom positions 

thought to be reasona ble did not c onform to any possible struc ture. 

The struc ture at this point was c lose to being c lassified as unsolv

able. 

A selective run of symbolic addition was initialed as f ollows 

upon the advic e  of Dr. Johnson. 34 All E values with one or more Miller 

index equal to zero were exclud ed from the known and unknown lists of 

input to the program MAGIC. Of the remaining unknowns ,  the signs of 

4 8  unknowns were d etermined in two iterations of MAGIC. This brought 

the total knowns to 58 . The reflec tions initially exc luded were then 

included and the 58  d etermined signs were used as knowns for another 

c alc ulation of symbolic addition. Some 184 reflec tions had their signs 

d etermined in two i terations with a minimum c alculated probability of 

0.9994 � There had to be three contributers to eac h sign d etermined and 

no more than two inc onsistenc ies were tol erated . 
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A careful study of the resulting E map r evealed all of the non

hydrog en atom positions for Compound 2 .  However, proceedin g 

cautiou sly, adding four or five atoms at a time, the nonhydrogen 

a toms were slowly but eventually all added. The least s9uares run in 

which all of the 17 nonhydrogen atoms were introduced, gave an R 

factor  of slightly below 0 . 20 .  



COMPOUND 1 

Preliminary 

To obtain a suitable crystal for an x-ray single crystal structure 

analysis, crystals of Compound 1 were grown, mak ing use of the com

pound ' s increasing solubility with temperature. The compound is 

soluble in many solvents and a 50 percent benz ene-cyclohexane mixture 

was used as a recrystallizing solvent. 

The crystal growing solution was carefully adj usted by boiling 

away or add in g  solvent so the saturation point was below 40° C but 

above 30° C. It was then placed in a vial in the growing apparatus 

described below where the temperature was adj usted to 45° C, before it 

was allowed to cool. 

The crystal growing apparatus consisted of a wide mouth one liter 

vacuum Dewar flask with a 4-inch diameter opening at the top, placed 

inside a polystyrene five gallon acid bottle package. 

The flapk was filled with hot water and the sample vial was 

immersed in the water. The cooling rate was about 4° C per hour. After 

a. few unsuccessful attempts, suitable crystals of Compound 1 were 

obtained . 

From these crystals a hexagonal shaped plate wi th dimensions of 

0.40 x 0 . 8  x 0 . 9  mm was mounted for the Weissenberg camera. The syste

matic absences found are shown in Table 3 .  These confirm that this 

crystal belongs to the P21/c  space group. 



Densi ty and uni t cell volume measurements i ndi cated a uni t cell 

contai ni ng four molecules. The symmetry equivalent posi ti ons i n  the 

unit cell are35 1) x, y, z;  2) -x, - y ,  -z; 3 )  x, 0. 5-y, 0. 5-t-z; and 

4) -x, 0. 5-ty, 0. 5-z . The calculated densi ty i s  1. 3 6  g/cm3 and the 

observed densi ty i s  1. 37 g/cm3 (determi ned by the flotation method 

uti li z i ng a potassi um iodi de solution) . 3 6 
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The diffractometer yi elded 1, 252 reflections, of whi ch 944 were 

above three estimated standard devi ations of thei r intensi ty .  These 

944 reflections were used for the fi nal structure refi nement. 

The latti ce constants for Compound 1 are: a = 10. 035(8)A ;  
0 0 

b = 6. 503 (4)A; c = 20. 19(l) A; and� = 96. 8 (3 ) 0
• The numbers i n  paren-

thesis are the esti mated standard deviations. 

The agreement of the diffractometer data wi th the fi lm data was 

i ndi cated by the fi rst leas t squares computer calculati on when the new 

data was adapted. After the substi tution of -x for all x values of the 

atom positi ons, necessitated by the left handed axi s coordinates of 

the film data crystal, the R factor was 0. 15. 

Refi nement of Structure 

I nspecti ng the new diffractometer data revealed that three 

reflections, namely the { O, 2 ,  O ) ; (2 , O ,  O ) ; & nd the (1, 1, 0)  

reflections were so intense that they were truncate to lower values. 

The program used at Lawrence L i vermore Laboratory for data reduction 

could not handle intensi ty values greater than 10, 000, 000. The fi rst 
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digit of the intensity value was removed from these three reflections. 

As an example, 1,000 , 051 would be rounded off to 51. After correcting 

these three reflections the R factor dropped about 1 percent. 

The introduction of  anisotropic temperature parameters, fol l owed 

by three cycles of least squares refinement, dropped the R factor to 

0. 0 9. A difference Four ier map was calculated to attempt to locate 

the hydrogen atom positions. Al l hydrogen atoms were l ocated and a 

least squares cycle without varying any parameters diminished the R 

factor by about 1 percent. 

Due to the large number of parameters and lim ited computer stor

age, all 190 parameters of the nonhydrogen atoms and the positional 

parameters of the hydrogen atoms could not be minimized in one least 

squares refinement cycle. By partitioning the parameters in groups 

of about 70 for succeeding runs of the least squares program, the 

final refinement of the structure was accomplished. 

The R factor before the final refinement was started was 0. 0945. 

The position and temperature parameters of five atoms were allowed to 

vary in two cycles with the result that the R factor d�opped to 0. 084. 

All positional and temperature parameters of seven more nonhydrogen 

atoms were varied and the R factor dropped to 0. 035. Part of this 

decline was due to the introduction of a weighting scheme at thi s  

point. 

The posi tional parameters of the hydrogen atoms were next varied 

for two cycles of refinement and the R factor decreased to 0. 033. 
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While the R factor of the weighted R factor was declining, so was the 

unweighted R factor. The unweighted R factor at this point was 0. 054 

using the 944 data points. 

Resul ts 

When the weighted and unweighted R factor for 944 data points were 

0. 033 and 0 . 054, respectivel y, a final cal cul ation with al l 1, 252 data 

points being assigned unit weights was made. This R factor was found 

to be 0 . 074 . 

F inal positional parameters of the nonhydrogen atoms are shown 

in Table 7 .  The positional parameters of the hydrogen atoms are shown 

in Tabl e 8 .  Bond distances as cal cul ated by the program ORTEP are 

shown in Tabl e 9.  The standard deviations were calcul ated util izing 

the program DINT at Lawrence L ivermore Laboratory . Tabl e 10 shows the 

angles between atoms with their estimated standard deviations found 

with the aid of the program DINT. 

F igure 1 shows a drawing of the mol ecul e.  The drawings of the 

compound's structure were made using the program 0RTEP and util izing a 

Cal comp plotter. F igure 2 shows a stereo view of the mol ecul e. 

Table 11 shows the Fo  and Fe values for the structure. Tabl e 13 

is E value statistics for the compound as cal cul ated by the program 

F AMEB. 

Table 12 contains the anisotropic temperature parameters for the 

nonhydrogen atoms. The hydrogen atoms were al l assigned an arbitrary 



Cl 

p 

N 

0(1) 

0(2) 

0( 3) 

C(l) 

C(2) 

C( 3) 

C(4) 

C(5) 

C( 6) 

C(7 )  

C (B )  

C(9) 

C( lO) 

Table 7 

Pos itiona l Parameters of  the Nonhydrogen Atoms 

( x 10 4) for Compound 1 

7088(2) 704 3( 3) 

7651 (2) 1725(3) 

8356 (5) 2707 ( 7 )  

6204 (4) 2741( 6 )  

8342(4) 2775( 6 )  

7639(4) -516 ( 6 )  

8000(7) 5350( 10) 

5477(6) 2893(10) 

6250(6) 3449( 10) 

5464(6) 2518 ( 9) 

7636 � 6) 2506 (9) 

8391 ( 6 ) 4940( 10) 

8882(6) 4166 (10) 

9266( 6) 1500( 10) 

8863(7) 1850(10) 

6291 ( 6) 5800(10) 
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4370( 1) 

2 587 (1) 

198 3(2) 

2522(2) 

3257(2) 

2609(2) 

1130(4) 

4315(3) 

3732 ( 3) 

3102( 3) 

3841(3) 

1853(3) 

712(3) 

1608 ( 3) 

869( 3) 

3629(3) 



Atom 

H(l ) 

H(2) 

H(3) 

H(4) 

H(5) 

H(6) 

H(7) 

H(8 ) 

H(9) 

H(l0 ) 

H( l l ) 

H(l 2 }  

H(l3) 

H(l4) 

H(l5) 

H(16) 

. H(l 7) 

H(1 8 )  

H(l9) 

Table 8 

Po�ition Parameters of the Hydrogen Atoms 

(x 1 04 ) for Compound 1 

X y 

91 0 (5) -9(8 ) 

967(5) 1 12(8 )  

452(5) 325(8 ) 

597(5) 244(9) 

540 (5) 1 50 (8 ) 

453(5) 361 (8) 

533(5) 632 (8 ) 

680(5) 61 8 (8 ) 

762 (5) 93(8 ) 

821 (5) 321 (8 )  

522(5) 1 01 (9) 

793(5) 563(9) 

934(5) 549(8 ) 

806(5) 68 0(9) 

700 (5) 492 (9) 

986(5) 426(8 ) 

854(5). 460(8 ) 

785(5) 217 (8 )  

1 01 7(5) 21 7(8 ) 
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z 

1 70(2) 

62 (2) 

296(2) 

476(2) 

435(2) 

427(2) 

359(2) 

329(2) 

394(2) 

420 (2) 

313(2) 

21 7(2) 

1 99(2) 

1 0 0 (2) 

99(2) 

8 0 (2) 

25(2) 

1 77(2) 

177(2) 
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Table 9 

Interatomic Distances (A) for Compound 1 

Atom 1 Atom 2 Distance Atom 1 A tom 2 Distance 

0 

Cl C(lO) 1 . so2(7)A C(4) H(lO ) L 02(6)A 

p 0 (3 )  1 . 458 (4) C(4) H(l8) 1 . 07 (5) 

p 0(1 )  1 - 586(4) C(4) 0 (1 ) 1 - 467 (8 )  

p 0(2) 1 - 598 (5) C(5) H(ll) . 0 . 99(5) 

p N 1 - 613 (6)  C(5). H(l2) 1 . 0 4(5) 

N C(6) 1. 474(8) C(5) 0 (2) 1 . 457 (7) 

N C(B) 1 . 48 0 (8)  C(6) H(9) 0 . 95(5) 

C( l) H(7) 0 . 98 (6) C( 6)  H ( 8 ) 1 . 03 (5) 

C( l) H(6)  1 . 05(5) C(7) H(5) 0 . 98 (5) 

C( l) C(6) 1. 490 (9) C(7) H(4) 1 - 01 (5) 

C( l) C(7) 1 . 50(1 ) C(7) C(9) 1 . 54(1 )  

C( 2) H(l6) 0 . 91 (5) C(B ) H(2) 1 . 03(5) 

C(2) H(l7) 1 - 0 4(5) C(8 ) H(l) 1 . 07(6) 

C( 2) H(l5) 1 . 05(5) C(B) C(9) 1 - 51 5(8) 

C( 2) C(3)  1 . 528(9) C(9) H(3 )  1 . 09(5) 

C( 3 )  C(5) 1 . 513(  9) C(9) H(l9) 1 . 1 0 (5) 

C( 3 )  C(4) . 1 . 539(9) C(lO) H(l3) 0 . 93(5) 

C( 3 )  C(lO) 1 . 546(9) C(lO) H(l4) 1 . 02(5) 
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Table 10 

I nteratornic Angles for Compound 1 

0(3 )  p 0 (1) ll4. 1(2 )0 H(ll ) C(5) 0 (2 )  104(3 ) 0 

0(3 ) p 0 (2 )  113. 9(2 ) H( l l )  C(5) C (3 )  111(3 ) 
0(3 )  p N 115. 1(3 ) H(l2 ) C(5) 0 (2 )  106 (3 ) 
0(1)  p 0 (2 )  101. 2(3 ) H(l2 ) C (5) C(3 )  113 ( 3 )  
0 (1) p N 104. 6 (3 )  0 (2 )  C(5)  C (3 )  111. 1(5) 

0 (2 )  p N 106. 6 (2 )  H(9 )  C (6 )  H (8 )  99 (4) 
C (6 )  N C(8 )  113. 7 (5) H(9 ) C(6 )  N 109(3 ) 
C (6 )  N p 123. 1(4) H(9 ) C (6 )  C (l )  119 (3 ) 
C(8 )  N p 122. 0 (4) H(8 ) C (6 )  N 110 (3 )  
C (4) 0 (1) p 115. 9(4) N C(6 )  C (l ) 110. 1(5) 

C(5) 0 (2 )  p ll5. 5(4) H(5)  C(7 ) H (4) 112(4) 
C(7 ) C (l )  H (6 )  106 (4) H(5) C(7 )  C (  1) 121(3 ) 
H (7 )  C(  1) C (6 )  110 (3 ) H(5)  C (7 )  C (9 )  93 (3 ) 
H (7 )  C (l ) C (7 )  106 (3 ) H(4) C (7 ) C (l ) 103 (3 ) 
H (6 )  C (  1) C (6 )  ll0 (3 ) H(4)  C(6 )  C (9 )  117 (3 ) 

H (6 )  C (  1 )  C (7 ) 109(3 ) C(l )  C (7 )  C (9 ) 111 - 3 (6 ) 
C (6 )  C (l )  C (7 )  110. 6 (6 ) H(2 )  C (8 )  H (l ) 120 (4) 
H( 16 ) C (2 )  H (l7 ) 108 ( 4) H(2 )  C(8 )  N 101(3 ) 
H (l6 ) C(2 )  H (15) 111 ( 4)  H(2 ) C(8 )  C (9 )  112(3 )  
H (l6 ) C (2 )  C (3 )  110 (3 ) H(l )  C (8 )  N 108 (3 ) 

H (l? ) C (2 )  H (l5) 105(4) H(l ) C (8 )  C (9 )  107 (3 ) 
H (l7 ) C (2 )  C (3 )  111(3 ) N C(8 )  C (9 )  108. 4(5) 
H (l5) C (2 )  C (3 )  112(3 ) H(3 ) C (9 )  H (l9 ) 116 (4) 
C (5)  C (3 )  C (2 )  109. 5(5) H(3 ) C(9 ) C(8 ) 108 (2 ) 
C (5) " C (3 )  C (4) 109. 4(5) H(3 )  C(9 )  C(7 ) 110 (3 )  

C (5)  C(3 )  C (l0 ) 112. 5(5) H(l9 ) C (9 )  C (8 )  105(3 ) 
C (2 )  C (3 )  C(4) 106. 7 (5) H(l9 ) C (9 )  C (7 )  107 (3 ) 
C (2 )  C (3 )  C (l0 ) 111. 3 (5) C(8 ) C(9 ) C (7 ) ll0. 1(6 ) 
C (4)  C (3 )  C(l0 ) 107. 2(5) H(13 ) C (l0 ) H (l4) 117 (4) 
H (l0 ) C (4)  H (l8 ) 104(4) H(l3 ) C(l0 ) C (3 )  113( 3 )  

H (l0 ) C(4)  0 (1) 107 (3 ) H(l3 ) C(l0 ) Cl 105(3 ) 
H (l0 ) C (4) 0 (3 )  116 (3 )  H(l4) C(l0 ) C (3 )  107 (3 ) 
H (l8 ) C (4) 0 (1)  105(2 ) H(l4) C(l0 ) Cl 104(3 ) 
H (l8 ) C (4) C(3 )  113 (3 ) C(3 )  C(l0 ) Cl 110. 3 (4) 
0 (1) C (4)  C(3 )  111 - 3 (5) H( S )  C(6 )  Cl 109(3 )  

H (ll ) C (5)  H (l2 ) 110 (4) 
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Figure 2 .  Stereo View o f  Compound 2 .  

u, w 
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Ta ble 1 1  

Fo-Fc Va lues for Compound 1 

. H , K = - 9 , 0 1 2  9 1 0 8 3 1  30 4 9 1 2  3 7 7 
l F O B  F C A  1 4  3 5 3 5  1 0  3 3* 6 49 49 4 0 2* 

.2 . 8  9 1 6  1 8  1 9  1 2  6 3  64 8 2 2  2 1  5 8 8 
4 0 l *  1 8  4 5* 14 1 1  1 1  1 0  2 O* 6 3 3  32 
6 2 2  2 2  H , K= - 3 ,  0 1 6 9 8 1 2  6 5 7 1 6  1 6  
8 6 4 l F OB F C A 1 8  2 4  2 2  H 1 K =  7 , 0 8 4 3  4 5  

I H, K= - a , 0 0 6 1  6 1  H , K= 2 , 0 L F O B  F C A  9 8 8 
l FOB FC A 2 l S  1 4  l F OB F C A  0 1 2  1 5  1 0  2 6  2 5  
0 1 5  1 8  4 25 2 5  0 1 3 3 1 3 2 , 2 2 0  2 2  1 1  8 9 
2 1 5  1 6  6 5 6  5 6  2 1 82 1 7 7  4 1 1  1 3  1 2  1 5  1 2  
4 2 5  2 3  8 64 6 0  4 1 2  1 1  6 6 6 1 3  1 4  1 4  
6 2 9  3 1  1 0  3 5  36 6 8 6  62  8 4 3  4 1  14  l 3 *  
8 4 6  4 6  1 2  2 1  1 9  8 4 9 4 9  1 0  3 4  3 6  H , K= - 6 ,  1 

1 0  2 7  2 6  1 4  5 3* 1 0  1 8  1 7  H , K = 8 ,  0 L F OB FCA  
1 2  4 3 1 6  1 9  1 8  1 2  2 3  2 3  l FO B F C A  0 2 3  22 

H, K =  - 7 , 0 1 8  1 0  7 1 4  0 4* 0 1 5  1 8  1 7 6 
l F O B  F C A  H , K=  - 2 ,  0 1 6  7 4 2 1 8  1 8  2 1 2  1 3  
0 1 2  1 5  L FOB  FC A 1 8  4 2* 4 3 6* 3 1 3  1 4  
2 2 2  2 4  0 1 30 1 3 2 H , K= 3 ,  0 6 1 9  1 9  4 1 5  1 7  
4 4 3 2 80 8 4  l F O B  F C A  8 1 8  19 5 2 0  2 0  
6 2 1  2 2  4 6 7  6 5  0 6 1  6 1 . H , K =  9 , 0 I 6 1 5  16  
8 3 3  - 3 4  6 63 64 2 7 3  7 5  l F O B  F C A  1 1 0  1 0  

1 0  1 8  1 7  8 3 1  2 9  4 2 1  2 3  0 0 4 *  9 1 2  1 2  
1 2  3 0 1 0  4 2  4 4  4 2 1  2 3  2 1 2  1 2  1 0  5 5 
1 4  9 1 1  1 2  0 O* 6 1 1  1 0  4 1 2  1 2  1 1  4 3-CC  

H, K= - 6 , 0 1 4  4 3  4 5  8 8 6 H , K =  -9 , 1 1 2  5 3* 
l F O B  FC A 1 6  4 6  4 8  1 0  3 8  3 9  l F O B  FCA 1 3  6 6 
0 2 2  2 3 1 8  1 1  1 0  1 2  3 6  34  0 1 5  1 6  1 4  1 3  1 6  
2 1 3  1 5  H , K-= - 1 , 0 1 4  3 4  3 7  1 6 6 1 5  4 4* 
4 35 34  l FOB  FC A 1 6  14  · 1 2  2 1 2  1 1  1 6  1 0  1 0  
6 2 4  2 3 2 4 3  4 3  H. K= 4 . 0 3 1 8 i H , K=  - 5 ,  1 
8 46 4 6 4 7 9 L FOB  F C A 4 5 6 * ; L F O B  FCA  

1 0  54 5 5  6 39 40 0 0 1* 5 8 8 . 0 4 1 
1 2  1 8  1 9  8 2 3  2 2  2 2 O* 6 2 0  1 9  l 46 4 6  
·14 1 7  1 7  10 44 4 5  4 1 0  1 0  7 0 6 * ; 2 3 8  3 9  
1 6  6 6 1 2  3 6  37  6 4 3  4 1  8 1 2  1 1  3 2 8  2 8  

H, K= - 5 , 0 1 4  2 3* 8 2 1  2 0  H , K =  -8 , 1 4 1 7  1 8  
l F O B  F C A  1 6  44 44 1 0  1 7  l b  L F O B  F CA 5 9 1 0  
0 2 9  2 9  1 8  3 &  3 7  1 2  6 2 0 1 3  1 3  6 2 0  1 8  
2 4 0  4 0  H , K= o ,  0 1 4  8 9 1 1 4  1 3  1 2 0  2 0  
4 2 1  2 3 L F O B  F C A  1 6  3 2* 2 4 3* 8 2 1  2 1  
6 34 3 4  2 1 1 9 1 0 8 H , K=  5 ,  0 3 1 1  1 1  9 1 8  2 1  
8 1 5  1 4  4 1 7  1 6  l fOB  F C A  4 4 2 *  1 0  0 3 *  

1 0  3 2* 6 1 0 5 1 0 4  0 3 0  29 5 ·  3 l *  1 1  9 9 
1 2  1 6* 8 2 0  2 0  2 6 4  6 4  6 2 2  2 0  1 2  2 0  1 9  
1 4  27  2 8  1 0  4 5  4 b  4 9 9 1 8 6 1 3  1 2  1 1  
1 6  1 6* 1 2  4 3  4 3  6 3 1  3 1  8 0 2 *  1 4 8 8 

H , K= -4 , 0 14  2 0  2 0  a 6 9  7 2  9 6 6 1 5  1 9  1 8  
l F O B  F C A  1 6  5 4  5 2  1 0 9 1 2  I 

1 0  3 5 1 6  1 2  1 2  
0 0 1* 1 8  9 1 2  1 2  6. 4 1 1  6 5 1 7  1 3  1 4  
2 2 2  2 1  H , K= 1 , 0 14  2 0  2 2  ti , K -= - 7 , l H , K= -4 , 1 
Lt 6 6  6 9  L F OB F C A  H , K = 6 ,  0 l F C U  fC. A l F O B  FCA  
6 4 5  4 4  2 5 8  6 0  l FOB F C A  C l. 4  1 5  0 7 3  7 1  
8 6 8 4 3 8  3 9  0 2 3  2 3  1 1 4  1 4  l 1 2  1 2  

1 0  1 1  1 3* 6 1 2  1 0  2 1 3  1 4  2 1 1 . 1 1  2 3 3* 
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Table 11 (Continued) 

3 1 4  1 4  l 7  8 8 12  2 0  2 1  5 1 9  2 0  1 3 3 *  
4 1 6 1 8  9 6 1 3  22 22 6 1 0  9 8 1 6  1 4  

3 1  3 0  1 9  3 3 *  1 4  3 3  3 3  1 4 l * ; 9 4 3* 
6 1 0  1 2  H , K= - 1 ,  1 1 5  8 9 8 9 1 1 0  5 3 *  
7 2 3  2 4  L F O B  F C A  1 6  3 l *  9 24 2 5  1 1  3 2 *  
8 62  60  0 1 1 4 1 0 7  1 7  3 1 •  1 0  1 5  1 5  H , K= 8 ,  l 
9 1 6  1 6  l 2 5  24  1 8  1 5  1 2  1 1  22 22  L F O B  FCA  

1 0  5 6* 2 52  5!., H , K=  2 ,  1 1 2  1 5* 2 4 l *  
1 1  8 8 3 93  9 2  L FOB  FC A 1 3  0 2 *  0 1 0  1 3  
1 2  1 6 4 1 7  1 6  0 5 7  5 8  14  10  1 2  l 9 8 
1 3  1 3  1 3  5 3 3  3 2  l 2 2  2 2  1 5  7 6 3 6 6 
1 4  6 5 6 1 6  1 6  2 24 24  1 6  1 9  1 5  4 3 4* 
15 1 2  1 3  1 4 1 4 1  3 2 5  2 4  H , K= 5 ,  l 5 1 0  1 1  

1 6  2 3  2 4  8 2 5  26  4 8 1 0  L FOB FC A 6 1 1  1 1  

18  4 l *  9 34 3 3  5 3 3* 0 5 1 1 6 1 
H , K= - 3 � l 1 0  0 5 •  6 6 3  6 1  1 3 6  3 5  8 5 5 *  

L F OB FCA  1 1  2 7  28  1 2 1  ·2 1  2 3 1  30 H , K = 9 , 1 
0 56 5 6  1 2  28  28  8 5 0 4 9  3 1 6  1 6  L FOB  F C A  
1 6 6  6 7  l 3  1 4  1 8  9 5 2  5 1  4 2 1  2 1  0 1 3  1 6* 
2 7 2  7 5  1 4  3 8  3 8  1 0 2 5  23  5 4 3* 1 0 0 *  
3 6 3  63  1 5  1 2  1 5  1 1  1 7  1 7  6 9 1 2 4 5 *  
4 2 2 *  16  1 6  1 8  1 2  0 0* 7 5 3 *  3 5 2* 
5 35 3 5  1 7  0 O* 13 0 l *  8 1 3  9 4 7 5* 
6 9 8 1 8  1 5  1 3  1 4  1 4  1 2  9 1 0  1 1  H , K =  -9 , 2 
7 3 2  3 2  1 9  1 3  1 3  1 5  1 2  9 1 0  1 3  1 2  L FOB F C A  
8 3 7  3 7  H , K = 0 ,  1 1 6  1 6  1 2  1 1  9 9 0 0 0 *  
9 3 1  3 1  L FOB FCA  1 7  7 8 1 2  9 9 l 8 8 

1 0  3 5  3 4  1 1 1  1 1  1 8  3 l *  1 3  5 5 *  2 3 4* 
1 1  2 0  2 2  2 3 2*  H , K =  3 , l ' 1 4  4 2 *  3 4 4 *  
1 2  6 6 3 4 4 l FOB  F C A  1 5  3 0*  4 4 5* 
1 3  0 l *  4 60 62 o - 5 7  5 6  H . K= 6 .  l 5 3 0 *  
1 4  1 9  2 0  5 2 6  2 6  1 9 1 L F OB FCA  H , K= -a , 2 
1 5  3 l *  6 30  3 0  2 1 3  1 1  0 2 4  2 2  L FOB F C A  
1 6  8 1 7 38 3 7  3 1 1  l 3  l 4 l *  0 0 3 *  
1 7  22  22  8 6 6 4 1 9  1 9  2 1 0  1 0  l 4 0*  
1 8  1 6  1 3  9 3 3  32 l 5 2 7  2 7  3 7 8 2 3 6 *  

H , K= - 2 ,  l 1 0  36 36 6 2 1  2 3  4 1 4  1 3  3 1 0  1 
L F OB FCA 12  23  2l  l 2 8  27  5 1 9  - 1 8 4 7 6 
0 5 6  5 8  1 4  9 1 0  8 5 5  5 5  6 2 3 2 3  5 1 1  1 0  
1 3 l *  1 6  2 5  2 8  9 2 0  2 1  7 . 0 l *  6 9 1 0  
2 5 5 1 8 1 4  1 7  1 0  1 8  1 8  8 30 3 1  1 3 3* 
3 3 6  36  "H , K = 1 '  l 1 1  5 5 *  9 4 4 *  8 27 2 5  
4 72 73 L FOB  F CA 1 2  1 3  1 5  1 0  3 5  3 5  9 8 6 
5 2 0  1 9· 0 1 1 3 1 07 1 3  8 1 1 1- 17  1 6  1 0  1 2  1 0  
6 3 6  37  1 4 2  4 3  1 4  1 5  1 3  1 2  9 9 H , K= - 1 , 2 
1 1 6  1 7  2 1 5 1  1 53 1 5  9 1 0  1 3  9 8 l F O B  FC A 
8 5 5  5 3  3 6 8  6 8  16 l 't 1 3  H , K= 1 ,  1 0 8 5 
9 5 5 4 2 1  2 2  1 7  5 6 * i 

L F OB F C A  1 1 0  8 

1 0  4 3  4 2  5 5 1  4 9  H , K= 4 ,  1 2 4 3 *  2 1 7  1 7  

1 1  2 2 •  6 2 6  2 S  l F O B  FCA  0 1 4  1 5  3 1 1  8 
1 2  2 0  1 9  1 2 6  2 5  0 7 2  1 1  1 1 4  1 4  4 8 8 
1 3  1 1  1 2  8 5 5  57  l 3 l *  3 1 7  1 6  5 5 5 
1 4  3 7  37  9 1 9 · 20 2 24  22  4 2 1  2 1  6 1 0  1 1  
1 5  1 7, 1 9  1 0  l 3  14  3 2 8  2 8  5 8 6 1 2 4 

1 6  2 5  2 7  1 1  1 1  1 0  4 1 7  1 6  6 2 2  2 5  8 1 4  1 4  
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Table 11 (Continued) 

9 6 1 1 1  1 2  1 1  6 39 39 1 3 6  3 7  0 5 1 •  
1 0  1 2 1 1  1 2  22  2 1  7 1 3 1 4  2 1 2  1 1  1 5 2 
1 1  2 2 *  1 3  6 4 6 1 0  8 3 9 9 2 3 5  3 3  
1 2  3 2 14  4 2 *  9 1 7  1 7  4 2 6  2 6  3 1 0  1 0  
1 3  2 1 1 5  2 4  2 3  1 0  1 1  1 0  5 40 40 4 5 4 

H , K= -6 , 2 1 6  1 9  1 7  1 1  16  1 6  6 34 34 ·5 3 l *  
l FOB FCA 1 7  6 5 1 2  9 8 1 1 5  1 4  6 2 0* 
0 6 5 H , K= - 3 , 2 1 3  5 3 8 1 1 . 1 1  7 1 5  1 3  
1 9 8 l FOB  F C A  14  8 6 9 4 3* 8 26 26 
2 1 1  1 0  0 5 1 1 6  2 9  3 3  1 0  1 3  1 3  9 9 1 0  
3 1 1  1 0  l 2 3  2 3  1 8  22  22 1 1  1 1  1 1  1 0  9 1 1  
4 1 5 2 0 l *  H , K= o ,  2 1 2  1 4  1 4  1 1  5 l *  
s 1 0  8 3 8 8 l F OB FCA  1 3  6 3 1 2  9 9 
6 0 3 *  4 1 2  1 3  0 1 1 8 1 2 4 1 4  6 4 1 3  5 2 *  
1 0 1 *  5 0 O*  1 3 1  32  1 5  1 4  1 4  1 4  5 6 *  

8 2 2  2 1  6 1 2  1 3  2 1 8  . 1 8  16 0 O *  H , K =  6 '  2 
9 1 2  1 1  7 2 1  2 0  3 1 2  1 0  1 7  6 5* l F OB F C A  

1 0  2 3  2 3  8 1 8  1 8  4 1 5  1 6  H , K= 3 ,  2 2 1 7 
1 1  9 9 9 20 1 9 5 9 9 l F OB FCA  0 6 5 
1 2  5 6* 1 0  2 5  2 5  6 34 34 0 5 1 l 2 8  2 6  
1 3  1 5  1 4  1 1  1 7  1 6 1 9 9 1 1 4  1 3  3 1 1  1 0  
1 4  1 3  1 1  12  8 8 8 3 1  32 2 3 8  3 6  4 6 2 
1 5 1 2  1 0  1 3  0 O* g 14 16  3 1 7  1 6  5 0 2* 

H, K: -s . 2 1 4  4 2*  1 0  1 q  · 2 0  4 2 9  3 0  6 26 24 
L F O B  F C A  1 5  6 4 1 1  2 2  2 1  5 3 2*  7 6 3 r 

0 3 1 1 6 1 2  1 1  1 2  2 0  20  6 3 8  3 8  8 8 6 
1 9 8 17  1 1  1 0 1 3  3 3* 7 3 1  32 9 2 l *  
2 1 6  1 6  H , K= -2 ,  2 1 4  8 6 ; 8 5 6 � 1 0  8 9 

3 1 2  1 1  L F OB F C A  1 5  0 2 • : 9 1 0  9 1 1  9 8 
" 2 5  2 5  0 2 1  2 2  1 6  2 4  2 3  1 0  9 9 1 2  6 4 
5 6 6 1 6 8 1 7  0 2*  1 1  3 l * H , K = 7 ,  2 
6 1 0  1 0  2 1 2  14 1 8  3 2 *  1 2  . 8 6 l FOB  F C A  
1 4 4 3 2 8  2 8  H , K =  1 ,  2 1 3  1 7  1 7  0 7 5 
8 4 1 4 29  29  L FOB  FCA  1 4  2 2 *  l .  1 0  1 1  
9 3 3 5 47 4 7  0 4 0  4 0  1 5  9 9 

; 
2 0 O* i 

1 0  6 4 6 5 4 1 25 26  H , K= 4 , 2 3 9 1 0  
1 1  7 1 1 27 2 7 2 70 7 1  l FOB  F C A  4 3 5 *  
1 2  0 3 *  8 24  24  3 1 6  1 5  0 4 4 *  5 2 2* 
1 3  4 0 9 2 1  2 0  4 44 44 l 4 0  39  6 4 O *  
1 4  2 1  2 4  1 0  1 5  1 6 5 4 4* 2 3 5  35  7 7 5 
1 5  1 1 1 1  22  2 1  6 1 7  1 7  3 0 2 *  8 1 9  1 8  
1 6  5 9* 1 2  1 0  1 2  7 36 37  4 3 5  3 5  9 6 5 

H, K =  -4 ,  2 1 3  8 1 0 . 8 1 6 5 1 4  ' _14 1 0  1 4  1 5  
l FOB  FCA  1 4 5 6* 9 4 3 *  6 '  0 1 *  H , K= 8 , 2 
0 3 4 •  1 5  1 4 *  1 0  2 5  2 5  7 1 9  1 8  L F O B  FCA  
1 1 4  1 3  16  2 1  2 1  1 1  1 6  1 7  : 8 2 3 *  2 8 1 
2 3 2 *  1 7  1 2  1 3  1 2  4 2* : 9 4 5 •  0 2 3 *  
3 1 9  2 1 3  1 8  1 9  

I 

1 0  l 1 6 2 0  H , K= - 1 , i 4 3* 
It 1 2  1 1  L F 08 F C A  1 4  7 9 1 1  1 2  1 1  3 5 5*  
5 3 8  3 8  0 40 4 0  1 5  2 5*  1 2  1 6 4 4 5• 
6 · 1 1  1 1  1 5 2 1 6  2 3* 1 3  4 . o• 5 5 3* 
7 0 l ♦- 2 6 9  69 1 7  8 6 1 4  9 9 6 1 3  · l 3 
8 1 4 1 5  3 1 7  1 7  H , K= 2 ,  2 1 5  5 7 *  H , K= 9 , 2 
9 1 9 , 1 8  4 1 9 L F O B  F C A  H , K= 5 ,  2 l F O B  FCA  

1 0  0 l *  5 . 1 8 0 2 1  22 L F O B  FCA  0 2 o •  
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Table 11 (Continued ) 

1 9 8* 14 2 3* 1 6  . 1 2  1 2  1 4  1 5  1 4  L F O B  F CA 
H , K= - 8 , 3 H , K = -4 ,  3 H , K= - 1 , 3 1 5  1 1  1 1  0 1 2 *  

l F O B  F C A  L F O B F C A  l F OB FCA  H , K= 2 ,  3 1 1 5  1 5  
0 5 5 *  0 4 8  4 8  0 4 8  4 8  L F OB FCA  2 1 1  1 1  
1 1 0  9 l 5 3 l 1 3  1 3  0 5 1 3 2 8  2b 
2 7 5 2 1 3  1 3  2 5 8  56 l 1 5  1 3  4 9 9 
3 2 2*  3 1 6  1 6  3 2 1  2 1  2 1 3  1 6  5 5 4 *  
4 3 3 *  4 5 5 4 6 7 3 9 8 6 6 6 
5 5 3*  5 1 3  1 3  5 1 0  10  4 1 1  1 0  7 3 l *  
6 1 1  1 1  6 5 3 6 1 1 5 2 2  2 2  8 6 2 

H , K=  -1 , 3 1 1 4  1 5  1 33  33  6 2 5  26 9 2 3  22 
L FOB F C A  8 34 34 8 2 5  2 6  1 8 8 1 0  2 l *  
0 0 l *  9 9 9 9 1 8  1 8  8 19  1 8  1 1  4 5 *  
1 1 3  1 1  1 0  1 0  1 0  1 0  1 2  1 0  9 2 3  2 1  1 2  1 0  1 0  
2 5 4 *  1 1  0 l *  1 1  1 1  1 1  1 0  1 3* H , K= 6 , 3 
3 3 l *  1 2  1 0  1 1  1 2  4 5*  1 1  1 7  1 6  L F O B  F CA 
4 4 4*  1 3  8 1 1 3  24 23 1 2  1 0  9 0 1 8  1 8  
5 1 4  1 3  1 4  0 4*  1 4  26  26  1 3  1 2  1 2  l 8 6 
6 1 3  1 4  1 5  1 l *  1 5  1 9 1 4  1 1  1 0  2 1 8 
1 1 7  1 5  H , K = -3 , 3 . 1 6  8 1 2  1 5  1 8  1 4  3 5 6* 
8 1 9  20 L FOB F C A  1 7  2 4* H , K= 3 ,  3 4 2 l *  

1 0  14  1 5  0 4 5* H ,  K =  0 ,  3 L F O B  F C A  5 19 1 8  
1 1  1 2  1 1  1 2 1  1 9  L FOB  FCA  0 3 5 *  6 14 1 5  

H, K= -6 , 3 3 2 2  2 2  l 6 4  6 5  l 1 5  1 4  1 . i l *  
l FOB  F C A  4 1 2  1 3  2 23  22  2 7 8 8 16 1 7 

. 0 1 8  1 8  5 1 1 3 20  1 8  3 40 4 1  9 4 4 * 
. 1 1 6 6 1 2  1 4  4 2 5  2 6  4 8 6 1 0  1 7  1 6  
2 2 l*  7 35  35  5 2 3  2 3  5 1 5  1 6  H , K= 1 ,  3 
3 1 6 8 1 4  1 5  6 9 9 6 1 2  1 3  L F OB F C A  
4 5 5 9 2 5  2 6  1 1 0  9 1 24  2 6  2 2 0*  
5 1 7 1 0  24 24 8 9 1 8 2 0  1 9  0 0 l*  
6 1 1  1 1  1 1  1 7  1 6  9 3 0  29 9 2 4  2 4  1 5 b *  
l 4 5* 1 2  4 2 *  1 0  4 4 *  1 0  1 3  1 3  3 1 1  1 1  
8 3 5* 1 3  1 7  1 4  1 1  1 2  1 3  1 1  1 2  1 4 4 . · l l  1 0  
9 6 5 14  9 1 1  1 2  0 l*  1 2  6 5 5 6 6 

1 0  4 6*  1 5  6 5 1 3  5 5* 1 3  7 6 6 1 2  1 4  
1 1  1 0  1 0  1 6  5 3* 1 4  9 1 0  1 4 6 6 *  1 5 6*  
12  4 2*  H , K= - 2 , 3 1 5  1 5  1 2  1 5  1 5  1 6  H ,  K= 8 ,  3 
1 3  3 3 *  l F OB FC A 1 6  1 0  1 0  H , K=  4 ,  3 L F C B F CA 

H , K =  - 5 , 3 0 2 l *  H , K=  1 ,  3 L F O B  F CA 0 2 5 *  
l FOB  F C A  l 4 8  4 b  L F OB FCA  0 46 48 1 1 4  1 2  
0 0 2 *  2 9 9 0 4 9  4 8  1 6 . 5 2 0 l*  
1 2 9  2 9  3 2 4  2 4  1 9 8 2 3 2 *  3 8 6 
2 5 3 4 2 3  24 2 6 4  6 3  3 � . 12 1 2  H , K= -1 , 4 

3 16 1 5  5 3 l*  3 4 5  't 6 4 2 l *  L F OB F C A  
4 5 5 6 9 8 4 2 3  22 5 20  20  0 1 1  9 

5 3 2 *  1 1 8  1 7  5 3 5* 6 5 4 1 7 7 
6 1 7  1 7  8 1 6  1 7  6 6 5 1 2 2* 2 1 l *  
1 3 0  29  9 1 1  9 7 20  1 9  8 l 6 3 1 5  1 3  
8 7 5 1 0  3 2  3 3  8 3 6  3 5  9 1 4  1 4  4 3 2*  
9 1 2  1 2  1 1  . 5 4 *  9 1 0  8 1 0  1 0  1 0  5 4 2 *  

1 0  6 3 1 2  3 l *  1 0  3 6* 1 1  1 4 6 7 9 
1 1  1 2  1 0  1 3  1 1  1 0  1 1  1 3  1 4  1 2  . 4  2 *  H , K= - 6 , 4 
1 2  6· 8 14 1 0  1 0  1 2  3 0* 1 3  2 2 *  L F O B  F CA 
1 3  2 3  2 1  1 5  8 5 1 3  2 5  2 4  H , K:: 5 , 3 0 1 3  1 3  
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Table 11 (Continued ) 
, 

1 1 7  1 9  
-· 

1 3  9 1 1  0 2 4*  8 5 3* 1 1 3  1 3  
2 1 9  2 0  14  16  1 5  l 2 3  24 9 8 1 0  2 1 1  1 1  
3 1 3  1 3  H , K =  -2 ,  4 2 7 1 1 0  5 6*  3 24 2 4 

2 2 *  L FCB  F C A  3 1 4  1 3  1 1  1 2  1 2  4 3 4  3 3  
5 1 6  1 4 0 1 7  1 5  4 2 6  2 5  H , K= 5 ,  4 5 8 9 

4 5 *  1 25  24  5 9 1 1  L FOB  FCA  6 3 1  3 1  
16  1 6  2 3 5 *  6 1 3  1 3  0 5 6*  7 2 0  2 1  

8 1 3 24 24 1 40 40 1 5 l *  8 1 1  1 1  
9 1 8  1 6  4 16 1 6 8 3 2* 2 1 9  1 9  q 1 1  1 2  

H , K= -5 ,  4 5 5 4  5 3  9 1 1  1 2  3 2 9  2 8  1 0  1 3  1 2  
L F C B F CA 6 2 3  2 5  1 0  2 1  20 4 4 6 *  H , K= - 2 ,  5 
0 6 6 7 8 8 1 1  2 5  2 5  5 5 5 *  l F OB F CA 
l 1 3  1 3  8 2 0  1 9  1 2  5 4*  6 1 5 0 2 3* 
2 4 2 *  9 3 3  34 1 3  1 2  1 0  1 9 9 1 6 6*  
3 1 7  1 6  1 0  5 l *  H , K= 2 ,  4 8 0 2* 2 - 4 5*  
4 6 5 1 1  4 1  4 0  L FOB  F C A  9 1 1  1 0  3 1 6  1 5  
5 0 l *  1 2  0 l *  0 16  1 5  H , K=  6 ,  4 4 5 l *  
6 5 4 1 3  2 6*  1 39  39 L FOB F C A  5 1 7  1 8  
1 0 3 *  1 4  5 6 *  2 9 9 0 1 4  1 3  6 8 1 
8 5 O *  H , K= - 1 , 4 3 7 8 1 28  2 1  7 1 3  14 
9 4 O* L F C B FCA  4 1 7  1 7  3 1 4  1 3  8 4 O *  

10  2 2*  0 4 4*  5 4 7  48 4 5 5* 9 1 2  9 
1 1  1 2  1 3  1 7 5 6 1 3 1 5  5 9 6 1 0  5 4*  
1 2  9 1 1  2 0 4* 7 30  3 1  6 6 6 1 1  1 4  1 3  

H , K= -4 ,  4 3 5 5 8 5 b *  7 4 l *  H , K= - 1 , 5 
L F O B  F CA 4 6 5 · 9  4 2 *  H , K= 1 ,  4 L FOB  FC A 
0 4 4 *  5 4 3 *  1 0  9 9 L F O B F CA 0 1 8  l 7  
1 3 0  2 8  6 1 4  1 4 1 1  1 6  1 3  0 1 2  9 1 5 4*  
2 2 2  2 2  1 1 9  1 8  1 2  5 5 *  1 0 3 *  2 5 6 *  
3 3 3  3 3  8 1 7 1 3  1 6 2 6 6 3 1 9  1 7  
4 1 8  2 0  9 2 2 *  H , K= 3 ,  4 3 1 6  1 6  4 1 5  1 3  
5 26 26 1 0  6 4 L F O B  F CA H , K= - 5 ,  5 5 4 l *  
6 8 1 1 1  1 3  1 1  0 16 1 7  L FOB  F C A  6 3 2  3 3  
1 1 0  1 2  1 2  1 4  1 4  1 28 2 8  ---- 0 1 1  1 1  7 2 8  2 9  
8 0 l *  1 3  9 9 2 1 5  1 3  l 24 24 8 2 7  2 9  
9 4 4  4 3  1 4  3 2 •  3 2 1  2 2  2 2 1  2 2  9 1 7  1 7  

1 0  6 5 H , K= o ,  4 4 20 20 3 1 7  1 6  1 0  1 4  1 4  
1 1  2 1  20 L F O B  F C A 5 5 3 *  4 2 1  2 7  1 1  1 O*  
1 2  1 4  1 4  0 3 8  38 6 3 1  3 2  5 0 3 *  H , K= o ,  5 
1 3  5 4*  1 1 9  2 0  1 36 36 6 8 8 L F O B  F C A  

H , K= - 3 ,  4 2 1 4  1 3  8 8 9 1 1 3  1 3  1 20  1 9  
L F C B  F C A  3 1 0  9 9 1 7  1 7  t-: , K= -4 ,  5 2 5 2 *  
0 1 6  1 7  4 2 3 *  1 0  9 8 L F O B  F CA 3 i 4  1 4  
1 26 2 7  5 5 5  5 5  1 1  14 1 4  0 9 8 4 3 l *  
2 1 3  1 3  6 4 l *  1 2  9 7 1 2 2*  5 1 4  1 5  
3 9 1 0  1 . 1 5  1 5  H 1 K =  4 ,  4 2 7 1 6 8 9 

It 1 4 8 2 3  24 L F O B  F CA 3 4 1 *
. 7 1 6  1 5  

5 5 1 9 1. 7 0 4 4 *  5 1 3  1 3  8 1 1  1 2  
6 1 4  1 3  1 0  1 4  1 3  1 '1 4  44 6 3 l *  9 2 2  2 1  
1 2 3 *  l l  3 3  32  2 1 3  1 3  1 1 7 1 0  1 2  1 2  
8 8 9 1 2  3 2 *  3 1 6  1 5  8 10  10  l--i. K=  1 ,  5 
9 1 8  1 9  1 3  5 6*  4 25 2 5  9 4 o •  L F O B  F CA 

1 0  1 9  2 0  1 4 1 9 5 1 7  1 1  H , K =  - 3 ,  5 0 1 7  - 1  7 
1 1  1 7  1 7  h , K= 1 ,  4 6 2 2*  L F OO F C A  1 1 0  1 0  
1 2  4 '  6 �  L FOB  F C A  1 24 24 0 1 6  1 8  2 2 0  1 9 



: � : ·.; __ .::.. ;.:·: ,: ; �· i . 

. �- .. 

3 · 2 3 22 1 
4 9 9 8 
5 1 4* 9 
6 1 0  8 1 0  
7 1 1  1 1  H , K= 
8 1 5  1 5  L 
9 1 9  1 9  0 

10 1 6  1 7  1 

1 1  2 l *  2 
H ,K= 2 , 5 3 

l FOB  F C A  4 
0 5 3* 5 

1 8 8 6 
2 1 8 1 
3 3 l* 8 
,. 2 0  22  9 
5 29 29 H , K= 
6 2 2  2 2  l 

Tabl e 11  (Continued ) 

,:·.-" .. : .. . ... 
. . . •. . .. 

1 9 
1 3  1 4  
1 4  1 6  

l 1 *  
3 ,  5 

FOB  FCA  
1 5  1 8  

4 3� 
32  3 3  
27  2 7  
2 4  24  

6 5* 
1 1  1 1  

4 3 *  
2 3 *  

1 4  1 2 
4 ,  5 

F O B  FCA  

:; :. � .  -��;.:, .: 

0 1 8 
1 9 8 
2 1 8 
3 4 3 *  
4 1 0  1 1  
5 1 3  1 2  
6 1 8  1 9  
7 4 5* 

t-1 , K= 5 ,  5 
L FOB  FC A 
0 1 1  1 1  

1 3 3 *  
2 1 7  1 9  
3 20  1 8  
4 1 3  1 3  

H , K= -2 ,  6 
L F O B  F CA 
0 1 2  1 2  

1 
2 
3 
4 

H , K= 
, . 
l L 

0 
1 
2 
3 
4 
5 

H , K = 
L 
0 
1 
2 
3 

*I ndicates zero weight refl ection. 
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. � '. r..-.. .., : ,�- " ":"!"�-� 

5 4* 4 1 0  9 
1 8 5 8 6 

1 2  1 3  H , K=  1 ,  6 
1 4  1 3 l F O B  F C A 
- 1 , 6 0 7 6 

FOB  FCA  l 7 5 
1 6 2 0 2 *  

1 0  10  3 3 3* 
1 1  1 0  I 4 2 1 • 

8 6 H , K= 2 , 6 
4 5 *  L FOB  F CA 
8 1 0 1 0  1 2  
0 ,  6 1 1 0  8 

F O B  F CA 2 1 3  1 2  
5 6* 3 1 2 1 3  
4 a •  
5 6*  

19  19 
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Table 12 

Temperature Parameters of the Nonhydrogen Atoms 

(x 10 4 ) for Compound 1 

Atom f3 l l f3 2 2  f3 3 3  f3 1 2  S 1 3 s 2 3 

Cl 288 (1) 260 (7) 36(7) 112( 9) 3 0 (3 )  31(4) 

p 103(2) 173 (5) 26(1) 14(7) 13 (2)  -10 (4) 

N 198 (2) 171(3 2) 25(3 ) 3 2 (44) 81(13 ) 0(15) 

0 (1) 8 5(1) 231(31) 20 (2) -10 (31) -10 (9) -30 (15) 

0 (2) 107(11) 209(28) 21(2) -50 (3 2 )  0 (89) 0 (11) 

0 (3 ) 147(9) 185(17) 3 2(2) -10 (24) 3 4(7) 5(11) 

C(l) 19 0 (17) 3 04(36) 3 3 (4) 58 (45) 13(13 )  56(21) 

C(2) 152(10 ) 27 3 (23)  3 2(2) -60 (28 )  68 (9)  -10 (13) 

C(3 )  99(9) 175(21) 22 (2) -50 (2 3 )  2 2(7) 0 (11) 

C(4) 91(18 ) 248 (48 ) 29 (4) -8 0 (51) 3 0 (16) -30 (26) 

C(5) 99(ll) 276(30) 18 (2) 2 0 (31) 27(9) 3 5(15) 

C(6 )  194(15) 204(31) 25(3) -70 (3 8 )  3 4(12) -3 0(17 )  

C(7) 2 45(19) 393 (39) 28 (3) 55(46) 21(13 ) 27(20) 

C(8 ) 133(13) 268 (3 2) 29(3) 115(36) 3 4( 11) -3 0 (18) 

C(9 )  153 (21) 509 (66) 18 (4) 113 (70 )  -10 (10 ) -90 (32) 

C(lO ) 152 (14) 233 (3 2) 18 (3 ) -4(3 3 ) 15(9 ) 10 (14) 

F actor expression is: 
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Table 13 

E Value Statistics for Compound 1 

Average value of E 0.801 

Average value of E 2 1. 032 

Average value of I E 2 - 11 1. 017 

Percentage greater than one 31. 25 

Percentage greater than two 5. 46 

Percentage greater than three 0 . 3 0 
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isotropic value of 4 . 0. The B1 1  temperature parameter of the chlorine 

atom is quite large. This is presumably due to the ability of the 

chloromethyl group to move from its proposed position in a circular 

path. In F igure 1, one can note that the chloromethyl group is free 

to rotate. 



COMPOUND 2 

Preliminary 

A different crystal growing apparatus was developed for Compound 

2 than had been used for Compound 1. A constant temperature bath ap

paratus with a circulating motor and electric heater housed in a large 

glass jar, was fitted snugly into a large polystyrene acid bottle 

packing case which had sides approximately two inches thick. The top, 

made of the same material, enclosed the entire apparatus. When filled 

with water at 30 ° to 40°C, it provided an apparatus for growing 

crystals with a very slow rate of cooling (2°C per hour or less) . 

Using benzene as a solvent, a solution was prepared in a vial that 

was sa turated at 3 5 °C. The temperature of the water bath was adjusted 

to about 40 °C and the vial was suspended by a wire into the water. 

When temperature equilibrium was considered complete, the electrical 

system (circ�lating and heating) was disconnected and the slow cooling 

process was allowed to begin. Although the cooling rate was at first 

about 2°C per hour, it soon slowed as the water temperature approached 

room temperature. When only a few degrees above room temperature, the 

cooling rate was observed to be only a few degrees per day. 

Compound 2 grew in long needles with a cross section approximating 

a rectangle with rounded edges. A few crystals were used for density 

measurements which was accomplished in the same manner as for Compound 

1. The observed density was 1. 410 g/cm3 as compared to the calculated 

density (using 4 molecules per unit cell) of 1. 411 g/cm3
h The space 



64 

group and equivalent symmetry positions for Compound 2 is the same as 

for Compound 1 ,  P21/c. 

To obtain a single crystal suitable for a structure determination , 

a needle crystal was broken and the shattered ends dissolved in sol

vent. The resulting crystal approximated a rectangular box with 

rounded edges and corners. The needle grains were clearly visible 

under moderate magnification. This made finding the needle axis a 

simple task. 

The lattice constants were found to be: 
0 

a = 6. 237 (3 )A ;  
o ·  o 

b = ll. 437 (5 )A ; c = 19. 419 (9 )A ; and � = 109. 95 (3) 0
• 

Solving the Structure 

When all 17 nonhydrogen atoms were placed in the structure utiliz

ing the symbolic addition process, the R factor was 0. 23. The temper

ature parameters were isotropic at this stage , and after three least 

squares cycles in which all positional , temperature , and scale factors 

were allowed to vary , the R factor had reduced to 0. 12. The temperature 

parameters were then converted to anisotropic terms , and after two 

cycles of varying only the temperature parameters varying the R factor 

was 0. 07. At this point a difference Fourier map was plotted , and all 

of the hydrogen atoms showed up as peaks with few if any other sig

nificant electron densities. The 14 hydrogen atoms were added after 

obtaining their coordinates from the difference map and a least squares 

computer run dropped the R factor to 0. 06. 
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Refinement from this point on was conducted at the computer 

facilities at Lawrence Livermore Laboratory. Running the least squares 

program for three cycles with all data points above three standard 

deviations (91 4 data points) reduced the weighted R factor to 0.036 . 

A final R factor calculation using all data points (1 , 337 ) at unit 

weights gave an unweighted R factor of 0 .063.  

The weighting scheme used for the refinement at Lawrence Livermore 

Laboratory was one built into the computer program. For Fo' s above an 

arbitrary constant, FB, the weight of the reflection was calculated as: 

For Fo I s below the arbi trary constant, FP, the v.:eight was: 

-1.. 
w = Fo4 

(26 ) 

( 27 ) 

All reflections with intensity values below three times their estimated 

standard deviation were excluded. 

The arbitrary number FB used in the weighting scheme was the value 

of Fo which had the hig hest weight. This number could be fed into the 

program. The computer program print-out for Compound 2 from South 

Dakota State University which used the other weighti ng scheme was 

examined to determine which value of Fo had the highest unit weight. 

The Fo's with a value of about 30 were found to have the highest unit 

weight. This value was then used in the program at Lawrence Livermore 

Laboratory for FB . 
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Summa ry 

Table 1 7  shows the thermal para meters for the nonhyd rogen a toms. 

Table 15 gives the final nonhydrogen atom positiona l pa rameters, a nd 

the fina l hydrogen  parameters are sho�n in Ta ble 16 . The tempera ture 

para meters for the hydrogen atoms are a lso include d  in Ta ble 16 . Four 

hydrogen a tom tempera ture pa ra meters did not give rea listic va lues 

u pon refinement. An a rbitrary va lue of 4 . 0  wa s substituted for the se 

atom therma l  pa rameters, and in subsequent refinements these val ues 

were not a llowed to va ry . 

Bond lengths and angles are shown in Tables 18 and 19 , respective

ly. The va lues wer e obta ined using the program DINT which also calcu

la ted t he estima ted standard devia tions. The program 0RTEP a nd the 

Calcomp plotter were used to make the molecula r di agra ms shown in 

F igures 3 a nd 4. The Fo-Fc Table is shown in Table 20 . E value 

sta ti stics a re shown in Table 1 4. 
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Table 1 4  

E Value Statistics for Compound 2 

A verage value of E 0 . 793 

A verage value of E 2 0 . 989 

A verage value of I E 2 - 1 1  0 . 946 

P ercent age greater than one 32 . 09 

Percentage greater than two 5. 46 

Percentage greater than three 0 . 3 0 
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Table 15 

Positi onal Parameters of the Nonhydrogen Atoms 

( x  1 0 4 ) for Compound 2 

A tom X y 
z 

Cl 1 655( 3) 477 5( 2) 957 ( 1) 

p 6 58 3 ( 2) 5194( 1) 3462 ( 1)  

0 ( 1) 5950 ( 5) 5192 ( 3) 4179( 2) 

0 ( 2) 6396( 6) 3877 ( 3) 3258 ( 2) 

0 ( 3) 4587 ( 5) 5809( 3 ) " 2 859( 2) 

0 ( 4) 87 59( 6) 5722 ( 4) 3 529( 2) 

C( l) 2 37 0 ( 1 0) 5248 ( 6) 2619( 4) 

C( 2) 2477 ( 8)  40 07 ( 5) 2366( 3 )  

C( 3 )  4127 ( 12) 3 341 ( 5) 2999( 4) 

C( 4) 3 3 3 8 (  1 1 ) 393 5( 6) 1725( 3)  

C( 5) 94( 14) 3447 ( 9) 2 1 8 0 ( 6) 

C( 6) 4097 ( 1 0) 68 0 8 ( 6) 4523 ( 3) 

C( 7 )  6053 ( 1 0) 6225( 5) 4583 ( 3)  

G ( 8 )  6 304( 16) 8202 ( 7 )  5398 ( 4) 

C( 9) 4236( 14) 78 02 ( 7 )  4929( 4) 

C( lO) 8260 ( 1 3) 7 592 ( 7 ) 5454( 4) 

C( ll) 8143 ( 11 ) 6601 ( 6) 5052 ( 3)  



A tom 

H (l) 

H (2) 

H (3 )  

H (4) 

H(5) 

H (6) 

H(7) 

H(8) 

H (9) 

H (l0) 

H ( ll) 

H (l2) 

H(l3) 

H (l4) 

Table 16 

Parameters of the Hydrogen Atoms on Compound 2 

(Positional Parameters are x 10 4
) 

X y z 

353 6 (74) 3 358(39) 3 399(27 ) 

4407 (8 6) 263 6(51) 288 0 (29) 

1 810 (58) 5260 (3 1 )  3 0 05(21) 

1 528 (8 0) 5750(40) 2244(27) 

3152(7 3)  3 199(43) 1520 (25) 

4891(93) 4225(44) 1875(28 ) 

169(8 3)  2604(50) 201 8 (29) 

-195(94) 3 3 69(51) 2625(3 5) 

-8 08 (124) 3 875(7 0) 17 46 (42) 

2642 (90) 6 506(44) 4238 (29) 

2922(99) 8184(50) 4889(31) 

6456 (86)  8 8 08 (50) 5667 (29) 

9693 (96) 78 04(47) 58 3 3 (3 0 )  

9437 (82) 6 1 89(42) 5022(26) 
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B 

2(1) 

4* 

4* 

2(1 ) 

2(1) 

4* 

4* 

5(2) 

7 (3) 

4* 

3 (2) 

3 (2) 

4(2) 

2(1) 



A tom 

Cl 

p 

0 (1 )  

0 (2) 

0 (3 )  

0 (4) 

C( l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) . 

C(7 )  

C(8 )  

C(9) 

C(lO) 

.C( 1 1 ) 
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Table 1 7  

Temperature Parameters of the Nonhydrogen Atoms 

(x 1 0 4) for Compound 2 

B1 1 B 2 2 B 3 3 B 1 2 
B i s B 2 3 

1 03 (1 )  8 8 (1 )  54 (1 ) 22(1) 1 7(1 )  8 (1 )  

39 (1 )  55(1 )  50 (1 )  1 (1 ) 17 ( 1 ) 2(1 ) 

59 (2) 49(2) 46(2) 2 (1 ) 22(1 ) -1 (2 ) 

49 (2) 52(2) 59 (2) -13 (2) 1 4 (2) 2(2) 

45 (2) 39 (2) 49 (2) -4 (1 )  1 5(1 ) 2 (1 ) 

44(2) 1 08 (3) 7 5(2) 22(2 )  3 0(2) 22(2) 

51 (3 )  60 (4)  49 (3 )  10(3 )  21 (3 )  -3 (3) 

37 (3 )  4 3 (3 )  53 (3 )  -1 (2)  1 8(2)  -5(2) 

9 1 (5) 40 (3 )  61 (4) 0(3) 40 (4) -1 (3 ) 

57 (3 ) 53 (3 )  49(3)  7 (3 )  19 (3) -5(3)  

67(4) 97(6) 8 3 (6) -31 (4) 3 9 (4) -28 (5) 

46(3 ) 61 (3) 51 (3) 3(3 ) 17(3 ) -2(3)  

43 (3 ) 53 (3) 37 (3 )  5(3 ) 1 4(2) -5(2) 

9 4 (6) 56(4) 55(4) -10(4) 32 ( 4) -9(3) 

69 (5) 69(5) 64 (4) 17 (4)  31 (4) 6(4) 

57 (4) 7 3 (4) 59(4) -12(4 )  1 3 (4) -6( 4) 

52(4) 62(4) 50 (3)  6(3) 1 8 (3 )  -1(3 ) 

F actor expres sion us ed is :  

{
- i. 

[ 
B1 1 h 

2 B 22 k 
2 B 3 3 1

2 2B 1 2
hk 2B 1 3h l  2B

2 3k l  

] }  exp 4 __ + _ + __ + __ + __ + __ 
a 2 b 2 c 2 a b  a c  be 
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Table 18 
0 

Interatomic Distances (A) for Compound 2 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

0 
0 

Cl C(4) l.784(6)A C (8) C (lO) l. 378 (12) A  

p 0 (1) 1. 572(4) C (lO) C (l l) 1. 364(10) 

p 0 (2) 1 - 552 (4) H(l) C(3) 0. 97 (5) 

p 0 (3) 1. 556 (4) H(2 )  C (3) 0. 87 (6) 

p 0 (4) 1. 450 (4) H(3) C (l) 0. 93 (4) 

0 (1) C (7) 1. 408 (7) H (4) C (l) 0. 94(5) 

0 (2) C (3) 1 . 465(8) H(5) C (4) 0. 92 (5) 

0 (3) C (l) 1 . 450 (7) H(6) C (4) 0. 97 (5) 

C (l) C (2) 1. 51 1 (9) H (7) C (5) 1. 02(6) 

C (2) C (3) 1. 512(9) H(8) C (5) 0. 95(6) 

c (2) C (4) 1 . 517 (8) H(9) C (5) 0. 97 (8) 

C (2) C (5) 1 . 544(1 0) H(lO) C (6) 0. 95(5) 

C (6) C (7) 1. 360 (8) H (ll) C (9) 0. 91 (6) 

C (6) C (9) 1. 369(1 0) H( l2) C (8) 0. 85(6) 

C (7) C (l l) 1. 380 (9) H (l3) C (lO) 0. 97 (6) 

C (8) C (9) 1. 379(12) H(l4) C (ll) 0. 95(5) 
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Table 19 

Interatomic Angles for Compound 2 

0 (1)  p 0 (2) 101. 9(2 ) 0 C(2) C(l )  H(4)  114(3 ) 0 

0 (1 )  p 0 (3 )  106. 8 (2 )  H(3 )  C(  1 )  H(4) 111(4) 
0 (1 )  p 0 (4) 115. 6 (2 )  0 (2 )  C (3 )  H(l )  108 (3 ) 
0 (2 )  p 0 (3 )  106. 0 (2 )  C(2 )  C(3 )  H (l ) 108 (3 ) 

0 (3 ) p 0 (4) lll . 3 (  2 )  C(2) C(3 ) H(2 )  113 ( 4)  
p 0 (1 )  C (7 )  121. 0 (3 )  H(l )  C (3 )  H(2 )  113 ( 4) 
p 0 (2 )  C (3 )  ll8. 3 (3 ) Cl C(4 )  H (5) 100 (3 ) 
p 0 (3 )  C (l )  118 - 2(4) Cl C (4) H(6 )  108 (3 ) 
0 (3 )  C (l )  C (2 )  112 - 2(4) C(2 )  C (4)  H(5) 112(3 )  

C (  1 )  C (2 )  C (3 )  107. 6 (5)  C(2 )  C(4)  H(6 ) 109(3 ) 
C(l ) C (2 )  C (4) ll2. 7 (5)  H(5)  C (4 )  H(6 )  114(4) 
C(l )  C (2) C (5) 108. 7 (5) C(2 )  C (5 )  H (7 )  109(3 ) 
C (3 )  C (2) C (4) 107. 8 (5) C(2) C (5)  . H (8 )  107 (4) 
C (3 )  C (2 )  C(5) 108. 4(6 ) C(2 )  C(5)  H (9 ) 103 (4) 

C ( 4) C (2 )  C (5) 111. 6 (6 ) H(7 )  C(5)  H(8 )  104 (5 ) 
0 (2 )  C ( 3 )  C (2 )  112 - 2(5) H(7 )  C(5 )  H(9 ) 106 ( 6 )  
Cl C(4)  C (2 )  112 - 6 (4) H(8 )  C(5)  H(9 ) 127 (6 )  
C (7 )  C (6 )  C (9 )  118. 6 (6 )  C(7 ) C(6 ) H (lO ) 121(3 ) 
0 (1 )  C (7 )  C (6 )  119 - 7 (5)  C (9 ) C(6 ) H(lO ) 120 (3 )  

0 (1 )  C (7 )  C (ll ) 118 - 9(5) C (9 )  C (8 )  H(l2 ) 124(4) 
C (6 )  C (7 )  C (ll ) 121. 4( 6 ) C(lO ) C (8 )  H(  12 ) 117 (4) 
C (9 )  C (8 )  C (lO ) 119 - 1 (7 )  C(6 )  C (9 )  H(ll ) 118 ( 4)  
C (6 )  C ( 9 )  C (8 )  121. 1 (7 ) C(8 )  C ( 9 )  H (  11 ) 121(4) 
C (8 )  C (lO ) C (ll ) 120 - 2(7 ) · C (8 )  C(lO ) H(l3 )  120 (3 )  

C (7 )  C (ll ) C (lO ) 119. 4(6 ) C(ll ) C (lO ) H(l3 )  120 (3 )  
0 (3 )  C (l )  H (3 )  108 (2 ) C (7 )  C (ll ) H(l4) 116( 3 )  
0 (3 )  C (l )  H (4) 101(3 )  C(lO.) C (ll ) H(l4 )  124(3 ) 
C (2 )  C (l )  H(3 )  110 (2 ) 
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K , L = - 1 1 ,  0 
H F C B  F C A  
0 3 0 

K t l = - 1 0 ,  0 
M F C B  F C A  

-2 7 6 
- 1  9 1 1  

0 1 1  1 2  
1 g 1 1  
2 5 6 

K , L=-· 1 0 ,  1 

H. F e e  F C A  
- 2  2 2 2 1  
-1 0 0 

0 3 3 
1 6 6 

2 1 3  1 2  

K , L= - 1 0 ,  2 
H F C B  F C A  

-2 1 1  1 2  
- 1  1 0  9 

0 4 6 
1 8 9 
2 0 0 

K ,  L=- 1 0 , 3 
H F o e F C A  

- 1  9 g 
0 J 0 
1 9 9 
2 5 6 

K , l= - 1 0 ,  4 
H F C B  F C A  

- 1  5 5 
0 ,. 4 
1 ,. 5 
2 9 9 

K , L = - 1 0 ,  5 
H F O B  F C A  

- 1  7 7 
0 4 4 
1 6 5 
2 5 '+ 

K , l= - 1 0 ,  6 
H FC e F C A 

0 1 
1 ,. 1 
2 � 3 

Table 20 

Fo-Fc Values for Compound 2 

K , L = - 1 0 ,  7 -2 6 6 H F O B  F C A  
- 1  s 8 - 3  1 6  i ;  H F C B  F C A  0 6 5 -z  3 1 3 3  0 2 2 1 4 2 - 1  J 3 1 0 3 2 3 2 0 1 0  3 

3 7 6 j 
1 1 7  1 &  

K 9 L: - <3 ,  0 
2 2 ,. 

H F C O  F C A  K , L =  - g ,  6 3 1 7 1 8  
-3 1 2  1 2  H F O B  F C �  
-2 1 1  1 1  -2  8 7 K , L =  - 8 , 2 
- 1  1 7  1 6  -1 7 8 H F O B  F C A  

0 4 D 0 1 0  1 1  -3 1 2  1 2  
1 1 6  1 6  1 6 ,. - 2  2 6  2 7  
2 1 1  1 1  2 8 7 - 1  1 8  1 8  
3 1 2  1 2  3 1 0  1 2  0 2 0 

! 1 1 9  1 9  
K , L= - 9 ,  1 K ,  l= - q , 7 2 1 6  1 7  

H F C B  F C A  H FOB  ►C A  3 4 3 
-3 2 0 - 1  1 2  1 3  4 1 0 
-2  1 2  1 3  0 3 2 
- 1  8 9 1 6 5 K , L =  - 8 ,  3 

0 2 2 2 7 7 H F O B  F C A  
1 0 1 3 4 5 - 3  0 0 
2 9 g - 2  4 3  44 
3 1 7  1 7  K , L= - 9 , 8 - 1  3 1  3 1  

H F O B  FCA  0 1 1 
; K , L= - g ,  2 -1 1 6  1 5  1 2 4 
! H F C B  F C A  0 0 1 2 1 3  1 3  

-2  1 0 1 1 0  1 0  3 2 0 1 9  
- 1  5 5 2 0 0 l+ 5 .  4 

0 17  1 7  3 1 1  1 1  
1 1 0  1 1  K , L =  - 8 ,  � 
2 1 lt 1 4  K , L= - 9 ,  3 H F o e  F CA 
3 1 0  1 1  H F O B F C A  -3 0 5 

o. 9 1 0  - 2  ,. 3 
K , L= -9 , 3 1 6 5 - 1  1 2  1 2  

� F C B  f C A  2 0 3 0 1 4  1 r+ 
- 2  6 7 1 9 1 0  
- 1  2 z ' K , L= - 9 i  1 0  2 s 5 

0 4 5 H ro e �c�  3 2 2 
1 ,. 6 0 & 7 4 0 3 
2 0 1 1 0 2 
3 1 3 2 1 1  1 0  K , L :: - 8 ,  5 

• H' F O B  ► C A  
l K , L = - 9 ,  4 K , L = - 8 ,  � - 3 8 9 

H F C B  F C A  H F 0 3 � C �  - 2  5 � 
- 2  6 1 -3 1 1  1 1  - 1 1 8  H 
- 1  1 5  1 6  - 2 1 5  1 5 . 0 1 0  1 0  

0 8 8 - 1  3 3 1 1 0  1 0  
1 7 7 0 1 9  1 9  2 " 5 ., 3 3 1 ,. 3 3 1 2  1 1  
3 1 3  1 3  2 1 4  1 5  .. 1 0  1 1  

3 1 0  1 1  
K , l =  - q , 5 K , l =  - a ,  6 

H F C B  F C A  • l< , L  = - a , 1 H F O B  F C A 
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-z  1 0  1 0  
- 1  8 8 

0 0 3 
1 2 l+ 
2 1 1  1 1  
3 2 4  2 !+ 
4 9 9 

K , L= - 8 ,  7 
H F O B  � C � 

- 2  0 3 
- 1  7 7 

0 8 9 
1 1 0  1 0  

2 4 '+ 
3 1 3  1 5 
4 1 9  1 9  

<, L =  - 8 , 8 
H F O B  F C A  

- 2  1 0  1 1  

- 1  6 5 
0 3 3 
1 3 lt 
2 1 5  1 5  
3 2 2 

< , L =  - 8 ,  � 
H F O B  F C A 

- 1  1 0  1 0  
0 1 5  1 5  
1 7 7 
2 1 2  1 1  
3 - D 2 

K , L =  - 8 , 1 0  
H F O B  FC A 

- 1  9 9 
a 4 3 
1 4 2 
2 3 3 
3 4 ,. 

K , L =  - 8 , 1 1  
H F O B  FCA  
0 1 9  1 �  
1 1 2  1 1  
2 9 1 0  
3 9 6 

K , L =  - 8 , 1 2  
H F O O  FC A 
0 1 1  1 0  
1 7 7 
2 s E 
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Tabl e  20 ( Cc:m:tinued ) . 
K , l =  - 7 , 0 r+ 6 6 K , L =  - 7 , 1 0  - 2  3 0  3 0  5 1 0  9 

ff F O B  FC.6  t-' F O 8  FC A - 1  2 0  1 9  
-4 1 4 K , L =  -1 , 5 - 2  Cj 8 0 4 4  4 2  K , L= -6 , 6 
-3 1 CJ  1 9  H F OB F C A  - 1  1 7  1 7  1 1 8  1 7  : H F C B  F CA 
-2 1 5  1 5  -3 9 q 0 1. 3 1 3  2 1 3  1 4  - 3  l+ 3 
-1 2 0  2 1  - 2  1 7  1 8  1 3 1 i 1 7  1 7  - 2  1 5  1 5  

1 2 1  2 1  - 1  1 0  1 0  2 9 1 0  ,. 1 3 1 1  - 1  1 0  1 0  
2 1 5  1 5  0 1 1  1 0  3 5 6 0 7 8 
3 1 9  1 �  1 0 1 .. 2 3  2 4  K , L:: - 6 , 2 1 2 6  26 
4 3 It 2 6 7 H FO B F C A  2 1 3  1 2  

3 2 2 K , L= - 7 , 1 1  - 4  2 2 3 1 0  1 0  
K, L =  -7 , 1 4 1 1  1 1  H fO 8 F C A  -3  q 9 ,. 2 1 

H F OB FCA  -- 1  · 5  . ,. - 2 2 3 5 1 1 _,. 8 7 K , L= -7 ,  6 0 1 1 - 1  2 9  2 9 · 
-3 � 2 H F O B  F C A  1 1 2  1 3  0 2 7  2 6  K , L = - 6 ,  7 
-2 21  2 1  - 3  9 P. 2 2 0  2 1  1 s 4 H F CO F C A  
-1 2 1  · 2 1 - 2  1 3  1 4  3 2 ,. 2 5 5 - 3  7 

0 1 9  1 8  - 1  1 9  1 9  4 4 ,. 3 1 1  1 2  -2  8 
1 3  1 3  0 17  1 8  ,. 1 0 - 1  17  1 7  

2 2 1  2 1  1 3 2 "' , L= -7 , 1 2  0 1 7  i s  
3 1 7  1 i' 2 1 7  1 7  H . .  FO P. F_C A  K , L= - & ,  3 1 1 8  1 8  
,. 5 3 3 ,. 1 - 1  1 2  1 3 H Fo e FC A 2 2 0 

" 0 2 0 6 5 -4  1 0  1 1  3 0 
K , l =  - 7 ,  2 1 0 i - 3  1 1 4 1 6  1 7  

u r o a  F C f<  K , L = - 7 ,  7 2 2 2 - 2  3 3  3 3  
•ft 1 2  1 1  H FO B FCA 3 1 7  17 - 1  3 q  3 8  K , L =  · 6 ,  e 
-3 9 9 -3 0 2 0 1 7  1 7  H f C S F C A 
-2 7 6 - 2  4 4 K , L= - 7 ,  1 3  1. 1 6  1 5  - 3  3 6 
- 1  ,. 4 - 1  1 5  1 5  H FO E F C A  2 1 5  1 5  - 2  2 1 

0 3 2  3 2  C 1 5  1 4  0 8 8 . 3  1 7  1 6  - 1  1 1  1 1  
1 8 7 1 0 2 1 8 8 ,. 7 6 0 5 4 
2 2 1  2 2  2 0 1 2 <J 8 1 0 2 
3 2 0  2 0  3 ,. ,. :! 8 7 . K , L= - 6 , 4 2 1 3  1 3  
4 8 9 ,. J 2 H F O B  F CA 3 1 7  1 7  

K , L= - 7 • 1 4  - 4  7 5 ,. · 1 5 1 5  
K , L= -7 , 3 K ,  L= - 7 ,  6 H ro e· FCA  - 3  3 2 

H FOB  FCA  J1 F O E F C A  1 1 1  1 1  - 2  9 9 K , L= - 6 , 9 
-3 1 7  1 8  - 2  3 3 2 5 6 . .  - 1  • 2 3 H F C O  F C A  
-2 1 9  1 9  - 1 1 2  1 2  0 1 8  1 7  - 2  8 8 
-1 1 1  1 2  0 0 1 K , l == - G ,  0 1 3 4  3 2  - 1  ,. 3 

0 9 � 1 9 8 Ji FO E FCA  2 2 0  2 1  0 1 2  1 1. 

1 3 3 - . 2  6 1 - 4  8 . . 8 3 · 7  6 1 c S  2 5  
2 7 7 � '3 9 - 3  1 5  1 5  ,. 6 6 2 1 6  1 6  
3 1 r.  1 3  ,. 0 1 -2 1 C  1 1  5 3 0 3 7 7 
,. 9 CJ - 1  8 7 4 1 0  1 0  

K , L= - 7 ,  9 C 3 2  3 2  K , l =  - E , 5 
� , l =  - 7 , 4 f-4 ro e F C A  1 7 7 H f C P.  F C A  K , L ==  - 6 ,  1 0  

H F O B  F C  A - 2  0 2 2 1 0  1 1  - 3  1 0  1 1  H F C 8  f CA 
-3 1 5  1 ,, - 1  0 3 3 1 5  1 5  - 2  0 2 · - z  4 5 

-2 7 e C 1 2  1 2  ,. 9 8 - 1  2 1  2 1  - 1  2 0  2 0  

-1 1 8  1 8  t ·  1 3  1 2  0 1 6  · 1 7 0 4 3 
0 1 1  1 1  2 7 - a K , l = - E , 1 1 2 ,. 1 1 3  1 3  
1 -2 9 2 �  3 1 0  .1 0  H FO B f C A  2 1 1 2 CJ 1 0  
z 2 1 ,. . . 7 7 - 4  3 5 3 J 6  1<¾  3 1 6  H, 

3 2 1  2 1  - 3  2 1  2 2  .. 1 7  1 7  ,. f, 4 
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Ta bl e 20 (Continued ) 

.K , L= - 6 , 1 1  - 4  8 6 -1  3 3  3 3  5 3 4 I 2 1 8  1 8  
H F O B  F CA - 3  1 7  1 7  0 0 1 3 . 3 6 

- 2  1 0  1 0  - 2  3 0  3 0 1 28  2 7  K ,  l =  - 5 ,  1 0  
- 1  1 0  1 0  - 1  1 7  1 7  2 1 1  1 1  H FO B F C A  K , L =  - 5 , 1 6  

0 1 9  1q 0 1 6  1 6  3 1 0  1 0  - 2  6 5 H F O B F CA 
1 7 8 1 1 2  1 1  4 CJ 8 - 1  6 6 1 6 6 
2 3 0  3 1  2 2CJ  2 8  5 7 8 0 7 7 2 6 6 
3 1 7  1 R  3 1 6  1 6  1 8 9 3 3 3 4 9 H 4 8 6 K , L = · 5 ,  6 2 1 2  12  

5 J 2 H F CB FC A 3 1 1 K , L =  - 4 ,  0 
K , L= - 6 , 1 2  - 4  1 4  1 5  4 7 7 H F O B  F C A  H F O B  F CA K , L = - s , 2 -3 2 4 5 1 0  1 0  - 5  0 1 

- 1  3 1 H F O B FC A - 2  8 7 - 4  1 0  8 
0 8 9 -4 1 8  1 8  - 1  22  2 2  K , L =  - 5 , 1 1  - 3  1 1  1 0  
1 0 0 - 3  0 1 0 15  1 3  H FO B F C A - 2  2 2  22  
2 1 3  14 . - 2  6 5 1 1 3  1 4 - 2  0 3 - 1  1 4  1 4  3 1 6  1 6  - 1  6 6 2 1 8  1 9  , .  - 1 5 6 0 1 3  1 4  ft 8 6 0 5 5  5 ,. 3 4 2 

! 0 9 9 1 1 4  1 4  
1 1 8  1 8  4 7 1 1 2 0  2 0  2 2 2  22  

K , L= - 6 , 1 3  2 1 0  1 0  5 3 2 2 2 5  2 5  3 1 1  1 0  
F C B  F CA 3 3. 2 3 4 3 4 8 6 

- 1  0 2 4 10  1 0  K , L =  - 5 ,  7 4 1 2· 1 2  5 0 1 
0 4 1 5 8 g H F C B F_C A 
1 2 0  2 0  - 3  1 3  1 1  1< , L= - 5 , 1 2  K , L =  - 4 ,  1 
2 1 3  1 3  K , L=  - s , 3 - 2  1 2  1 2  H FO B F CA H FO R F C A  
3 0 0 H F O B FC A - 1  1 2  1 2  - 2  6 6 - 5  0 4 
,. ,. 0 -4 6 5 0 6 7 - 1  1 0  1 0  - 4  5 5 

- 3  2 3  2 ,. 1 8 6 0 3 1 - 3  1 0  1 0  
K , L =  - 6 , 14 -2  2 4  2 r+ 2 9 9 1 2 3 - 2  2 1 

.. F C B  F C A  - 1  2 8  2 8  3 3 3 2 1 7  1 8  - 1  1 2  1 2  
0 3 1 0 21  2 1  ,. 2 2 3 2 0  2 1  0 4 7  ,. 6 
1 6 6 1 7 7 5 1 1  1 2  " 4 0 1 1 8  1 8  
2 1 8  1 8  2 8 g 2 4 5  4 4  
3 21  2 2  .3 2 1  2 1  K , L =  -5 ,  8 K , L = - 5 , 13  3 1 1  1 0  

K , L =  - 6 ,  1 r;  4 1 5  1 5  H F OB FC A H FO B F CA 4 g 9 
H F CB FC A � 5 6 2 - 3  1 6  1 6  - 1  4 2 5 3 1 
1 5 6 -2  2 3 0 1 7  17 
2 0 3 K , L = - 5 ,  t+ - 1  5 6 1 1 6  1 5  IC ,  L =  - 4 , 2 
3 1 2 H F OB FC A 0 1 0  1 0  2 2 2  2 3  H FO B F C A  

- It  7 7 1 1 5  1 4  3 1 7  17 - 5  8 6 
K , L =  -5 , 0 -3  1 3  1 3  2 3 0 4 4 1 - ,. 3 1 

H F OB FC A -2  3 2 3 2 0  2 0  - 3  1 2  1 2  
- 5  1 3  1 1  -1 1 8  1 8  4 1 1  1 0  K , L =  - 5 , . 1 4 - 2  1 5  1 4  _,. 8 7 0 2 3  2 2  5 2 3 H F O B  F CA - 1  3 2  3 2  
- 3  8 8 1 ·7 0 6 9  - 1  2 1 0 lt 1 4 1  
- 2  1 4  1 4  2 3 4 K , L =  - 5 ,  9 0 1 7  1 8  1 2 4  24 - 1  1 9  1 CJ  3 1 0  1 0  H FO B  F C A  1 3 3 2 1 3 

1 1 9  1 9  4 3 2 - 3  0 3 2 2 0 J 2 1 
1 3  1 4  5 7 5 - 2  3 4 3 3 1 It Q, 1 

3 8 8 . - 1  3 ,. 4 1 4  15  5 6 ,. 
,. 6 7 K , l = - 5 ,  s 0 1 7  17  
5 1 3  1 3  H FOB  fC A 1 2 8  27  K , L =  - 5 , 1 5  K , L = - 4 ' 3 

- 4  7 9 z 6 9 H FO B F C A � F O B  F C A  
K , L =  - 5, 1 . - 3  5 5 I 

3 1 2  1 2  0 5 3 - 4  6 7 
H F OB FC  A - 2 lit  3 5  4 1 2  1 2  1 1 2· 1 2  - 3  1 2  1 1  



- 2  3 1  3 0 
- 1  0 C 
· o  4 7  4 E  

3 4 
1 3  1 3  

7 1 
e e 

5 1 1  1 2  

K , L =  - 4 , ,., 
F O E  F C �  

_ ,.  1 1  8 
- 3  3 2 
-2 0 0 
• 1  1 7 1 E  

0 5 4  5 4  
1 2 5  

. 2 5 
1 1  1 2  

3 1 1  1 1  
" 0 1 
5 4 2 

K , L = - 4 ,  5 
H F O B  F C A  _ ,.  4 1 5  

- 3  8 9 
-2  3 1  3 1  
- 1  1 2  1 1  

0 2 8  2 7  
1 1 8  1 7  
2 1 8  H 
3 4 s .. 5 � 
5 9 1 0  

K , L =  - 4 , e 
H F o e  F C � _,. 4 4 

- 3  1 4  1 3  
-2 3 ft 
- 1  2 5  2 3  

0 39  3 9  
1 4 7  4 E 
2 1 1  1 1 · 
3 2 6  2 E  .. ,. 4 
5 3 0 

K , L = - c. ' 7 
t- Fo e  F C �  

.:. 1e  3 1 
- 3  " ,. 
-2  2 2 

- 1  2,E 2 5  
0 2 1 

Table 20 (Continued) 

i 

1 0 
2 1 1  
3 1 E  
4 4 
5 3 

K , L ==  - 4 , 
H F O O  

- 3 1 8  
-2 1 0  
- 1  0 

0 1 8  
1 3 9  
2 6 
3 3 
4 1 6  
5 0 

K , L =  - 4 ,  
H F O E  

- 3  7 
-2  3 
- 1  7 

C B 
1 5 5  
2 2 3  
3 8 .. 2 0  
5 8 

1 K , L =  - 4 , 
� F O E  

- 3  1 1  
-2 4 
- 1  1 1  

0 3 
1 3 
2 0 

' 3 1 6  
4 5 
5 0 

I 

- · K , L = - 4 , 
P F O B  

- 2  4 
- 1  2 0  

0 0 
1 1 5  
2 1 2  
3 E 
4 e 
5 8 

K , L= - 4 , 

1 
1 2  
1 5  .. 

0 

e 
F C l!  

1 e  
1 0  

2 
1 1!  
3 8 

7 
4 

H 
2 

g 
F C A  

6 
3 
7 
8 

5 6  
23  
a 

2 0  
7 

1 0  
F C �  

1 0  
J 

1 2  
1 
3 
1 

1 5  
e 
2 

1 1 
F C A  

3 
2 1  

2 
1 5  
1 3  

7 
� 
e 

1 2 
H F O B  F C A  

- 2  1 3  1 3  
- 1  1 1  1 3  

0 1 8  1 8  
1 1 2  1 2  
2 3 9  3 q 
3 6 6 
4 2 2  2 1  
5 1 7  1 7  

K , L = - 4 , 1 3  
h FO B F C A  

- 2  4 4 
- 1  4 3 

0 1 2  1 4 
1 0 0 
2 0 1 

I 3 0 1 

I 4 7 6 

I 
K , l= - 4 ,  1 4  

H FO E FCA  
- 1  2 3  2 3  

0 7 7 
1 5 7 
2 2 2 

I 3 2 7  2 7  
I 4 1 3  1 3  
I 
I 

I
K , L:: - 4 ,  15  

H FOB  FCA  
i - 1  8 7 

0 1 6  17  
1 1 3  1 3  
2 4 5 
3 1 3  1 2  
4 1 0  1 0  

, K , L= - 4 , 1 6  
I H FO B FCA  

0 1 4  1 3  
1 1 5  15 
2 3 2 
3 0 0 

K , L=  - 4 ' 1 7 
H F O B  F C A  
1 2 6 
2 7 6 

K , l = - 3 ,  0 
H FO O FCA  

-5  7 8 
- 4  4 5 
- 3  8 8 
- 2 0 1 -

- 1  4 1  4 1  
1 le 0 4 1  
2 3 1 
3 7 8 
4 5 5 
5 8 8 

K , L = - 3 ,  1 
H FO B FCA  

- 5 3 1 
- 4 1 7  1 6  
- 3 1 7  1 7  
- 2  5 7  56  
- 1  4 2  4 3  

o ·  6 6 
1 2 4  2 4  

1 ·  

2 3 7  37 
3 5 3  52  
4 1 4  1 3  
5 1 4  1 4  

' 
. K , L = - 3 , 2 

H F O B FCA  
- 5  3 2 
- 4  1 9  . 1 9  
- 3  1 4  1 2  
- 2  2 7  2 7  
- 1  1 5  1 4  

0 8 6  8 6  
1 1 0 
2 2 6  2 6  
3 4 5  4 3  
4 0 1 
5 9 1 0  

K , L= - 3 ,  3 
H F O B  F C A  

- 5  3 0 
- 4  2 1 
- 3  2 0  2 1  
- 2  4 0  4 0  
- 1  2 3 

0 3 4  3 6  
1 ,  2 4  2 3  
2· 1 E  1 7  
3 . 1 7  1 &  
4 1 0  1 0  
5 7 6 

K , L= - 3 ,  4 
H F O E  F C A  

- 4 6 7 
- 3  8 9 
- 2  2 5  2 4  
- 1  7 6 

D 5 4 
1 3 �  3 q  
2 1 0  1 0  
3 1 4  1 4  
4 1 0  1 1  
5 0 

K , L= - 3 ,  5 
H F C B  f C A  

-4 1 6  
- 3  g 
- 2  2 7  
- 1  € 5  

0 1 8  

1 5 
2 0 
3 3 
4 7 
5 1 0  

K , L= - 3 , 
H F O B  

- 4- 1 0  
- 3  4 
-2  3 
- 1

. 1 7  
0 2 1  
1 2 8  
2 9 
3 1 5  
4 9 . 
s 8 

K , L:;· - 3 ,  
H F C B  

-4 1 0  
- 3  1 3  
- 2  i 8  
- 1  3 8  

0 2 0  
1 5 
2 1 0  
J 3 
4 2 1  
5 1 5  

K , L= - 3 ,  

1 6  
9 

2 7  
6 5  
1 7  

5 
3 
4 
8 

1 1  

6 
FC A 

1 0 
2 
2 

1 7  
2 0  
2 8  
1 0  
1 5  
1 0  

8 

7 
F C A  

9 
1 4  
1 9  
3 8  
2 1  

6 
9 
3 

2 1  
1 5  

8 
H F C B  F C A  

- 3  9 g 
-: 2  4 4 

- 1 2 3  2 2  
0 1 3  1 1  
1 3 1 
2 2 0  2 0  
J 9 8 
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4 1 3 1 4  
1 5 

K , l=  - 3 , 9 
H FC B FC A 

-3 0 3 
-2  3 4 
-1 1 7  1 7  

0 2 0  2 0  
1 8 8 
2 ,. 8 4 7  
3 CJ g 
,. 2 5  2 5  
5 9 8 

K , L= - 3 , 1 0  
F C B  F C A  

-3 5 5 
-2 1 2  1 2  
-1 CJ 9 

1 0  1 0  
1 2 4 
2 1 2 1 3  
3 5 4 
.. 1 2  1 3  
5 3 1 

K , L= - 3 ,  1 1  
H F e e  F C A  

-3 9 8 
-2 2 2 
-1 4 2 

I) 2 8  2 8  
1 1+ 5  4 3  
z ft 2 4 1  
3 3 1 .. 1 1  1 1  
5 1 3  1 4  

K , L= - 3 , 1 2  
H F C B  f C A 

-2 3 4 

- 1  1 7  1 8  
0 j f>  1 7  
1 1 0  9 
2 3 2 
3 7 8 
,. 9 8 
5 0 1 

K , L= - 3 ,  1 3  
.. F O R  F C  A 

-2 5 5 
- 1  s 5 

0 2'7 2 8  

Tabl e 20 ( Continued) 

1 3 E  3 7  -3 2 3  2 ? 
2 6 6 - 2  2 9  2 8  

1 5  1 5  - 1  1 2  1 2  
4 4 I+ 0 3 7  3 8  
5 0 4- 1 1 1  1 1  

2 5 ,. 
K t  L= - 3 ,  1 4  3 3 3  3 2  

H F C B  F C A  4 0 1 
- 1  4 4 5 5 4 

0 9 1 0  
1 0 2 K , L= - 2 ,  ? 
2 1 0  1 0  H F O B FC A 
3 2 1 - 5  1 8  1 7  
4 0 ,. - 4  0 0 

K , L =  - 3 ,  1 5  - 3  2 0  2 0  
H F O B  F C �  -2 3 E  3 3  

-1  6 5 - 1  7 7  7 7  
0 0 0 0 7 6  7 9  
1 1 9  B 1 1 3 7  1 5  !+ 
2 1 5  1 4  2 � 5 
3 4 ,. 3 3 1  2 3  
4 5 4 ,. 2 2 

i 5 2 3  2 2  
: K , L= - 3 ,  1 6  
! 

H F O B  F C A  K , L=  - 2 , 3 
0 2 3 H F O B  F C �  
1 6 5 -s 8 8 
2 1 1  1 �  -4  7 7 
3 3 1 - 3  1 9  1 9  
4 0 1 -z 2 0  2 0  

[ - 1  1 2  1 1  
: K , L =  - 3 ,  1 7  0 6 0  6 0  

H FOB  FC�  1 4 4  4 4  

1 1 1  1 1  2 2 6  2 5  
2 5 5 4 3 2 
3 43 9 5 6 5 

K , L =  - 2 , 0 K , L = - 2 ,  4 
H F O B  F C A  H F O B � C A  

- 5  8 8 - 4  4 3  4 3  
-4  1 6  1 5  - 3  1. 3 1 2  
-3 0 1 - 2  1 1t  1 ft 
-2 4 1  4 0  - 1  2 3  2 3  
- 1  7 6 0 1 0 5  1 0 8  

0 9 �  1 0 2  1 4 2  42 
1 8 e, 2 2 7  2 S  
2 3 9  4 0  3 s ,. 
3 3 1 ,. 4 3 
4 1 6  1 5  5 8 s 
5 1 8 

· K , L= - 2 ,  5 
K , L= - 2 , 1 H F O B  F C A  

H FO O· F C �  -4 1 1  1 1  

- 5  ,. 5 -� 9 9 
-4  8 s - 2  3 1  3 1  

- 1  5 4  5 ft  
0 3 8  3 7  
1 7 3  7 2  
2 2 1  2 2  
3 2 1  2 J  
4 4 5 
5 1 2  1 2 

K , L=  - 2 , 6 
H F O B FCA  

- l+  1 2 
-3  2 8  2 8  
- 2  1 2  1 2  
-1  1 0  3 

0 3 8  3 8  
1 1 1  1 2  
2 1 1  1 1  
3 4 6  46 

· 4 2 1  2 0  
5 1 1  1 1  

K , L =  - 2 ,  7 
H F O B  F C A  

-4 5 5 
- 3  0 ,. 
-2  1 2  1 1  
-1 . 3 5  3 5  

0 8 8 
1 2 8  2 8  
2 1 8· 1 8  
3 1 5  1 5  
4 8 7 
5 3 3 

K , L =  -2 , 8 
H F O R  F C A 

-4 1 0  9 
- 3  4 6 
- 2  1 7  1 7  
- 1  2 2 

0 1 1  1 1  
1 3 3  3 2  
2 5 2  5 2  
3 3 ·  3 
4 2 2  2 2  
5 1 3  1 3  

I K , L =  - 2 ,  '3 

I 
H F O B  F C A  

I •• 3 3 4 
-2 q 8 
-1  1 2 

0 3 0  3 0  
1 1 5  1 ft 
2 2 1  2 0  
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3 7 
4 2 4  2 4  
5 1-0 1 0  

K , L = - 2 , 1 0  
H F O R  F C A  

- 3  1 6  1 E  
- 2  3 4 
-1  24  2 4  

0 0 a 
1 0 2 
2 1 7  1 7  
3 3 9  3 �  

4 6 
5 1 0  e 

' K , L =  - 2 ,  1 1  
H F O B  FC .� 

-3  2 3 
-2  0 
- 1  1 1  1 1  

0 3 2 
1 1 1  1 0  
2 2 0 
3 & 7 
l+ 1 6  1 7  
5 . 1 7  1 8  

, K , L= - 2 , 1 2  
H F O B FC A 

-2  2 1  2 1  
- 1  6 5 

0 3 6  3 7  
1 6 6 
2 5 4 
3 3 5 
4 3 1  3 1  
5 1 8  1 8  

K , L =  - 2 ,  1 3  
H F O B  F C A  

- 2  3 3 
- 1  1 1  1 2  

0 2 5  2 5  
1 & 7 
2 0 2 
2 0 2 
3 5 J 
4 6 9 
5 1 1  1 2  

K , L= - 2 , 1 ft 
H f O B ' FC A  

- 2  5 E 
- 1  2 4  2 4  



Table 

0 J e - 3  1 1 
1 8 8 - 2  5 1  5 2  
2 1 1 - 1  4 2  4 3 
3 1 5  1 6  0 5 5  5 2  
.. 6 e 1 7 9  8 2  
5 1 6  1 E  2 2 4  2 4  

3 5 3  54 
K , L =  - 2 ,  1 5  4 8 6 

H FOB FC A 5 2 1  2 1  
-1 5 6 

0 3 3 K , L= - f ,  2 
1 1 CJ  2 0  H ro e FC A 
2 3 1 - 5  7 7 
3 0 1 - 4  e 6 
4 0 0 - 3  5 J 

- 2  2 4  2 4  
• K , L =  - 2 ,  1 E  - 1  2 1  2 0  

FOB FCA 0 3 0  2 <3  
2 4  2 4  1 9 9 

1 8 8 2 1 7 17  
2 z 0 3 0 0 
3 5 4 4 5 5 
,. 13  12  5 5 5 I 

I 

i K , L =  - 2 ,  17  K , L = - 1 ,  3 
FOB  FCA  .-: FO E F C A  

0 7 8 __ _ - 5 0 0 
1 1 6  1 7  - 4  1 6  1 5  
2 1 2  1 2  - 3  2 9  3 0  
3 3 3 - 2  5 4  5 4  

- 1  1 4  1 '+  
K , L= - 2 , 1 8  a 6 2  6 2  

ti FOB  F C A  1 8 2  8 6  
1 8  1 7  I 

I 
2 6 3  6 ,.  

2 0 0 
I 

3 8 8 
2 0 0 4 2 2 2 3  
3 0 3 

I s 
1 9  2 0  

K , L= - 1 ,  0 ; K , L= - 1 , 4 
� ro e F C A  H FO B F C A  

- 5  8 9 -5  5 4 _,. 0 1 - 4  CJ 9 I 

-3 6 5 - 3  5 5 
- 2  2 8  2 7  - 2 1 '+  1 4  

- 1  6 9  7 0  - 1 . 3 1 3 1  
1 7 0  7 0  0 1 2  1 2  
2 2 7  2 7  1 5 7  5 6  
3 5 5 2 2 2 ,. 0 1 J 2 2  2 1  
� 1 0  9 4 1 2  1 2  

5 7 7 
1< , L= - 1 , 1 

H FO � F C A  K , L =  - 1 , 5 
- 5 2 4  2 3  t-' FO B F C A  _,. 3'9 4 0 · - ,. 5 ,. 

20 (Continued) 

- 3  2 2  
- 2  1 2  
- 1  6 3  

0 6 1  
1 6 2 
2 2 8  
3 2 8  
4 1 8  
5 1 4  

K , l= - 1 ,  
H FO E _ ,.  4 

- 3  0 
- 2 2 3  
- 1  e 

D 0 
1 1 5  
2 1 3  
� 1 5  ,. 1 2  
5 g 

K , L = - 1 , 
H FO 8 

-4  1 0  
- 3  1 2  
- 2  3 0  
- 1 1 ft  

0 3 2  
1 1 1 6  
2 2 7  
3 ,.. 
4 1 g  
5 1 8  

K , L =  - 1 , 
H F C B  

- 4  3 
- 3  a 
- 2  9 
- 1  1 0  

0 1 2  
1 1 4  
2 1 3  
3 1 5  
4 1 5  
5 4 

2 3  
1 3  
64  
6 2  
64  
26  
2 8 
1 8  
1 3  

6 
FCA  

6 
3 

2 3  
7 
1 

1 5  
1 4 
1 5  
1 2  

9 

7 
FC A 

9 
1 2  
3 0  
1 '+  
3 3  

1 2 1  
26  

5 
19  
1 8  

8 
F C A  

5 
2 
8 
9 

1 2  
1 4  
1 3  
1 '+ 
1'+  

2 

K , L = - 1 , 9 
H F C B  F C A  

- 3  1 7  1 7  
- 2  5 5 
- 1  2 6  2 6  

0 " 1  i. o  

1 z '4 z "  

2 3 0  28  
3 1 2 
4 2 8  29 
5 2 3  22  

K , l= - 1 ,  1 0  
H F C B  F C A  

- 3  2 1 
- 2  1 0  1 0  
- 1  1 4  14  

0 1 0  1 0  
1 7 5 
2 4 It 
3 7 7 
4 8 7 
5 0 

' K , L= -1 ,  11 
H F C B  F CA 

- 3 1 6  1 5  
- 2  6 6 
- 1  1 8  1 7  

0 2 9  � o  
1 3 5  34 
2 2 6  26 
3 1 0  9 

i 4 6 7 
i 5 
i 

2 2  23 
I 

; K , L =  - 1 ,  1 2  
H F C B  F C A  

- 2  5 4 
- 1  1 

0 1 2  1 2  .. 
1 5 --6 
2 1 1  1 1.  
3 5 6 
4 0 1 
5 ft 3 

K , L =  - 1 ,  13 
H F O B  F CA 

- 2  9 • · 1 D  
-1  7 . . 7 

0 2 5  24 
1 2 7  2 7  
2 3 5  3 6  
3 24 24 
'+ 1 3  14  
5 · o 2 

K , L =  - 1 , 1 ft  
H F C O  F C A  

- 2  0 1 
- 1  2 1 
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0 1 0  1 0  
1 2 2 

. z 1 2  1 2  
3 4 1 
4 4 3 
5 4 2 

K , L = - 1 , 1 5  
H F C B  F CA 

- 1  4 1 
0 1 2  1 1  
1 2 1  2 1  
2 1 '3 1 <3  
3 - . 1 4  1 3  
4 1 2  1 1  

K , L= - 1 , 1 6  
H FO B F C A 

- 1  0 1 
0 0 1 
1 6 7 
2 4 4 
3 0 4 
4 4 1 

K , L = - 1 ,  1 7  
H F C B F C A 
0 7 6 
1 1 3  1 3  
2 6 6 
3 8 9 
4 .. 1 

K , L = - 1 , 1 8  
I H F O B  F C A  

1 2 1 
2 g 9 
3 5 7 

: K , L =  o ,  0 
H F C 8  F C  A 

- 5  1 5  1 5  
- 4  4 0  4 0  
- 3  1 2  1 2  
- 2  25 2 6  
- 1  9 2  9 5  

1 9 1  9 5  
2 2 5  2 6  
3 1 1  1 2  
4 3 9  4 0  

K , L =  o , .  2 
H F O O  · Fe A 

- 5  · 3 5  3 5  _ ,. 32  3 2  



- 3  3 9  3 9 
- 2  9 q 
- 1  1 0 4 1 1 3 

0 2 0  1 9  
1 1 0 7 1 1 3 
2 1 6  1 6  
3 4 & 
4 4 5 
5 1 6  1 5  

K , L =  O ,  4 
H F O B  F C A 

- 5  0 5 
- la  4 8  4 9  
- 3  1 9  1 9  
- 2  8 8 
- 1  1 9  1 8  

O 1 8  1 9  
1 7 0 6 8  
2 5 4  5 6  
3 8 9 
ft 5 S 
5 3 8  3 9 

K , l =  0 ,  6 
H F CB F C A 

-4 2& 2 6 
- 3  4 5  4 6 
- 2  4 2 
- 1  2 5  2 4 

0 1 9  1 8  
1 1 1 9 1 2 3 
2 5 5 
3 · 1 9 2 0  
4 1 6  1 7  
5 4 5 
6 2 2  2 3 

K , l= O ,  8 
H F OB F C A 

- ft  2 6 
- 3  1 7  1 8  
- 2  2 4  2 4 
- 1  3 1  3 1  

O 1 9  2 0 
1 5 2  5 1  
2 8 3  E\ 3  
3 1 1  1 1  
4 4 9  4 6  
5 2 0  2 1  

K ; L =  0 ,  1 0  
H FO O F CA 

- 3  1 4  1 4  
- 2  ,6 6 

Tabl e 20 (Continu ed ) 

- 1  4 3  lt 4  
0 CJ CJ 
1 2 5  25 
2 67 € 5  
3 6 2  E 1  
4 2 7  2 8  
5 1 8  17 

K , L =  O ,  1 2  
H FO B F C A  

- 3  5 6 
- 2  2 6  2 8  
- 1  5 5 

0 2 6  26 
1 2 1 
2 1 8  1 8  
3 2 2 
4 2 4  2 5  
5 6 5 

K , L = O ,  14 
H ros F C A 

- 2  1 2  1 3  
- 1  2 8  29  

O 3 2 
1 3 2  32  
2 4 3 
3 1 2  13 
4 4 3 
5 1 9  1 9  

K , 1.= 0 ,  1 6  
H FO B FCA  

- 1  & 5 
0 2 7  27 
1 D 2 
2 7 6 
3 3 5 
4 1 3  1 4  

K , L =  O ,  1 8  
H FO B F C A  
1 1 5  1 4  
2 6 6 
3 6 4 

K , L =  2 ,  0 
H FO B F C A 
O CJ 8 1 0 2 

8 1  



COMPOUND 3 

Preliminary 

Crystals were grown in the same manner as with Compound 2. The 

compound crystalli zed in  rectangular crystals, and a suitable one was 

easily found. 

F or the soluti on of the structure the Pca21 space group was 

assumed where the equi valent positions are: 1) x, y, z; -x, -y, 0 . 5+z, 

y, 0. 5+z; and 0 . 5+- x, -y, z. 35 The lattice parameters were determined 
0 0 

by diffractometer data to be: a = 12. 67(a)A;  b = 9 . 13 (l)A; and 

c = ll. 89(l)A. 

The unique data were limited to 916 reflections, of whi ch 616 

were greater than two standard deviations of their intensity and were 

used to refine the structure. Over 250 parameters were present. This 

placed the data poi nt to parameter ratio well below the five to one 

minimum recommended for meani ngful refi nement. 3 7 

Solving the Stru cture 

A Patterson map, made wi th all 916 collected reflections, showed 

four equivalent y coordi nates for the bromine atom namely, 0 .2, -0 .2, 

0 . 3 ,  and -0 . 3 . The z coordi nate, not bei ng critical for the first 

atom placed, was given an arbitrary value of zero. This i s  charac

teri stic of many non-centri c space groups. 3 8  The x coordi nate for the 

bromine atom was observed to be zero. 



When the bromine atom was placed at each of the four poss ible 

pos itions , the least squares calculations gave equivalen t R factors . 

It was determined later that the difference between the four wa s a 

choice of origins . Any one of the four choices for the bromine atom 
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position would have led to the solution of the structure . The only 

difference would have been the atom positions moving 0 . 5  units of the 

unit cel l or changing to negative in s igns . 

Al l cal culations were performed at Lawrence L ivermore Laboratory . 

In performing Fourier calculations , the data were examined visually 

and all reflections having an Fe less  than 50 percent or more than 200 

percent of their respective Fo were eliminated from the Fourier cal

cula tions . This was not necessary for the other structure solutions 

a s  the computer program used at South Dakota State University auto

matical ly rejected these reflections . 

Three hundred of the more intense reflections were selected as a 

partial data deck for obtaining the trial structure . Computer time 

would thus be conserved . 

Arbitrarily , the bromine atom was placed at ( o . o ,  0. 2 ,  o . o ) . 

The first Fourier map of one molecular unit revealed two mirror planes . 

After the first atom was placed, the second atom could be placed in any 

one of four equivalent pos itions revealed by the Fourier map . The 

second atom placed destroyed a pseudosymmetry plane , and the subsequent 

Fourier map showed only the one remaining mirror plane. The third 

atom could be arbi trarily placed in one of two equivalent pos iti?ns 



de stroying the remaining mi rror pl ane . All subse quent atoms had to 

be placed in onl y one position rel ative to the first three atoms. 
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The first attempt at sol ving the structure proved unsucce ssful 

as the conditions rel ating to destroying mirror pl ane s we re viol ated. 

The effect of the se cond atom pl aced, the phosphorus atom, was dif

ficul t to observe . Its z coordinate of 0 . 225 pl aced it ve ry cl ose 

to 0 . 25 whi ch is a "centrosymrne tric" l ocation . This, pl us its re la

tivel y l ow atomic numbe r, pre vented the e ffective de struction of the 

pseudosymrne tric pl ane . The subsequent errone ous positioning of the 

third atom, the chlorine atom, did not lead to the sol ution of the 

structure . 

Fortunately, the phenoxy derivative, Compound 2, had bee n  solved 

and whil e the structure was diffe rent, the bromine -phosphorus distance 

could be calcul ated with reasonabl e accuracy. The re sul ts of the 

structure sol ution of Compound 2 pl us the expected bromine-carbon dis-

ta nce gave an e xpe cted bromine-phosphorus distan ce of 6. 5A.  A 

rel ative ly intense peak at thi s distance from the bromine atom, was 

dete rmined to be caused by the phosphorus atom. 

The position of the chlorine atom was not dete rmined ne xt (a 

mistake made the first time). The carbon atoms of the benzene ring 

were l ocated wi"th the aid of a difference Fourie r map. Afte r  they had 

been pl aced, the chlorine atom position was l ocated and pl aced in the 

structure with the aid of a difference Fourie r map. 
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The other atoms were then located by calculating difference maps, 

inspecting the maps for new atom positions and calculating a least 

squares cycle with the new positions to obtain the R factor. When all 

the atoms were in place, the R factor was reduced to 0. 1 1  after three 

cycles of least squares calculations. 

Anisotropical temperature parameter refinement was next carried 

out on all nonhydrogen atoms with all data points greater than two 

standard deviations above background. This was 616 reflections of the 

912 total. A weighting scheme was introd�ced at this point similar to 

the one used for the final refinement of Compound 2. 

From a difference map made at this time, the hydrogen atom 

positions coul d not be unambiguously found . However, all but three of 

the hydrogen atom positions were fixed by the nonhydrogen atoms. The 
} 

positions of the 10 hydrogen atoms that were fixed were calculated and 

placed in the structure. Refinement on these hydrogen atom positions 

·failed to reduce the R factor, so the positions were left unrefined . 

The estimated standard deviation values made it evident at this 

point that Compound 3 was not to be solved as elegantly as the first 

two structures. With those structures the Fo ' s  above five were above 

the three ptandard deviation cutoff point. With the third compound 

the reflections with Fo ' s  of 20 were below the two standard deviation 

cutoff point. 
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Summary 

The final atom positions of the nonhydrogen atoms are shown in 

Table 21. The hydrogen atom positions are shown in Tabl e 22. Tabl es 

23 and 24 l ist bond distances a nd angles, res pectively . Thermal para 

meters of the nonhyd rogen atoms are shown in Table 25 . The isotropic 

hydrogen thermal pa rameters are arbitraril y set at 5. 0 .  

Usi ng all 912 data points at unit weight gave an R factor of 

0 . 12 .  The weighted R fa ctor using 616 data poin ts was 0 . 054 . 

The structure could be better resol ved using copper radiation. 

Although the d ata coul d be improved and thereby the esti mated standard 

deviations l owered, there is l ittle doubt of the correctness of the 

structure. The Ta ble of F o  and Fe's upon which the s tr uc ture is ba se d  

are shown in Tabl e 26 . Molecular diagrams were made using the computer 

program ORTEP and are shown in Figures 5, 6. 7 ,  and 8 .  
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Ta bl e 21 

P os iti ona l Parame ters o f  the· Nonhydrogen Atoms 

(x 10 4) for Compound 3 

A tom X y z 

Br 4939 ( 2 )  1 2022 ( 2 )  5000* 

Cl 964( 7 )  2357 ( 9 )  5531 ( 7 ) 

p 2619 (4 )  6063 (6 ) 2248 ( 5 )  

0 ( 1 )  3048(12 )  5079(20 ) 3230 (13) 

0 ( 2 )  1549 (14)  5323 ( 21 )  1854(12 )  

0 ( 3) 3390 ( 11 ) 6245( 17 ) 1372( 12 ) 

0 (4 )  2215(13)  7505 ( 1 8 )  2815( 15 )  

C ( l ) 3454( 18 )  9704( 25 )  4966 ( 22 )  

C ( 2) 2888 (16 )  8523 ( 26 )  3327 ( 21 )  

C (3 )  2862(16 )  8650 ( 22 )  4473( 20 )  

C (4 )  3545 ( 17 )  9332( 25 )  2693( 20 )  

C (5 )  2223(17 ) 4541 ( 23 )  .4094(16 )  

C ( 6 )  525 ( 21 )  3509 ( 26 )  4469( 21 )  

C ( 7 )  4104( 17 ) 10574( 25 )  4340 (19 )  

C ( 8 )  4188 ( 18 )  10365 (30 )  3231 ( 23)  

C ( 9 )  1647 ( 22 )  2370 ( 29 ) 2947 ( 23)  

C (l0 ) 806 ( 19 )  4839 (30 ) 2695( 24) 

C ( l l ) 1345 (17 )  3805 ( 25 )  3557 (18 )  

* Pa rame ter not r efined 



Atom 

H(l) 

· H(2) 

H(3) 

H(4) 

H(5) 

H(6) 

H(7) 

H(8 ) 

H(9) 

H(lO) 

Table 22 

Positional Parameters of the Hydrogen Atoms 

(x 10 4 ) for Compound 3 

(No parameters were refined) 

X y 

3390 9800-

3610 9210 

4620 910 

2410 8110 

2100 5290 

500  5500 

3 3 0  4480 

253 0  403 0  

290 4369 

-70 317 5  

88  

z 

570 0  

1980 

2840 

4900 

4450 

3 000 

2410 

4500 

4748 

4139 
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Table 23 

Interatomic Distances (A)  for Compound 3 

A tom 1 Atom 2 Distance Atom 1 A tom 2 Distance 

0 
0 

Br C(7 )  l. 87 (2)A C(6) C(ll) L 53 (3)A 

Cl C(6) 1 . 7 4(3) C(7) C(8) 1 . 34(4) 

p 0 (3) 1 . 44 (2) C(9) C(ll) 1 . 55(4) 

p 0 ( 1 )  1 . 55(2) C(lO) C(ll) 1 . 55(4) 

p 0 ( 2) 1 . 57 (2) H(-1 ) C(l) 0 . 8 8  

p 0 (4) 1 . 59(2) H(2 )  C(4) 0 . 86 

0 (1 ) C(5) 1 . 55(3) H(3) C(8) 0 . 87 

0 (2) C( lO) 1 . 44(3)  H(4) C(3) 0 . 91 

0 (4) C(2) 1 . 40 (3) H(5) C(5) 0 . 82 

C(l) C(3) 1 . 3 5(3) H(6) C(lO ) 0. 80  

C(l) C(7) 1 . 36(3)  H(7) C(lO) 0 . 76 

C(2) C(4) 1 . 34 (3) H(8)  C(5) 0 . 78 

C(2)  C(3) 1 . 37 (4) H(9) C(6) 0 . 90 

C(4) C(8)  1 . 40 (3)  H(lO) C(6) 0 . 90 

C(5) C(ll) 1 . 45(3) 
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Table 24 

Interatomic Angles for Compound 3 

0 (1 )  p 0(2 )  1 07 (1 ) 0 C(ll) C(5) H(5) ll8 ° 

0 (1 )  p 0(3 )  112( 1 )  C(ll) C(5) H(8 ) 112 

0 (1 )  p 0(4) 106(1) C(l)  C(6 ) C(ll) 1 14(2 ) 

0 (2 )  p 0(3 )  1 1 5(1 ) C(l)  C(6 ) H(9) 111 

0 (2 )  p 0(4) 1 0 1 (1) C(l) C(6 ) H(lO ) 112 

0 (3 )  p 0 (4) 1 1 4( 1 )  C(ll) C(6 ) H(9) 1 09 

p 0 (1 ) C(5) 116 (1 )  C(ll) C(6 )  H(lO ) 1 09 

p 0 (2 ) C(lO ) 119( 1 )  Br C(7 ) C(l) 122(2 )  

p 0 (4) C(2 ) 123(1 ) Br . C(7 ) C(8 ) ll8 ( 2 )  

C(3 ) C(l) C(7 ) 121 (2 )  C(l) C(7 )  C(8 ) 1 20(2 )  

C(3 ) C(l) H(l) 1 17 C(4) C(8 ) C(7 ) 120(2 )  

C(7 ) C(l) H(l) 123 C(4) C(8 ) H(3 ) 120 

0 (4) C(2 ) C(3 ) 11 8 (2 )  C(7 ) C(8 ) H(3 ) 120 

0 (4 )  c(2 ) C(4) 120(2)  0(2 )  C( lO ) C( ll ) 1 1 1  ( 2 )  

C(3 ) C(2) C(4) 1 22(2 )  0 (2 )  C(lO ) H(6 )  1 1 3  

C(l)  C(3 ) c(2 ) 1 19(2 ) 0 (2 )  C(lO ) H(7 )  llO 

C( 1 )  C(3 ) H(4) 119 C (ll) C(lO ) H(6 ) 112 

C(2 ) C(3 ) H(4 )  122 C(ll) C(lO ) H(7 )  112 

C(2 ) C(4) C(8 ) 118 (2)  C(5) C(ll) C(6 ) 107 (2 )  

C(2 ) C(4) H(2 )  123 C (5) C(ll) C( 9 )  114(2 ) 

C(8 ) C(4) H(2 )  11 9 C(5) . C(ll) C(lO ) 1 1 0 (2 )  

0 (1 )  C(5) C(ll) 1 12(2 )  C(6 ) C(ll) C(9) 111 ( 2 )  

0 (1 )  C(5) H(5) 102 C(6 ) C(ll) C(lO ) 106(2 )  

0(1 )  C(5) H(8 ) 1 0 5  C(9 )  C(ll) C(lO ) 1 0 8 (2 )  



Atom 

Br 

Cl 

p 

0(1) 

0 (2) 

0 (3) 

0 (4) 

C(l) 

C(2) 

C(3) 

C(4) 

C(5). 

C(6) 

C(7) 

C(8 )  

C(9) 

.c(  10) 

C ( l l ) 
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Table 25 

T emperature Parameters of the Nonhydrogen Atoms 

(x 104 ) for Compound 3 

B 1 1  B 2 2  B 3 3  B 1 2 B 1 3  B 2 3 

43(1) 42(1) 41(1) 12(1) 4(1) -8(1) 

80 (5) 59(4) 45(4) 18 (4) 2(4) 18 (3) 

25(3) 28(2) 23 (2) - 3 (2) 9(3 ) 2(2) 

22(7) 38(8)  29(7) -4(6) -2(6) 5(7)  

50(9) 46(9) 19(7) -16(8)  1(6) 11(6) 

29(7) 42(8 )  22(7) -2(6) 5(6) - 11(6) 

36(9) 48 (9) 41(8) -11(6) -8 (6) -9(7) 

56(12) 44(10) 20 (9) 12(10) - 4( 12) 0(12) 

18 (9) 41 ( 11) 3 3 (11) 3 (8 )  -1(9) 0(9) 

17 (9) 31(10) 34(10) - 3(7) 7 (8 ) -8 (9) 

24( 10) 38 (11) 29(9) -17 (9) -4(8) -11 ( 9) 

32(10) 29(10) 17(9) -6(8)  -5(8) - 5(8) 

38 (  11) 32(12) 3 5(11) -29(10) - 2(10) 12(9) 

3 2(10) 32(10) 26(- 11) 0(9) 4(8)  0(8) 

24(11) 51(13) 41(13) -4(10) 14(9) 1(12) 

42(13 )  36(12) 44(13) 2(10 ) 7 (11) -4(10) 

37 (13) 37 (12) 50 (13) 3 (10) -7(11) -13 (12) 

38 (12) 25(10) 21 ( 11) 7(8) -10 (8 )  0(9) 

F actor e xpressi on used i s: 

{ 1 r B 1 1h 2 B 2 ,,J<: 2 B 3 31
2 2B 1 Jik 2B 1 ,,hl 2B 2

:,kl ] }  
exp - ·4 + + + + + 

, L a 2 b 2 c 2 ab a c be 
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Table 26 

Fo-Fc Va lues - for Compound 3 

H , K= o ,  0 2 3 't  H 0 1 0  1 1  L Fo e FCA  1 1  1 ft 1 2  
' 

1 0  16  16  

L F C' 9 F C A  4 3 �  B 1 6 0  6 2  0 1 !\ 1 ft  1 1  3 2  3 3  
2 8 6  8 0  6 3 2 2 8  2 2 5  2 8  1 J 3  3 3  ti , K= ? ,  5 12 1 0  1 0  .. 1 6 4 1 6 3  8 2 4  23  J 8 4  1' 2  2 2 0 9  2 1 2  L F O O  F CA H ,  K =  J ,  2 
6 6 6  6 9  ,. 2 3  2 3  4 8 2  8 2  0 5 1  'i 6  L F CB F C A 

8 22 1 q  H , K = 0 ,  � r; 5 4  5 4  5 4 8  5 0  1 1 9  1 8  C 1 0  5 

1 0  3 3  3 1+ L F O B  =c A  6 0 CJ c 6 7  7 0  2 8 9  C; O  1 95 g 3 

12 2 1  2 1  0 7 49 5 1  e 5 5  5 2  .. 4 2  4 3  3 5 3  5 6  
9 � 

2 3 4  3 :i  " 2 7  2 9  9 q 1 2  5 8 9 

H , K= o ,  1 q 43 4 3  1 0  2 8  3 1  6 6 5  6& H- , K = 3 ,  
1 9  2 1  

L F O e  F C A  1 0  0 1 1  1 2  3 3  2 9  1 9 J L F C B  FC A 

2 1 2 1\  1 2 CJ  
6 1 7  1 5  

11  1 7  2 1  8 2 6  26 0 0 7 .. 7 0  6 9  H , K= o ,  9 : H , k= 2 ,  1 g 1 0  1 2  1 6 2  6 5  
6 3 '- 3 5  L F OB =- c A  H , K=  1 ,  5 L FO B F C A  1 0  Z l+  2 6  3 5 8  5 8  

8 2 5  2 2  0 0 :, L F O R  F C A  0 9 CJ  9 8  
,. 51 4 8  

1 0  ,. 1 1+  2 3 .. 3 3  0 2 0  2 3  2 1 9  1 !!  H , K= 2 ,  . 6 5 3 0  3 1  

2 0  2 0  2 2 5  2 4  3 1 1  CJ L F C B  F C A  6 1 0  3 
12 

5 .. 15 ,. 2 3  2 1  0 2 .4 25 7 3 0  3 3  
H , K =  1 , 1 

6 1 4  1 1  5 2 8  2 7  1 2 0  1 7  g 27 2 6  H , K= o ,  2 L F O B  = C A  1 0  2 7  2 6  
8 9 1 0  E 3 6  3 6  2 1 5  1 6  . L  r e s F C A  0 3 6  4 !+  

,. 6 3 9  9 0 4 7 1 8  1 ft  J 1 6  1 5  
1 6 0  5 3  -i ,  K =  3 ,  4 

2 1 5 1  1 5 8  1 0  1 3  1 6  e 1 3  1 't  4 34  :!2  
3 8 5  6 1  

9 1 5  1 5  5 2 4  2 5  L F OB F C A  
It 1 0 3  1 0 7 4 4 2  4 t  0 1 6  1 8  
6 3 C.  3 4  5 8 6  8 2  

H , K =  1 ,  6 1 0  3 3  3 4  6 1 3  1 3  
l FOB FCA 1 1  1 8  1 6  7 8 I+ 1 8 5  8 5  

.. 3 '+ 1  6 2 5  2 2  2 2 6  2 6  
10  i 1 7  7 8 2  8 2  

0 6 2 . 1 2  1 8  1 o  8 1 1  16 
1 S it  5 !  g 7 1 1  3 lt 9  5 1  

1 2  0 3 8 2 5  2 3  z 2 4  2 4  H , K= Z ,  2 ,. 3 7  3 7  
9 6 4 6 2  

1 3 1  3 3  l F O B  F C A  H ,  K =  2 ,  7 5 5 5  5 2  
H , K= o ,  3 1 0  1 6  1 2  Ct 1 6  1 q  0 1 1 3 1 1 6  L F C B  FCA  6 2 2  2 1  

L F C B  f C A  1 1  3 7 3 3  5 4 3  4 3  2 12 3 1 2 2  0 '4 9  5 0  7 4 2  3 8  
0 1 0'> 1 0 1  12  4 5 6 2 2  2 0  3 ,. �  4 3  1 0 9 8 1 q  1 7  
2 5 &  5 6  7 3 0  3 0  .. 6 0  60  z 4 4  '4 6  9 2 1  1 9  .. 75 7 3  H , K= 1 ,  z 8 2 1  2 4  � 7 1  6 9  3 1 1  6 1 0  1 0  5 

6 6 3  £, 4  l FO B = : �  q 2 3  2 c;  7 2 9  2 8  5 0 5 1 1  3 1  2 8  
8 2 6  2 3  0 1 6  1 3 1 0  0 1 0  8 3 3  3 3  6 1 9  2 0  

1 0  3 0  3 0  1 8 6  8 ft  9 2 0  2 3  7 5 2 
� , K =  J ,  5 

12  2 3  2 3  2 95  9 5  H , t< =  1 ,  7 1 0  3 2  3 2  8 1 3  1 6  L F 09 FC A 
J 6 6  6 1  L F O B  F C A  1 1  6 Zt 0 22  1 q  

H , K= 0 '  4 4 2 6  2 7  1 J O  2 9  1 2  2 3  2 5  H , K= 2 ,  8 2 t 6  1 6  
L F O B  F C A  5 4 1  «. 2  2 2 2  2 2  L F O B  F C A  3 · 6  5 

2 3 1t  J 5  6 2 2  2 5  3 2 7  2 7  H , 1< = 2 ,  3 0 4 3  C. 2  5 2 1  1 8  
f, 2 7  2 7  7 2 4  2 E  ,. 2 0  2 2  l FO B F C A  1 1 6  1 3  6 11 J 
8 3 &  3 8  8 8 1 3  5 2 1  2 'c  0 4 0  .. 1 2 6 1 0  1 1 1  J 

9 1 6  1 5  6 0 2 0  1 2 '1  2 7  3 1 1  1 2  8 1 2  1 3  
H , K= o ,  5 1 0 2 1  2 4  7 1 4  1 0  2 8 1)  8 1  4 2 6  2 6 . q q 8 

L F e e  F C A  1 1  2 1  2 3  lJ 1 3  7 .. 8 8  8 5  5 0 1 1 0  1 2  5 
0 1 0 1 1 0 2 1 2  2 4  2 3  5 0 3 6 2 1  2 0  
2 7 3  7 5  H , '< = 1 ,  e 6 4 2  r. 1  7 ,. 7 H , K= J, 6 ,. 7 5  7 6  H , K-= 1 , 3 L FOB  F C A  7 1 9  1q  L F O B FC A 

5 ft  5 6  
L F O O  Fr. A I} 2 5  2 7  e 6 S  6 4  H , K = 2 ,  9 0 3 8  3 8  6 
0 8 1  7 9  5- ,.  5 5  1 1 5  1 4  q 1 6  1 2  l F O B  F C A 1 5 2  '+ 5  
1 i. a  3 7  

2 a 2 1 0  2 5  2 6  .0 25  2 0 3 10  28 2 8  
· 2  6 7  6 4  1q  

24  2 5  1 1  8 Ct 1 1 i} 1 0  J 62  6 ft  
J 5 5  5 0  

4 2 0  1 '\ 1 2  0 1 0  2 2 6 ,. 1 2  1 4  H , K-= O ,  , ,. 3 4  3 5  1 z q  25  3 1 3  5 5 4 3  4 6  
l F O B  r : �  5 6 0  6 1  tl , tc= 2 ,  ,. 6 23 2 3  0 1 3  1 5  & 2 5  2 8  ,. q 1 8  

H ,  I<= 1 ,  q l F O E F C A  7 J 5  J 7  
2 3 3  3 0  7 5 2  .. q L F O B  FCA 0 1+ 9  5 2  H , K = 8 7 3 J , 1 ,. 1 0  1 1  R 2 1  1 q 0 0 0 1 2 5  2 2 . L F o n  q 27 2 8  F CA 6 c. o  3 9  q 4 1  ,. ,.  1 J 1  J 3  2 ' H, 3 6  1 ·1 3 1 1 26 a 3 & 1 0  1 8  1 6  2 0 '1 ,. 1 5  3 7  2 1 7  1 6  

H , I( : 3 ,  7 
10 1 g 1 1  2 7  z c.  J 2 1+  2 4  5 1 4  1 5  5 S 3  �3  

l F C O  FC A 
1 2  2 1  1 8  ,. 0 Ct f: Z S  2 ft  6 2 5  2 5  

0 3 0  3 1  
H , K= o ,  7 5 2 Z  2 1  8 3 0  3 3  1 5 4  5 2  

1 3 1  3 Z  
l F OB =- c t  H , K =  1 ,  Ct 9 0 5 8 1 6  1 7  2 t s  1 6  

6 .. 6 �  L F O O  F C A Pi , K= l ,  0 1 0  1 3  1 6  q 3 1  31 3 1 3  1 4  
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Table 26 (Continued) 

.. 1 9  1 6  � , K= ,. ' 3 L FOB  FC a 5 5 1t  5 ft  � 2 6  2 1+  4 Z t.  2 6  
5 2 3  2 5  L F O B  F CA 0 1 8  1 7  6 1 7  1 't  1 0  3 q  4 2  5 7 1 
6 2 7  2 7  0 IH 80  1 9 1 2  7 2 8  3 0  1 1  1 1  1 0  6 4 3  I+ ]  1 1 9  1 7  1 2 0  1 9  2 3 2  3 2  8 1 'f  1 5  7 2 2  2 ]  
8 1 5  q 2 8 8  i 2  3 1 D  1 9 2 9  2 8  H , K= 6 ,  1 8 3 8  J ;  

I+ 3 5  3 5  ,. 3 1 5  1 0  7 1 0  L F C O  F C A  9 ,. 2 
H , K= 3 , 8 5 1 9  18  5 1 1  5 0 2 2  2 2  

F O B  F C A 6 S o  55  6 Z it  23  H , K= 5 ,  5 1 2 7  2 8  H , K= 6 , 6 
0 8 7 6 6 4  55 

L F O B  F C A  2 1 1  1 0  L F O B  =- : ,  
1 2 0  2 3  7 1 8  1 1+  H , I( :  ,. t «: 1 0 1 0  J '3 1  3 1  0 3 5  3 2  
2 21+ 2 5  8 3 6  3 8  l F O B  F C A  2 1 8 ,. t 3  6 1t  1 7 1 0  
3 1lt 1 2  9 u 1 7  0 5 2 J 1 8  2 3  5 0 3 2 1 1  1 3  .. 9 1 2  1 0  1 ft  22 1 1 2  1 0  ,. 1 6  1 2  r, 2 3  2 3  3 2 0  2 0  
5 1 5  2 2  1 1  0 5 2 2 3  2 0  5 1 7  1 0  7 1 9  1 6  4 1 6  H 
6 1 0  1 0 3 6 9 6 1 !  1 9  9 0 5 5 1 4  1 1  H , K= ,. ,  ,. 

7 9 7 1 0  H 1 5  6 2 0  2 3  
'4 ,  k:= 3 ,  9 L F O B  F C A  H , K =  5 ,  1 8 f, · s 1 1  0 3 7 1 3  1 2  

l F O B  F C A  0 1 5  1 6  L roe  F C A  
9 0 1 2  8 0 3 0 1 2  1 0  2 3 0  29  0 ,. ,. H , K= 6 ,  2 1 9 1 7  I+ 1 0  15 1 1 0 8  1 0 <3  H , K= s ,  6 L r e s  F C A  H , K =  6 ,  1 

2 0 7 5 1 8  1 9  2 5 8  6 0 L F O B  f" CA 0 lt 1  3 9  L F O B  F C A 
3 2 7  25  6 1+ 2  «. 2  3 9 1+  9 5  0 1 2  2 1 4 2  4 2  0 3 0  3 3  .. 1 1  11  7 1 3  9 ,. H 1 J  1 5 5  5 8  2 5 2  1+ 2  1 1 1  1 3  

8 3 1+  3 1  5 ,,. 7 1  2 2 8  3 1  J 3 5  3 3  2 1 2  1 't  H , K= ,. ' 0 1 0  2 0  1 8  E 1 E  1 <.l  3 l+ O  39  ,. 4 5  4 5  3 1 2  1 
L FO B FCA 1 1  0 7 1 4 1  4 0  ,. 8 8 5 9 5 ,. 2 1  H 0 7 6  .,.,. 

H 3 '; 5 J i  3 6  6 3 2  3 2  5 5 1 9  
. ' 

1 2 8  29  H . K=  4 ,  5 1 0  1 2  3 6 2 5  2 6  7 1 7  1 8  £, 2 &  2 !t  2 8 1  7 0  L FO B F CA 1 1  0 1 0  7 2 5  2 9  6 3 6  3 6  7 8 1 0  
J 2 ft  21+ 0 6 6  6 6  e 1 2  1 3  9 o 8 .. 1 1 7  1 1 2 1 1 7  1 7  H 9 K :  5 ,  z 1 0  3 3  3 1  H . K= 6,  5 5 1 6  1 6  2 2 7  2 c;  L F O B F C A  H , K= 5 ,  7 1 1  a ,. l F O B  =- C A  
6 3 7  3 6  3 2 6  2 5  0 1 3  1 3  l F O B  F C A  0 2 2  2 2  
7 1 1  1 4  ,. 7 9  7 e 1 2 4 2 7  1 0 ,. H ,K= 6 ,  3 1 7 1 2  CJ 3 7  4 2  5 2 2  2 0  2 3 8  37 2 Z it  2 6  L F e e  F C A  2 1 2  1 7  

1 0  5 6  51+  f 2 8  2 E  3 6 9  6 8  3 2 5  2 &  0 5 5  5 8  3 0 7 
1 1  0 2 7 9 8 ,. ,. 0 4 0  I+ 1 8  17  1 2 9  z q  ,. 3 0  32  1 2  tit 2'+ 8 3 5  3 e  5 2 8  2 9  5 1 8  1 6  2 3 0  3 1  

9 .. 7 6 3 0  J «.  6 1 6  1 4  3 7 1 0  L F O B  F C 4 
tt, K= .. , 1 1 0  3 1  2 9  7 lt l  4 1  7 2 2  2 1  ,. lt 5 '+ 5  0 · o 1 1+  

l f O B F C A  a 2 1  2 5  
5 2 J  2 2  1 7 1  8 1  

z 3 7  3 9  H ' I< :  ,. , E CJ 2 5  2 2  
H • t<= s ,  8 6 .. ,. 4 2  2 1 7  1 9  

2 2  2 1  L F O B  F C A  1 0  1 2  1 1  L FO B FCA  7 1 0  1 &  :1 7 1+  
5 2 ,.  25  0 1 0  � 1 1  2 2  2 2  0 2 7 2 6  8 1 3  1 2  .. 3 6  H 
6 lt 8  48 1 2 4  2 3  1 2 6  2 6  9 6 1 1  5 2 6  zq 
7 1 1  1 1  2 2 9  3 2  H • I<= s .  3 

2 8 1 1 0  2 5  2 5  6 1 1  r 
8 1 6  1 5  J 1 7  1 <i  l F O B  F C A  3 2 8  2 5  7 ,. e ft 5  
9 2 0  19  ,. 2 1  22  0 H 1 4  ,. 2 1  ·1 s  H • K= 6 ,  4 8 1 9  1 7  

1 0  1 6  1 8  5 2 2  2 ft  1 8 7  6 8  5 2 0  1 7  l F C 8  F C A  g 1 3  3 
1 1  1 4  1 3  E 1 6  1 2  2 1 1  1 5  0 2 0  2 0  1 0  1 7  1 7  
1 2  1 6  1 7  1 1 't  1 ft  3 5 7  5 8  H ,K= 5 ,  q 1 2 2  2 1  

1 3  1 5  ,. 1 ft  1 7  L F o e  F C A  2 1 4  q H , K= 7, 2 
t< , K = ,. , 2 CJ 7 ,. 5 2 9  3 0  0 5 9 � 3 2 0  1 8  L F O B  i:- c 4  

L FO O F C A  6 3 6  lt l  1 22  2 1  I+ «. 5  ,. 7 0 6 1 7  
0 8 9  8 5  H , K =  4 ,  1 7 1 5 1 3  2 � 6 5 1 9  2 0  1 3 9  H 
1 lt 0  � 6  l F O B F C A  8 z q  3 2  6 1 9 1 9  2 1 7  1 1:>  
2 lt 5  4 3  0 1 2  7 9 8 ,. H , K= 6 , 0 7 5 6 3 3 1  3 ?  
3 lt 2  4 1  1 6 CJ 1 0  1 8  1 9  L F C B  F C A  8 2 5  2 5  I+ 3 0  z �  .. 1 7  ,,. 2 3 3  3 5  1 1  1 1  17 Q ft O  4 2  9 1 1  8 5 It &  4 3  
5 5 9  5 8  J 0 8 1 3 3  3 2  1 0  2 1  2 2  6 2 1  22  
6 1 0  70 " 2 CJ  z i  H , te = 5 ,  .. 2 7 2  7 2  7 2 0  Z J  
7 1 6  1 3  5 0 2 l F O B  F C A  3 . 1 s  2 0  · H ,  I(: 6 ,  5 3 1 1  2 2  

· a lt 5  C. 6  E 2 8  2 e  0 1 8  1 9  .. 3 2  3 2  L F e e  F C A  9 1 It 1 1+  
C) 2 5  21+ 7 1 ft  1 1  1 7 1  6 CJ  � 3 6  3 6  0 .5 1t  3 .. 1 0  3 1 1  to  l it  3 4  e 2 1  2 1  2 1 5  1 8  6 1 0 lt  1 0 3 l 1 3  1 3  H , K =  7 , 3 

1 1  0 1 2  3 6 5  6 1  1 3 6  3 8  ?. 6 6  & 5  L FOB  F C A  
H , K s  .. ' & It 1 5  1 2  8 '5 ft  � o  3 2 0  2 1  0 5 5 
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Tabl e 26 (Continued) 

1 '4 7  '4 7  1 3 3  :n 2 2 3  2 3  1 2 6  n 1 9 1 .. 6 1 1  
2 2 2  2 3  2 4 6  4 9  � 2 3  2 3  2 2 1  2 0  8 1 9  1 q 5 1 9  1 9  
3 3 6  3 6 3 3 4  3 4  4 4 2  4 0  J 27  25  

6 7 12 
7 9 .. f, 3  6 7  5 2 2  2 3  ,. 1 5  1 2  H , K =  1 0 ,  3 

3 9  '4 2  5 3 6  3 5  E 2 9  zq 5 3 6  3 5  l F 08 FC A t- ,  K =  1 1 ,  
3 6  3 7  6 4 0  4 2  1 1 1  3 6 H, 1 3  0 52 5 7  L F O B  F C A  

7 1 1  1 6  7 4 0  3 �  e 1 <3 2 1  7 2 3  22 1 1 2  1 3  0 6 12  
8 1 8  2 1  6 '4 5  '4 7  6 0 1 2 2 7  2 5  1 1 7  2 0  
q 1 0  1 13  q 3 3  B H , K = 8 ,  £, 3 3 J 2 1 2  1 2  

1 0  1 5 1 3  1 0  2 4  2 3  L FO B F C A · H , K= q ,  5 4 2 13  3 0  3 Z&  2 3  
0 0 1 6  L F C B F C A  5 1 8  1 6  I+ 1 3  1 0  

H , K = 7 ,  4 ... , I<= 8 ,  1 1 1 6  1 3  0 1 5  1 6  £, 2 1  2 2  5 8 12  
F O B  F C A  L F o e  F C A  2 2 2  2 4  1 1 5  9 7 0 5 

0 7 1 6  0 6 1 1  3 0 2 2 fl 7 1 H, K= 1 1 ,  5 
1 £, fl  6 2  1 0 7 ,. 8 8 3 1 2  14  H , 1<= 1 0 ,  4 L FO B F CA 

6 2 2 2 4  2 4  s 7 1 5  .. 0 6 
L F CB FC A 0 I+ 1 0  

lt 6  lt f  4 2 2  2 2  6 1 1 0  5 1 4  1 7  1 1 6  1 ft 1 0 6 ,. 1 4  H 5 7 3 6 8 6 2 9 ,. 2 7 1 3  
5 3 5  3 5  6 2 6  2 5  H t I<= 6 ,  7 7 0 7 3 1 6  1 It 3 1 3  8 

O · ,. 7 2 6  2 6  l F O B  F C A  4 1 3  1 0  
3 2  3 2  e 1 6  1 8  0 1 8  1 6  H , K=  � .  6 5 1 9  1 �  H , K=  1 2 ,  0 
1 2  1 1  <3 7 4 1 9 1 0  L F C B  F C A  6 6 5 L FO B F C A  
2 0  2 1  1 0  J 8 2 . 2 6  2 4  0 9 3 

1 1 ,.  16  3 lit 1 7  1 3 2  3 0  H , K =  1 0 , 5 2 2 6  25  
H , K =  7 ,  5 H ,  IC :  8 ,  2 4 1 8  1 9  2 1 0  15  

l. F OB FC A 3 1 0  1 3  
L F' O B  F C II  L FO B FCA  3 3 1  zq 0 1 3  8 .. 3 2  31  
0 1 2  '3 0 5 3  5 2  H , K = q ,  1 4 1 1  5 1 0 5 5 6 1 7  
1 1 5  1 E  

1 2 6  2 4  L F C B  F CA . c; 2 1  2 3  2 ft O  3 8  6 2 0  16  
2 7 .. 2 4 1  3 8  0 0 3 3 1 3  1 ft  
J 1 2  1 2  3 2 1'  3 0  1 3 1t  3 3  H , K= g , 7 I+ 2 4  2 3  1-1 , K =  1 2 .  1 .. 0 3 ,. 3 7  3 8  2 27  26 l F O B F C A  5 q 4 L FO B  F CA 
5 1 8  2 3  5 2 3  2 D  3 3 5  3 6  0 0 1 0 7 3 
6 1 8  _ 1 6  e 3 6  3 9  4 3 6 1 1 8  1 7  H , t< = 1 O ,  6 1 6 10  
1 q 7 7 6 6 5 5 1  52  2 1 8  1 5  L F O B  FC A 2 2 7  23  
8 1 6  1 7  

e 1 3  1 8  6 24  24  3 2 0  2 0  0 1 6  1 8  3 1 7 14  
C; 0 1 2  7 1 3  1 ft  1 7 3 .. 6 1 0  

H , K =  7 ,  6 1 0  1 7  1 4  � 15  1 1  H , K =  1 0 .  0 2 2 0  1 1  5 0 9 
l F O B  FC A 9 3 ft  35  L F C B  FC A 3 9 1 1  
0 1 7  1 't  H '  I( :  8 , 3 a 2 8  3 0  t-f,  K= 1 2 ,  2 
1 2 ft  3 1  l FO B F C A  H ,  K =  q .  2 1 1 5  1 2  H , K = 1 1 , 1 L .  FO B F CA 
2 0 4 0 2 3  2 4  L F C B  F C A  2 5 8  6 2  L FO B F C A  0 5 12  
J 3 6  3 7  1 1 8  1 7  0 1 0  H, 3 3 5  3 5  0 1 7  1 &  1 6 7 .. 2 0  2 1  2 6 3  6 1  1 2 3  2 1  ,. 36 3 S  1 3 2  3 2  
5 2 3  25  3 1 0  7 2 1 7  21  5 0 1 1+ 2 1 0  2 2  
6 0 1 0  4 2 9  29  3 2 8  3 0  6 2 8  3 0  3 2 6  2 8  

7 3 2  3 1  5 7 � 4 2 "  1 9  7 1 ft  2 0  ,. 1 6  1 4  
6 2 4  2 3  5 2 1 3  8 3 9 5 2 0  1 8  

H , K= 1 ,  1 7 2 1  1 8  6 0 1 2  6 1 9  16  
l FOB  F C A  

e 1 5  2 2  7 3 3  3 5  H . K =  1 0 ,  1 7 2 5  2 8  

0 2 1  2 1  ·9 0 6 e 1 3  9 l F O O F C  A 

1 1 9  1 '4  CJ a 16 I 1 1 1  1 0  ., , I(: 1 1 .  2 
2 1 5  1 8  

H ,  I<=  e ,  ,. 2 10  1 3  L F O B  F C A  
3 1 6  8 L FO B F C A H 9 1( :  q .  3 ; 3 2 1  1 9  � 0 1 q  1 9  .. 2 2  2 1  0 1 5  1 3  L F O B  F CA ,. 2 5  2 2  1 2 0  2 1  
5 1 1  1 8  1 4 1  4 2  0 2 8  30  5 1 7  1 3  2 1 9  17 

6 .. 3 2 4 0  4 1  1 J S  3 ft  6 0 1 2  J 1 7 1 1+  
3 2 1  2 1  2 1 3  1 5  7 6 1 .. 1 1 4  

H , K= 1 ,  e ,. 1 0  1 l 1 8  17 8 Q 9 5 2 7  26 
l F O R  F C A  5 1 3  1 5  .. 2 8  3 1  6 0 2 

0 D z 6 1 9  1 7  s 2 3  2 2  H . K =  1 0 ,  2 1 0 6 
1 2 3  2 0· 7 1 8 1 6  6 0 5 l F C B  F"C A 
2 1 7  H e 7 1 2  7 2 1  2 3  1 2 7  2 q  H , K = 1 1 ,  3 
3 1 5 1 7  8 1 Z  1 1  2 3 7  J S  l F O B  F CA 

H , K :s a .  5 J 1 3  t it  0 D 5 
H , t< :  " .  0 l FO O F C A  H , K =  q .  C. .. J J  3 lt  1 1 C) 2 5  

L F O B  F C A  0 6 J  6Cj  L F- O B  F CA 5 21  1 7  z Z J  27 
0 6'3 5 q  1 1 5  1 C) 0 _1

43 te  6 23 Z 'i  3 1C) t a  
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F igure 5. View 1 of Compound 3. 
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� igure 6 .  V iew 2 · of Compound 3 .  
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Figure 7 .  View 3 of Compound 3 .  
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Figure s .  Stereo View of Compound 3. 
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SUMMARY 

Single crystals of Compounds 1, 2 ,  and 3 were grown and used to 

obtain sets of x-ray intensity data. Before diffractometer data was 

taken a crystal of the compound being studied was aligned and z ero 

and first layer Weissenberg photographs were made.  The systematically 

absent reflections were revealed from the film data and were used to 

determine the space group. The film data were used to determine the 

degree of perfection of the crystal chosen for intensity data col

lection. 

The unit cell translations and angles were initially obtained 

from film da ta and subsequently refined with diffractometer data. 

Intensity da ta from film were collected for Compounds 1 and 2 and the 

data for Compound 1 were used to solve the structure of that compound. 

Diffractometer data were used for the structure solutions of Compounds 

2 and 3 .  

The structures of Compound 1 and Compound 2 were solved by the 

direct method of symbolic addition. This was accomplished u� ing the 

. computer programs FAMEB, MA GIC, and LINK . The atom positions were 

found from electron density maps and were refined by a full matrix 

least squares fitting process. 

Compound 3 was solved by . the heavy atom method and was completed 

at the L awrence Livermore Laboratory . First the bromine atom was 

positioned with the aid of a Patters on map. Difference F ourier maps 

foll owed by least squares adj ustme nt of atom parameters l�cated t he 

remaining· atoms . 



1 00 

From the final atom positions for each structure a molecular 

diagram was made using the computer program ORTEP. Bond lengths and 

bond angles were calculated also using ORTEP. All atom positions had 

estimated standard deviation values calculated from the full matrix 

refinement. These standard deviation values were subsequently used 

to calculate standard deviations in bond lengths and bond angles. 

The structures of three different substituted 5-chloromethyl-5-

methyl-2-oxo-1, 3, 2-dioxaphosphorinans have thus been elucidated. 
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APPENDIX 

A brief description of the computer programs used is pr esented 

here. While some pr ograms wer e only slightly modified, others wer e 

drastically altered to permit use in the IBM 360/40 computer or to 

confo�� to o ther policies. They were also modified to permit inter

change of d ata cards. 

FAMEB 

This is a F ORTRAN program which automatically manufactures E 

values. It was originally written by Dewar (University of Chicago) 

� nd subs�antially modified by Baenziger (University of Iowa). It is 

applicable to all c entric space groups of orthorhombic or lower 

symmetry systems. It will convert F o's (or Fo2 • s) to normalized 

str uctur e factors (E ' s) suitable for use with the K ar le-Hauptman 

probability relationship. 3 8  The program will prepar e an input tape 

for the prog ram MAGIC if so desired. 

Data Card 1 

This card can normally be left blank except for positions 11 and 

12. This is the place where the systems number of a linkage tape 

necessary to connect the two parts of the pr ogram must be added. Other 

spaces ar e to initiate various printing modes. Consult program for 

exact o ptions. 



Data Card 2 (615) 

The fields on this data card are: 1) number of atom types ; 

105 

2) number of data groups ; 3 )  if 1, use all data for a Wilson plot ; if 

2, skip first group ; 4) same as (3 ) except for last group ; 5) for Fo 

input, l ;  for Fo2 input, 2 ; 6) crystal class, triclinic put in 1, 

monoclinic (b unique) put in 2, monoclinic (c unique) put in 3 and 

orthorhombic put in 4. 

Data Card 3 ( 14F5. 2) 

The first seven fields are for epsilon values (E calculations ) and 

the last seven values are multiplicity factor$ (for a Wilson plot ) .  

Epsilon and multiplicity values are shown in  Tables 27  and 28, respec

tively. 

In case of centering, the epsilon values must be changed if the 

systematically absent reflections are omitted. For the Wilson plot 

the multiplicity values should be modified if absent reflections are 

neglected. 

Data Card 4 (215) 

There must be one card for every different type of atom (Data 

Card 2 Field l ) . · Each card contains the following : 1) number of 

atoms of a specified type in the unit cell ;  and 2 ) the atomic number 

· of the specified atom. The order of the cards must be the same as 

the order of the scattering factors on data card 5. 



Table 27 

Epsilon Values for E Calculation 

Mil l er Index Field  I rn2 m 2/rn 

.h O 0 1 1 1 2 2 

0 k 0 2 1 2 1 2 

h k 0 3 1 1 1 1 

0 0 1 4 1 1 2 2 

h O 1 5 1 1 2 2 

- 0 k 1 6 1 1 1 1 

h k 1 7 1 1 1 1 

mm2 rnrnrn 

2 4 

2 4 

1 2 

4 4 

2 2 

2 2 

1 1 

222 

2 

2 

1 

2 

1 

1 

1 

� 
0 



Mil l er Index Field 

h O 0 8 

0 k 0 9 

h k 0 10 

0 0 1 1 1  

h O 1 1 2  

0 k 1 13 

h k 1 14 

Table 28 

Multiplicity Factors for Wilson Plots 

Tricl inic Monocl inic 

2 2 

2 2 

2 4 

2 2 

2 2 

2 4 

2 4 

Orthorhombic 

2 

2 

4 

2 

4 

4 

8 

� 
0 
....J 
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Data Card 5 ( 313, I5, 122 Fb.5, 7F6 .4) 

The fields are: h, k, 1, Fo, W, l/4d2 , and atomic scattering 

factors. One card is required for each reflection. This is the same 

data card used for the least squares program. A -2 in columns 15 and 

1 6  (W ) signals the end of a data group. A Wilson plot will be made 

for each data group. Field 2 in data card 2 specifies the number of 

data groups. 

Data Card 6 ( 1 8 A4) 

This is the title card. 

Data Card 7 (212) 

The two fie lds are: 1) systems number of linkage tape; and 

2) if cards are desired for MAGIC , put in 2.  

Data Card 8 (12, Il, 12, Fl0.5, Il) 

The fields in the data card are as follows: 

1 .  The upper third of the E values are arranged in order according 

to their magni�ude. Beginning with the highest, all reflections that 

have Miller indexes which add to the Miller indexes of the reflection 

with the highest E _ value wil� _ be found and printed . The second high

est E valu e. wiii" be take� . n�·xt:f -� tc. .This· �;ill cont:f;ue "'until the 

number of E value determinations has exceeded the number in this field. 

2 .  L etter symbols (up to 9) will be assigned to high E values con

forming to odd-even characteristics of the reflections. The field 

specifies the number of _symbols to assign. 



3 .  This is the systems number of the magnetic tape prepared 

for MA GI C. If left blank, no tape is prepared. 

4. This is usually l; it is a factor for a weighting index on 

the symbolic interactions. 

109 

5 .  If O interactions will be printed; if 1 only totals will be 

printed. 

MA GIC 

This is the symbolic addition program. It w ill find the reflec

tions that conform to the Karle-Haupman equation, determine a con

tradiction table, and prepare an output tape for the program L INK .  

Data Card 1 (A 4, 1 4, FlO. O, 412) 

The fields on this card are as follows: 

1 .  space group designation, 

2. space group number (see subroutine SGSET), 

3 .  sigma (may be left blank if operating from a tape prepared 

by FAMEB), 

4.  systems number of input tape (0 if input is from cards) ,  

5. systems number of output tape, 

6. not used, 

7 .  not used. 



.... 

Data Card 2(31 1) 

The fields on this card suppress or permit pri nting output as 

fol lows: 

1 1 0  

1 .  I f  O, the program prints and symbol interaction; if 1 ,  print  

results; and if 2,  no printing. 

2. If O, symmetry rel ated reflections are printed ; if 1 ,  no 

printing. 

3. The program prints symbol equival ents if equal to 0.  

Data Card 3(2Fl0. 5, 212, FlO .O) 

The fields are: 

1 .  the starting probabil ity for sign determination, 

2. the ratio o f  contri butors to inconsistenc ies, 

3. minimum number of contributors necessary for a sign d eter

mination (onl y for iteration 1 ), 

4. number of inconsistencies tolerated for a sign determination 

(only for iteration 1 ), 

5. the minimum probabil ity tol erated for a recording of a 

symbol equivalent. 

Data Car d  4(18 A4} 

This is the title card. 

Data Card 5 ( 31 3, Fl l.4, lOX, lO Al ) 

This card (cards) may be omitted if input is from a magnetic tape 

prepared by FAMEB. Otherwise, this is the card for r eadiog  in the 



1 1 1  

knowns--one ca rd for ea ch known. Ca rds prepa red by F AMEB or LIN� ma y 

be u sed. The fields a re: h, k. 1, E, a nd the letter symbols for sign. 

Letter symbols may be put in any order. A completely bla nk spa ce for 

the sign-symbols will signify a plus sign. A completely bla nk ca rd 

signa ls the end of the k nowns. 

Da ta Ca rd 6 ( 31 3, Fll . 4) 

This ca rd (ca rd s) may be omitted if input is from the ta pe pre

pa red by F AMEB . Otherwise, this ca rd is for the unknowns. See da ta 

ca rd 5 for forma t a nd Fields.  

Da ta Ca rd 7 ( I 3 ,  Il, Fl0. 5) 

The fiel ds are: 

1 .  number of k nowns desired, 

2. printing mode a fter first itera tion (see field 1 in da ta 

ca rd 2), 

3 .  increment of decrea se in proba bility with ea ch itera tion. 

LINK 

Besides genera ting sign-symbols , J'IIAGIC a lso ma nufa ctures a ta ble 

of contra dictions which ba sica lly is a list of the number of times a 

pa rticula r sign combina tion is viola ted . LINK w ill take  these con

tra d ictions a nd ca lcula te the tota l number of contra d ictions for ea ch 

set of possible sign combina tions. It will then arra nge the sets in 

increa sing order of number of contra dictions a nd print out every sign 



combination with the number. of contradictions. It then prepares a 

tape for the electron density program using the best ( up to 9) sign 

combinations. 
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It also does the following calculations in the process. If a 

symbol is used for less than 3 percent of the reflections, all 

reflections having that symbol will be rej ected. Symbols fixing the 

origin will be assigned if appropriate control cards are used. The 

program will automatically pick the proper reflections for the 

assignment of + for these symbols as well as determine the proper 

number of symbols it may assign. 

Data Card 1 ( 1 8 A4) 

This is the title card. 

Data Card 2 ( 12, Il , 212, 3 1 1 ,  3 A4,  F l0. 3 ,  12, 21 1 )  

The fields are: 

1. This is the systems number of input tape, 

2. this specifies the crystal class as O for primitive; 1 for A 

centering; 2 for B centering; 3 for C centering, 4 for F centering; 

and 5 for I centering, 

3 �  this is the systems number of output tape, 

4. this is the number of sign combinations wanted for the 

electron density program ( up to 9), 

5. if l; the all plus sign combination will be skipped, 

6 .  if this is O; origins will be assigned, 



1 1 3  

7 .  this is not used, 

8 .  this is the name of problem, 

9. if a contradiction table is wanted, this should be O; for a 

weighting index put in 0 . 00001 , 

10 . this is not used, 

11. this is not used, 

1 2. if O, print output to electron density program on printer ,  

13. if  1, punch E cards for future runs of MA GIC. 

LEA ST SQUARES PROGRAM 

The least squares program used at South Dakota State University 

was written by Dr. Norman Baenziger (University of Iowa ). It will 

perform a full matrix least squares calculation to  minimize the R 

factor by finding the best values of up to 140 par ameters.  Although 

the maximum number of par ameters has been r educed, the program is sub

stantially as it was received. The main change has been a division 

into several subroutines. 

Data Car d 1 (18 A4) 

This is the title card .-

Data Card 2 (6Fl0. 5) 

The fields are the lattice parameters: a, b, c in Angstroms and 

ct , � , and y in degrees. 



Data Card 3 (141 1 ,  12, 4X, Fl0 . 5 ,  Fl0 . 3, 32X, 1 3, 12) 

The fields are: 

1 .  If 1 ,  the program changes atom parameters . 

2 .  If 1 , the program includes exti nction correcti ons. 

1 14 

3 .  If O ,  the program uses averaged experi mental wei ghts; i f  1, 

i t  uses a wei ghting scheme for fi lm data; if  2 , it  assigns uni t 

weights. 

4 .  Allows output of O weighted reflecti ons to the electron 

density program. 

5. If 1 ,  creates a file for the electron density program . 

6. If 1 ,  reflecti on input is from di sk or tape. 

7 . If 1 ,  number of cycles for least squares calculations. 

a .  If o, the program refines on all interlayer scale factors; 

i f  1 ,  it refines on overall scale factors; if  2 , it  refines on i ndi 

vidual scale factors; if 3, no  refinement of scale factors i s  carri ed 

out. 

9. The program mi ni mizes �F ,  otherwise �F2 • 

10 . If 1 ,  a variance�covari ance matrix i s  printed; i f  2 , in  

addition to the variance-covariance matrix, . the ESD (Esti mated 

Standard Deviation) correction matri x ·and ESD terms are pri nted; if 3, 

the program wri tes a vari ance-covari ance matrix and ESD terms only; 

· if 4, i t  writes an ESD correcti on matri x only; i f  5, i t  only writes 

ESD terms. Norma 1 1  y 5 should be used. 

11 . The program rej ects absent reflections. 



1 1 5  

1 2 . Not used. 

13 .  Not used. 

14 . If 1, the program does not write h, k ,  1, F o, etc. 

15 . If 1,  least squares cards are punched; if 2, least squares 

and ORTEP cards are punched; if 3, ORTEP cards are punched. 

1 6 .  This is the overall scale factor. 

17 .  This is the weighting number. 

18 . This is the number of the first cycle. 

19. This is the n number. 

Data Card 3 (215,  2F5 .2, 4Fl0. 5) 

The fields are: 

1 .  The number of data cards for least squares calculation . 

2 . The layer line on which calculations are terminated. 

3. The weight assigned to zero weight reflections (usually 1). 

4 .  The amount of parameter shift (usually 1 ). 

Data Cards 4, 5, and 6 ( lOF? . 5) 

These are the scale factors for the layer lines. Three cards 

must be present. 

Data Card 7 ( 3F 6. 5 , F? . 6, 5F6. 5,  F 3. l, 15Ll, 21 1, A4l 

This card is for the atom parameters (one card for every atom). 

The fields are as follows: in this order x, y, z, Bn , B22, B12, B13, 

B23  are inputed. Then an occupancy factor term followed by 1 5  logical 

fields. If the logical _field is "T", the following conditions apply: 



1 .  The atom parameters may be varied. 

2. The distance parameters may be varied. 

3. The temperature parameters may be varied. 

4. The x coordinate is varied. 

5. The y coordinate is varied. 

6. The z coordinate is varied. 

7. Anisotropic parameters are in effect. 

8. The B22 term is varied. 

9. The B33 term is varied. 

10. The B12 term is varied. 

11 . The B13 term is varied. 

12. The B23 term is varied. 

1 3. Dispersion correction terms will be added. 

1 4. The crystal is centric with dispersion or non-centric. 

1 16 

15. The crystal is non-centric with dispersion. The remaining 

three fields are: atom type number corresponding to scattering factor 

on data card 9, a non-zero number if input of atom coordinates is in 

64ths, and the symbol of the atom. A/* card signals the end of the 

atom parameter cards. 

Data Card 8 (3I 3, 15, I2,  F6. 5, 7F6. 4, 14,  2I 3, I2,' . 1 3) 

This is the reflection data input card. One card is required for 

each reflection. The fields are : h, k, 1, Fo, W, l/4d2, 7 atomic 

scattering factors, 3 dispersion terms, layer line number, and 



reflection n umber. A -2 for W signals the end of reflection data. 

A /* ca rd signals the end of the program data. 

EL ECTRON DENSI1Y MAPPING PRO GRAM 

1 17 

The mapping program adapted at South Dakota State University was 

written by Dr .  Norman Baenziger (University of Iowa). It is capable 

of plotting electron densities in the following ways: 1) Patterson 

maps, 2 )  Fourier maps, 3)  difference Fourier maps, and 4) E maps. 

The coordinate axes of the unit cell are divided into 64ths. The 

density of each cubic 64th is printed using two alphanumeric char

acters. All or pa rt of a unit cell may be plotted. One unit cell 

coordina te is plotted across the page, one is plotted down the page, 

while one is plotted in successive layers of pages. All cell edges 

are ta ken to be 90 °. 

The input, with the exception of one control card, is by a pre

viously prepared magn etic tape. The tape can be prepared by the least 

squares program or by  the program LINK. It is, however, possible to 

print a n  E map from cards previously prepared by the programs FAMEB 

or LINK. 

Data Card 1 ( 2F l 0 . 5 ,  1 2, 1 3, 212, 1 1 1 1 ,  212, A4) 

The fields are: 

1 .  Thi s  is the Scale factor for the Fo' s.  

2 .  This i s  the volume of one unit cell in 
·0

3 A • 



3 .  If input is from tape, this is the systems number of the 

input drive unit. 

4. This is three digit which assigns the crystal axes across 

the page, down the page, and through the page, respectively. The 

digit " l" ,  designates the x ax is; " 2", the y; and " 3" , the z. For 

example if the number is 132, x would be plotted across the page, 

down the page, and y is in layers of pages. 

5 .  This is the beginning layer of the map in 64ths. 

6 .  This is the final layer of the map in 64ths. 

7. This is the units of 64ths between layers of pages. 

118 

8. This number sets the limit of plotting the unit celi down the 

page. If 1, the program goes to i of a unit cell, if 2 ,  it goes to �, 

and if 3 it goes one complete unit cell. 

9. This is the same as 8 except this is the limit going across 

the page. 

10. I f  1, the program prints a Patterson map; if 2 ,  it prints a 

F ourier map; if 3 , it prints a difference map without zero weight 

reflections; if 4, it prints a difference map with zero weight 

reflections; and if 5, it prints an E map. 

11. F or crystals belonging to a centric space group, put in a 1 :  

otherwise 2 .  

12 . F or a tape input from the least squares program, put in O;  

f or input from L INK,  put in l; for an E map f rom cards, put in 4. 

13 . An O will rewind the input tape after every map. 



1 19 

1 4. This i s  the number of the run from LI NK to begin pri nting 

maps. 

1 5. I f  thi s is l; h, k, 1 ,  Fo , etc. are pri nted . 

1 6 . Thi s i nitiates writing modes for testi ng the program. Con

sult program for exact opti on. 

17 . I f  thi s number is not zero, the down page limit will be 

changed to thi s value. 

1 8 . The fi elds 19 and 20 are normally not used . 

ORTEP 

This program was used to ·prepare a magneti c tape for the Calcomp 

plotter for subs equent di agrams of the molecules. Its method of oper

ation i s  descri bed in  a pamphlet wri tten by the author of the 

program. 39 
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